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1 INTRODUCTION

The San Juan Ecology Project was at the three quarter

mark of its anticipated four year life after the 1973

field season As part of the Bureau of Reclamation s

Upper Colorado River Basin Pilot Project it is expect
ed to provide technical information on the likely

ecological consequences of increasing winter snowpack
in the San Juan Mountains of southwestern Colorado

Its conclusions will hopefully play a part in the

decision making process pertaining to an operational

program of snow augmentation in the Upper Colorado

River Basin

Tbis report contains the results of the third field

season s research and is a sequel to three previolls

reports in this series It presents the conclusions

of a number of cooperative projects which are attemp

ting to establish valid relationships between snowpack
variation plant and animal communities and abiotic

processes or parameters

Few changes were initiated in the past year Most

projects have accumulated sufficient data to permit
at least partial modelling of the basic processes

involved and it is anticipated that several models

will be available by the end of the project These

include plant distribution relationships with snowpack

alpine soil movement tree moisture stress relations

with temperature and soil moisture and silver distrib

ution in surface soil While complete quantification
of matter or energy flows could not be undertaken here

the development of partial process models will hope

fully develop to the stage where they will be applic
able in other areas

4
0

It should be stressed that no control time or area

could be used in this study that seeding commenced

concurrently with the ecological investigations and

that only a limited number of organisms were selected

for study The rationale for these selections has

been discussed in the three previous reports of the

project

Two studies in the Forest Ecosystems terminate with

this report the phytosociology and tree biomass

projects The former is a benchmark study which

largely met its objectives in two field seasons and

the latter used standard and tested methods which

permitted completion of objectives in three field

season

Intensive study sites are located in three major
areas in the forest ecosystems network sites 3 4 and

5 Fig i and in two alpine basins on the Continental

Divide sites 1 and 2 Fig i Several projects
such as the ecological overview dendrology and

silver studies are concerned with larger segments of

the original target area

I

1

Q

0

J

co TiHHTAL

IIi1l

Mil

40o

ALPINE SITES

1 Eloorado Lake

2 William Lake

FOREST SITES

3 Missionary Ridge
4 Wolf Creek

5 Rico

Figure i San Juan cloud seeding target area intensive study area
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The objectives of the San Juan Ecology Project remain

unchanged namely to determine the effect of increased

snowfall on the major biotic and related physical
ecosystem components of the San Juan Mountains target
area with emphasis on those components which are of

economic and or public interest to man Because of

the large variation in the annual snowfall of the area

and the relatively small anticipated increase as a

result of seeding the effects of snow variation

rather than those of snow increases are being inves

tigated here

The project s organized under two main groups a

Forest Ecosystems Team and an Alpine Tundra Ecosystem
Team Colorado State University and Fort Lewis College
combine in the former while the University of

Colorado through its Institute of Artie and Alpine
Research is responsible for the latter

During the reporting period overall administration

of the project was conducted through the Project
Coordinator Dr H Leo Teller Colorado State Univer

sity and the two Team Leaders Forest Ecosystems
Dr Harold W Steinhoff Colorado State University
Alpine Tundra Ecosystems Dr Jack D Ives Univer

sity of Colorado

Major decisions concerning the whole project were made

by a Steering Committee which included the Project
Coordinator as Chairman the two team leaders and

three other members Dr Herbert E Owen Fort Lewis

College Dr C Patrick Reid Colorado State Univ

ersity and Dr Patrick J Webber University of

Colorado Mr R Carl James as Project Monitor

provided 1isison between the Project and the Bureau

of Reclamation

Liaison was intained with the Medicine Bow Univer

sity of Wyoming and the Montana State University
weather modification ecology teams and with various

agencies such as the Forest Service and the National

Center for Atmospheric Research which are also con

cerned with weather modification effects

The fourth annual SJEP Technical Conference was held

on November 29 1973 at the University of Colorado

In addition each of the Teams hold regular seminars

through the year where principal investigators and

graduate research assistants discuss current develop
ments in their work and consider problems of general
interest During the 1973 summer exchange visits of

project personnel and university administrators were

made to intensive sites in both ecosystems

Dr H Leo Teller took special leave from CSU for an

assignment with UNESCO Paris so he resigned as

Coordinator on July 1 1974 Dr Harold W Steinhoff

was named Coordinator and was responsible for compil
ation and publication of this report

I
2 OBJECTIVES

I
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I
3 ORGANUATION
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4 EFFECTS OF SNOWPACK VARIATION ON THE FOREST ECOSYSTEMS

4 1 INTRODUCTION Dr Harold Steinhoff Team Leader

Changes of biomass of trees forage elk and small

mammals in relation to snowpack variation continue

as the primary concern of research efforts in the for

est ecosystems of the San Juans Often indirect ap

proaches must be used such as the study of phenology
to determine when growth begins the measurement of

moisture stress as an indicator of growth rates or

the change in winter distribution of elk Details

of the research approach and findings to date for each

of the ecosystem components mentioned above are found

in the project reports which follow The general
rationale for study and the nature of the spruce fir

and aspen ecosystems which are of primary concern are

described in the first Interim Progress Report of

December 1971 Data on characteristics of intensive

study sites and summarized climate variables of the

general area are found in the second Interim Progress

Report of March 1973

4 1 1 Study Areas

Description of study areas and representative maps of

plot location are found in the second Interim Report

4 1 2 Microclimatic Data and Analvses

The year week has been chosen as the compilation
interval for all climatic data in the forest ecosys

tems Daily data are available but are too detailed

for most ecologic uses MOnthly summaries obscure

too much Temperature sums above OOC are accumlated

beginning each January 1 recipitation is accumlated

each October 1

A complete data set was needed for the cumulative

temperatures and precipitation analyses Therefore

missing data were recovered by prediction from the

most comparable weather station Correlations

of year weekly precipitation among the six intensive

study sites six nearby Western Scientific Services

sites and four adjacent U S Weather Service sites

are shown in Table 1

Multiple stepwise regressions last year revealed that

usually only the ane best correlated station was

necessary to produce a prediction equation Little

improvement was noted in adding multiple stations

Therefore prediction equations were developed for

each intensive site using the stations which correl

ated be with it Table 2

Figure 1 represents an attempt to picture the yearly
climates of Durango graphically Deviations from the

mean of monthly precipitation are plotted along the

x axis and of monthly mean temperature along the

y axis The resultant patterns shows how each month

related to the long term mean in the combination of

temperature and precipitation Winter months such

as those in 1972 73 all fall in the lower right
quadrant an indication of high precipitation and low

temperature The weather in 1970 71 was consistently
closer to normal with all months clustered fairly
close to the intersection of the mean precipitation
and temperature line

4 1 3 Sununary

1972 73 was characterized by unusually heavy rains

which saturated the soil in October just before

freeze up and by snow depths 150 to 200 of normal

Temperatures followed an average regime Snowmelt

was delayed by from two to six weeks by the deeper
snowpacks

Table 1 Correlation of weekly precipitation among 17 weather station sites near Durango and Wolf Creek

June 1971 to December 1973

Intensive Study Sites

Top Little Bear Middle Wolf Creek

Western Sei Servo

Missionary RidlLEl W lfLime Kroeger Wallace Sk

U S Weather Service

fiI ay W Hiway Dur Silver Ta Val Pagosa

Park Fork Mesa Park Lake ton comaDam

M35 M32S M32A M29 W31 W33 JiiIKGI KG 2 KP2 KP3 K03 Drno Sltn Tcma Val asS
KG 3 Dam

M35 1 00 0 93 0 90 0 77 0 76 0 88 0 94 0 91 0 85 0 8 0 84 0 72 0 78 0 76 0 85 0 77 0 78

M32S 1 00 0 91 0 72 0 74 0 90 0 94 0 95 0 78 0 78 0 78 0 78 0 78 0 83 0 89 0 7 0 76

H32A 100 0 70 0 72 0 90 0 90 0 97 0 74 0 77 0 76 0 83 0 82 0 86 0 89 0 78 0 76

M29 1 00 0 90 0 68 0 68 0 74 0 92 0 89 0 92 0 70 0 71 0 66 0 74 0 76 0 83

W31 1 00 0 74 0 73 0 78 0 91 0 93 0 92 0 70 0 69 0 71 0 78 0 75i 0 85

W33 1 00 0 91 0 89 0 80 0 80 0 79 0 68 0 79 0 75 0 84 0 72 0 77

JHI 1 00 0 90 0 78 0 78 0 78 0 72 0 75 0 80 0 85 0 75 0 76

KGI 1 00 0 79 0 79 0 79 0 84 0 83 0 88 0 91 0 84 0 81

KG 3 1 00 0 96 0 95 0 67 0 66 0 65 0 78 0 78 0 87

KP2 1 00 0 94 0 74 0 70 0 69 0 83 0 83 0 93

KP3 1 00 0 70 0 68 0 68 0 82 0 80 0 87

K03
1 00 0 73 0 84 0 86 0 80 0 74

Drn 0
1 00 0 78 0 80 0 72 0 72

Sltn
1 00 0 85 0 74 0 76

Toms
1 00 0 85 0 84

ValDm
1 00 0 81

Pa S I
1 00

6



Table 2 Prediction equation for recovering missing we kly total precipitation data for intensive

study sites

Weekly Total Precipitation
Prediction EQuation Inches 11

M35 0 07 0 89 M32S

M35 0 03 0 76 JHI

M35 0 18 1 17 TCMA

Correlation F Value

Coefficient r Computed F 05

0 93 479 15 3 98
0 94 320 72 3 98

0 85 316 98 3 93

0 93 479 15 3 93

0 91 845 49 3 93

0 95 781 51 3 98
0 94 294 09 3 98

0 89 175 46 3 90

0 91 827 95 3 90

0 97 852 65 3 98
0 89 281 19 3 93

0 90 113 33 3 93

0 77 557 58 3 93

0 92 3 98

0 83 196 89 3 90

0 90 113 33 3 93

0 93 424 89 9 98

0 85 155 40 3 93

0 93 155 34 3 93

0 91 80 77 3 99

0 84 115 30 3 93

M32S 0 06 0 91 M35

M32S 0 01 1 00 M32A

M32S 0 04 1 18 KGI

M32S 0 02 0 80 JHI

M32S 0 22 1 05 TCMA

M32A 0 05 0 87 M32S

M32A 0 02 1 10 KGI

M32A 0 19 1 07 TCMA

M29 0 07 0 47 W31

M29 0 01 0 75 M35

M29 0 01 0 87 KG2 3

M29 0 06 1 10 PAGS

W31 0 32 1 06 M29

W31 0 01 0 74 KP2

W31 0 23 1 60 PAGS

W33 0 20 0 87 M32S

W33 0 11 0 77 JHI

W33 0 30 1 05 TCMA

11 Expressed in inches rather than mm becauae WSS and USWS Station data are in inches
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1 2 28
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F gure 1 Monthly mean temperature precipitation patterns

plotted as d viations from the mean for the precipitation
upper left graph

for Durango during the past four years Values are

year for example Oct 1969 through Sept 1970 for the
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I
4 2 1 Herbaceous PhenoloKY Dr Herbert Owen

4 2 PHENOLOGY Drs Herbert Owen and Gilbert Fechner

I

The Herbaceous Phenology sub project is designed to

correlate the development of various plant species

during the growing season with such environmental

factors as air temperature soil temperature and

soil moisture and in turn correlate these with an

increase in snow quantity The types of developmental
stages which are being observed and recorded are the

beginning of growth in the spring maturing of the

vegetative growth and development of the flowers and

fruits The plant species being observed represent a

cross section of types to be found in the research

area

I

I Objectives

I
The objectives of the Phenology Project of the San

Juan Ecology Project essentially remain the same as

proposed after one season of field work That is

to determine the relationship between snow depth
soil moisture and temperature air temperature and

the phenologic development of selected plant species

I Procedures

I
North and south aspect sites were selected at eleva

tions of 2900 meters 3200 meters and 3500 meters on

the Missionary Ridge study area Plots were selected

to include the desirable herbaceous and shrub species
On the Wolf Creek Pass area north aspect sites at

3100 and 3200 meters were selected Eight study sites

were selected with 71 plots Over 800 observations

were recorded in the growing season of 1973 Data

were collected according to the following categoriesI

I
Inflorescence development as expressed by percentage

of flowers in bud open and or in various stages of

fruit development and seed dispersal Generally
speaking the inflorescences are considered to be in

full bloom when they reach 50 open flowers In like

manner full fruit is when the inflorescences contain

50 mature fruit All data were collected at weekly
intervals at all sites starting approximately 1 April
1973

I

I Results

In general the data for the 1973 growing season

substantiate previous tentative conclusions that is

a continued period of snow cover affects all pheno
logical events in an almost linear relationship
Fig 1 2 3 4 5 6I

I
Again plants of the same species on south aspects

reached maximum growth and flowering maturity approx

imately one to three weeks ahead of north aspect

plants An exception can be found at the highest
elevation where the plots are located on comparatively
shallow soil The very dry growing season conditions

this year apparently caused these higher elevation

plants to mature at approximately the same time on

both the north and south slopes

I

I Plants of the same species at the higher elevations

took approximately one week to ten days less time to

reach their full development and complete their

season s growth than plants at lower elevations

I Plants of the same species at higher elevations and

on north aspects matured and flowered at a smaller

size than plants at lower elevations and on south

aspects Tables 2 3 and 4

I

I

In some cases the 1973 plants exhibited greater
productivity Tables 2 3 and 4 which might reflect
the greater amount of snow melt though this is

pure supposition

The catch up factor alluded to in previous
reports was noticeable in some species but not in

others Festuca thurberi seems to particularly have

this ability Table 1 Other species had their

maturing dates shifted into July and August by the

late lying snow graphs Acillea Thlaspi instead of

in June or July as in previous years

An additional experiment was performed this past

year in which three plots essentially identical in

all respects except one were compared from both a

phenological and a productivity standpoint Table 1

These data typify the affect of snow cover on plant
development very well They also demonstrate the

catch up faetoe in Festuca Fig 6

Table 5 demonstrates typical correlation coefficients

of the data to date Again this supports the

primary Results statement

The mass of data obtained defies the imagination and

much more time will have to be spent in analyzing
them and attempting several correlations to pin
down phenological phenomena versus enviromnental

factors versus an increase in snow cover relations

This year s data definitely supports the idea that

the plant s phenological attributes are going to be

affected by an increase in snow cover We now need

to determine the degree to which they will be

affected

Future Plans

Essentially the future will consist of continuing
the work now started Techniques have been refined

and changed as indicated in last yearts report to

the extent that they are now considered to be quite
satisfactory

Table 1 Festuca thurberi leaf length at 3200 m

south aspect site Plot B had approximately
1 2 of the snow removed and put on Plot A

Thus Plot A had approximately twice as

much snow as Plot B

DATE CONTROL PLOT PLOT B

6 June 1973 0 0 em 0 0 em 5 5 em

12 June 1973 6 8 em 4 3 em 18 6 em

19 June 1973 11 3 em 8 8 em 24 2 em

26 June 1973 13 7 em 17 7 em 30 2 em

3 July 1973 31 2 em 27 1 em 36 1 em

9 July 1973 39 0 em 33 5 em 41 3 em

18 July 1973 48 7 em 38 9 em 44 8 em

24 July 1973 48 6 em 40 4 em 44 3 em

31 July 1973 52 5 em 44 7 em 44 8 em

7 August 1973 56 6 em 46 3 em 46 3 em

8
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Table 2 Maximum leaf length of Festuea thurberi

PLOT 1971 1972 1973

2900 M South 57 3 em 51 1 cm 63 1 em

3200 M South 55 0 em 57 1 cm 56 6 em

3200 M North 49 7 em 54 6 em 55 9 em

3350 M South 43 0 em 47 0 em 45 9 em

3350 M North 39 7 CDl 55 3 cm 53 5 em

Table 3 Maximum

PLOT

3200 M South

3200 M North

3350 M South

3350 M North

leaf length

1971

46 4 em

50 7 em

39 0 em

38 4 em

1972

46 4 em

56 6 em

33 3 em

43 0 cm

of Swertia radiata

Table 4 Maximum inflorescence

Achillea lanalosa

PLOT 1971

2900 M South 43 m

2900 M North

3200 M South

3200 M North

3350 M South

3350 M North

height of

1972

38 3 em

46 8

44 2

39 7

36 5

42 1

37 4

23 5

20 7 em

em em

em em

em em

em

Table 5 Correlation between year days
phenological event took place
of 0 snowcover on the plot

PLANT AND PHENOLOGICAL EVENT

Festuea thurberi maximum height

Helenlum hoopesii maximum inflorescence

height

Mertensia fusiformis full bloom

Thlaspi alpestre full bloom

Degrees of freedom are at least 74

1973

55 9 em

60 4 em

40 1 em

50 9 em

1973
60 9 em

46 5 em

41 7 em

37 0 em

36 3 em

33 7 em

on which

and year

t
ii

a

day

CORRELATION

COEFFICIENT

0 876

0 810

0 903

0 928

Full bloom is defined 8S 50 of the inflorescence

is in flower

1M

J

1

0

1

0

0
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4 3 1 Introduction

4 3 PHYTOSOCIOLOGY Dr R L Dix and J D Richards I

Vegetation continuously responds to the physical
environment and therefore any significant change in

that environment through time can be expected to

cause a corresponding change in vegetation There
fore possible increases in snowpack and snow dura

tion which may be brought abput by the weather
modification program in the San Juan Mountains can

be expected to result in adjustments in its vegetation
structure and dynamics Since the dominant plant
species of this vegetation are long lived perennials
this adjustment is expected to be slow it will

probably occur over a period of many decades The

establishment of the weather modification program
before adequate research had begun on the vegetation
of the San Juan Mountains necessarily precludes the

establishment of appropriate experiments We are

therefore limited to studies which show the principal
environmental gradients along which vegetation
responds and to determining the nature and magnitude
of these responses This knowledge will enable us to

predict what changes may be expected as the physical
environment of the San Juan Mountains is artificially
modified Limited time and funds also necessitated
th t our study be limited to the subalpine forest of

these mountains

4 3 2 Ob1ectives

The overall objectives of this project are twofold
1 to provide a quantitative description of the

subalpine forest of the San Juan Mountains within
which the results of other investigations may be

expressed Table 1 and 2 to predict the effects
that weather modification may have on the composition
and dynamics of this vegetation Since the establish
ment of experiments was not possible a major objec
tive is to establish the principal environmental

gradients along which the subalpine forest responds so

that this information can be used to predict possible
changes whicb may be brought about by the weather

modification program In addition our description of

the subalpine forest provides a data base too large
to be presented here established during 1971 1973
for the detection of possible changes in vegetation
associated with weather modification programs through
subsequent years

4 3 3 Methods

Data were collected from 61 sites selected over a wide

range of environmental conditions These included 20

aspen 37 Englemann spruce subalpine fir 3 white fir
and 1 douglas fir dominated stands The majority of

these stands are located on Missionary Ridge although
a few were selected from the Rico and Wolf Creek Pass

study areas

Standard phytosociological techniques were used to

measure tree species for density dominance basal

area height vitality and age structure These tree

species were measured in 3 size classes 1 trees

diameter at breast height dbh greater than or equal
to 8 16 cm 2 saplings dbh greater than 2 54 cm

but less than 8 16 cm and 3 seedlings dbh equal
to or less than 2 54 em Cover and frequency were

recorded for shrubs Frequency values in 50 x 50 em

quadrants were obtained for all understory species
Selected environmental parameters were recorded from

each site Snow duration data were determined for 23

sites from sequential aerial photographs from flights
flown in 1971 Partial snow duration data are

available for 4 additional stands More frequent and

more extensive photo coverage was expected from 1973
aerial surveys but did not materialize I
Principal components analysis PCA a form of

indirect gradient analysis was used to define the

major structural gradients within the vegetation and

to correlate measured environmental parameters to

those gradients The gradients defined by the prin
cipal components analysis are vegetational gradients
which are determined statistically to account for as

much of the variation in the vegetational data as

possible The analysis allows correlations of the

measured environmental parameters with the derived

vegetational gradients Understory species data were

used in the analysis since the large number of

species involved provides for precise definitions of

the vegetational gradients The methodology of PCA

has been used and discussed by Seal 1964 Orloci

1966 Gittens 1969 and Walker and Wehrhahn

1971

I

I

I

I
4 3 4 Results

IOur first objective of providing a quantitative
description of the subalpine vegetation of the San

Juan Mountains is given below in the presentation of

the indirect gradient analysis This particular
method of display will probably be most useful to

other workers on the project because it provides the

phytosocio10gical display on the gradients of

greatest interest namely to snow duration and

related gradients Our second objective of providing
an analysis of the effects of weather modification on

vegetational composition is treated below by tech

niques of direct gradient analyses

I

I
Indirect gradient analysis I

Major gradients in the vegetation were derived from a

principal components analysis PCA of the understqry
species frequency data So that snow duration dllta

could be included in the analysis and an interpreta
tion of snow duration effects could be made only
those stands with aerial photo coverage were used in

the analysis presented here Another peA using 57

subalpine stands the 23 snow duration stands plus 34

stands not within the aerial survey was done with

virtually identical results therefore the gradients
described by the analysis of only the stands with

photo coverage are presented

I

I

ITable 1 shows the first three gradients or components
described by the PCA The first component is a

gradient which accounts for the maximum possible
variance in the data and each successive component
accounts for as much of the remaining variance as

possible Each species has a loading on each

component which is in fact the correlation coeffi

cient between that species and that component or

gradient The square of this loading is the propor
tion of variance of the species data accounted for

by that component The column IIh21l is the sum

squares of the first three components and is the

amount of variance in the data of that species which

is accounted for by the first three components A

total of 94 understory species 5 tree species and

10 environmental parameters was included in the PCA

For brevity the table includes only those species for

which 1 over 65 of the variance was accounted for

by the first three components or the loading on the

first component was greater than 0 6 and the species
was present in more than one stand on Missionary

I

I

I

I

Il

I



I 001 576
Table 1 Factor loadings of tree and understory species and environmental variables on the first 3 components

I
from Principal Components Analysis of understory species frequencies The column h2 gives the

proportion of the variance of each variable species or environmental measurement accounted for by

the first 3 components Species names follow Harrington 1954 Total variation extracted by

three axes 5B

I
Component

Variable 1 2 3 h2

species

POpu7uB tremutoideB trees 70 11 21 55

I
Poputus tremutoides saplings 51 18 11 30

Populus trerrruZoides seedlings 58 22 10 39

Abies lasioaarpa trees 55 28 14 40

Abies lasioaarpa saplings 25 27 06 14

I
Abies tasioaarpa seedlings 53 31 29 49

Piaea engeanannii trees 83 26 01 75

Picea engeZmannii saplings 13 43 01 20

Piaea engelmannii seedlings 41 10 16 20

I
Understory species

Aehi l lea lanu Zoaa 98 09 02 96

LathylUs leucanthu8 89 18 15 85

Campanula lotundifoUa 89 32 17 92

Viaia ameriaana 88 19 17 84

I
Symphoriaarpoa oreophilu8 88 24 07 83

Festuaa thurben 83 16 01 72

ThaZiatrum fendleri 80 18 03 68

Taraxacwn offiaionale 79 11 22 68

I
Lupinus argenteus 77 18 22 68

Carex geyeri 77 03 26 66

Erigeron speaiosu8 73 15 14 58

Rosa spp 73 10 03 54

Fragaria virginiana 72 26 27 66

I
Geranium ric aonii 67 09 07 46

Agropyron trachycau Zum 65 28 18 54

Pseudoaymopteria montanus 65 43 25 67

Poa pratensis 65 13 04 44

I
Bromus aiZiatua 63 13 19 45

smiZacina racemosa 63 15 09 42

HeZenium hoopesii 61 20 21 45

Viola canadensis 34 75 09 69

Rubus idaeus 15 27 79 71

I
Chenopodium spp 14 26 79 70

CapseZZa bursa pastoris 13 25 79 70

Pachystima myrsinites 05 82 24 73

HapZopappus parryi 08 49 35 37

I
Poa refZexa 37 71 21 69

RanuncuZus gZabelroimus 47 60 33 69

EPilobium hornemannii 49 59 33 69

OxypoZis fendZeri 49 58 31 67

Juncus baZticus 49 59 32 69

I
Erigeron spp 50 46 04 46

Erigelon couZteri 52 63 19 71

Ste laria umbe lata 62 47 14 63

Pedicularis racemosa 66 20 08 49

I
Arnica oordifolia 69 45 43 85

Lichens 78 41 04 77

Pyro Za secunda 78 38 15 79

PoZemonium ulcherlimum 79 17 28 72

Mosses i 83 16 17 74

I
LuzuZa parfiflola 85 33 18 85

Monesis unifZola 85 10 08 75

Vacoiniwn bpp 87 07 19 80

I

I
EnVironmen al measurements

75 46 01 78Radiation ndex

Drainage c aS8 22 09 14 08

Canopy COy r 15 01 11 03

Percent Stpne in Soil Volume 11 10 00 02

I
Percent Slbpe 27 54 14 39

Litter andlMulch Depth 35 15 19 18

Eleva tion I 49 33 57 67

Snow Durat on 91 02 07 84

i
35 14 08

I
Proportionlof variation

12
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Ridge or 2 the species attained its highest fre

quency values in stands of medium snow duration The

reason for the second criterion 1s discussed below

Species with high positive or negative loadings on a

component are of course highly correlated positive
ly or negatively with that component Stands with

loadings near tero are either not correlated to that

component or are correlated to that component in some

nonlinear way not accounted for in this analysis
The more nearly the loadings of two spe ies correspond
to each other the closer their ehavior is along the

gradient defined by that component Species with

highly opposite loadings are negatively correlated

with respect to their response along the gradient of

the component they are responding in an opposite way
to some common factor For example Lathvrus

1eucanthus is highly positively correlated with the

first component in Table 1 as is Vicia americana

They are responding to the gradien the first

component in the same way On the other hand Luzula

parvif10ra is highly negatively correlated with
first component it is responding in an opposite way
from the other two species

The proportion of the total variation accounted for by
each component in Table 1 is given at the extreme

bottom of the table e g 3558 This proportion is

the variance or latent root of that component The

sum of the variances for the first three components is

the proportion of the total variation in the data

accounted for by those components This proportion is

given at the bottom of the h211 column and exceeds

58 in value

A unique property of PCA is that some sets of data may
be included in such a way t t they do not appreciably
affect the results of the analysis This is accom

plished by scaling the desired data down several

ordets of magnitude so that it might vaty from 0 to

0 1 for example while the rest of the data varies

from 0 to 100 In this study certain environmental

parameters were included in this way 8S well as the

density of tree species The presence of these data

do not appreciably effect the PCA and the statistical
correlation between the results and the environmental

parameters were obtained The resultant correlation

coefficients of the mOst important environmental

parameters with the components their loadings of

those components are shown near the bottom of Table

1 those of the major tree species are shown near the

top of Table 1

It can be seen from Table 1 how tree sapling and

seedling densities correlate with the first 3 major
gradients in the vegetation Note again that the

analysis is based on understory species frequencies
and that the tree data did not play a part in estab

lishing the PCA display Nevertheless the inclusion

of these data allows the relation of tree species
densities with major vegetational gradients to be

seen Spruce densities are very negatively correlated
with the first major vegetational gradient as is fir

though to a lesser extent Aspen is also fairly
strongly correlated with this gradient though in an

opposite manner to that of spruce and fir

Of particular interest to this study is snow duration
Snow duration here is determined by the index

SDI P 2C PCmax

where P is the first date of partial snow clearance
C is the first date of total snow clearance and PCmax

is the largest value of P 2C observed in any stand

A1 computations were for 1971 snow data since this
is the only year for which adequate photo coverage is

available Snow Duration Indices are relative posi
tions of stands along a snow duration gradient The

absolute scale of snow duration varies from year to

year Snow Duration Indices were also calculated for

the few stands covered in the 1973 photographs and

although there were very few usable photographs in
1973 the relative positions of the stands along the

snQw duration gradient were not changed from their

positions using only the 1971 data

The Radiation Index values were obtained from tables
Frank and Lee 1966 and are the ratios of the

annual radiation totals to the annual maximum poten
ti l solar beam irradiation the solar constant times
the duration of sunshine for the year This is more

than a quantification of the aspect parameter it is
an estimate of an important part of the energy budget
of a site and 1s an estimate of a parameter that has

been shown to be significantly correlated to soil

moisture depletion rates Stearns and Carlson 1960
In general a perfectly flat stand would have a

Radiation IndeK of about 0 48 at the latitude of the
st dy area Stands with southerly aspects have

Radiation Indices greater than this while those with

nOFther1y aspects have Radiation Indices smaller than
this The exact magnitude of the Radiation Index for
a giveri latitude depends on the aspect and steepness
of the slope

I

I

II
I

II
I

I

IThe Drainage Class is related to topographic position
and the relative ability of a site to gain or lose
wa ter from gravitational drainage and runoff A low

Drainage Class value implies a well drained site that

has little or no recharge from runoff or subsurface
flow a high Drainage Class value implies a site that

will accumulate runoff or seepage or both

I
The basic assumption in the interpretation of the

gradients defined by the components is that the dif

ferences in species frequency at various sites is a

response to differences in the environment in those
sites If differences in species composition are due

to differences in the environment and if the differ
ences of some few environmental parameters account

for much of the differences in species composition
then major gradients in species composition ought to

be related to gradients of these few environmental

parameters There ought to be a high correlation

between those factors causing the greatest composi
tional differences in the vegetstion and the major
g adients within the vegetation The PCA is a multi

variate statistical procedure that defines the

gradients of maximum variation in the data The

inclusion of environmental parameters in the analysis
allows correlation coefficients of those parameters
with the gradients defined by the analysis

I

I

I

I

I
As shown in Table 1 there is a high negative cor

relation 91 between snow duration and the

primary gradient in the vegetation the first compo

nent This correlation is so high that the gradient
described by the first component is interpreted as a

snow duration gradient Radiation Index and Percent

Slope are highly corre1sted with the second component
As these two factors are not independent percent

slope is used in the calculation of the Radiation

Index this might be expected Therefore the second

component is interpreted as being a gradient of

Radiation Index or simply radiation The third

component is interpreted as an e1evations1 gradient

I

I

I
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Direct gradient analYsis

I
The result Table 1 that the major gradient or first

principal component in the vegetation is highly re

lated to snow duration was further investigated by

plotting the response of vegetational parameters

directly on a snow duration gradient Figure 1

illustrates how some species frequency values re

spond to snow duration For example Achillea

lanulosa in Figure l a FraRsria vir iniana in

Figure l b and Svmphorlcarpcs oreophilus in Figure
1 d all show decreases in frequency as snow lies

later Vaccinium spp and Polemonium pulcherrimum in

Figure l b increase in frequency with increased snow

duration Some species such as Geranium richardsonii

in Figure lea show maximum frequencies somewhere

between the extremes of snow duration Other species
with this latter behavior were included in Table 1

I

I

I

I
Species which show maximum frequencies at intermediate

positions along the snow duration gradient may have

very little of their variance accounted for by the peA

analysis in Table 1 The analysis assumes a statisti

cal model that may not fit the response of every

species to the major gradients This is not to say

necessarily that the species is not responding to

factors determining the major gradients in the vegeta

tionj the species may be responding in a manner not

accounted for by the analytical model The ecological

significance of the analysis should not be judged
wholly on the basis of correlation to the assumed

model In this instance however an important envi

ronmental parameter has been found over which many

species do seem to respond With many more stands

with snow duration data deterministic models might be

derived that could predict species behavior with

statistical certainty

I

I

I

I
If the understory species are related to the snow

duration gradient the question of how the tree

species behave with respect to snow duration naturally
arises Figure 2 shows the response of the densities

of important tree species to snow duration At sites

where snow is clear very early aspen is the only

species present As the snow lies later spruce and

fir begin to make up a larger part of the stems

present and the number of aspen stems decreases As

snow lies even later fir becomes the most dense

species Finally as snow continues to persist
spruce becomes the most dense species and aspen is no

longer present At the latest dates of snow duration

provided for in the data fir becomes a minor compo

nent of the dominant vegetation and spruce reaches its

maximum densities

I

I

I

I
Figure 3 shows the relationship of important tree

seedling densities to snow duration Aspen seedling
densities reach their highest values in those stands

where snow clears early Aspen seedling densities

decrease as snow lies late while densities of spruce

and fir increase fir with the higher densities As

snow lies very late seedling densities of all species
decrease considerably the density of fir falling
below that of spruce

I

I
In addition to the 57 subalpine stands 4 stands were

selected that occur near timberline on Lime Mesa

These stands are beyond the extent of aerial photo

coverage and no quantitative estimate can be made for

their position along a snow duration gradient In

general subalpine fir is not present in these timber

line stands Here Eng1emann spruce forms stands in

ribbons and patches associated with rock outcrops

topography and apparent prevailing weather influ

ences The parent material is limestone of the Ouray

II

I

I

Formation This limestone is essentially different

from the parent material of the remainder of Mission

ary Ridge which is prtmarily a limestone of the

Hermosa Formation Larsen and Cross 1956

The vegetational composition of these timberline

stands is vastly different from the subalpine stands

Within each stand species from subalpine and alpine
meadows are found with subalpine forest species

Species diversity is consequently very high and

these stands represent a wide range of species

composition The inability of obtaining snow data

for these stands the difficulty in understory

species identification due to a much belated phenol
ogy and the apparent wide range of composition with

in this structural type forced the investigators in

the interest of time and economy to concentrate

studies on the lower subalpine stands Although no

snow duration data were available for these stands

personal on site observation in the 1973 season

suggest snowmelt and phenological events several

weeks later than sites 300 to 400 meters lower A

discussion is given below of the apparent influence

of snow on this vegetation

4 3 D Discussion

The slow response of communities dominated by 10ng
lived perennials to manipulative experiments pre

cluded its use in studies as short lived as the

present one Instead this project was organized as

a process study An understanding of how the envi

ronment is related to community composition and

structure was sought and from this the effects of an

increased snowfall might then be evaluated

It was assumed that as the snowfall increased there

would be an increased snowpack resulting in a delayed
snowmelt Concomitant with this longer snow duration

at a site would be the following factors

1 delayed soil moisture depletion
2 delayed rise in soil temperatures
3 lower light levels until site is snow free

4 increase in and longer duration of physical

pressure on vegetation
5 longer duration of protection of vegetation

from extremes of non snowpack environment

6 increased susceptability to pathogens
snowmo1ds

Each species would of course react differently to

the above factors as a result there would be an

alteration in community structure

It was evident from the 1972 73 snowfall that large
increases in snowpack can delay snowmelt several

weeks As stated above the same general pattern of

snowmelt was noted in 1973 as in 1971 Such observa

tions were also made in studies cited by Geiger
1971 On page 451 Geiger states

The way snow melts in mountain areas is

closely related to topography that is

to say even if the snow melts at different

times in different years the melting pattern
is always the same

In addition Geiger cites relevant studies which

relate the melting pattern of snow to phenological
and vegetational differences These references

include Friedel 1952 Kreeb 1954 Aulitzky 1958

and Waldmann 1959

14



In 9ur analysis snow duration was shown to be highly
correlated with the major gradien in the vegetation
But how is snow duration related to other snow para
meters Generally speaking snow duration at a site

is a function of the water equivalent of the snowpack
and the energy budget of the site That 1s to say
the amount of heat calories needed to melt the snow

is equal to the mass of the snow times the latent heat

of fusion for water 80 calories gram Furthermore

the energy budget at the site determines the rate at

which those calories are made available to melt the

snow Two parameters determined in this study that

are related to the energy budget are Radiation Index
and elevation Radiation Index is an estimate of

solar beam radiation and elevation 1 related to air

temperature through the adiabatic lapse rate

An understanding of how snow melts is important in

interpreting the effects of snow on vegetation
During the winter the volume under the snow surface
is protected from extremes of temperature by the

insulating properties of the snow The snowground
interface at this time is warmer than anywhere in the

snow itself Geiger 1971 Wardle 1968 Snow melt

water formed does not generally reach the soil but is

held within the snow tending to move upward by capil
lary movement and vapor diffusion This movement is

caused by the temperature gradient within the snow

pack Geiger 1971

As the snow begins to melt in the spring snow melt

water begins to reach the ground where it infiltrates

This maintains a nearly constant temperature of about
DoC at the soil surface throughout the melt period
Wardle 1968 Geiger 1971

Later in the snow melt period when the snowpack is

only a few centimeters in depth snow tends to melt

from the bottom up Snow is relatively transparent to

higher energy short wavelength radiation which passes

through the snow and is absorbed by the substrate
This results in a warming of the substrate and so a

reradiation of energy of a longer wavelength Snow

absorbs these longer wavelengths and melts from the

bottom upwards Water from the melting snow infil

trates the soil saturates it and further melt water

runs off at the surface When the site is snowfree

soil temperatures begin to rise and moisture depletion
may occur subject to subsequent precipitation or

runoff and seepage Geiger 1971

These observations of snowmelt help in understanding
the effects that snow might have on vegetation The

effects are different for each species and vary in

magnitude across the snow duration gradient In

general we would expect from the PCA aspen trees

and those species near the top of the understory
species list in Table 1 to be more lmportant in stands
where snow is early to disappear In fact when aspen
densities and understory species frequencies were

plotted as a function of snow duration this behavior

was evident Figures 1 2 and 3 On the other hand

spruce trees and understory species near the botton of

Table 1 respond positively to increased snow duration

Where the snow disappears early the ground is early
exposed to the non snowpack environment Soil mois
ture is depleted and soil temperatures rise Those

forest sites where snow is early to disappear now

support only aspen trees Conifer survival may be
limited due to drought periods during the growing
season warm night temperatures or high light inten

sities The conifer seedling with its short root

system cannot sustain the plant during long periods
of drought Noble 1973 Spruce survival has been

shown to be very poor in areas where night tempera
tures are warm Helmers et al 1970 and solariza
tion at high light intenS1tLes may cause death of

conifer seedlings Ronco 1970 In any case aspen
suckers with their connections to deep root systems
and their inherent tolerance of high light intenSi
ties are more capable of surviving in such stands
than are conifers

I

I

I

II
As the anow lies later conifer seedling survival may
be enhanced Patten 1963 found that spruce fol
lowed by subalpine fir became established in cool
shaded and moist areas which collected deep snow in

the winter and maintained soil moisture through much
of the growing season He noted that spruce seed

germination was rare under snowbanks but that seed

lings already established may grow under shallow snow

because of the high shade tolerance of the species
He also noted that a year with heavy snows followed

DY a wet summer favors conifer establishment Sur

vival during the next winter is poorer in areas where
the seedlings are blown free of snow due perhaps to

frost damage Patten found that spruce seedling
survival under cool moist conditions is especially
high when these conditions are maintained under high
light intensities

I

I

I
Tree seedling establishment of all kinds may be sup

pressed in areas of still later snow clearance

Brink 1959 investigated subalpine tree establish

ment in British Columbia and attributed their estab

lishment to a recent climatic shift which caused a

decrease in snowpack Subalpine trees including
subalpine fir are becoming established in areas that

are free of snow earlier than the surrounding heath

Franklin et al 1971 investigated the invasion of

subalpinelneadows by trees in the Cascades They
state

The snowfree period in certain subalpine
meadow communities is probably the most

critical factor affecting tree establish

ment Snowpack through its influence

on length of growing season is known to

be one of t e most important factors in

determining the position of forest eadow

ecotones in subalpine zones A climatic

flux which reduced duration of snow cover

would favor conifer invasion

I

I

I

I

I
I

I

Other studies have shown slmilar suppression of

seedling success at the upper extreme of the snow

duration gradient Wardle 1968 found that late

lying snow delayed the growth of seedlings in the

Front Range in Colorado A month delay in snow free

date resulted in a 15 day difference in the date of

maxlmum shoot growth He found for Niwot Ridge that

although there seemed no less seedling establishment

in areas of late lying snow except where there was

prolonged flooding by melt water from above there

was a higher incidence of snowmolds Herpotrichia sp
and possibly sp here than in areas clear of

snow earlier Thus seedling survival is affected by
late lying snow However Wardle did not find a

relationship between the date of snow disappearance
from around the stem base and the phenology of

either saplings or mature trees

I

I

ISnow persisted longest in stands near alpine timber

line represented in our study by those stands on

time Mesa those stands not covered by aerial photo
survey Billings 1969 studied vegetational
pattern in such stands in the Medicine Bow Mountains

of Wyoming where he found the forest to be in ribbons

and patches a physiognomy similar to that present to

a large extent on Lime Mesa Billings explains that

1
15

I



I

I

I

I

I
EO

t
Z

0
60

40

I

I

I

I EO

t
z

0
60

40

I

I

I

I

I

I

I

I

I

I

001578

100 A Achi Z lea lanutosa

G Geranium richardsonii
H Hap OpappU8 parryi

100 C CampanuZa rotundifoUa
FFpagaria virginiana

p Polemoniwn puZcherrimum
V Vaccinium spp

20

EO

1
z

0 60

IN
40

20

o 2 4 6

SNOW DURATION
a

E

INDEX

1 0 o 2 4 6 E

SNOW DURATION INDEX

b

1 0

100 A Arni a cordifolia
B BromHs ciZiatus
V Lu3uJ a parvifZora
v Vicia americana EO

t
z

g 60

fl

t 40

E

100 E Erigelon spp
P Pseudocymopteris montanus
S Syrrrpholiaarpo8 oreophiZu8
V Viola canadensis

20

v

20

o 2 4 6

SNOW DURATION

e

SNOW DURATIQN INDEX

d

E

INDEX

1 0 o 2 4 6 1 0

Figure 1 Relation of some understory species frequencies to the Snow Duration Index

16



6

8
5

1 4

3

2

II
I

I

II ASPEN

I
I

J

l

9

8

7

1

o 1 2 3

I

I

I

I
PIR

I

I

I

9 1 0 Ii4 5 6 87

SNOW DURATION INilEX

Figure 2 Relation of tree d 81t1ea to Snow Duration Gradient I

14
o
o
o

12

10

8

f1
l
il 6

ASPEN

1
I

FIR

A

SPRUCE

16

4

2

o 1 2 3

I

I

I

I

I

4 6

I
5 7 8 9 1 0

Figure 3 Relation of tree seedling lobns1ties to Snow Duration Gradient

SNOW DURATION INDEX I

I

17 I

I



I 001579
the pattern is a result of the removal of snow by
wind from open areas and its deposition into drifts

The melt of the drifts provides a good moisture

regime for seedling establishment up to where its edge
occurs in June or early July That part of the area

where the drift melts later produces a wet or moist

meadow vegetation typical of the snow glade
n This

produces the ribbon like pattern of the forest

Billings suggests that the ribbon forest and snow

glade areas can be expected just below climatic

timberline wherever plateaus or gentle slopes are

exposed to heavy snowfall strong winter winds and

cool sununers

I

I

I
4 3 6 Conclusions

I
The results of this study attest to the significance
of snow associated parameters in determining subalpine
vegetation This is supported by the work of other

investigators Aulitzky 1958 Billings 1968 Brink

1959 Franklin et al 1971 Friedel 1952 Geiger
1971 Patten 1963Waldmann 1959 and Wardle 1968

Of special significance in forests is the effect snow

has on seedling establishment Spruce and fir re

generation may be limited at sites now supporting only
aspen trees because of the long dry periods during the

growing season warm night temperatures or high light
intensities An increase in snowpack at these sites

which would result in increased snow duration and

improved soil moisture and temperature conditions

should increase the survival of spruce and fir seed

lings Solarization effects on spruce seedlings are

not as severe when moisture conditlons are favorable

Ronco 1970 Increased snowpack need not be

increased continuously to sssure establishment of

conifer seedlings in this habitat Seedlings estab

lished during one or two favorable growing sea ons

may survive if the long term climatic conditions favor

their growth In other words with increased snowpack
there should be a tendency for stable aspen stands

with little or no conifer reproduction to succeed to

spruce fir forest Also succession should proceed
more rapidly in successional aspen stands as condi

tions become more favorable for the survival of the

spruce and fir seedlings

I

I

I

I

I

I

I
Our results indicate that within the spruce fir forest

spruce seedlings may be more tolerant of increased
snow duration than are fir seedlings Figure 3 In

this case survival of spruce seedling relative to fir

seedlings would be increased resulting in stands of

higher relative densities of spruce The resultant

absolute densities that would occur as a result of

increased snowpack would depend where along the snow

duration gradient a given site occurs As is typical
of biological responses the densities of spruce and
fir increase up to some optimal densities and then
decrease as the snow lies later As the snow per
sists conditions become less favorable for all tree

seedling survival The growing season may be short
ened the site may remain too wet from snowmelt for

seedlings to survive pathogenic attack snowmolds

may cause increased mortality of seedlings that are

established As the snow lies very late all tree

seedling establishment may be precluded At this
extreme tree seedling establishment depends on a

coincidence of good seed production and short term

weather conditions

I

I

I

I

I
Consistent with this response of tree species to

increased snow duration the vegetation as a whole
tends to respond to increased snow duration All

species have their unique responses to heat light
end moisture regimes and their own tolerances of

extremes of environmental conditions As some species

I

I

are more adapted to what would be a slightly altered
environment they would have a tendency to respond
more favorably to that environment This would
result in a change in community structure as inter

specific interactions would become altered stabiliz
ing with respect to that environmental change only
after some considerable time As was pointed out

above many of these species are long lived peren
nials The eventual structure of a stand should be
one of plants that are more highly positively corre

lated with snow duration Stands would lose some

species and gain others depending on the species
tolerances to snow duration and associated factors
and the outcome of the new species interactions
These may be predicted from Table 1

4 3 7 Summary

The objectives of this study are to provide a quanti
tative descr ption of the subalpine forest of the San
Juan MOuntains within which the results of the other

investigations may be expressed and to predict the
effects that weather modification may have on the

composition and dynamics of this vegetation The
establishment of experiments was not feasible due
to the very slow response of communities dominated by
long lived perennials Principal environmental

gradients along which the subalpine forest responds
were sought This information was then used to

predict possible changes caused by weather modifica
tion Principal components analysis was used to

determine the major gradients in the vegetation of
the subalpine forests The analysis provided cor

relations of measured environmental parameters with
the major vegetation gradients The gradient which

accounts for the most variation in the vegetation was

found to be the snow duration gradient

The responses of several understory species over a

snow duration gradient are described Some species
attain their highest values of frequency of occur

rence in stands where snow disappears early Other

species had maximum frequency values where snow is

very persistant Still other species have maxima
between these two extremes

It was found that quaking aspen subalpine fir and

Englemann spruce trees vary in their response to the
snow duration gradient Aspen is present at higher
densities where the snow leaves early As snow lies
later more spruce and fir are found with the aspen
First fir and then spruce trees reach dominance in
numbers as the snow persists A similar response to

snow duration was found for the seedlings of these

subalpine tree species

A species will succeed in an environment where it has
the ability to become established and to maintain
itself An increased snowfall resulting in a larger
snowpack and a delayed snowmelt will result in

delayed soil moisture depletion and temperature rise

lower light levels until the snow is gone an in
crease in and longer duration of physical pressure on

the vegetation a longer duration of protection of the

vegetation by the snowpack environment and an in
creased susceptabi1ity to snowmolds Each species
reacts differently to these factors The result is
an alteration in community structure

It was concluded that an increased snowfall which
resulted in a longer snow duration would favor spruce
and fir seedling establishment in those aspen stands

presently stable without coniferous reproduction
Conifer seedling success would be favored more in

successional aspen stands resulting in more rapid

18



succession to spruce fir In the spruce fir forest

spr ce survival might be favored where the snow lies

late The likelihood of any tree seedling establish
ment where the snow lies very late would be decreased

Thus the weather modification program in the San Juan

Mountains will likely alter the species composition of

the subalpine forests in those mountains The degree
and nature of this response will depend upon the

nature of the alteration
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I 001580 4 4 TREE BIOMASS Tom Landis and Dr E W Mogren

I
4 4 1 Introduction and Ob1ectives

I

Changes in snowfall patterns in the San Juan Mountains
as a result of weather modification could potentially
affect the wood production of forest communities in
the subalpine zone of the target area These possible
effects of snow on forest production can be divided
into two categories direct effects where snow could
alter the length of the short growing season in the

subalpine and indirect effects where snow could
influence the temperature and moisture regimes of the
environment which influence the production patterns
of the forest Both direct and indirect influences
of snow should also be considered in a temporal
context snow effects may be cumulative in nature and

may not be obvious in short term studies

I

I

I
There are two main forest types in the subalpine zone

of the target area The upper elevational forests
are composed of stands of spruce fir and in the lower
elevational areas relatively pure stands of quaking
aspen are found The spruce fir association is

composed of only two tree species Engelmann spruce
Pieea en elmannii Parry and subalpine fir Abies

lasiocarpa Hook Nutt These forests are mature

and uneven aged and considered climax for this region
Engelmann spruce is the dominant species usually
comprising more than 85 percent of the standing crop
Quaking aspen Populus tremuloides Michx forests
are varied in age and structure but most stands are

wholly aspen with a small percentage of coniferous

species in the understory These forests represent a

substantial timber resource and large areas of mature
trees are suitable for commercial harvest Therefore
the possible effects of weather modification on the
wood production of these forests should be investi

gated

I

I

I

I The research objectives of the Tree Biomass Project
may be best stated in terms of two null hypotheses
The first null hypothesis involves the production
performance of individual spruce and aspen trees and

proposes that the annual wood produ tion of these
trees is adversely affected by the direct or indirect
influences of snow The second hypothesis states that
bolewood production of aspen and spruce fir stands is

affected by these same factors

I

I
4 4 2 Results and Discussion

I
The experimental procedures of the project have been

reported in detail in reports of previous years
They will not be discussed in this report rather
the results and tentative conclusions of this project
will now be presented

I iomass and production of the spruce fir association

I
The production relationships of this forest type were

studied in more detail than the aspen type because
of the extensive acreage of the spruce fir type in the

subalpine zone and therefore this type was sampled
more intensively The following discussion deals

exclusively with wood production of individual trees
and stands of the spruce fir type Aspen production
will be treated laterI

I
Individual tree production was measured at the four
intensive study sites of the San Juan Ecology Project
over the past 20 years using stem analysis techniques
Figure 1
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Figure 1 Bolewood production per tree

Annual bolewood production of five individual
production trees at each site was averaged to provide
a typical production response of individual trees to
sno related variables The average production
pattern over the 20 year study eeriod was remarkably
stable around the period mean x as indicated by
the low standard deviation values s These data
indicate that spruce trees are quite consistent in
their annual wood production although they do exhibit
a 3 4 year cycle in their production during the 20
year period This cycle could be ascribed to the seed
production characteristics of the species Heavy
seed crops are produced every 2 6 years Alexander
1958 and these heavy seed crops could outcompete
the vascular cambium for current and stored photosyn
thate During these heavy seed years the wood
production would be slightly reduced and during light
seed years it would be slightly greater Accepting
this hypothesis the production pattern of the
individual spruce trees becomes even more stable

Stand bolewood production during the 20 year study
period is also shown to remain relatively constant
at the four intensive study sites Figure 2 This
pattern would be anticipated because stand production
reflects the cumulative response of all individual
trees in the plot Also such constant production is
an attribute of the climax seen in uneven aged stands
Whittaker 1970

The bole biomass or standing crop of the four study
sites was monitored since 1971 on permanent plots and
these data exhibit two types of perturbations during
this period Figure 3 The first type can be seen
at the 3300m location on Wolf Creek Pass where a
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gradual decrease in biomass occurred due to the

periodic mortality of individual trees that is common

in mature climax communities The second type of pe

turbation occurred at the 3500m location on Missionary
Ridge where a severe loss in standing crop is shown

for 1972 this loss can be attr buted to a high wind

storm that caused severe wind throw on that high eleva
tion site Ovington 1962 stated that in mature

climax forests the biomass is fairly constant from

year to year as a result of an overall equilibrium
between production and decompositionj this type of

biomass pattern can be seen at the lower elevational

plots at both locations Kira et al 1967 concluded

that mortality rates in forestsof Cool climates

fluctuate from year to year and that in certain years
several tre s are lost in one year due to environ

mental cata trophes such as storms Thus the

biomass values of such forests will fluctuate over

time and the equilibrium value of climax can only be

recognized on a long term basis These subalpine
forests can therefore be best described as a

disturbance climax the influences of snow manipu
lation on such a system are difficult to separate
from the other environmental influences and could

only be studied over a long time period

Influences of snow on the spruce fir association

The direct influences of snow on the spruce fir

association can be organized into two categories
first its effect on the length of the growing season

and second the physical effects of snow on the trees

themselves

The snow melt pattern on the intensive study sites
varied considerably between the years 1972 and 1973

Figure 4 In 1972 the plots were free from snow

almost a month earlier than the following year when
Snow persisted beyond the date of cambial activation
as estimated by Blaue 1973 In general snow

remains much later in the season on the Wolf Creek
P ss locations than on Missionary Ridge and accept
ing these data cambial initiation may often occur

while snow is still on the ground Blaue op cit

found that the length of the growing season is set

primarily by photoperiod with variables such as

t mperature having a minor effect From these data
it could be concluded that the length of the growing
season is largely independent of the direct effects
of persisting snow

D rect physical influences of snow on individual trees

is negligible on trees of the intermediate class or

greater however saplings and seedlings can be

adversely affected by extended periods of snow cover

age which increase the probability of snow breakage
snow mold infection or simply elimination of sun

light These conditions were observed to increase

definitely on the biomass plots in the heavy snow

year of 1973 compared to the other years of the

study Considering the small stature and hence

small wood production of trees of these size classes

the wood production of the stand as a whole is not

significantly affected Such events should be noted
however because these smaller trees represent the

f9ture of these stands and any such damage could

reduce the number of trees available for replacing
those lost in the overstory
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gradual decrease in biomsss occurred due to the

periodic mortality of individual trees that is common

in mature climax communities The second type of per
turbation occurred at the 3500m location on Missionary

Ridge where a severe loss in standing crop is shown

for 197 this loss can be attributed to a high wind

storm that caused severe windthrow on that high eleva

tion site Ovington 1962 stated that in mature

climax forests the biomass is fairly constant from

year to year as a result of an overall equilibrium
between production and decomposition this type of

biomass pattern can be seen at the lower elevationa1

plots at both locations Kira a1 1967 concluded

that mortality rates in forests of cool climates

fluctuate from year to year and that in certain years
several trees are lost in one year due to environ

mental catastrophes such 8S storms Thus the

biomass values of such forests will fluctuate over

time and the equilibrium value of climax can only be

recognized on a long term basis These subalpine
forests can therefore be best described as a

disturbance climax the influences of snow manipu
lation on such a system are difficult to separate
from the other environmental influences and could

only be studied over a long time period

Influences of snow on the spruce fir association

The direct influences of snow on the spruce fir

association can be organized into two categories
first its effect on the length of the growing season

and second the physical effects of snow on the trees

themselves

The snow melt pattern on the intensive study sites

varied considerably between the years 1972 and 1973

Figure 4 In 1972 the plots were free from snow

almost a month earlier than the following year when

snow persisted beyond the date of cambial activation

as estimated by Blaue 1973 In general snow

remains much later in the season on the Wolf Creek
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Pass locations than on Missionary Ridge and accepting
these data cambial initiation may often occur while

snoW is still on the ground Blaue op cit found
that the length of the growing season is set primarily
by photoperiod with variables such as temperature
having a minor effect From these data it could be

conciluded that the length of the growing season is

largely independent of the direct effects of persist
ing snow

I

I
Dir4ct physical influences of snow on individual trees

is negligible on trees of the intermediate class or

greater however saplings and seedlings can be

adversely affected by extended periods of snow cover

age which increase the probability of snow breakage
snow mold infection or simply elimination of

sunlight These conditions were observed to increase

definitely on the biomass plots in the heavy snow year
of 1973 compared to the other years of the study
Considering the small stature and hence small wood

pr04uction of trees of these size classes the wood

production of the stand as a whole is not significant
ly affected Such events sho ld be noted however

because these smaller trees represent the future of

these stands and any such damage could reduce the

number of trees available for replacing those lost in

the overs tory

I

I

I

Ii

If
l
t

i
I
I
I

I
i
c

1

Indirect effects of snow on wood production are those

influences on the forest microclimate including
modification of the soil temperature and soil water

regimes during the early part f the growing season

The influences of these facto s on the physiology of

trees during the growing season are being analyzed
by the Tree Moisture Stress P oject and are included

in the report of the next sec ion

Regardless of influences of snow within a given
growing season the bolewood production of individual

trees of the spruce fir association has been shown

to remain relatively const8nt ver the past 20 years
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Fig 1 These data indicate that bolewood produc

tion on a yearly basis was not significantly influ

enced by varying environmental factors including
those influenced by changes in snow parameters It

has been suggested that cambial activation may begin
with snow still on the ground Sometimes this snow

persists for some time into the growing season Fig
4 If this persistent snow influences cambial cell

division and expansion early in the growing season

this delay in growth may be compensated for by more

rapid growth later in the season resulting in a

comparable amount of wood produced each year In

another study with Engelmann spruce Gary 1974 found

that the growing season was long enough to overcome

any inhibitive effect due to late lying snow and that
there was no significant difference in growth between

snow covered and snow free plots This type of

catch up factor has also been suggested for other

subalpine plant species Owen 1973

I

I

I

I

I
This constant annual wood production can probably be

ascribed to the intrinsic genetic controls of the

species themselves These spruce and fir trees have

genetically adapted over long periods of ecologic
time to the environmental conditions of the subalpine
and thus the amount of wood produced each year

appears to be fixedI
4 4 3 Conclusions and Recommendations

I Individual trees of the Engelmann spruce subalpine
fir association were shown to exhibit relatively
constant bo1ewood production on a yearly basis This

constant production is attributed to the genetic
properties of the species themselves rather than

controlled by factors of the environment Therefore

changes in snow parameters probably do not affect the

wood production of individual spruce trees on a year
to year basis

Bolewood production of spruce fir stands was also

shown to remain constant over the 20 year study
period This trend is probably a function of genetic
control also because stand production is a reflection

of the cumulative responses of the individual trees

Such constant production is also a result of the

climax status of these forests uneven aged climax

forests typically exhibit a constant production over

time with minor fluctuations resulting from individual
tree mortality

I

I

I

I

I
Bole biomass values for these stands were shown to

exhibit severe perturbations in standing crop values

and these sudden losses in biomass were attributed

to catastrophic events such as windthrow insect out

break or fire Therefore these forests could be

chara terized as a disturbance climax in which the

spruce and fir trees dominate the site and reproduce
under their own shade but show severe fluctuations
in standing crop because of disturbance events It

is debatable as to whether changes in snowpsck
conditions could positively or negatively influence

these disturbance events

I

I

I
These conclusions must be conditional however due to

the short time period of this study Cumulative

effects of snow manipulation could not be evidenced

in a study of this duration and detrimental effects of

direct snow on sapling and seedlings could affect the

future status of these forests Therefore it is

recommended that future studies be conducted on seed

ling establishment and early growth Also the cell

deposition pattern within the growing sesson should be

investigated to reveal possible delayed cambial

activity in years of late sn melt

I

I

I
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4 5 MOISTURE STRESS AS AN INDICATOR OF THE EFFECTS OF SNOW ON BIOMASS RODUCTION

OF FOREST TREES Dr C P P 1d and A K Evans

I
4 5 1 Specific Ob1ecttves

The overall objective of this investigation in con

junction with the Tree Biomass and Tree Phenology
projects is to determine and evaluate the effects of

snow quantity on the growth of Engelmann spruce

Pices en elmannii Parry and quaking aspen Populus

tremulo1des Michx Increases in snowpack should

affect the moisture status of the tree which should

in turn affect tree growth The Moisture Stress

Project is designed specifically to provide informa

tion concerning the effects of microclimate and sno

pack changes on the water status of the tree The

three basic hypotheses being investigated as stated

in the Interim Progress Reports of 1971 and 1972

Reid and Evans 1971 Reid and Evans 1973 are

Increases in snowpack will cause delayed snowmelt

which will provide increased soil moisture later in

the growing season and therefore increased biomass

production through reduced moisture stress

Increases in snowpack will cause delayed snoWmelt

resulting in lower air and soil temperatures later

into the spring causing decreased water uptake
incressed water stress and reduced growth

Changes in water stress will reflect changes in

growth patterns and these changes can be efficiently
monitored by the pressure chamber technique

This project is attempting to answer specifically the

following questions

1 How does moisture stress of spruce d aspen
relate to varying snowpack

2 How is moisture stress related to all environ

mental variables

3 How can moisture stress related to spring snow

pack be separated from that related to summer weathEr

patterns

In conjunction with Tree Biomass and Tree Phenology
projects the following questions are being pursued

4 How is moisture stress in spruce and aspen
related to periodic growth through the season and

subsequent annual increment

5 Will a significant increase or reduction in

growth of spruce and aspen occur with a one week delay
in snowmelt

4 5 2 Methode

Moisture stress was monitored by the pressure chamber

technique on each of six study sites 4 spruce 2

aspen through the growing seasons of 1971 and 1972

Moisture stress was determined weekly in the early
sesson and biweekly in the late season by sampling
both the north and south sides of the crown of five

trees on each site In 1973 intensive study of one

site during the snowmelt period was carried out rather

than the continued monitoring of all sites Site 2

M3200 Spruce was monitored every third day from

May 15 through the end of snowmelt and weekly through
the remainder of the growing season

A laboratory experiment was conducted in early 1974 to

determine the effects of cold soil temperatures on

root resistance to water f1

seedlings The pressure cbs

large water bath at three di

0 7 5 and 150C Intact

tops removed were placed in

chamber Three bars pressur
rate of water movement throu

stem was measured by collect

procedure gave an excellent

resistance to water flow at

4 5 3 Results and Discussi n

General Model Considerations

The growing season for trees

under study can be divided i

to moisture stress the earl

the later or midsummer perio
3 above it can be stated

environmental factors most i

water stress are different i

tne early period water stres

by factors relating to snow

period stress is primarily
weather Therefore a water

subalpine forest must consis

for each of the two periods
that the emphasis in this st

Engelmann spruce Early sea

difficult to obtain because

use of leaf samples A 1im

season twig samples have bee

the emerging foliage and bra

depleted Because it will b

conclusive relationships for

of the aspen model our emph
on spruce The two submodel

considered separately begion
season

Midsummer Water Stress

I
in Engelmann spruce
er was immersed in a

ferent temperatures
oot systems with the

ater in the pressure
was applied and the

h the roots and up the

ng the exudate This
eans of assessing root

arying temperatures

I

I

I
in the subalpine forests

to two parts in relation
or snowmelt period and

In answer to question
imply that the sets of

portant in controlling
the two periods Also
is primarily controlled

while in the midsummer

ontrolled by daily
stress model for the
of two submodelsJ one

It is important to note

dy has been placed on

on data for aspen are

ur technique is based on

ed number of early
taken from aspen but

ches are rapidly
difficult to establish

the early season part
sis will continue to be

for spruce will now be

ng with the midsummer
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I

I

I
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Extensive statistical analys s of the 1972 season

data on Site 1 M3500 Spruce has resulted in a simple
model and significant insigh into the environmental

parameters controlling water stress in the midsummer

season Evans 1973 Other sites including aspen
show similar relationships a though the Missionary
Ridge spruce and aspen sites appear to be more

similar to each other than ether is to the Wolf

Creek spruce sites

The significance of a low t perature effect as

introduced in the 1972 Inter m Progress Report Reid

and Evans 1973 became app rent Air or soil

temperatures which approache freezing caused a

reversal in the normal patte n of decreasing water

stress with decreasing tempe ature evaporative
demand Because this reverl was rather abrupt it

was possible to remove these data from further mid

summer analysis The low te erature effect data are

a combination of two additio al data populations
Some of the high stress dat may be attributed to

reduced water uptake from co d soils and should there

fore be included in the dat poPulation of early
season water stress The re ainder is due to an

error in the pressure chambe technique when working
at temperatures near freezin which has been reported
by Evans and Reid 1974 dsummer water stress and
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I 001583
a variety of the measured environmental data were

submitted to factor analysis which delineated two

major patterns of variability which will be referred

to as Factor 1 and Factor 2 Factor 1 represented
all those variables which varied diurnally with solar

radiation input and were associated with atmospheric
evaporative demand and energy budget of the tree

crown Factor 2 represented the deep soil regime
which varies on a seasonal basis and included soil

water and deep solI temperature Water stress was

primarily associated with Factor 1 but was affected

to some degree by Factor 2 The following conceptual
linear model is proposed

Water Stress Bo Bl atmospheric factor and B2
deep soil factor E1j

Correlation analysis showed high individual correla

tions between water stress and all Factor 1 variables

with individual R2 values up to 68 but extremely
low correlations for Factor 2 variables The four

best individual variables were ranked as follows

surface soil temperatureair temperature vapor

pressure deficit solar radiation This ranking may

have indicated greater dependence on sensible energy

and leaf temperature than on evaporative demand The

two two variable combinations with highest correla

tions included both a Factor 1 and a Factor 2 varia

ble It is important to note that Factor 2 greatly
increased in importance in the presence of Factor 1

This substantiated the proposed model

I

I

I

I

I

I

I

I
Prediction models were then constructed by stepwise
multiple regression based on the conceptual model

Significant models with R2 values up to 87 were

produced with up to nine environmental variables

A practical four variable model with two variables

representing each factor was finally developed with

an R2 81 The four variables were surface soil

temperature and 15 cm soil water content This

model is ecologically sound because water loss and

water absorption are both represented water stress

being the sum of the difference between the two

processes The model can be used for predicting water

stress through the midsummer season from basic weather

data as long as it is not extrapolated beyond the

range of the original data

I

I

I Snowmelt Period Water Stress

I

I

I

I

I

I
OH I ouG

Figure 1 Seasonal tree mOlsture srrese max llllUUI

and minimum as related to snow depth and cover

I

By examination of the figure the relationship to

snow becomes apparent Minimum predawn water

stress remained fairly constant across the snowmelt

period which is probably due to a fairly constant

high level of soil water This demonstrates that
the trees were always able to recover satisfactorily
from midday water stress during the period The
most significant information of Figure 1 is the
maximum daily water stress It is apparent from the

figure that maximum daily water stress decreased
almost 50 over the snowmelt period in a fairly
linear manner It is also important to note that

this decrease is highly correlated with the decrease
in snow cover R2 62 and snow depth R2 74
It is probable that this phenomenon is an expression
of the second hypothesis presented above i e cold

soil temperatures increase the root resistance to

water flow which causes higher water stress levels

As the snow melts and more soil becomes exposed to

radiation the average soil temperature across the

site increases allowing root resistance to decrease
water uptake rate to increase and midday water

stress to decrease

As previously stated water stress is an expression
of the difference between water loss through transpir
ation and water uptake through root absorption
During the snow melt period transpiration should be

increasing due to the increasing evaporative demand

of the atmosphere not shown in Figure 1 Since

water stress decreases it must be assumed that

uptake is not constant but is actually increasing
more rapidly than transpiration As any change in

soil water would cause a water stress change in the

opposite direction it might be concluded that the

pattern exhibited during snowmelt is possibly due to

some intrinsic factor however it is more likely a

result of increasing soil temperatures as more of the

soil surface becomes free of snow

The root resistance laboratory study using Engel
mann spruce seed under simulated snowmelt

conditions was initiated to determine the validity
of this assumption Preliminary examination of the

results indicates thab the mean rate of water move

ment into and through the root systems was approxi
mately three times greater with water at 7 5oC as

with water at a soC The mean rate at lsoC was

slightly higher than the 7 50 rate but the variance

was exceptionally high These results substantiate

the conclusion that the high water stress levels

under snowpack are caused by soil temperatures near

freezing during periods of high transpirational
demand

The implications of these spring water stress patterns
to tree growth are very important Since the trees

are able to recover from water stress at night no

immediate severe effect on cell division and cell

enlargement would be expected due to delayed snowmelt

The primary effect would likely be a significant
reduction in photosynthesis Many investigators
have shown that photosynthesis is reduced to zero at

water stress levels in the range of 15 to 25 bars

This could have a significant effect on growth later

in the current season and on the subsequent season s

growth The timing of the major phenologic events

will be very important in determining if this high
stress period will have an important effect on growth
If cambial initiation and bud burst are related to

environmental temperatures and or water stress they
will be delayed due to increased snow although trees

may be able to adjust their growing season However

this does not appear to be the case If these events

are controlled by photoperiod and occur at approxi

26



mate y the same ttme every year significant prob
lems could arise if the high stress period was

extended late enough into the summer period by
increased snowpack These phenologic events current

ly oocur after the period of high water stress If

they occurred during the period of high stress a

significant growth reduction might occur Further

coordination with the Tree Biomass and Tree Phenology

projects will be necessary to examine these implica
tions

4 5 4 Proposed Future Research

Little additional field data will be collected during

the upcoming year except to fill some gaps of missi

information The majority of effort will be concen

trated on computer analysis of data for all six

plots and analysis and interpretation of the root

resistance study When the tree core information

becomes available it will be correlated with

moisture stress

4 5 5 SummarY

The growlng season of Engelmann spruce can be divided

into two parts concerning water s ress the snowmelt

period and the midsummer peribd Water stress

during the midsummer period is primarily determined

by daily weather and expressed as two factors one

atmospheric and the other deep soil A regression
model was developed to predict water stress during
this period from the following variables R2 81

surface soil temperature air temperature 25 soil

temperature and 15 cm soil water

The snowmelt period is characterized by high levels

of idday water stress which become less severe as

snowmelt prQceeds and more soil is bared of snow

The 50 reduction in midday stress over this period
1s probably due to lowered root resistance to water

flow c8used by increasing soil temperatures This

theory is substantiated by preliminary analysis of

root resistance studies which demonstrated a rate of

water movement through roots at 7 5oC about 3X

greater than at O SoC

The major effect of these high stress levels during
snowmelt would be in photosynthesis reduction rather

than cell division since trees were able to rehydrate
at night s long as this high stress period occurs

before the beginning of major phenological activity
little change in growth would be expected If

delayed snowmelt from snowpack augmentations resulted

in the high stress period being extended later into

the year occurrence of phenological events during
this stress period could result in a significant
alteration f growth pattern
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4 6 ELK Dr Harold Steinhoff James Sweeney John Sweeney

4 6 1 Job 1 Winter Distribution James M Sweeney

Objective

To answer the following questions

1 What elevations aspects and vegetative types
are occupied by elk through the winter 8S related

to the varying snowpack

include total precipitation frequency of storms and
rate of baring of the winter range The elevation at
which elk occur during winter is related to a snow
line of a certain critical depth The location of
this critical snow line 1s in turn related to snow
fall patterns during the winter

Depth of the snowpack at the Top Park fescue study
site has proven indicative of winter conditions
Fig 1 In the first winter of study 1970 71

maximum snow depth 11 decimeters was not reached
until Feb 27 and decreased from that date on This
could be broadly classified as a mild winter In the
last two winters 1971 72 and 1972 73 a greater
depth 14 dm and 16 dm respectively was reached at
an earlier date Jan 8 and 6 respectively The
snow was almost this deep already in early December

The winter of 1971 72 reached a peak on January 8 and
decreased from that date on It could be classed as
severe at first but mild at the end The last
winter however should be described as severe

throughout Instead of showing a decrease in snow

after January the snow depth continued to increase
until March 31 to a maximum depth of approximately
24 dm

This past winter s flights 15 9 hrs flight time
over the study area resulted in 465 elk sightings
These sightings indicate that elk began their down

slope migration at a time similar to the previous
winter of 1971 72 Fig 2 By January however the

1971 72

E 16

I
f

a
W
0

e

0
8z

Vl

2 What is the critical depth of snow for elk on

Missionary Ridge

FEB MAR APR MAY

Hypotheses

1 The upper elevationsl limit of elk in winter is

dependent upon a critical snow depth that depth
most likely being between 65 and 75 cm

2 The critical snow depth for elk varies signifi
cantly with abundance of available food snow

hardness and degree of slope

3 Elk tend to occur on a south aspect where food is

available

Findings

E1evation

Down slope migration patterns of elk in the winter

vary with severity of the winter Severity would

24

o
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Figure 1 Snow depth at The Top Park f scue study site Missionary Ridge
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Figure 2 Elevation of wintering elk on Missionary Ridge

elk had proceeded to a lower elevation 2300 meters

than either of the previous two winters This

reflects the severity of the 1972 73 winter As in

previous winters elk again moved up and utilized

the open south facing oak brush slopes approxi
mately 2615 meters elevation during February and

March This past winter however in contrast to the

earlier two winters heavy storms continued through
Apr l As a result rather than continuing a slow

up slope migration as seen in 1970 71 and 1971 72

elk migrated down to the valley floor

Habitat and Aspect

Tables 1 and 2 show that habitats and aspects occupied
1n 1972 73 were very similar to those reported for

previous years

Table 1 Percentage of elk sighted in each habitat

type on Missionary Ridge winter 1972 73

Total Mean E1ev Habitat
meters Oak Aspen Conifer

9 1072 63 3125 54 27 3 16

10 10 72 112 3100 65 8 7 20

11 10 72 43 2900 12 67 21

12 10 72 35 2950 43 51 6

1 5 73 74 2300 51 4 45

2 2 73 28 2475 4 39 7 50

3 2 73 19 2675 84 16

3 30 73 35 2400 80 20

4 27 73 56 2100 54 21 25

Total 31 38 9 22

Table 2 Percentage of e1

Missionary Ridge

Total Mean E1ev

Date meters

9 10 72 63 3125

10 10 72 112 3100

11 10 72 43 2900

12 10 72 35 2950

1 5 73 74 2300

2 2 73 28 2475
3 2 73 19 2675

3 30 73 35 2400

4 27 73 j 56 2100

Total

PR MAY

sighted on each aspect of

winter 1972 73

Aspect 1
West

75 25

21 30 49

77 23

86 14

27 27 58

39 61

42 58

54 46
46

5 42 43

11 None were seen on north spects

I Readings for this date d not include elk sighted
54 in the valley and therefore not considered

on any given aspect

In all there seems to be indication that fescue

and or oak habitats on sou h aspects are used to a

igher degree than other h bitat types or aspects

during the winter period Snow on south aspects

quite often melts off betw en storms except in years

pf heavy accumulation As a result they provide s

more favorable winter habi st with the decreased snow

over increased food avai ability and increased

temperatures
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Figure 3 Elevation of Wintering elk as elated to Snow Cover 1972 73

evidence of impaired mobility but it is not known

whether or not this was deleterious
In 1970 71 all winter sightings of elk were in areas

with less than 35 em of penetrable snow cover In

one case elk were seen in an area with 55 em of total
snow coverj however a hard layer 75 kg ram hardness
25 em below the snow surface limited hoof penetration
to 15 20 em During the second winter season

1971 72 elk were found in areas of sparse to no

snow cover with ODe exception In this instance
elk were located with a snow cover averaging 50 em

deep Twenty one of 25 ram profiles taken in this
area showed a ram hardness of 1 kg or less throughout
the snowpack which indicates light powder snow

remaining four profiles registered ram hardnesses
between 1 and 5 kg Hoof penetration in this area

averaged between 36 em and 32 cm This past winter
1972 73 elk were again located in areas of sparse to

no snow cover when this type of habitat was available
However during December and January Missionary Ridge
was blanketed by a complete snow cover down to and

including the valley Fig 3 During this period elk
were found in snow depths of 50 to 90 em One area

of elk usage which was not reachable by investigating
teams was estimated from snow stake readings to have
as much as 110 cm of snow In three instances hard

layers 5 kg hardness and 6 cm thickness were deline
ated at the ground surface but in general the snow

pack was again light 1 kg Hoof penetration in
these areas ranged from 36 em to 65 em and averaged 51
em In areas with 70 em or more snow there was

I

I

I

I

I

I

I

I

These snow depth readings indicate that a depth of

35 40 em of penetrable snow will cause elk on

Missionary Ridge to move to more winter range with a

lesser depth This then could be considered the

response depthll of snow for elk in this area

Previous reports have labeled this the critical

depth of snow for elk However it now seems more

appropriate to save the term Ilcritical depth for

that depth of snow which may prohibit the use of an

area by elk Snow depths of 40 to 60 em apparently
do not pose undue stress and are readily traversed

for food and shelter when more exposed areas are not

available Areas with 70 cm or more of penetrable
snow probably represent an added winter stress and

are usually avoided Seventy centimeters of pene
trable snow then represents the critical depth of

snow for elk on Missionary Ridge

4 6 2 Job 2 Calving James M Sweeney

Objective

Our objective is to answer the following questions

1 Is the spring upward movement by elk on Mission

ary Ridge related to the receding snow line

2 How is elk calving related to varying snowpack
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on Missionary Ridge

I
Hypotheses

1 Spring movement of elk back into the high sunnner

ing areas 1s directly correlated to the receding
snow line

I 2 Elk calving areas are favorable sites below the

zone of partial snow cover ZPSC and there is no

shortage of calving areas below the ZPSC each year
on Missionary Ridge

I Findings

I
Spring MOvements

I

Through the spring of 1973 1080 elk sightings 25

calves were recorded during 21 75 hra of flight
time These observations along with the 1129 sight
lugs from the first two springs indicate that spring
movement of elk back into the high summering areas is

associated more strongly with the greening up of the

open fescue parks than directly with a receding snow

line

I The first spring of study 1971 followed a mild

winter As a result at the beginning of the spring
elk were found at relatively high elevations 3050

meters With the onset of new growth at lowere1eva
tions the elk were observed to migrate down slope
into the newly green meadows Fig 4 Movement back

into the high country generally followed the initia

tion of growth in the higher meadows In 1973 elk

were again high 2900 meters in early spring How

ever they were not observed to move down slope as

they did in 1971 The spring 1972 was unseasonably
warm and green up of the higher meadows had occurred

at an earlier date negating the need for elk to

migrate to obtain new growth The receding snow line

for both of these springs was well above the eleva

tion of elk and new growth and was not considered a

direct influence on movement patterns

I

I

I

I The spring of 1973 was quite different from the

previous two springs Following a severe winter the

elk were concentrated in the valley 2100 meters

Movement back into the high country was again associ

ated with greening up of the higher meadows even

though the initiation of growth was later than

previous springs Fig 5 Because of the heavy
accumulation of snow during the winter and the late

spring the advancing green line was closely associ

ated with the lower limit of the receding zone of

partial snow cover ZPSC In this instance the

receding ZPSC may have limited to some degree the

movement of elk particularly those animals which

exhibit the tendency to migrate higher and earlier

than the average herd However the majority of

animals were located an average of 150 meters below

the ZPSC and green line throughout the spring

I

I

I

I Calving

I
Data collected to date indicate that calving on

Missionary Ridge follows the general pattern reported
in the literature Compilation of aerial and ground
observations indicates that calving on the study area

occurs between mid May and mid June at an elevation

of 2900 to 3200 meters

I For the three calving seasons studied there appeared
to be ample habitat available for calving below the

snow line The prime calving areas were open each

spring The receding snow line for 1971 and 1972 was

I

I

well above the calving areas but in 1973 the lower
portion of the ZPSC was still within the upper
calving areas The lower border of the ZPSC however
is characterized by having snow cover only in protect
ed areas on north facing slopes As such the reced

ing snowpack probably presented little if any physical
limitation to the location of calving

These data indicate that snow probably does not limit
the actual location of calving on Missionary Ridge
Perhaps of greater importance is the possible deleter
10us influence of late spring snow storms on calving
success through the creation of a cold wet environ
ment for the newborn calf

4 6 3 Job 3 Oak John R Sweeney

Objective

To answer the following questions

1 What is the present structure of typical oak

stands at the upper elevational limits of oak

2 How are significant phenologic events which are

related to growth and browse production of oak
related to varying snowpacks

3 How do varying snowpacks affect annual productiv
ity of oak on the target area

4 How will varying snowpack affect the survival of

oak on Missionary Ridge

Hypotheses

1 Annual productivity of oak will be increased in

the first few years of consistently greater annual

snowfall

2 Oak survival will be decreased in the long term

by increased snow because of superior competition
from aspen or ponderosa pine

Findings

Community Structure

The phytosociology of oak stands at their upper limits

was described in the 1973 Interim Progress Report

Phenology

The amount of winter precipitation does not appear to

affect initiation of growth in oak Even though the
snowfall of 1972 73 61 34 cm of water was more than

twice that of 70 71 24 64 cm of water soil mois

tures at 50 cm and 90 cm depth were near a water

potential of 2 bars after snow melt each year The

seasonal pattern of snowfall however probably does

affect growth initiation in that the frequency and

amounts of snow storms influence the date of final

snow melt In 1970 71 only one decimeter of snow was

detected on the plots in late February Fig 6 but

three late season storms deposited a total of 1 dm on

the plots in mid May and final snow melt did not occur

until May 13 The winter of 1972 73 was a heavy snow

year and at least 2 dm of snow were recorded on the

plots each month Five dm were recorded in late

March As a result of the large snowpack final melt

did not occur until May S Seventy five percent bud

burst in the oak was recorded on June 9 for both 1971

and 1973 Table 3 The only snowfall in 1971 72

came in the early part of the season and the plots
were clear of snow by as early as March Initiation
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of growth was recorded on May 28 12 days earlier than

the other two years

The date of final snow melt influences the timing of

growth initiation in oak by the effect of melt water

on soil temperatures which is probably one of the more

important factors affecting growth initiation Data

for the springs of 1972 and 1973 indicate that soil

temperatures at 50 cm and 90 cm must be at or above

5 C for two to three weeks prior to the onset of

growth Fig 7 The initiation of growth in 1972 did

not occur earlier in that season possibly due to

insufficient day length Temperature sums or the

number of degree days above 0 C also can influence the

initiation of growth by its affect on snow melt wa

ing of the soil and on bud temperatures Monthly
temperature sums recorded at the Durango Station were

higher in 1972 than in 1971 and 1973 and for the

last two years temperature sums of at least 343

degree days were recorded at the study site prior to

initiation of growth This sum was reached about 25

days earlier in 1972 than in 1973

Browse Prod tion

The amount of browse produced in a given year may be

affected by the length of the growing season and by
the rate of growth during that season The length of

the growing season however appears to be stable in

oak brush Even though the date of growth initiation

may have been influenced by snow melt and spring
temperatures the length of the growing season for

the last three years has remained relatively constant

Table 3

Table 3 Growing season of Gambe1 oak at its upper
elevational limits on Missionary Ridge

Final Growing
Snow Growth End of Season

Melt Initiation Growth days

1971 5 13 6 9 7 3 24
1972 3 4 5 28 6 24 27

1973 5 5 6 9 7 3 24

Temperature sums during the growing seasons for the

last three years are not significantly different but

there has been about a two fold increase in the amount

of precipita ion each year with 1 96 cm 4 32 cm and
8 20 cm of water being recorded during the 1971 1972

and 1973 seasons respectively This increase in

moisture however did not appear to enhance the grow

growth of oak because the amount of browse produced
for the three years is not significantly 95 level

different Table 4 The lack of response in growth
to increased precipitation is probably due to the

fact that Gambel oak has low moisture requirements and

therefore is most often found on soils with low soil

water retention characteristics Any additional

water simply drains through the 80il This is the

case on the study site The almost two fold increase
in precipitation in 1973 over 1972 did not increase

soil moistures The water potential of the soil at

50 cm and 90 em depth was the same for both years

throughout each season between 0 and 5 bars and

was not considered to be limiting to growth of oak

Fig 8

Successional Status

Gambel oak has low moisture requirements and there

fore is found on soils with low soil water retention

characteristics In areas where it is found on soils

of higher soil water availability oak brush will most

often be replaced by the mo

I
competitive speciea

of spen or ponderos Pine jenata for determining the

s ccessional status of oak

lUSh
on Missionary Ridge

has been collected but the analysis is not complete
enough to make any conclusi s at this time

4 6 4 Summary

Winter Distribution

Tbtal precipitation freque
and temperature all influen
of baring of the winter ran

slope migration patterns of

with severity of the winter

elk occur during winter is

a certain critical depth
penetrable snow will cause

e osed winter range if ava

o more of penetrable snow

added winter stress and are

and or oak habitats on sout

higher degree than other ba

during the winter period

C llving

cy of storms cloud cover

e the frequency and rate

e As a result down

elk in the winter vary
The elevation at which

elated to a snow line of

depth of 35 40 em of

lk to move to more

l ble Areas with 70 cm

over probably represent
usually avoided Fescue

aspects are used to a

itat types or aspects

I

Ij
j

11
Ii
II1

111

IjSpring movements of elk bac into the high summering
a eas are associated more s rongly with the greening
up of the open fescue parks than directly with a

receding snow line Snow p obably does not limit the

actual location of calving n Missionary Ridge For

the three calving seasons s udied there appeared to

be ample habitat available or calving below the snow

line with the prime calvin areas open each spring

Oak

The timing of final snow me

growth in oak by as much as

cooling effect of melt wate

A delay in growth initiatio

decrease the length of the

appears relatively constant

browse by oak is not enhanc

tation because of the low w

i tics of the soils on whic

As a result the production
significantly different for

study In areas where an i

results in an increase in s

oak may be replaced by the

such as aspen or ponderosa
the overall production of 0

Ii

t may delay the onset of

two weeks through the

on soil temperatures
however does not

rowing season which

The production of

d by increased precipi
ter holding character
it is commonly found

of browse has not been
the three years of

crease in moisture

i1 water availability
ore competitive species
ine and thereby decrease
k browse
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Table 4 Production of Gam el oak browse for the

1971 1972 and 19 3 growing seasons

Production of Biomass

wi s

IJ1

11
J

j
I

11

11
J
I

11
I

11j
I

Year 1 Yea 2 Year 3

Stand 1 2 4 6 4 4 S

Stand 2 6 2 6 7 11 1

Year 1 Yea 2 Year 3

Stand 1 24 S 43 0 21 2

Stand 2 40 9 65 5 68 2
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4 7 1 Introduction

4 7 SMALL MAMMALS Drs Albert Spencer Harold Steinhoff Roger Sle per
I

Small mammals of the forest are seldom seen by the

casual visitor so their importance in forest ecosystems
is easily overlooked Their biomass often exceeds

that of the larger more obvious mammals Add to this

the faster energy turnover rate characteristic of

smaller animals and the consumption of plants by small

mammals may greatly exceed consumption by larger ones

The result is competition with larger game and domes

tic mammals of direct importance to man Also small

mammals girdle tree seedlings a d eat tree seeds thus

interfering with reforestation This is particularly
a problem in the San Juans where spruce must be clear

cut to reduce windthrow and resultant natural regener

ation is poor Forest officers routinely check small

mammal populations before reseeding cut over areas

and spend extra effort on control if populations above

about 6 per hundred trap nights

Thus effects of varying snowfall on small mammal popu

lations is of interest to resource managers of the

San Juans regardless of the question of cloud seeding
If increased snow hurts small mammal populations
Project Skywater is of economic aid to the timber

industry Of course the inverse lso is true

The objective of the small mammal project is to

investigate effects of varying snowfall on aspects
of the population dynamics which e1ate to size of

small mammal populations These aspects may show

responses which demonstrate not only changes in small

mammal populations but the more basic reasons for

those changes Small mammal populations fluctuate

onsiderab1y but there are nvironmenta1 reasons for

these variations If snow is related or is not

related to the fluctuations we expect to find this

out The six Jobs in this project are aimed at

sensitive and investigable points of small mammal

popu ation dynamics

4 7 2 Job 1 Litter Size and Survival

Roger Sleeper

Objective

To relate snowfall to the timing and survival of

litters of small mammals

Procedures

Weekly examination of the 196 nest boxes provided in

formation on litter survival Young were marked with

ear tags when about 2 weeks old Nursing young were

aged to the nearest week Live trapping with Sherman

live traps provided information on winter survival

Findings

The size of the deer mouse Peromyscus maniculatus

population was very small in the summer of 1973 and

thus there were very few observations of deer mice in

the nest boxes on the study area There was only one

litter of young found in a nest box during 1973 so it

was not possible to compare litter survival for the 3

years Discussion of litter survival for 1971 and

1972 appears in the previous annual report Teller

Ives and Steinhoff 1973

Over winter survival was very low during the winter of

1972 73 Only one deer mouae was captured during the

first live trapping period in June 1973 and this

animal was not previously marked None of the 108

de r mice marked in the summ r of 1972 were recaptured
in 1973 The mortality duri g the winter of 1972 73

was so high there was a ver small probability of any

deer mouse surviving In 19 2 seven deer mice recap

tured from those marked in 1 71 were all born prior to

mip Ju1y 1971 This indica ed that there was either

preferential survival for 01 er animals or that

younger animals had a greate tendency to disperse
from the area Due to the h gh mortality in the win

ter of 1972 73 no more info mation was obtained in

1973 to determine which of t ese two mechanisms might
be operating

There were some data availab

of litter production for the

consist of estimates of the

and dates when females were

ing The information on lac

not as good as the data on p
some subjectivity is involve

and late in lactation period
ulied to compare the breedins
on birth dates of litters wa

The data on birth dates of

indicates breeding commenced

1971 and 1972 but breeding
The majority of litters were

yeara No information was

Table 1 Number of litters

I

I

I

e to compare the timing
3 years These data

irth dates of litters

ound pregnant or lactat

ation and pregnancies is

rturition dates because

during early pregnancies
Thia information was

seasons because data

not obtained in 1973

I

I

I
tters Table 1

about the same time in

nded earlier in 1972

produced in July both

ai1ab1e for 1973
I

om each week

I
June Ju1 Auaust

Week
Year 2 3 4 1 3 4 1 2 3 4 1

1971 2 I 2 2 I 3 2 3 2
1972 2 2 2 2 2 1 2

1973 1

Observations of pregnant fe ales are presented in

Table 2 The number of pre nant females is related

to population size so the elative distribution of

pregnancies over the summer was used to compare

trends in timing of breedin Observations were not

begun until July in 1971 regnant deer mice were

found early in June but no late in the summer

during 1972 In 1973 bree ing apparently began
later and ended later beca se the pregnancies are

distributed more toward the end of the summer

Breeding in 1971 also conti ued longer than in 1972

but not as long as in 1973

I

I

I

I
Table 2 Percent of female observed pregnant each

week of each year I
June Ju1 August

Week
Year 2 1 i 1 1 4 2 3 4 1

1971 8 il il25 8 il
1972 2 28 1 7 19 19 6

1973 10 10 10 30 40

The deer mouse breeding sea on began earlier in 1972

than in 1973 The delay in 1973 was probably due to

the prolonged snowpack Hi ckley 1966 found that

extracts from ge inating s eds enhanced testes

development in montane vole Microtus montanus

The snowpack may have restr cted deer mouse breeding
because of the delay in ini iation of plant growth
The breeding season was shi ted more towards the end

of the summer in 1973 than n 1971 or 1972 The 1972
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I

breeding season ended the earliest of the 3 years

and this was when the highest population densities

occurred Krebs et a1 1973 found that at high

population densities meadow voles Microtus pennsy

vanicus stopped breeding sooner than at low popula
tion densities This feed back mechanism apparently
also occurs in the deer mouse population When popu

lation densities were low and onset of breeding was

delayed by snowpackt the greater proportion of breed

ing occurred later in the summer
I

I
Summary

The population density of deer mice was low after the

severe winter of 1972 73 Also breeding was delayed

by the prolonged suowpack The population has adapted

somewhat to such environmental streSB Thus in re

sponse to this stress the breeding season lasted

longer in 1973 The majority of breeding occurred

later in the summer than in previous years when popu

lation densities were higher However the extension

of the breeding season did not enable the population

to recover completely

I

I

I
4 7 3 Job 2 Population Density Harold Steinhoff

Objectives

I
The objectives of the population density portion of

the small mannnal study are to relate varying snowfall

to varying population density of small mannnals and to

associated population parameters uch as proportion
of young fertility rates and litter size Ques

tions we are asking include 1 How does population

density of small mammals relate to varying snowpack

2 How does litter size of small mammals relate to

varying snowpack and 3 How does age structure of

small mammal populations relate to varying snowpack

My hypothesis is that Calhoun population indices of

deer mice red backed voles and chipmunks will de

crease after a heavy snow year while those of montane

voles will not

I

I

I Procedures

Paired Calhoun census lines were run in late summer

of 1970 1971 1972 and 1973 in each major vegeta

tive type available at each of the three elevational

sites in each of the three study areas Missionary

Ridge Wolf Creek and RicoI

I
Findings

I

Missionary Ridge

Most small mammal populations on Missionary Ridge de

creased markedly in 1973 after three previous years

of quite consistent increase Table 3

I

I

I

I

I

Table 3 Population indices of small mammals in re

lation to snow

1970 1971 1972 1973

Missionary Ridge
Snow Course 1 of mean 96 75 78 147

Snow Disappearance Date 5 20 5 16 6 24

Small Mammal Pop C 100TN

Deermouse 2 0 6 1 6 1 9 0 4

Colorado Chipmunk 0 9 1 7 2 1 0 8

Red backed Vole 0 6 0 8 2 2 0 5

Microtus spp 1 0 1 5 3 3 3 3

Rico

Snow Cpurse of mean 94 81 62 140

Small Mammal Pop C 100TN
Deermouse 0 4 0 3 0 6 0 8

Colorado Chipmunk 1 3 1 3 1 5 0 7

Red backed Vole 0 0 0 8 1 8 0 2

Microtus spp 0 0 0 2 1 1 0 1

Wolf Creek

Snow Course of mean 96 76 78 128

Small Mammal Pop C 100TN

Deermouse 0 6 1 1 0 2

Colorado Chipmunk 3 1 3 4 2 3

Red backed Vole 0 8 1 2 1 3

Microtus spp 0 2 3 2 1 5

1 Mean of SCS Snow Courses maximum depths as

follows
Missionary Ridge Cascade Pur atory Spud Mountain

Rico Rico Lizard Head

Wolf Creek Upper San Juan Wolf Creek Summit

Jj Deermouse peromvscus maniculatus Colorado

Chipmunk Eutamias quadrivittatus Red backed

Vole Clethrionomys Kapper1 M crotus spp

montanus and lonKicaudus

Microtus spp populations were the exception They
remained at the same high level as 1972 The popula
tion changes of deermice Peromyscus maniculatus

Colorado chipmunks Eutamias Quadrivittatus and red

backed voles Clethrionomvs Kapperi wer strongly
inversely correlated with snow depth in these years

as can be seen in Table 3 The relation of the

deermouse population to snow free date was tested by
analysis of covariance and found significant

F 2206 0 F 05 l 99 The sample size of 32 will

permit a valid estimate within 20 of the true mean

with 95 probability The smallest difference in

deermouse populations means of Missionary Ridge is

about 42 so there is sufficient sample size to

detect easily and significant differences in popula
tion between years Thus the possibility is strength
ened that there is in fact a relationship between

snow depth and small mammal populations at least for

deermice Each additional year of data is increas

ingly valuable now because only one year of complete

ly reversed results would engender almost over

whelming doubt that the relationship actually exists

A continued strong correlation would greatly increase

confidence in the tentative conclusions that the

relationship does exist

Other population parameters associated with popula
tion change and which may help to explain the

mechanism are shown in Table 4 The population
decline in deermice cannot be explained by reduced

natality or by differential mortality of young
because number of young per litter proportion of

young and fertility rate of deermice has remained
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similar through all four years Table 4 A marked

increase in mortality of all age classes from an

unknown sourbe perhaps the stress of a long winter

is a possible explanation Patteras of these popu

lation parameters for other species on Missionary

Ridge are either similar to those of deermice or are

not consistent enough to interpret in relation to

snow An exception is the proportion of young

crotus sp which seems directly correlated to snow

depth and may mean that adults die more readily from

snow stress than do young

Rico

Small mammal populations at Rico showed a marked

decrease but not to a lower point than 1970 Table

3 The populations may have been at such a low

point in 1970 and 1973 that they could not be measured

precisely enough to show a difference The deermouse

population at Rico increased in 1973 If this pattern
continues either some environmental variable at Rico

is very different than on Missionary Ridge or we will

have evidence against the snow vs population
hypothesis

Associated population data Table 4 at Rico are less

complete and do not show an interpretable pattern

Wolf Creek
The major decrease in the deermouse population is

consistent with Missionary Ridge but the other small

mammal populations show an opposite pattern which is

puzzling Table 3 Another year of data is

essential

Other population parameters Table 4 likewise give
little indication of reasons for the small mammal

population fluctuation at Wolf Creek

Future Plans

Calhoun census lines will be rerun at the same loca

tions in the same way in future years on the same

dates July 20 to August 12 Consideration will be

given to running of extra lines on Missionary Ridge
to see if all small mammal populations on the Ridge
are varying in synchrony

Tabla 4 Population charact ristics of small

mammals in relati to snow

1970 1971 1972 1973

Missionarv Ridge
Number of yomg per litter

Deermou8e 11 5 1 5 4 5 4 5 5

Colorado Chipmunk 3 9 4 0 4 5 4 4

Red backed Vole 6 0 5 8 5 5 5 5

Microtus spp 6 0 5 5 5 4 5 0

Proportion of young
Deermouse 0 3 0 2 0 2 0 2

Colorado Chipmunk 0 1 0 1 0 04

Red backed Vole 0 3 0 1 0 4 0 4

Microtus spp 0 3 0 2 0 1 0 4

Fertility Rate 1
Deermouse 1 0 0 8 1 0 1 0

Colorado Chipmunk 0 7 0 8 0 6 0 8

Red backed Vole 1 0 0 6

Microtus spp 1 0 1 0 1 0 1 0

Rico

Number of young per litter

Deermouse 5 0 5 6

Colorado Chipmunk 3 7 4 0 4 0 4 0

Red backed Vole 6 6 5 0 6 5

Microtus spp 5 0 5 4

P oportion of young
Deermouse 0 8 0 4 0 4 0 2

Colorado Chipmunk 0 8 0 2 0 2 0 4

Red backed Vole 0 1 0 4 0 3

Microtus spp 0 5 0 2

Fertility Rate

Deermouse 1 0 0 7

Colorado Chipmunk 0 5 0 9 0 4 0 7

Red backed Vole 1 0 0 9 1 0 1 0

Microtus spp 0 7 1 0

Wolf Creek
Number of young per litter

Deer Mouse 5 5

Colorado Chipmunk 4 0 4 1 4 0

Red backed Vole 7 3 5 6 6 5

Microt s spp 3 5 4 5 5 7

Pioportion of young
Deermouse 0 2 0 2 0 3

Colorado Chipmunk 0 5 0 4 0 2

Red backed Vole 0 2 0 2

Microtus spp 0 2 0 4

Fertility Rate

Deermouse 0 8 1 0

Colorado Chipmunk 0 9 0 7 0 3

Red backed Vole 1 0 1 0 1 0

Microtus spp 0 5 0 9 0 9

1 Scientific names are giv n in Table 3

11 Fertility rate means the proportion of mature fe

males which give evidenc of conception during the

current reeding season

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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4 7 4 Job 3 Home RanRe Roger Sleeper

I
Objectives

I

Home range data will be used to determine whether size

of home range of deer mice varies with snowfall The

trapping procedures used to obtain data on home range
will also provide information on population size

longevity and distributional shifts in individual deer

mice These data will also sssist in interpretation
of Calhoun population index data

I Procedures

I
Live trapping was conducted for 6 days each month

during the snow free period of the year Nest boxes

Sherman live traps and pitfall traps were used to

capture small mammals Animals were marked with ear

tags and released

I
Findings

I

The size of home range can change and thus the dis

tance animals may be moving to a trap line will change
Brant 1962 Determining home range would be a use

ful technique to estimate the actual area from which

animals were captured during a trapping period Brant

1962 found that average distance between consecutive

captures of an individual deer mouse was a good esti

mate of the distance deer mice move to a trap line

I Average distance for deer mice in my study area can

vary with population size and time of year Fig 1 2

During early and mid summer average distance is

inversely related to population density Late in the

summer average distance is low apparently indepen
dent of population density The low values for

average distance late in the summer may be due to an

abundance of food or decreased activity at the end of

the breeding season

I

I

I
Population density was calculated from the effective

area trapped and the population size The effective

area trapped was determined by extending the perimeter
of the trapping grid outward a length of average

distance The population size was determined by the

Schnabel index method for mark recapture studies

I Population density estimates over the snow free

periods of the study are presented in Figure 3

Densities were relatively high during the first two

years of the study but there was a marked reduction

in numbers sometime during the fall and winter of

1972 73 Deer mice do not undergo cyclic f1uctations

in numbers as do some microtine rodents Terman 1968

Therefore such a drastic reduction in the population
may be related to the weather conditions to which the

deer mice were exposed Controlling factors of

natural small mammal populations are difficult to

determine but weather conditions are a possibility
Ehrlich 1972 Fuller et al 1969

I

I

I Cumulative precipitation for approximately one month

prior to the initiation of snowpack are represented by
the dashed lines in Figure 3 There were 2 43 decime

ters of precipitation in October 1972 versus 0 96 dm

in October 1971 Some of this precipitation may have

fallen as snow but snow does not usually begin
accumulating before late October The heavier fall

rains in 1972 coupled with cold temperatures during
that period of the year could have adversely affected

the deer mouse population Also the snowpack during
the winter of 1972 73 was greater and lasted longer
than in the 1971 72 winter Hansson 1971 theorized

that granivorous rodents such as deer mice may ap

I

I

I

I
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Figure 2 Average distance between consecutive

captures of deer mice at different
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proach a food shortage in late winter or early spring
before insects or new seeds are abundant The pro

longed snowpack with the subsequent delay in plant
growth could have produced such a food shortage
Prolonged anowpack or heavy rains during the early
fall may have contributed to the decline of the deer

mouse population However no conclusions can be

made because there has only been the one heavy snow

year during the course of this study

The monthly population density estimates Fig 3 show
the population growth rates for 1972 and 1973 The

population density increased at a slower rate in 1973

when the density was very low This may be indicative

of a sigmoid growth curve but also at these low
densities any mortality would substantially decrease
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the breeding portion of the population and thus slow
the rate of population growth

Deer mice generally prefer grasslands with some rocks
In 1972 at the high population densities some deer
mice were found in the spruce fir forest Fig 4
which can be considered marginal habitat The popu
lation density was high enough that s ome deer mice
were forced to use marginal habitats In 1973 at the
low population densities deer mice were found only in
the grasslands which are the preferred habitat Fig
5 When one female was killed by a weasel in August
1973 the number of breeding females was reduced by 17
percent There were no deer mice in the marginal

Figure 4 Distribution of deer mouse captures over

the study area in August 1972 The line

separates the spruce fir forest top from
the grasslands bottom
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the study area n August 1973 I
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as ertain if heavy snowpack can cause a decline in

the population FUrther study may also show in what

manner the snowpack affects the population More

information 1s needed to learn how long it will take

the population to recover from a population declineII

I
Summary

I

Population density estimates showed the population
declined markedly during the winter of 1972 73 This

decline was probably related to the heavy autumn

rains or the heavy and prolonged snowpack that winter

The deer mouse population was so low that it could
not increase at a rate 8S fast 8S in the previous
year Even with an extended breeding season to help
compensate for the low population deusity the

population was still relatively low at the end of the

summerI
Future Plans

I The same live trapping procedures will be continued

next year to learn how home range and other popula
tion parameters are changing in relation to snowpack

I
4 7 5 Job 4 Food Habits Albert Spencer

Tables 5 and 6 summarize our preliminary analysis of

stomach contents of M lon icaudus taken during
before and after the thaw We had hypothesized that

unless snow pack hindered free movement of the animals
their dietary habits would be little affected The

period of thaw seemed a likely point in time on which

to center attention as we would be able to compare
foods consumed during the period of snow cover with

those eaten in tbe period after its disappearance It

lso seemed probable that the period of thaw might be

particularly stressful since as the snow lost its

structure and collapsed it should obliterate previ
ously existing burrow systems and restrict the

animals freedom of movement Lonnie Renner and Eric

Rechel prepared the slides which were tben sent to

Dr Richard M Hansen for analysis by his staff in the

Composition Analysis Laboratory at Colorado State

University We wish to acknowledge the assistance

given us by Dr Hansen and his assistant Mrs

Theresa Foppe who in addition to carrying out the

analysis also trained us in the technique of slide

preparation A sample consists of the combined
stomach contents of animals of the same species and
sex captured in the same habitat on a given day or

adjacent days In practice we combined just the

contents of one half of each stomach sectioned longi
tudinally The rest of the stomach was saved against
the eventuality that we would wish to analyze each
animal s consumption individually Eighty microscope
fields from each sample were examined and the materials
at chosen sampling points identified and recorded

I

I

I

I

I

I

I

I
Analysis revealed 31 recognizable varieties of material
in the stomach contents Two of these may be partially
or entirely contamdnants insects and molds introduced

during preservation of the stomachs The remainder are

definitely species found on the sites where the voles
were trapped One of these may be misidentified A

plant identified as Amelanchier comprises approximately
eleven percent of the contents but Sambucus is not

recorded at all Sambucus grows abundantly in the

north facing clear cuts where the mice containing the

plant in question were captured Amelanchier does not

grow on these sites at all Little of the plant in

question was recorded in the stomachs of voles from

the Bouth slope where Amelanchier grows most commonly
and Sambucus is found also Rodents rarely attack
Amelanchier but do strip Sambucus severely

I

I

I

I

Herbaceous species as expected are the most important
species in the food of voles Festuca alone comprises
nearly 29 percent of the total contents and 41
percent of the materials in the stomachs of voles
from south aspects 14 and Achillea 14
are also important species Herbaceous species
combined account for almost 72 percent of the materi
als identified Berberis Oregon grape and moss

are included with herbs because of their similar size
and comparable growth forms They make up three per
cent and four percent of the components respectively
Shrubs and trees make up most of the remaining 28
percent Three species are particularly important
Populus constitutes eleven percent Amelanchier

really Sambucus an equal portion and Picea almost
five percent Thus only ten different kinds of plants
moss being one make up more than 95 percent of the

materials found

Despite this deceptively small base the variation

between samples is overwhelming When considered

plant species there seems to be no apparent pattern
to the differences A partial explanation of this is
revealed in Table 7 None of the samples from mice

analyzed individually contains significant amounts of
more than two kinds of plants Voles tend it

appears to feed to repletion on a single kind of

food Lacking samples consisting only of large
numbers of stomachs or better yet of large numbers
of stomachs analyzeq individually I am pessimistic
about resolving differences at the species level

Comparison of the data classified according to the

life form however does present a consistent pattern
Table 6 Voles living on north aspects in clear

cuts utilize shrubs and trees to a greater extent

than voles from south aspects Use of the woody
species seems to increase late in the winter and in
the year with deeper snow pack This is consistent

with our earlier observations and inferences Pre

ferred foods herbs logically are both more abundant

and accessible early in the winter As these are

exhausted or shut away the animal should turn to

shrubs Shrubs may be more accessible Their erect

stems form a set of passages as the snow settles away
from them Vapor rising from the ground travels up
ward through the passages and produces a cone of hoar
within the bush which is easily penetrated Perhaps
the layer of hoar does not form as readily or exten

sively beneath very deep snow The dense structure

less recrystallized snow at the period of thaw possi
bly presents as much of a problem to the vole in its

movements as it does to the researcher attempting to

dig down through it Herbaceous species crushed

beneath the heavy layers of collapsing snow would be

less accessible The data indicate males utilize

shrubs more intensively and persistently than females
do This may be related to a requirement for higher
quality food to support their somewhat earlier sexual

development Table 14 does not seem to support this

idea Male body growth seems to occur largely after
the thaw As snow disappeared in 1972 both sexes

turned again to herbaceous species especially those

that are early in appearance

Several points of interest are not included in the

tables Voles captured in winter invariably have

engorged stomachs whereas in summer they are frequent
ly nearly or entirely empty This probably is related
to the lower quality of food utilized in winter The
color of the contents changed strikingly in samples
taken from south aspects during the transition from
winter to spring In January and February 1972 the

stomachs were filled with a pasty white material
But from March on the contents were brilliant green
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Males Females 1
Sou th Slope North lope South Slope North Slope

1nate n Herbs Shrubs n Horbs Shrubs n Herbs

Shrubr
n Herbs Shrubs

9 Jan 72 10 91 56 7 17 14 90 79 8
15 Feb 72 5 98 56 1 16 4 91 51 7 72 2 36 78 6

Y
9 91 30 3 42

I12 Mar 72 3 100 00 5 32 15 65 90 6 100 00 8 97 59 0 96
26 Mar 72 8 97 79 2 21 4 41 63 2 98 93

17
0

1 Apr 72 1 35 2 64 32 1 100 00
4 Apr 72 2 88 10 11 90 5 16 59 83 41 1 72 49 27 511 5 94 68 5 32

I8 Apr 72 6 87 32 11 97 2 99 68 0 3
17 Apr 72 4 98 01 0 39 4 74 14d 20 13 3 8 43 1 26
2 5 May 72 8 90 76 8 87 12 47 o3 49 96 5 7 93 28 7 4 85 06 14 41
16 18 May 72 1 98 82 1 18 7 98 24 0 88 1 10 00 4 89 32 5 34
Subtotals 47 850 92 44 85 42 452 55 34 55 36 769 03 129 31 457 95 129 45

1
17 19 Mar 73 6 57 70 42 30 2 100 00 3 8 41 91 15
1 3 Apr 73 2 44 62 55 37 5 99 75 0 2

Ii
8 Apr 73 1 100 00 1 100 00
23 27 Apr 73 2 85 68 14 32 4 54 41 44 90 3 17 43 82 5 4 14 40 85 60
23 27 Apr 73 1 49 05 50 9

10 188 00 111 99 5 54 4t 144 90 11 366 23 133 7 7 22 81 176 75

IPeriod of thaw

TABLE 5 Percentage of identified contents of stomachs of lona tailed voles po led samples6arranged by vegetative form habitat sex of vole an date of capture Baaed on 8

Ifield samples

Frequency occurrence Total Percentage Composition
I

Male Female Male Female OVerall

1Total
n 57 47 47 38

Species Habitat South North South North South North South North

Carex 12 9 11 5 211 62 168 08 79 53 36 70 595 93 Ica 12 4 10 5 529 73 7 89 32 75 162 33 1232 72
Achillea 8 7 8 4 181 40 168 86 15 99 139 35 605 62

Eriqeron 4 4 2 2 6 01 8 63 73 2 66 18 03
Lupinus 6 2 3 1 107 00 23 21 15 14 1 43 146 78

I4 3 5 3 12 64 14 83 14 71 92 19 234 37
Oenothera 2 3 2 1 2 98 31 12 3 34 14 40 51 84
MOBS 1 5 3 2 1 54 68 79 91 18 2 58 164 09
Berberis 7 2 7 1 69 84 2 90 77 32 5 07 155 13

11
Picea 5 5 3 4 21 86 203 42 28 98 17 89 272 15
Pinus 1 1 1 1 5 90 4 03 0 96 10 89
Populus 3 5 4 4 97 73 125 38 63 85 199 38 486 34
Quelcus 3 1 4 64 4 03 8 67
Rosa 2 1 10 02 27 51 37 53

IjAmelanchier 1 4 3 2 14 32 148 96 31 48 87 19 381 95

Arthropod Parts 6 6 3 5 4 55 11 63 1 02 13 04 30 24
Fungus 1 1 1 86 1 86

1
41 samples 12 10 14 8

Total Herb 1038 92 507 06 1 35 26 480 76 3162 00
Tota I Shrub 156 53 479 45 63 72 306 20 1205 90

Tota I Percent 1200 1000 1400 800 4400 00

I
TABLE 6 re llC CY and percentage by species of identified contents of stomachs of

long tailed voles based on 80 field samples

I
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I 0015 1

Size of Frequency Frequency Frequency Mean proportion Mean proportion
Sample one food most common most common 2 most common

only food 9 snecies snecies combined

1 9 3 5 80 4 98 33

2 7 0 1 65 4 92 14

3 4 0 1 81 8 93 00

4 25 0 1 63 0 86 76

II

I

I

I TABLE 7 Comparison of distribution of composition in samples derived from

different numbers of voles

I

I

I

I

Cltlss

P rcentage of
Circumference Number Percent

stripped n dead dead

20 29 1

30 39 1

ljo 49 8 2 25

SO 59 18 4 22

60 69 11 6 43

70 79 12 8 67

80 89 11 6 54

90 99 10 3 30

100 81 81 100

156 110 70

C ass

X2
Associated

Diam ter Number Number
d f

with

n dead alive dead
1

differencecu

1 l25 91 34 75 2 24

2 31 18 13 60 P 05

156

I

I TOTAL

I

I

Class

Percentage of
Associated

circumf ence Number l umber X2 with

Treatment strinned alive dead dead 1 d f difference

E pcr 20 59 22 6 21

Control 20 59 2B 1 4

Expcr 60 69 24 23 49 23 0 P 001

Control 60 69 47 0 0

Expcr 100 expo o 31 100 69 76 P 001

Control 100 77 4 5

Exper Total 156 LO 70 95 86 p 001

Control Total 156 5 3

I

I

I
TABLE 8 Mortality and survival of oak brush stems fed upon by voles

I
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I

I

I

I

I

I

I

I

I
8S the voles searched out the new sprigs of Achillea

Festuc8 etc as they began to grow North aspect
samples continued pasty into May The pastiness of

the south aspect samples in January and February
which are made up largely of Festuca tissues

indicates the mice are feeding on the dead bleached
stems and leaves and may be able to extract some

nutrient value from them This means that the amount

of reserves contained in the winter home ranges in

sedge as reported last year was probably greater
than the amount represented by the green portion
alone

I

I

I
Effects of winter food habits

IThe evidence cited above supports the possibility
that winter snow conditions do affect small mammals

by limiting availability of food Voles meet the

problem by shifting feeding habits This implies
potentially negative consequences for reforestation

if increased snow results from attempts to modify the

weather by cloud seeding In May of 1973 we tagged
168 oak stems that had been partially stripped by
voles during the winter In September we were able

to relocate 156 of these stems We chose as controls

the nearest unchewed stem of comparable diameter and

length Table 8 compares relative survival of mouse

gnawed and control stems After only nine months

probably less even moderately chewed stems showed a

significantly reduced survival Completely girdled
stems were expected to die soon but note the frequen
cy of mortality in stems which retained the larger
part of their girth intact We will examine these

stems again at intervals

I

I

I

I
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I 0015 2
Cor I U NI Etobrvos Pac ntalScar Cor rnl lbi ll1tt

Numbr percent Numher Ncan Number Ncan Number lcln Number t lll

Actlv S E ih S I 0 1h

lIvadr1llittQtus

2J Z7April 1
5 13 y 4

2Z 31M1y 10 5 0 5 0

6 8 June 4 1 1 5 0 1 5 0

12 16June 6 1 17 1 5 0 1 5 0

22 30 June 14 9 64 6 5 30 35 7 5 10 15 5 5 0

21 26J ly 7 7 4 30 89 4 20 311
21 23 Aug 17 2 5 0 5 20 20

21 Sept 4

lon2icaudus

Dee 722
J8n 134

17 18 Harch

1 April
8 9 Ard1
J 27 April 8

5 13 y 17

Z2 31 l 50 2 4 5 0 1 2 4 5 0 61

6 June 2 8 0 0 70 1 5 61

12 16June 7 I 10 7 5 0 7 5

22 30J ne 8 7 7 4 90 33 7 4 40 93

11 263uly 13 7 54 7 4 7 0 41 6 4 107

U 23 Aug 4 75 5 0 2 5

2l Sept 9 5 7 1 20 47 1 20

29 Sept 4 0 0 57 4 0

22 31M9y 1

6 Junl 5 4 80 4 6 00 17 4 5 8 25

12 16 June 8 6 75 6 6 00 26 6 6 00 26

22 jOJune 1

21 263uly 17 90 17 5 8 0 2517 5 61 26 3 4 7 34 3 5 30 34

29 Sept 100 6 GO 54 1 5 50 5 2 2 51 5 2 2 51 5

CorooraTutca Embrvos Placental Scar Corllora lbicanti6

Number Percent Number Mcan Number Mean Number n Number Mean

Active lUb With 5 1 Jill

Cletbdonomva

1

I

I

I

I

I

I

I

I

I

I 1
2

7 0

5 5 0 5
7
4 50 5

I
4 0

I

I TABLE 9 Reproductive activity in females Missionary Ridge 1973

I

I

I
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Figure 6 Mean testis weights of small mammals

in 1971 1972 1973
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Figure 7 Development of testis weight in voles showing regression of testis weight on

day of year
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Date

late May Mid to late June

Eutamias ouadrivittatus

I
1971 1972 1973 1971 1972 1973 mid 1973 late

Number 1 1 2 5 3 1 7

Pregnant
IPercent 14 12 10 35 16 17 51

Number 1 2 1

Corpora lutea

only
Percent 14 14

5

Number 12 2

Parous and or

lactating
Percent 63 II

Number 5 7 17 7 3 5 5

Inactive

Percent 72 88 90 51 16 83 3

TOTAL 7 8 19 14 19 I 6 14
0

TABLE 11a Comparison of reproductive activity of female rodents at comparable periods of 1971 1972 1973

Mid April Early May Mid to 18 te Hay lJid to 18 te June

M longicaudus
lI 1 1072 1973 nate 1971 1972 1973 1m 1972 1973 1971 1972 1973 mid 1973 late

N1JIIlber 4 2 4 2 2 2 7 7

Pregnant
67 67 SO 100 25 100 88

Percent

NumbeX 2 1

Corpora 1utea 2

only
33

PeXcent 40

Number 1

Parous and oX

tactating
33 2S

Percent

Number 4 8 6 4 17 2 4 1

Inactive
SO

Percent 60 100 100 100 12

TOO 6 8 6 11 17 3 6 4 2 8 7 8

TABLE llb Comparison of reproductive female rodents at comparable periods of 1971 1972 1973

L L L L d



1973 South D F S S M S

Total 23 65 737

Regression 2 45 093 22 546
Dev from

Regression 20 20 644 1 032

F2 20
21 85 p 01

1973 North D F S S M S

Total 24 140 230

Regression 2 106 462 53 231

Dev from

Regression 21 33 768 1 608

I
001594

n

Year Slope Regression Equation Testis wt m2 y

1971 North y 348 2 4 29X1 O 17X2 153 6

1972 South y 306 1 3 50 1
6 BIX2 186 7

1972 North Y 421 3 5 0XI 0 38X2 136 2

1973 South Y 246 9 2 70Xl 0 34X2 110 8

1973 North y 299 4 3 14X1 0 21X2 133 5

I

I

I

I Analysis of Variance

1971 North D F 5 5 M S

Total 14 102 223 42 405

Regression 2 84 811 8 706

D from

Regression 11

F2 l1
4 87 p 05

I

I

I
1972 See Interim Report 1972

I

I

n Mean
Date Xl Bodyx

dav of vear Wt R

115 9 29 7

107 2 32 0

109 2 30 2

128 9 28 0

136 0 31 0

Regression of Testis Wt n Body Wt Hnonsignificant in all cases p 05

F2 2133 10 P 01

I
TABLE 12 Multivariate analysis of linear regression of testis weight of voles

M lon icaudus on date and body weight

Latest date

50 of

Date Snow cover Continuous

Testis Wt Date oate oato thawed cover

80 mg Festuca Thlasri Mertensia N Coon C Snow Stake

Year and from 50 full 50 full 50 full between Data

Slooe asuect ReRress on EQ hehht bloom bloom 3050 3140 m 3200 m

1971 North 99 1 172 150 168 11 125 5

1972 North 98 20 157 144 155 30 120 35

1973 North 118 187 174 184 155

1971 South 161 136 148 7 86 16

1972 South 78 39 154 125 144 47 70 65

1973 South 117 183 174 0 135

I

I

I

I

I difference between years
1m mean difference over 3 species be en yea1s

1 several small snows fell subsequent to disappearance of winter pack

I
TABLE 13 Comparison of phenology of testis development in long tailed voles with that

of 3 selected herbs and spring thaw

I 48
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1972
1973

MALE FEMALE MALE FEMALE

Body Body Body Body Body ady Body BodyDate n LenRth n Wei9ht n Len2 th n Webht Data n a th n t Len t n Wa ht

9 16 Jan 10 112 3 10 28 53 15 109 1 15 26 17 30 Dac 72 2 119 5 212 Feb 9 109 6 9 24 19 11 106 9 10 23 93 20 Jan 6 111 0 6 2 65 4 111 0 3 26 4012 foIa rob 7 107 2 7 25 50 14 107 6 14 22 E9 18 Feb 1 105 0 1 3
26 Ha rch 12 110 8 12 34 92 2 106 0 2 21 20 18 Ma roh 6 108 7 6 2 23 5 112 4 5 25 081 April 1 109 0 1 23 8 1 115 0 1 26 Q 13 April 2 107 0 1 2 4 5 108 8 5 22 344 April 7 109 6 7 27 03 6 106 8 6 21 93 8 9 April 1 109 0 1 2 9 1 113 0 1 21 808 April 6 109 3 6 32 15 2 107 5 2 23 65 15 April

16 17 April 12 119 9 13 30 98 6 llO 2 6 24 3 2328 April 6 112 7 6 2 57 8 112 6 8 25 852 5 May 19 122 9 20 33 94 11 114 7 11 34 C8 513 May 26 109 5 26 2 46 18 102 6 18 23 51
1618 May 11 113 5 13 36 53 5 109 0 5 30 14 22 31 May 8 112 0 7 3 94 4 102 2 4 27 1216 18 June 2 119 2 40 95 6 Juno 98 50 2 2 70 2 105 5 2 26 65

12io June 5 120 2 5 3 54 7 114 43 7 34 97
22 31 June r 1184 8 3 12 8 110 25 8 28 52

TABLE 19 Body length and weight of body in male and female long tailed v lea
M lonIl1caudus

1972 1972 1973 1973

July August July August
B W T W 1l W T W B W T W B W T W

om m m m m

19 1 109 21 0 10 18 2 46 17 1 8
16 0 57 19 7 12 16 8 13 16 1 17
16 7 58 11 8 22 16 3 18 13 0 10
16 8 66 10 6 20 15 4 34

15 6 38 15 3 8

13 7 42 11 6 32

12 9 25 11 3 14

12 5 57 11 0 25
12 3 40 12 1 34

11 2 50 10 2 26

TABLE 15 Testis weight and body weight of juvenile long tailed voles
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I o U7 P prOductive Cycle Albert Spencer

I
Development

Precipitation in the period from August 1972 to May
1973 was exceptionally heavy The nine months from

January 1972 to August 1972 were unusually warm and

dry Snowpack on the trapping transects through April
and early May of 1973 averaged 150 to 200 percent of

the maximum depth in the same period in the preceed
ing year Onset of spring growth of plants was retard

ed by nearly seven weeks

I

I Populations of most small mammals trended down during
this period The exceptions were Microtus montanus

and possibly chipmunks Trapping success from

January 1973 through August 1973 for lon icaudus

averaged less than 40 percent of the same periods a

year earlier for Peromyscus maniculatus less than

15 percent and for C1ethrionomys apperi about 30

percent Although we set out almost 90 percent more

traps than in 1972 we captured only two thirds as

many lon icaudus only one quarter as many deer

mice and one half the number of red backed voles

On the other hand we caught almost one and one half

times the number of chipmunks in 1972 and almost three
times as many M montanus The declines were

negative
ly related to fall precipitation April snowpack and
an increase in the number of short tailed weasels
and positively related to precipitation the previous
Bummer Anyone of these factors as well as others

unrecognized could have inf1uence populations of
small mammals directly or indirectly through their

food supply I think we can rule out the effects of
the heavy late winter snowpack in the case of both

deermice and lonRicaudus because their capture
rates declined before April for deermice even before

November 1972

I

I

I

I

I

I One important effect of the severe winter was to make
field work much more laborious Adequate samples of

deermice and red backed voles were unobtainable and

acceptable samples of longicaudus were obtained

only by more than doubling the time spent in the field

I
Reproductive development and onset of breeding

I
Previous results made it possible to predict effects
on reproductive development of sn extended period of

snow cover These predictions can be compared with

the observations as a test of our assumptions

I
Male chipmunks Eutamias Quadrivittatus showed little

difference between 1971 and 1972 in the timing or

trend of reproductive development as measured by
testiS weight The inference drawn was that weather

conditions have little immediate effect on their

reproductive biology We expected little response
to the much prolonged snawpack of 1973 or to the much

greater depths of snow present at the onset of breed

ing in that spring As Figure 6 indicates this is

borne out by observation There are however signi
ficant differences in weights observed in the three

years Table lQ this report and Table 4 Interim

Report 1972 and 1971 The heaviest mean testes

weights occurred in 1973 the lightest in 1972 just
the opposite of expectations if current snow condi
tions were inhibiting testis growth This distribu
tion might be expected if breeding were delayed and
more sperm retained in the testes This suggests that

females may be affected more than males No differ
ences from previous years in the timing of onset of

reproductive activity in female chipmunks are discern
ible in earlier data and none were expected or

observed in 1973 Table 9 There were differences

I

I

I

I

I

I

in fertility rates and extent of period of repro
ductive activity beoween 1972 and 1971 Table 11
and in agreement with these trends differences of
the same direction but greater magnitude were

observed between 1972 and 1973 Fewer females
achieved pregnancy early in June 1973 and more were

pregnant or non parous in late June Some females
were still lactating in late July A statistically
significant test in this type of comparison could not

be achieved with samples of fewer than 100 females
each or approximately ten times the investment In

my judgement they are biologically significant but
the interpretations must be viewed with caution It

appears that variability in spring snow conditions
has little effect on timing of onset of reproductive
activity in chipmunks but does influence its

progress

Our earliest results indicated that the presence of

snow cover significantly influences the timing of

reproductive development in male longicaudus

probably through the effect of the snow on new plant
growth Snow cover on both north and south aspects
persisted much later into the spring than it had in
1972 We therefore expected the delay in development
which is pictured in Figures 6 and 7 and summarized

in Table 10 The differences between mean testis

weights for equivalent dates in 1972 and 1973 are

statistically significant for all dates after early
April and before late July There was no difference
between mean testis weights of voles from north and
south aspects in 1973 which was to be expecte since

snow lay deep and unbroken on both aspects into early
May The south aspect means are actually the lower

points in Figure 7 in the two samples where they can

be compared April 23 28 May 5 13

The linear regression of testis weight on date and

body weight was calculated for the periods between
and including the dates when mean testis weight
equalled or exceeded 15mg and June 6 or the next

earlier sample for all three years and for both south
and north aspects when available All voles captured
in 1971 were taken on north aspects The regression
of testis weight on date is significant for all the
five groups of data Regression of testis weight
body weight is negligible except for the 1972 south

aspect sample in which instance although the

regression coefficient is large it is not signifi
cant The regression coefficients of testis weight
on date vary from 2 70 to 5 00 but the differences
are not statistically significant Table 12 It

seems reasonable to conclude that the rate of develop
ment in the linear phase of the growth curve is

intrinsically controlled and that the observed
differences in end points may be attributed to differ
ences in the volume of sperm contained in the testis

I used the regression equations to calculate the
dates of equivalent phenology in testis development
I selected arbitrarily a weight of aD mg as a point
not so far from the mean as to be subject to great
uncertainty but close to the actual point of inter
est which is the date of initiation of development
The dates obtained were compared with dates of equiva
lent phenology obtained from Dr Owen s study of
herbaceous phenology and from subjective evaluations
of the state of snow cover on the same slopes North
Coon Creek between 3050m and 3140m The dates are

assembled into Table 13 Physical botanical and
microtine phenology differ in the same direction and
to a comparable magnitude

Correlations between the phenologies are positive
and correlation coefficients fairly large e g

50
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r Festuca south slope aspect testis weight both

aspects 66 but with so few data are not signifi
cant

I suggested in last year s report that voles on north

aspects were responding to a different stimulus which

I think may be photoperiod Results of 1973 do not

conflict with this hypothesis Testis development
began sevelsl weeks before the disappearance of snow

from either aspect before herbs or shrubs began
growing I think there was no possibility therefore
of new growth acting as a stimulus at that time The

uniformity of conditions reduced the number of stimu

li to just one operating identically on either

aspect The close fit of the calculated regression
line to the sample means 1973 may be a consequence
of the elimination of all but one significant varia

ble Conversely the poorer fit of the curves for

1971 and 1972 may be attributed to the lack of homo

geneity in those years when some small sites on the

north aspects were melted out as early as late March

while some large areas of the south aspects were

still covered in early April I had noticed an

association between this heterogeneity and the varia

tions in testis weights as early as 26 March 1972

after finding that two of the voles taken in a north

facing clearcut from the same large open area approx

imately 12m diameter possessed larger testes 57 and

B8mg than did voles from solidly covered areas the

same daz n 2 14 20 mg or nine days later
n 5 x l5mg range 14 26 mg The convergence

of regression curves toward their initia1 ends may be

another in1ication of a common stimulus operating on

snow covered slopes I would not rule out the

possibility that there is a synergistic relationship
between the different stimuli Physiological experi
mentation into this problem will be very helpful in

assessing the quantitative relationships between snow

cover and reproductive development

We know less about the cycle of male M montanus but
our evidence indicates it is similar to that of M

10nRicaudus but extends somewhat later into the fall

Negus 1973 believes that M mcntanus is more

flezible in its response to immediate conditions than
lonRicaudus

Variations from year to year in the reproductive
activity of femalelonaicaudus differ in the same

direction and as nearly as can be determined to the
same amount of time as the male cycles Figure 8
illustrates that the first appearance of females with

corpora lu ea in 1973 was in late May about five
weeks behind their mid April appearance in 1972 The
first appearance of juveniles in 1972 was mid June
whereas in 1973 the first juveniles generally light
er in weight and presumably younger appeared in late
July again a difference of about five weeks This
amounts to a difference of about one litter between
1972 and 1973 The effect of such a delay on popula
tion recruitment is potentially quite large If we

take for a simple example Pt Pobt where t equals
the interval between litters as our model of popula
tion growth during the reproductive season shorten

ing the season by @n litter reduced ptby a factor

of 1 e g pI P b t

obE 1 1 In our

o t 0 Ft Yob 0
sample b is approximated by b lm where m is the

average nu er of female offspring per litter m is

approximately 2 5 in long tailed voles So the
effect of shortening the season by one litter would be
to reduce the potential increase to 2 7 its value
allowed the additional litter

A further reduction in po entia1 increase may be
introduced because of an spect of development in
voles Notice in Table 4 the step like increase
in body weight in late sp ing especially marked in

ma1 8 Microtus lon icau us on Missionary Ridge
appear to display the sam delayed growth pattern
demonstrated in pennsy vanicus by Brown 1973
Females born late in the eason delay attainment of
reproductive maturity til the following year
Females born earlier atta n maturity and reproduce a

few weeks after weaning In 1971 we captured a

juvenile female of 16 7gm just weaning weight
and carrying six embryos The switching point from
the pattern of testis gro th in juvenile males peaks
then If on Missionary R dge female 10ngtai1ed
voles born after early Ju y do delay their attainment
of sexual maturity until he following year as our

data suggest this alone ould result in halving the

potential cumulative incr ase otherwise possible in
the course of the summer eproductive season The
decreased biotic potentia would result from the shift
concurrent with the chang in developmental path
from an exponential mode f increase to a linear
mode Figure 9 Shorten ng of the reproductive
season by lengthening the duration of snow cover

would elicit a reduction potential recruitment by
way of the first type of ffect It would not affect
the operation of the seco d factor Other factors
can not be ignored as ill strated by our observation
that despite the apparent temporal advantage the

10naicaudus population decreased in 1972

I

I

I

I

I

I

I

I
Small samples hampered ow efforts to learn more

about the reproductive bi logy of C1ethrionomvs
gapperi and Peromyscus ma iculatus Male g aapperi
red backed voles were d 1ayed in their reproductive

development by about the arne amount of time as M

10ngicaudus Figure 6 Ta 1e 9 Although the

samples are small the di ferences between mean

testis weight on comparab e dates in the two years
is significant The rate and uniformity of develop
ment is almost the same a for M 10nRicsudus
C1ethrionomvs inhabit nor aspects where the differ
ences in snow duration ar least obvious Their

response to 1973 conditio s is therefore unexpecte
and will have to be studi d more thoroughly before
further conclusions are d awn Observations of
female red backed voles a e limited but indicate the

same retardation

I

I

I

I
The difference in testis

not as large as those for

displaced in the same dir

deer mice parallel the me

small

evelopment for deer mice are

microtines but they are

ctiona The data for female

e trends Sample sizes are I
The data for all four cri etid species taken together
indicates that increased uration of snow and or

depth of snow negatively f1uences their reproduc
tive activities particul rly time of development
We can extend this to chi unks and perhaps all small
mammals e g snowshoe r i its MaSlow Keith 1971

I

I
Variations in the date of termination of the

reproductive period

IThe decline in testis wei
than in previous years b

p1ished by mid July The

weights in mid June d ffe

1972 and 1973 The reten

would obviously be an ada

ful impregnation of femal
have been in 1973 Verif

this possibility or under

ht in chipmunks was later

t nevertheless was accom

differences between mean

significantly between

ion of male fertility
tive response when success

s is delayed as it seems to

cation of the reality of

tanding its control is

I
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probably beyond our capacity in the present study

Involution of the testes of adult long tailed voles

begins consistently in late August and is accomplished
by late September There are no significant differ
ences between years in respect to this characteristic
The relative flexibility shown with respect to spring
conditions contrasts with the apparent invariability
of response at the end of the season In general
their reproductive cycle neatly coincides with the
observed pattern of herbaceous phenology The plants
did not grow appreciably in response to either the
warm fall temperatures of 1973 or the abundant mois
ture and moderate temperatures in fall 1972 In view
of the erratic nature of fall weather and the absence
of reliable indicators of future conditions in that

period the responses of both voles and plants seem

well adapted They are probably conditioned by the

long term average climatic trends Indications from

the course of development in juvenile voles indicates
that they are responding to some cue present in mid
summer The testes of young voles defined as less
than 20gm body weight are larger in early summer

June and July and smaller in August as illustrated in

Table 15 I regard this as an indication of the shift
in pattern of development Brown 1973 mentioned above
The stimulus involved in the response of the juveniles
may be the same one conditioning the regression of

development in adults A lag in its effect in already
mature individuals would be a reasonable expectation
This would account for the difference of about one

month in the decline of condition in previously mature

animals compared to those recently weaned

Deer mice continued breeding nearly a month later in
1973 than in previous years Although the numbers are

small the differences between August testis weights
are significant

n adults

mean testis weight

1972

3
10 7 t2d f 10 36

P 01

1973
3

142 7

Two female deer mice caught in August 1973 were

pregnant and two caught in September appeared recently
parturient If we accept the hypothesis that the

reproductive season was in fact prolonged then we can

ask whether this prolongation was related to the sever

ity of the nter or to other factors One step in

answering this question would be to determine what
factors prevailing at the time of prolongation August
might account for it Conditions thst seem significant
to me include the following A reduced population of
deer mice might have relaxed density dependent factors

Spring moisture associated with the severe winter may
have resulted in increased density of foods and or

other requtrements One indication of such a possi
bility is that Mormon crickets Anabrus Tettigonii
dae were exceptionally sbundant in late September I

estimated the density of breeding adults in Big Bear
Park at more than one per square meter Their abun

dance could of course be a reflection of the reduced

density of Peromyscus Many insect populations res

pond positively to moist conditions following dry
years cutworm outbreaks occur at such times for

example Grass and forb seeds and many fruits were

abundant also There have been several reports of

anomalously late breeding in deer mice in situations
where food was artificially abundant Until we can

assess the importance of or rule out these conditions
it will be unprofitable to seek connections to tempor
ally more distant conditions

In Figure 10 I have superi posed the plots of weekly
mean temperature at ground urface on the curves of

estis weight Our small s mp1e of three years
includes a remarkable dive ity of conditions and has

a high probability in my timation of encompassing
the major part of the tota range of conditions to be

expected in the long term Temperature here is

representing several corre ated variables i e

meteorological variables otoperiod primary pro
duction etc What we see s a remarkable correspon
dence between mammalian re od ctive patterns and

the yearly temperature CU

t
This is not surpris

ing the animals are repro cing st the time of year
when the capacity to susta the requirements of

reproduction exists It i the period of the year
in which the significant p tion of primary produc
tion takes place the time hen high quality foods

are available in quantity and the time when physical
conditions are least stres ful The specific
adaptations by which small rnmals achieve an accom

modation to the variable c nditions of early spring
have been the subject of m ch of our attention In

future months I plan to s udy the relationships
between long term average limatic conditions snd

the timing of reproductive activity It seems to

me that the putative photo eriod response shown so

strikingly by the 1973 sa 1es of 10D icaudus and

Q apperi may be a sui tab e measure of the adapta
tion of the population whi h we can use to compare
the set points of local opulations at selected

localities For example rapping north aspect
samples at 3500 m and 3800 would establish whether

the set points at these el vations were moved back

in agreement with the seas al lag expected Using
these comparisons we migh be able to estimate

acceptably both the physi logical range of tolerance

to variability in length 0 season and the existing
limits of genetic adaptati underlying the physio
logical Such information would be desirable in

predicting changes to be e ected from modification

of the weather

Figure 10 illustrates also that we can estimate

reasonably closely the cur ent adaptive range of the

113200 meterll populations 0 several small mammals

It shows us that the popul tions are currently
Iladjusted for a right han limit of about 1 June for

beginning reproduction A change in local climate

that will increase the fre uency of years lying
right of that point will r quire genetic changes in

the populations Smaller hifts csn be accommodated

by the existing range of p ysiologica1 mechanisms

Although genetic change ight refine the fit

within that range

Red backed voles also appea

weight later into the year
case it may be only a fa1s

juveniles The three males
were young of the year rang

body weight In 1973 two

sample weighed 17 8 and 20

like M 10na1caudus and

delay in attainment of matu

53

to have maintained testis

han in 1972 In this

comparison of adults and

in the August 1972 sample
ng from 15 7 to 16 1gm
f the three voles in the

gm Red backed voles

niculatus exhibit a

Hy
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4 7 7 Job 6 Pocket Gopher Populations
Harold Steinhoff

Objective

TO determine relationships of snow depth and persist
ence to pocket gopher Thomomws talpoides popula
tions

Procedures

The pocket gopher census transects described in the

first Interim Report following the method of Reid

al 1966 were counted again in 1973 In

addition the length of earth cores deposited in snow

tunnels in winter were counted in the springs of 1972
and 1973 on the same plots

Findings

Table 16 shows results The locations are arranged
in order of the lUean yearday of snow disappearance in

1971 1972 and 1973 No significant pattern is

evident of ocket gopher populations in relation to

snow persistence Both the highest Little Bear

North and lowest Elk Spur populations occur in
areas where the snow melts neither earliest nor latest

The me population of all three areas has remained

remarkably constant for the three years although the

mean dates of snow disappearance varied as much as 57

days during 1971 to 1973

Pocket gopher populations as estimated by live trap
ping were slightly lower than those estimated by mound

counts as shown by a comparison of Tables 16 and 17

However the relative sizes of the populations among
the six areas are the same by either method A

conversion factor of 9 4 instead of 8 mounds per

pocket gopher per 48 hours would reconcile the two

population measurement method Lengths of winter

casts in 1972 as a population index Table 18
showed the same relative abundance among the six

areas as did mound counts and live trapping However

after 8 winter of deep snow in 1973 even when adjust
ed for days of snow cover seems related to deeper
snow that year Probably this was not because of a

higher population in 1973 because neither of the

other indices indicate a change in population
Instead it may be related to increased activity and

the need to dig new tunnels in search of food as

spring approaches and the winter food supply is

exhausted Then the later lying snow in a deep snow

year would result in a greater length of winter costs

per snow cover day even without a change in popula
tion Thus the impact of gophers on the grassland
in bringing subsoil to the surface and spreading it

over a sizable area would be greater in a deep snow

year

Future Plans

Early spring and late fall censuses will be made as in

1973 Intensive live trapping in the summer of 1974
will aid in validating the population conversion

factor of Reid et ale 1966 which has been used to

date

4 7 8 Summary of Small MAmmal Studies

Deer mouse populations decreased markedly and chip
munk popu1a ions declined significantly in 1973 after
a winter of deep snows thus the pattern of an

inverse relationship between some small mammal popula
tions and snow depth has continued Whether or not

the deeper snow causes the population decrease remains

to be seen At least an a

needed to either substanti

hyPothesis The montane

tione failed to follow thi

ditional year of study is

te or refute this

d red backed vole popula
pattern

Ij
jIJ

Il1
1
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Ta le 16 Pocket gopher populations in relation to

snowpack as estimated from mound counts

Mean Year Estimated Number of

Day Snow Pocket Gophers Per Hectare

Location DissPPeared 1971 1972 1973 Mean

Top Park 157 28 45 50 41

Little Bear North 147 102 51 74 76

Big Bear Ridge 140 50 22 36

Elk Spur 131 30 41 28 33

Big Bear Base 128 59 60 60

Little Bear South 116 63 52 50 55

Mean 55 47 47

Mean Year Day of Snow

Disappearance 129 112 169

Table 18 Pocket gophers winter cast lengths in
1973 as compared to 1972

Location

1972

LenRth of Casts

M O 1h M O 1h

112 0 61

471 2 59

149 0 85

64 0 43

214 1 23

159 1 08
1 13

1973
LenRth of Casts

Mo O 1h M O 1h

637 2 64

894 3 96

763 3 49

349 1 60

719 3 16

515 2 35
2 87

Top Park

Little Bear North

Big Bear Ridge

Elk Spur

Big Bear Base

Little Bear South
Mean

Table 17 Pocket gopher live trapping summary 1973

Estimated

1973 Population Maximum

Dates Live Per Recapture Subadult
Transect Trapped 2El Hec tare Distance Adult 95 Male Female

Meters

Little Bear North A 7 24 to 28 19 63 2 0 95 0 05 0 22 0 78

Little Bear North B 8 20 to 21 12 40 3 0 78 0 22 0 56 0 44

Elk Spur A 8 18 to 19 6 20 15 0 50 0 50 0 33 0 57

Elk Spur B 8 19 to 20 7 23 2 0 33 0 67 0 33 0 67

Big Bear Base A 7 9 to 14 12 40 10 0 90 0 10

Big Bear Base A 8 24 to 25 12 40 10 0 88 0 12 0 33 0 67

Big Bear Base B 8 23 to 24 15 50 0 73 0 27 0 80 0 20

Little Bear South A 7 24 to 28 17 57 3 5 0 71 0 29 0 60 0 40

Little Bear South B 8 21 to 22 11 37 5 0 70 0 30 0 80 0 20

Mean 12 3 41 0 74 0 26 0 51 0 49

56
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5 1 INTRODUCTION Jack D Ives

5 THE EFFECTS OF WEATHER MODIFICATION ON THE ALPINE ECOSYSTEM

I

During the past year the Institute of Arctic and

Alpine Research INSTAAR has continued research

aimed at determining the probable effects of an in

crease in mean snowfall in the San Juan Mountains

The study is centered on the processes acting on the

alpine vegetation and geomorphology considered in

both the short and long term The systems being
studied and the reasons for their choice have been

presented in earlier San Juan Ecology Project Interim

Progress ReportsI

I
Small scale geomorphic process studies Section 5 2

are being conducted to define the mechanisms by which

snow influences erosion and to assess the signifi
cance of this snow induced effect relative to other

causes of alpine erosion This work has now een

expanded to emphasize areas of natural snow accumu

lation which earlier work suggested ould feel the

greatest impact of any increase in snowfall The

broader geomorphic enquiry reported here in Section

5 7 is part of the Ecological Overview project It

is particularly concerned with the recent geologic
history of the San Juan region and seeks to define

the effects of natural periods of climatic stress

I

I

I
The effects of snow on the vegetation have also been

studied on different local and regional scales Data

on the relationship of snow to the dynamics of tundra

plant communities have been collected from situations

with experimentally produced snowdrifts and along
natural snow gradients Sections 5 3 and 5 4 Plant

productivity litter decomposition phenology and

phytosociological relationships are all being
monitored in these studies On a regional scale

the areal distribution of vegetation cover types has

been mapped in the target area of snowfall augmenta
tion in the San Juan Mountains Section 5 6 Dendro

chronologie work has also continued in the past year
with a view to defining climatic influences on vege

tation over a longer period than that available for

direct study Section 5 5

I

I

I

I
As in previous years the detailed studies of environ

mental processes have been concentrated in the Williams

Williams Lakes and Eldorado Lake basins These study
areas have been described in detail in previous
Interim Progress Reports In both basins permanent
camps were maintained as bases of operations during
the summer of 1973 and weather records kept during
the field seasonI

I

I

I

I

I

The end of the period covered by this report marks a

change in INSTAAR s program of work in the San Juan

Ecology Project Rather than extending previous
field observations for a further year the 1974 1975

year will be used to fill gaps in our present know

ledge of the alpine system of the San Juan Mountains

To this end four lines of approach will be pursued
First we need to know more about the accumulation

and melting of alpine snow and this problem wi11 be

approached by both empirical observation and theo

retical modeling an initial approach to this prob
lem is given here as Section 5 8 Second is the

need to experiment further with the plasticity of

tundra species and with the influence of changing

snow conditions on the viability of their seeds In
two other areas we plan to extend the work of inte

gration and modeling In terms of soil erosion we

need to make compatible the results of small scale

process studies and the broad scale overview project
The final need is to modify available mathematical

jmodels of tundra vegetation to the San Juan situation

jand to use them in predicting the effects of changes
in snowfall on plant productivity

In view of these plans this report sees the com

pletion of almost all of the Overview Projects and
the Dendrochronology Project It also comes at a

time when our operations in the Williams Lakes basin

iare to be terminated and any detailed field observa
tions concentrated in the more accessible alpine
environments of the Eldorado Lake basin and Niwot

Ridge for the summer of 1974

As in previous Interim Progress Reports the arrange
Iment of this one begins with detailed tundra process

istudies and moves from these to the broad scale con

siderations of the Overview Projects

Since the current report covers the period of the

final full season of fieldwork and preparations for

the final report are already underway some aspects
of our endeavors have been only covered in outline
In addition several masters and doctoral disserta

tions based on work in the San Juan Mountains are

in the final phases of preparation I therefore

feel it is appropriate to incorporate these and
other related materials in the final report

58
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5 2 tHE tN UENCE OF SNOW AND INCREASED SNOWFALL ON CONTEMPORARY GEOMORPHIC PROCESSES IN ALPINE AREAS

Ne1 Ceine

I5 2 1 Introduction

This project seeks to evaluate the physical processes

of erosion and sedimentation in the San Juan alpine
environment and to estimate the potential for changing
either them 9r their magnitude by manipulating the

winter sDowpack Initially it was suggested that

the testing f two hypotheses might achieve this the

first involves the comparison of seasonal erosion rates

and the second the modelling of the influence of the

snowpack on erosional mechanisms Caine 1971 p 243

Earlier reports have concentrated on the description
of two alpine study areas in the San Juan Mountains

and preliminary studies of the second approach Caine

1971 and on an exhaustive exa ination of the first

hypothesis Caine 1973 Since the seasonal contrast

between winter and summer erosion has been clearly
demonstrated already little attention is paid to it

in this report Instead this paper is concerned

primarily with the second hypothesis and with the

modelling of the erosional effects of snow Three

separate objectives can be identified

1 The identification of the influence of the winter

snowpack on erosional processes of a quasi con

tinuous nature

2 The definition of the magnitude and frequency
of episodic events and a similar evaluation of

the effect of the snawpack on them

3 The spplication of the resuits of these to pre
dict the effects of an increase in the snowpack
due to winter orographic snowpack augmentation

WOSA

The distinction between the first two of these object
ives is necessitated by the difference in approach
which the study of frequent nd infrequent events

requires The first is amenable to empirical modell

ing from small plot studies while the second depends
on a more qualitative approach derived from a wider

spatial context Obviously the last objective de

pends on the successful attainment of the first two

and on an estimate of likely increases in the alpine
snowpack due to WOSA

Within the San Juan Range the field area used in this

study varied with the first two objectives The study
of quasi continuous processes has been made in the

alpine drainages of the Williams Lakes 370 37 N

10709 W and Eldorado Lake 37042 N 107032 W

These two study areas of about 1 km2 each have been

described previously Caine 1971 and encompass the

variety of lithologic types found in the San Juan

alpine environment

The second objective requires sampling across a

wider area to ensure that sufficient occurrences and

a wide variety of geological and topographic controls

are included The Silverton Ouray Telluride area

forms the main base of the study but work has also

been conducted in the Williams Lakes and Eldorado

Lake basins and in some other parts of the range

5 2 2 Quasi continuous processeS

For present purposes quasi continuous processes of

soil movement are defined as those which occur on a

small mil1imetric scale E fectively these are the

processes of s01l erosion an waste transport by rain

sp ash overland flow soil reep and solifluction on

hillslopes and by below bank flows in stream channels

Theoretically each movement should involve no more

than one or two soil particl s but most observations

effectively produce the aver ge rate of many particles
Th s smooths an episodic pa ticulate movement through
time to make it appasently c ntinuous or at least

not widely variable over the period of a year or two

to suggest that the winter p riod is not one of great
erosional activity The cor llary of this is that an

increase in the snowpack is nlikely to give or to

have given a large increase in erosion at least

directly HI was tested sta isticslly by two years

of data from the San Juan Mo ntains and proved accept

able with a high level of co fidence on both s local

scale 2 m2 and a mesoscale 1 km2 Caine 1973

Th s was especially true of he most actively eroding

parts of the alpine lands cap The additional data

collected over the past year verifies this conclusion

and need not be considered h reo

Because the movement appears

easily observed and measured

usually of relatively good q

statistical testing but this

be allowed to mask the fact

oniy a small part of the geo

alpine area Early results

that episodic events may be

Caine 1971 1973

5 2 2 1 Hypothesis 1

Hypothesis 1 defines two dis

one of which winter erosio

by snow on the ground or its

of this Bet is then compared
is not influenced by the sn

in it to give a simple test

of snow on erosion rates

as

HI EW ES

I

I
continuous in time it is

The resulting data are

a1ity and suited to

convenience should not

hat they may refer to

rphic activity of an

rom this project suggest
re significant in total

I

I

oint erosion sets only
is directly influenced

melt water The magnitude
to summer erosion which

ack or by an increase

of the relative impact
e hypothesis is stated

I

I

1 II
I

I

I
An extension of Hypothesi 1 to take account of inter

annual variations in snow ac umulation is worth noting
It is probably only useful w en widely different years
of accumulation are availabl but the 1971 l973 period
in the San Juan Mountains se ms to meet this require
ment Snow accumulation in he 1971 72 winter was

geperally about 20 below no mal in the range while

that in 1972 73 was about 45 above normal The ex

tension of Equation 1 may e stated as

Hla EH

I

I
EL 2

I
where E refers to the annual erosion rate preViously
a seasonal rate and the sub cripts refer to years of

above normal H about norm 1 N and below normal

1 snow accumulation Year of high snowpsck should

show an extended period of 1 w winter erosion and so

a low annual total while yea s of low snow accumulation
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I have a longer period of summer erosion and a high
annual total

I The record of surficial erosion on 52 plots during the

1971 1973 period are available for testing Equation
2 Thirty eight of the 52 cases confirm the hypothe

sist which 1s a higher proportion than would be ex

pected from random variation around a general equality
p 0 01 on sign test The mean of the ratios of

1971 72 to 1972 73 1s 3 43 with a standard error of

0 1 the expected value of 1 0 for no difference l1es

beyond the 99 confidence interval around the mean

There seems to be clear cocroboration of the earlier

analysis of seasonal effects the protective influence

of a long lasting snowp ck on the soil under it is

indicated

II 5 2 2 2 Hypothesis 2

I

I

I
Hypothesis 1 involves only the response part of a

process response model Caine 1971a and infers from

it a single controlling boundary condition the snow

cover This is an oversimplification which the second

approach seeks to overcome by including other effects

though at the price of complexity 1n empirical testing
At the same time since it requires an understanding
of the relations between the snowpack and erosional

responses the second approach is ore likely to lead

to useful predictions of the impact of WOSA Because

of the need for prediction it is given most weight
here

I

I Frocedures In simple functional terms the madel to

be evaluated can be stated as

I E f S Xl X2 Xn 3

I
where E is the erosion o sedimentation rate S is one

or more snawpack descriptors and the Xi are the other

environmental boundary conditions that are capable of

affecting erosion Ideally Equation 3 should be in

the form

I
E f S Xl X2 Xn 3a

where the effects of the Xi are held constant or other

wise controlled Such confro1 is not however likely
to be achieved simply in the study of a natural system
since the S and X terms will not be mutually indepen
dent and may inte act in complex fashion This inter

action can be illustrated by a simple Venn diagram
Figure 1 and should be kept 1n mind in any empirical

evaluation of Equation 3

I

I Five parts of Figure 1 are worth comment 1 The area

EnS Xi reflects the interaction of snow and erosion

which works independently of other environmental in

fluences However if the X are defined as observed

characteristics i e those f Table 1 in this study
this area may also include effects due to unobserved

variables interacting with the snowpack 2 The e

quivalent area IEnXi represents the interaction

of erosion and the environment independently of the

snowpack and is not of immediate concern here The

summer erosion term used previously is an attempt
to estimate the significance of this area 3

SnXi is also not important here since it does not

influence Equation 3 directly The indirect effects

which it may represent could be important however in

the long term 4 The central area E S Xi represents

I

I

I

I

I

E

X
I

EROSION CONTROLS

Figure 1 Interactions among erosion controls
E the set of erosion responses
S the set of snowpack boundary conditions

X the set of other boundary conditions

TAe area of EftXi f is horizontally hatched
The area of EnS iJ is vertically hatched

The area of EnSnXi is cross hatched

the interactions between the snowpack other plot
boundary conditions and soil erosion and is most im

portant in this study It is the interactions which

this area represents that complicate the empirical
evaluation of Equation 3 5 The disjoint area

E Xi includes the effects of unobserved boundary
conditions either S or Xi on E as well as the other

errors of sampling and measurement that are often

assumed random and used as a within sample variance

estimate in testing Any study attempts to minimize

this area but it probably always remains finite

In the absence of adequate theoretical models of alpine
soil erosion the most efficient evaluation of Equation

3 is made by empirical regression but this should

remain subject to constraints of physical reasonable

ness In the regression approach used here E ob

served as a number of responses on different plots is

treated as the set of dependent variables whose re

lationship to S also a number of variables is sought
The variables of E and S are identified with the Xi
in Table 1

Within the general least squares approach the four
alternatives of Table 2 allow different evaluations of
the S E relationship They provide for different
treatments of the collinear effects due to the inter

action of the snowpack and other boundary conditions
with erosional responses area EnSnXi in Figure 1
In this report most emphasis will be placed on the

simple bivariate model although multivariate approaches
have been used in preliminary analysis The latter
allow evaluation of the entire system under considera
tion and of the relative significance of snow in it

Simple bivariate regression tends to inflate the snow

pack effect by includins all interactive influences
even those not observed in the Xi which involve S

as due to the snowpack term whether forced by the
snow cover or not The direction of this error there
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Table 1 Plot observations

Variable

Soil Texture

Identification

Xl

X2
X3
X4

Graphic Mean Particle

Size

Incl Graphic Sorting

Size 16 i1e finer

Prost Index

Soil ShearinR Resistance

X5 Cone Penetrometer Resistance

X6 Pocket Penetrometer Resistance

X7 Vane Shear Resistance

X8 Internal Fr1ct10n

X9 Cohesion

XlO Dry Slidins AnSI

Xll Stability Index

Soil Index Ptoperties

Xl2 Liquid Limit

X13 Plasticity Index

X14 Activity Coefficient

VeRetation Properties

XlS Vegetation Cover

X16 Soil Organic Content

X17 Soil pH

Soil MOisture Characteristics

X18

X19

Specific Retention

Hygroscopic Moisture

Topoaraphic Characteristics

X20

X21

X22

Slope Angle

Surface Roughness

Distance from hillcrest

Snow Characteristics

51 Meltdate 1971

52 Heledat 1972

83 Snow Depth

Erosion Responses

El Surficial Movement

EZ Mass Wasting

E3 Bedrock Weathering

Procedure

Field Measurement

Sieve Pipette
As h
As Xl

Heave Susceptibility
of B kow 1935

Mean of 10 Raadinss

As 9
As is

Remo ded Direct Shear

As X8
Failure in Tilting Box

X21 X10 Difference

ASTH D423 61T

ASTH D424 59

Ratio X13 clsy

2
2 x 1 m quadrat

Estimates
0

Ignition at 550 C

1 10 Slurry

Water Retained Against
Gravity

0
Loss at 105 C 15 hr

Mean of 3 Observations

8 of 3 Slope Angles

Days after March 31

As 51
Probe at March 1972

Surface Tracer 1 cm 0

Tilt Bars

Weight Loss Andesite
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Yll I
Folk 1961

I
Wt I

2

2
em I
cm

2
g em

egrees

SF I
egrees

egrees

I
Wt

Wt I
roportion

Area I
Wt

IDunt

Wt

I
Wt

egrees I
egrees

eters I
aunt

Iaunt

1 I
c yr

2 1
e yr

1
yr

I

I
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I
Table 2 Alternative procedures in regression

CommentI Model Reference to

Figure 1

Estimate of f S

I
1 Simple Bivariate

E a bS E S Maximum Simple evaluation predictions
collinear effects included with
S

I

I

2 Two StaRe Bivariate

E
1 biXi

b B E D

2 bn1S
3 Multiple Stepwise Re2resslon

E biXi bn1S
for i I to i o

4 Multiple ReRression on

Component or Factor Scores

E a biZi
Zi surrogate variables

EnS u ExnEnS
Xi

E S EnXn

I

Minimum 1 Good if X effects are well

represente collinear effects
excluded from S

Intermediate Statistical division of EASnXn
predictive use simple
evaluation difficult

Intermediate Statistical division of E SnXi
model evaluation simple but in

terpretation and prediction
difficult

I fore is known and even the overestimation due to it

may be estimated In impact assessment this approach

gives a safety margin and so its use may be justified
in a consumer s risk sense Pittock 19 72even if

predictions derived from the regressions are not pre

cise A simple model is in any case most easily
evaluated for its physical implications and so the

danger of unrealistic predictions from it reduced

I

I MUltivariate models The 2S independent variables
2

Xi and 5i of Table 1 have been measured on 96 2 m

plots in the Williams Lakes and Eldorado Lake basins

R mode and Qmode analyseses have been performed on

the independent variable matrix and on the 8ub matrices

for each basin separately The latter separation
should allow evaluation of the effect of a change in

lithology volcanics quartzite and slates and

elevation 300m

I

I Rmode analysis Analysis of the interrelations be

tween the independent variables is especially useful

here in indicating other environmental factors that

are interactive with the winter snowpack the area

SnX1 in Figure 1 It a1Bo allows definition of

the most representative snowpack variable and the

one which minimizes other interactions for use in

bivariate analysis

I

I For all 96 plots from the two study basins the results

of a correlation clustering are shown diagrammatically
in Figure 2 This shows a set of four clusters which

include 17 of the 22 variables used the three pene
trometer variables were omitted because they were not

available on 10 coarse talus plots The clusters

appear to be distinct and are easily interpreted in

physical terms they seem to represent factors of soil

texture Cluster 1 soil moisture Cluster 2 snow

conditions Cluster 3 and topography Cluster 4

Approximately the same clustering of variables emerges

I

I

I

I

from analyses of the two basins separately although
some of the internal links are then defined at levels

different to those shown in Figure 2

In terms of this study the isolation of the snowpack
cluster is especially encouraging no variable within

it is linked to an external one at r 0 4 This

suggests that the 5 Xi area in Figure 1 is relatively
small and that collinearity problems should be few

A factor analysis of the same data Table 3 confirms

the correlation structure of Figure 2 Five factors

have associated eigenvalues of more than 1 0 and to

gether account for just over 70 of the variance in

the matrix The clear identification of Factor II

with the snowpack characteristics supports the sug

gestion of their relative independence from the other

environmental conditions included in the analysis
Only three variables other than those involving snow

load on this factor at 0 2 or 0 2 the Liquid Limit

Xl2 the vegetation cover XIS and the soil specific
retention XIS All have negative loadings which

suggests a weak inverse correlation between the snow

pack and vegetative soil moisture effects

It is now possible to identify best variables Le

those most representative of a cluster or factor for

use in further analysis Their use in prediction and

validation is simpler than that of factor or component
scores The highest intercorrelations in the clusters

of Figure 2 and the rank of the factor loadings are

sufficient to identify three of four best variables

In the final case the snowpack cluster this procedure
proves indeterminate both of the melt date terms are

defined and a further criterion for distinguishing
between them is required This has been done on the

basis of the lowest summed correlations with the three

variables which load on Factor II at 0 2 Table 4

i e an estimate of least collinearity with those
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X F1RWre 2 Cor elation structure

Williams Lak sand Eldorado Lake basins
N 96

Cluster 1 is 0 8011 textural and strength
characterist cs and includes only links

defined by b lues of Irl 0 75

Cluster 2 ine des soil moisture variabl

ea linked by values of Irl 0 4

Clu8ter 3 inel des only sDowpack variabl

es which are interlinked by Ir 0 75

Cluster 4 18 0 topographic characterist

ics snd is d finsd by Irl 0 4

All correlatio s shown are significant
with peO 01 an the highest correlation

within each al ster 18 shown by a double

11ne Variabl s are defined in Table 1

Clueter 3
r
I SJ St I

i I I

I
I

1

Table 3 Factor analysis independent variables

Number of cases 96

Number of Variables 23

Factor I II III IV V

Eigenvalue 7 23 3 54 2 92 1 92 1 61

Variance associated 28 13 5 11 7 5 6

X3 0 81 51 0 88 Xl 0 91 X16 0 87 X8 0 72

Variables loadings X2 0 78 52 0 88 X20 0 89 X
2

0 86 X9 0 58

X4 0 72 53 0 81 X21 0 34 X18 0 83 X14 0 55

Factor Soil Snow Gradient Soil Bulk

Interpretation Texture Moisture Strength

lBeat Variable X3 51 Xl X16 X8
Cluster Fi8 2 1 3 4 2 None
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Table 4 Variables collinear with the snowpack terms

I

I

81 82 83

X12 0 25 0 36 0 33

X15 0 11 0 18 0 25

X18 0 16 0 28 11 0 31

8um 0 52 0 82 0 89

Values are correlation coefficients N 96

p 0 05 p 0 01 H I 0 0
d

I

I

I
variables Melt date 1911 5 is now defined as the

best of the three snoyp8ck te for use 1n further

analys1s It 1s significantly correlated with

only and has the added advantage of easy application
to a snow redistribution model presented elsewhere

Caine 1974I
The correlation of 81 and Xt2 can also be used as an

estimate of the collInear effect that is of the

error due to E SlIXi Assuming the influence to be

directed as X12Sl 1 e that the soil liquid limit

controls the snowzmelt date the explanation of S by

XlZ is only 6 r Even if XiSand X
8

are inc1nded
tfte same assumption of control alrecti retained

and a further one of independence between X12 Xl5
X made the expla tion would only reach IO

e sum of three r values Thus the errors in

troduced by use of a bivariate model for the direct

snow effect are not likely to be great especially
since the relationship between Sl and the Xl probably
reflects a control made in the opposite direction to

that assumed here a control the snowpack rather

than of it

I

I

I

I Q mode analysis Ninety one of the 96 plots have been

grouped on the basis of the independent variables of

Table 1 by the algorithm used earlier Caine 1973

Table 4 This identifies sets of similar plots to

which the bivariate model can be applied separately
This procedure should have the effect of reducing the

Xi area in Figure 1 while retaining some of the Xi
influences implicitly as the basis of grouping The

results of the plot grouping are summarized on Table

5 Five plots have not been included either because

they are too dissiailar to any other or because no

soil movement record is yet available from them Six

of the a groups will be used in evaluation of the bi

variate model Groups E and H contain too few plots
for meaningful analysis

I

I

I

I
The differences between Table 5 in this report and

that in Caine 1973 are due to the introduction of

30 additional plots in Groups A and B This expan

sieD was necessitated by the significance which

earlier analysis placed on such unstable active

situations

I Multiple regression analysis Although difficult to

use in prediction the multiple regression procedures
of Table 2 Numbers 3 and 4 are useful in evaluating

I

I

Table 5 Plot classification by similarity clusters

Number of Plots

Group Williams Eldorado Identification

A 8 15 Unstable fine talus at

steep angle
B 14 10 Bare soil at low angle

C 4 3 Snow free turf at low

angle

D 3 13 Close turf cover varied

slope

E 2 0 Partly vegetated
covered talus

F 2 6 Turf upslope of snowdrifts

G 5 3 Stable low angle talus

H 3 0 Steep willow scrub

the significance of the snowpack on erosion relative

to other environmental variables Only the surficial

movement rate El which is most widely available

and most precisely estimated has been used as a de

pendent variable in this analysis

When the data from borh study areas are pooled in a

stepwise regression procedure the snowpack tends to

be defined as of low importance No snow related

variable enters the regression until the fourth step
instead a variable from each of the other clusters of

Figure 2 is introduced be ore one from cluster 3 An

analysis of the two areas separately shows the reason

for this apparent unimportance Table 6 Now the

snowpack enters at the second or third step and adds

more than 10 to the cumulative R2 It has however

opposite sign in the two basins a direct influence

in the Williams Lakes basin and an inverse one in the

Eldorado Lake basin The inconsistency is unsatisfy
ing but not serious since the correlation between El
and Sl is non significant in both cases In summary
the procedure does not identify the snowpack influence

sufficiently clearly for predictive purposes except
to suggest that it is of relatively slight magnitude

Regression model 4 Table 2 offers an alternative

approach and one which avoids the problems due to

changes in the estimates as a stepwise analysis ad

vances Table 7 shows the correlations of El with the

first six components in each of the study areas Since

the components are made orthogonal a stepwise regress
ion follows the ranking of simple correlation coeffi

cients In the Eldorado Lake basin at least this

model gives a better explanation of the erosion term

than regression on the original variables In both

cases the snowpadk is defined as of second importance
fn explaining EI following a topographic shear strength
factor and has a direct effect on El

the positive correlation between El and the snowpack
components in Table 7 appears inconsistent with the

conclusions reached in testing Hypothesis 1 above and

Caine 1973 This is partly explained by basic differ

ences in the two analyses The regression analysis
is based on a comparison of responses on many different

plots with the assumption that these responses reflect

64

r



Table 6 Surficial erosion stepwise multiple re

greBsion Variables

WilliaLakes Basin II 20

g 0 945 5 stsps

E1 0 245 4 734X20 0 00iS1 0 031X16 O OlX15

X5 omitted with non sianificant coeffi ient

Step Variable
c n R2

1 X5 0 525 0 525

2 11 0 106 0 631

3 X16 0 050 0 681

4 X20 0 132 0 813

5 X15 0 080 0 893

Eldorldo Lake Basin N 24

g 0 671 3 steps

E1 0 638 0 040X5
Step Variable

0 007X22 0 016S1
g2Changs

in R2

1 X5 0 197 0 197

2 X22 0 165 0 362

3 Sl 0 089 0 451

the stepwise procedure terminated in both cases when

the increase in R2 became le8s than O pS

erosional controls impoBed over a long time periodl
Hypothesis 1 on the C ther hand has been tested by

comparing responses on the same plot over a short

time scale The first seems to define the effect

of the snowpack on erosion which is made through the

intermediary of the vegetation cover This in turn

influences the 80il strength moisture characteristics

and erodibility and 80 eventually the erosion rate

The tests of Hypothesis 1 show that tbb erosion is

performed under summer conditions and not by the winter

snowpack directly

Apart from indicatins a relatively low significance
of the snowpack influence multivariate analysis also

offers a scale against which the effectiveness of

simpler modals can be judged With about 25 of the

variance in El explained by the snowpack in a regres
sion on principal components for the Eldorado Lake
area only this y be taken as the limit of accept

ability for other models Thu a simpler model ap

plied to a small group of plota should give a better

han 25 explanation to be useful In fact the ex

planation should be very much higher than this if the

model is to be used in prediction with confidence

Bivariate mOdels In view of the inconsistency in

these results two hypotheses for the relationship

I

I I

I
Table 7 Surficial erosion stepwise multiple

regression compon t scores

Williams Lakes Basin

Ii
N 32

IIg 0 538 3 steps

E1 19 793 4 511CI 6 228CII 12 612CIII

Change
H2Step Component Identif cation in g

1 CUI Gra ie t urf ce 0 171 0 171

trength
2 Cu Snow Vege stion 0 061 0 232

3 C1 Soil Te ture 0 058 0 290

I

11

The influence of anow cover duration on El is

positive
I

Eldorado Lake Basin N 4

g 0 863 3 staps I
E1 9 673 2 324CI 823CI1 2 661CI1I

Change
Identif cation in R2Step Component

1 Cu

2 eI
3 CUI

g2 I
Gradient trength 0 422 0 422

Textur

Snow Soil Moisture 0 249 0 671

Surface S rength 0 074 0 745

Index p erties

I

I
The influence of snow cover duration on Ei is

positive

ITbe stepwise procedure termi ated in both cases when

the increase in R2 became le s than 0 05

between erosional activity a

can be susse ted They are

direction of the postulated
slgn on r and so can be def

mOdel as

3

4

E1 fSl
Ei f l S

the winter snowpack
istinguished by the

nfluence tested by the

ned in terms of a linear

I

bS1
a bS1

4

5

I

where a and b are empirical defined coefficients I
H may be referred to as an rosional hypothesis since

i 8u8gests that 80i1 erosi increases with the dur

ation of the snowpack In tew of the tests of Hy

pothesi 1 this effect i8 resumable made indirectly

through the veg t8t on and oil characteristics which

r flect snow conditions D rect effects are however

possible through the downsl pe comp nent of the snow

through the vegetation and 8 i1 characteristicR which
ture Testing of Hypothesi 1 suggests that the in

direct influences are the re important ones but the

actual effects have not bee examined in detail in
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the field

H4 is the protective hypothesis which is apparently

suggested by the seasonal and inter annual comparison

of erosion rates Physically it derives from either

a true protection against rain and frost effects or

less likely from reduced rates not volumes of

water flux in winter situations of long lasting

snow cover

The same Null Hypothesis of no relationship between

the Ei and S1 is the alternative to both H and H4
Acceptance of Ho may however mean that the linear

model is an inadequate one rather than that there is

no relationship In view of the conclusions drawn

from work elsewhere Caine 1971 and the possibility
of both erosion and protective effects on the same

site this should be considered whenever Ho is accepted

In testing Bquations 4 and 5 three estimates of

Ei can be used Table 1 although they vary in both

quality and quantity The st satisfactory test is

that of E the surficial erosion rate which 1s

most easiiy measured least subject to error and a

vailable for the greatest number of plots Obser

vations of E2 and E are probably more prone to error

and are available fdr fewer plots over a shorter time

period For all three erosion estimstes two criteria

will be used in testing In hypothesis testing the

criterion of a non zero population correlation coef

ficient is sufficient to define a physical relation

ship between S and E It goes not however guar

antee precisioA in prldicting the effects of WOSA and

sO a more stringent criterion 1s added for that purpose

Empirical regressions will not be used predictively
unless they offer more than 50 explanation of the

observed variance in Ei in addition to showing or

4
as acceptable

3

Surficial erosion E1 As in the earlier aoalysis

of seasonal contrts surficial erosion is estimated

by the rate of movement of tracer particles of 0 8 to

1 0 em size on each study plot Comparability between

plots is therefore reasonably well assured but at

the price of representativeness material of the same

caliber as the tracer will not make up the same pro

portion of the surficial debris found naturally on

each plot This is likely to give overestimates of

movement rates for the natural sediment especially
where the plot material is fine enough to allow sltai

ing and rolling of the tracer particles over the

ground surface

At least one year of record 1s available for 89 plots
and gives a non significant correlation between S

and

El
raO 105 even with a log transformation at

El Without the log transformation the correlation

is even weaker r a 0 003 This is true of almost all

the cases tested and 80 only the transformed values

are used in this analysis The analysis of each

basin separately gives some improvement in the cor

relation Table 8 but still requires the acceptance

of The difference between the two basins is de

finea by a the regression constant rather than by

the form of the relationship between Sand E and

suggests an annual erosion rate in thelWilli Lakes

basin three times that in the Eldorado Lake basin

under similar snow conditions This seems to be best

explained by the lithologic and elevational differenc

es between the two areas or by some derivative of

Table 8 Surficial erosion regression analysis

Data Set N r Significance a b

All Plots 89 0 105 N s 1 938 0 005

Williams 40 0 229 N s 2 489 0 009

Eldorado 49 0 221 N S 0 779 0 009

Group A 20 0 185 N s 6 287 0 005

Group B 20 0 168 N S 4 201 0 006

Group C 7 0 812 0105 0 657 0 014

GroQP D 16 0 684 0 01 7 295 0 029

Group F 8 0 559 N s 0 006 0 069

Group G 8 0 721 0 05 0 556 0 016

In all cases the model used is

E
b S

1
a e 1

Significance is estimated from the test on the corre

lation coefficient Ho fO 0 0

them which have been suggested previously to explain

similar contrasts Caine 1973 p 63

Wheo groups of similar plots are considered other con

trasts become evident perhaps as a partial response

to the inclusion of other environmental factors which

this implies Table 8 Only three groups C D and

G show a significant correlation getween Sl and El
however and the relationship is not the same in

each of the three cases Groups C snow free turf

at low angle and G stable blo4ky talus show a

direct effect while Group D relatively similar to

Group C except for steeper more variable slope angle
has an inverse one The contrast between Groups C

and D seems to reflect the difference in average snow

conditions and vement rates between the two field

are8S This particularly influences the analysis of

the Group D plots which occupy different parts of the

range in 81 according to the basin in which they are

found Figure 3 When the Eldorado Lake plots of

Group D are treated separately the correlation re

duces to 0 046 n 13 and it is clear that the

correlation for Group D 1n Table 8 should be ignored

as reflecting only the between basin contrast There

is more overlap in Sl between the plots of the two

basins in Groups C and G which reduces the between

basin influence and gives greater confidence in the

results

The acceptance of Ho for the Group A and B plots is

especially important since these represent the most

actively eroding parts of the alpine environment It

is not produced by either a non linear response or

a change in effect from protection to erosion as Sl
increases as hypotheslsed earlier Caine 1971

While it could be due to a compounding of protective
and erosive influence on each plot this cannot be

tested empirically and would be difficult to use

predictively It seems best to accept that there is

no response in erosion rates to changes of snow cover

6Ji
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1 Group G Figure 3

anowcove

I

Surficial erosion and
duration

I

I
Snowcove duration 1s defined by
the melt date of each plot in 1971

and Is m aaured as the number of

day aft r March 31 The broken

line asp rates the observations

in the W 111ams Lakes basin to

the left from those in the El

dorado L ke Basin to tbe right

4

2

l
Group C

20 60 100 140

Malldalil

duration in these situations

Mass sting EZ Annual rates of mass transfer be

low the ground surface are estimated from the angular
deflection of four rigid tilt bars on each plot
Kirkby 1967 Caine 1971 These devices are es

pecially susceptible to disturbance though this 1s

usually easily detected so that the results are pro

bably only imprecise estimates of movement in the

upper 20 em of the soil Nor does the accuracy of the

results encourage confidence in tilt bar observations

where tests have been made they underestimate actual

movement by as much as 80 Kirkby 1967 p 370

This underestimation should be approximately uniform

on all plots and so may not greatly influence correla

tion analysis It will however give problems in

prediction As with the 8U

the data have been log tran

this usually has the effect

relation with the plot boun

Table 9 summarizes the resu

on the tilt bar observation

only that for the Group C p
correlation and even this 0

uncritically because of the

which it is based n 6

the two plot groups for whi

is defined and so the corre

comes more important The

set analyses combine to sug
free meadow environments ar

61

I

I

I

I

I

I

I

IJ

I

ficia1 movement rates

formed before analysis
f increasing their cor

ary conditions

I

Its of regression analysis
Of the 9 cases examined

ots gives a significant
e should not be accepted
small number of plOts on

This is however one of

h a 81 E relationship
tion here1 w1th E2 be

esults of both proeess
est that low angle snow

especially responsive

I

I

I
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I
to changes in the snow cover duration The two ero

sion responses are of course unlikely to be indepen
dent and this is corroborated by a high if unsig
nifieant correlation between El and E on the Group

C plots r 0 786 n 6
2I

I
Bedrock weatberins E Estimates of ground surface

weathering are based Dn the chaoge in weight of known

approximately constant volumes of andesite exposed
at the surface The rock has been crushed to a 4 8

mm size to increase the surface area exposed to weath

ering and so amplify changes Nevertheless since the

experiment was not started at the inception of the pro

ject data are only available for ODe year oi obser

vation and 80 chansea have been slight The experi
ment is to be continued

I

I Table 9 Mass wasting regression analysis

I

I
Data Set N r Significance a b

All Plots 58 0 107 N S 2 253 0 003

Williams 23 0 200 N S 2 675 0 008

Eldorado 35 0 068 N S 2 132 0 002

roup A 12 0 364 N S 9 480 0 006

Group B 11 0 569 N S 0 044 0 035

Group C 6 0 935 0 01 o in 0 035

Group D 15 0 128 N s 1 923 0 004

Group F 8 0 650 N S 30 465 0 045

Group G 4 0 782 N S 2 253 0 014

I

I

I
In all cases the model used is

E2 a eb Sl

I
Significance is estimated from the test on the cor

relation coefficient

I Hoi I 0 0

I
The results of regression analY8is are summarized in

Table 10 and clearly substantiate an erosional hy

pothesis for the effect of the snowpack In all of

the cases examined I the correlation between Sl and

E is negative This 1s prelumably explained by the

c ntrol of solute removal effected by the water flux

across the ground surface In alpine situations

local variations in water flux will largely reflect

the volume of snow accumulated on a site or imme

diately upslope of it hence the influence of snow

cover duration

I

I

I
The positive value of the intercept a in all the

linear regressions of Table 10 apparently poses a

problem for explanation but 1s nowhere significantly
different from 0 0 More important in the present
context is the low explanation afforded by the re

I

II

gresslons only the plots of Groups A and C and the

A B combination give more than a 50 explanation
with a statistically significant c017relation co

efficient

5 2 2 3 Quasi continuous processes summary

Three points of general interest are evident from

this analysis of the influence of the snowpack on

slow acting processes of slope development

First it appears that the snow cover is not of major
importance as a direct control of erosional activity
Ita influence is lower than that of topographic vege
tative and soil textural or strength factors Since

soil erosion is a response to mechanical stresses and

the forces resistina them to which the sDowpack con

tributes little directly this is not 8urprising In

directly on the other hand the alpine snowpack may

control these other factors and so influence measured

erosion rates in the long run but this effect has not

been estimated here It will however be taken into

account in predicting the effects of WOSA

On a local scale there are environments within the

alpine area in which the snowpack influence is much

more clearly defined It is apparently greatest in

the snow free meadow area of low gradient and on stable

talus slopes Groups C and G ill Table 4 Both of

these susceptiblet environments are relatively inact

ive at the present day whereas the most rapidly erod

ing situations Groups A and B respond less clearly
to variations in the snbwpack In terms of geomorphic
pr cesses there is also a clear response in rock

weathering rates to local snow conditions which seems

to be true of most environments within the alpine
This seems to be no more than a reflection of local

water budgets

Table 10 Bedrock weathering regression analysis

Data Set N Significance br a

All Plots 57 0 556

0 618

0 556

0 029 0 00120 01

0 01

0 01

0 015

0 057

0 0011

0 0015

Williams

Elsorado

29

28

9 0 836 0 01 0 028 0 0018Group a

Group B

Group C

Group D

Group F

Group G

8 0 577

7 0 896

16 0 371

7 0 099

6 0 683

17 0 748

N S

0 01

N S

N S

N S

0 135

0 028

0 024

0 035

0 011

0 0028

0 0016

0 0010

0 0009

0 0012

Groups A

B

0 01 0 032 0 0016

In all cases the model used is

E3 a b S1
Significance is estimated from the test on the cor

relation coefficient

HO I 0 0
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Finally useful empirical prediction models of the
snow erosion relationship can only be derived for a

few situations These again involve the Group C and

G environments and the bedrock weathering process and

will be considered in more detail later

5 2 3 Episodic processes

The erosion performed by snow avalanches rockfall
and mudf10w activity in the alpine environment is

under natural conditions more irregularly distributed

in time and space than that due to slower processes of

sediment movement Thus it require a broader Bcale

of enquiry and a greater concern with the work perform
ed by given events and their recurrence intervals than

does the study of solifluction and 80i1 creep

The significance of episodic or cat4strop ic events

has been made clear in earlier reports of the Williams

Lakes study in which they accounted for more than 90

of all the observed geoaorphlc work in two years Caine

1973 Of this 76 was ascribed to a sin81e mudflow

event that of early September 1970 and a further 20

to a aeries of rockfall durin tbe 1972 summer Even

in the Eldorado Lake basin where no movements of such

large scale wete observed these two process sets

accounted for almost 50 of the recorded sediment

movement They will therefore receive most emphasis
here

5 2 3 1 Snow avalanches

The study of avalanches 88 180morphic alent ia cGW

plicated by the need for post facto evaluation during
the spring and summ r St dies in other mountain areas

have suggested that avalanches should be important
e g Caine 1968 Luckman 1971 but this 1s not corrob

orated in the two alpine study areal of the San Juan

Mountains There the volume of c1 tic debris identi

fied as avalancbe transported in the previous winter is

usually less than 0 2 m3 each sp jn8 From tbis a

work rate of only 0 05 x 106 J1on 2
yr

1 is derived TibIe
11 which is less than half that of any other process
set considered It would appear off even less signi
ficance if the consistent underestimations of mass

wasting introduced by tilt bar measurements were taken

into account Such a work rate is less than 1 of

the total observed in each basin and so even if sub

ject to very lar88 errors 1s probably not important

This low significance may be attTibuted to the relative

ly low relief and gentle slopes of the two areas studied
which inhibit long distances of avalance transport It

may therefore not be typical of alpine environment s

nor of the San Juan Mountains but no attempt has been
made to estimate the geomorphic work of avalanches on

a wider scale

That changes in avalanche activity should be asso

ciated with variations in the snowpack seems obvious

but the relationship is not estimated simply Initial

ly Table II suggests that such changes should have

only slight total effect and the observational record

tends to support this The high snowfall winter of

1972 73 was associated with less avalanche induced

waste transport than the previous two winters In the

Williams Lakes basin snow avalanches from the cliffs

west of the lake in 1971 transported almost 750 kg of

blocks and stones whereas those on tbe same site in

1973 were practically clean This seems to be a re

I

1able 11 Geomorphic work in two alpine areas
I

Process Set Willi Eldorado

Surficial Wasting 4 54 0 46

Mass Wasting 3 39 0 14

Solut Transport 3 24 1 68

Avalanche Activity 0 04 0 06

Rockfalll 4 09 1 86

Mudflow
2

11 21 2 80

21 26 51 7 00

Activity Indax3 0 22 0 776

Values are Joules x 106
This is a revision of Table 8 Caine 1973 p 62

1 The 1972 rockfalls in the Williams Lakes basin
are allocated a recurrenc interval of 10 years

2 The 1970 mudflows in the illiams Lakes basin

are allocated a recurrenc interval of 22 years
see text The value of 2 8 x 106 J for the

Eldorado Lake basin is ta en from a wider survey
of mudflows on quartzitic parent materials Sharpe
1974

3 fhe actiVity index i8 the ratio of winter to

summer erosion rates

I

I

I

I

Ii

I

I

I

cover on the slope
es move and suggests
s of high snowfall

I

In total rockfall is a much re significant process
of sediment transfer than sno avalanches The re

cord is however greatly inf uenced by tbe rockfalls

of the 1972 summer in the Wll iams Lakes basin When

those falls are omitted the evel of summer activity
is 2 5 to 3 0 times that of t e winter and the total

1s about equivalent to that i the Eldorado Lake basin

Arlitrary allocation of a 10 ear aecurrence interval

to the 1972 rockfalls reduces their apparent signifi
cance to a more realistic lev 1 and has been used in

Table 11 The lack of fresh cars on the cliffs of

both study areas suggests the such rockfalls are

les8 frequent than their appe rance in a three year
record of observation suggest This conclusion is

supported by the observation f Sharpe 1974 p 55

that the mean age of the surf ce layer at the apex

of talus cones in the San Jua Mountains is 38 years

flection of the extent of sno

across which wet snow avalanc

a protective influence in yea

5 2 3 2 Rockfall I

I

I

I

I
There appears to be no clear elat10nship between snow

drift situations or the wint r snowfall and rockfall

amounts or frequency The am unt of rockfall in the

winter tends to be less than alf that of the summer

period hut it has not been po sible to define inter
annual variations for the win er period
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I

I
Other workers e g Gardner 1970 have found a diurnal

cycle of rockfall fraa alpine cliffs with peaks of ac

tivity in the mornins and around midday which are ex

plained as temperature effects Water perhaps melt

water may be significant but its effect ha not been

quantified and seems to be neither simple nor direct

I 5 2 3 3 Mudflows

Alpine mudflows involvina the rapid transfer of mixed

debris and water across steep slopes have appeared im

portant in both previous reports of this project The

six mudflows which occurred on the eastern side of the

Williams Lakes basin in September 1970 and involved

almost 250 m3 of clastic debris account for that This

single event performed 247 x 106 joules of geomorphic
work almost 75 of all the geomorphic work done in

the basin during the firat two years of study Caine

1973 Because it so clearly controls general tests

of Hypothesis I and because similar deposits are com

com in the San Juan MOuntains the 8tudy of mudflows

has received much attentioniin the last two years De

tailed results are available in the theses of Clark

1974 and Shsrpe 1974 from which the following has

been abstracte

I

I

I

I This project has three requirements in studying mud

flows A good estimate of the frequency with which

they occur in the alpine environmeat of the San Juan

Mountains b Given a good frequency estimate the

comparison of mudflows to other alpine processes can be

made more precise This bas been attempted earlier but

was found to be especially sensitive to the udflow re

currence interval used Caine 1971 p 260 c As

suming that mudflows prove important in sediment trans

port there is nead to evaluate any snowpack influence

on their occurrence Earlier reports based on the

Williams Lakes basin record have suggested that mud

flow activity is not influenced by snow conditions but

other workers e g Sharpe 1938 Rapp 1960 Owens 1973

have suggested a closer ontrol by snow melt water

Since the early conclusion derived from only a single
observed case it needs reconsider ng

I

I

I

I Mudflow frequency With only one occurrence in three

years observations in the two study basins are not very

useful in estimating mudflow frequency Nor are pub
lished estimates helpful for the frequency of mudflows

of the size considered here Io 10 m3 seems to vary from

decades Broscoe Thomson 1969 to centuries Rapp
1960 For smaller mudflows Owens 1973 has even

suggested an annual frequency To resolve this problem
for the San Juan environment observations have been

extended across a wider area and longer time scale thsn

those used in detailed process monitoring

I

I

I
Slaarpe 1974 discusses the means of estimating mudflow

frequency in the San Juan Mountains in detail Using
measurements of Rhizocarpon aeoRraphicum and the growth
curve of Carrara Andrews 1973 with other observations

at each site he estimates the ase of two situations on

25 hi11s1ppes 1 that of the mudflow itself i e an

underestimate of its age by the time needed for lichen

colonization 2 that of the adjacent talus which pre

dates the mudflow stratigraphically and 80 gives a max

imum age The true age of the mudflow lies between

these two estimates and is taken 8S their average For

25 different hills lopes the mean recurrence interval

is estimated as 65 years with a standard error on the

I

I

I

I

mean of 9 years Sharpe 1974 p 53 A number of
these ites can be amalgamated into drainsse units

approximately equivalent to the two alpine basins
studied in detail Since each basin is likely to

include more than one site this should give 1 short

er estimate as the basin recurrence interval in

fact it should be the quotient of the site frequency
and the number of sites in the basin For stream

ba ins of 1 to 4 km2 area the recurrence interval is

estimated at 22 years which has been incorporated
into the evaluation of Table 11

Corroboration of these estimates is feund in the com

parison of photographs of the eame hillel pes taken

in 1909 and 1973 R I u 64 years and by dendro

chronology R I 27 to 50 years The results of

l4C dating of a series of mudflows in South Mineral

Creak will provide a further test but are not yet
available

The leomorphic work of mudflows Two topics concern

ing the estimation of the geomorphic work done by
mudflows are worth brief consideration here One con

rn8 the estimates for the two study basins Table

l and the other estimates for the entire San Juan

Range which would give some idea of the representa
tiveness of the two study areas

In using the 22 year frequency estimate in Table 11

it has been i licitly assumed that the mudflow event

in the Williaas Lakes basin was of average size In

view of the inverse rel tionship between magnitude and

frequency which as been suggested for other geomorphic
processes Wolman Miller 19 0 wide departule

from mean magnitude might require modification of the

frequency e timates The Uillia Lake event multiple
mudflows performed slightly ess work than the average

of the mudflows studied by Clark 1974 in the San

Juan Mountains 247 x 106 J compared to 355 x 106 J

but lie8 well within the two standard error limits on

the mean If anything the 22 year frequency for the

event is overestimated but probably not sufficiently
to war ant any attempt at improvement in view of

the size of adcumulated errors that this could involve

The significance which Table 11 attaches to mudflows
in the alpine geomorphic system can therefore be

accepted with confidence

An estimate of work done by mudflows in the entire

San Juan Range can be made from air photo surveys al

though that will be biased toward the larger mudflows

Since small mudflows i e those unlikely to be defect

ed on air photos contribute little to areal work es

timates Clark 1974 this bias is not serious and the

underestimation should not be great A survey of 1500

km2 gives an average of 270 x 106 J km 2 of mudflow

work using the empirical relationship between mudflow

surface area and work def ned by Clark 1974 Taking
the mean age of the mudflows as 65 years this gives a

mean annual work rate of 4 15 x 106 J km 2 yr
l which

is similar to the values shown in Table 11 both basins

are of about 1 km2 area The higher than average

rate of mudflow work in the Williams Lakes basin may

reflect the relative susceptibility of volcanic de

rived material to mudflowing Sharpe 974 Table IV S

Clark 1974 Table 6 2 provides a further comparison
of mudflow work on a range wide scale by using ob

served rates of sediment transport through the rivers
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ataining the San Juan Mountains Thia is 4 or 5 otders

of IIlpltude gteater than that due to mudflows 1 86 x

lOll km 2 y
1 for the Animas River at armington

and 1 95 x 1011 J km 2 yr 1for the San Juan River at

Archuleta These estimates ate however based on

an assumed transport of sediment from the median ele

vation of the two basins which y not be justified
in view of the semi arid nature of their lower drain

ages and the land use there Nevertheless it appears
on this scale that mudflow activity and even alpine
erosion in general 1s relatively insignificant

The controls of mudflow activity Mudflow events

seem to occur in response to the interaction of two

sets of necessary controls neither of which is suf

ficient in i self These involve t e two constituent
of the flow the waste mantle which eventually fails

and the water which apparently in i tt t failure

Many previous studies have emphasised the second of

these usually considered in terms of rainfall in

tensity and it is important to the present study
since it includes the snow melt term Before dis

cussing either however it i orth pointing to

three broader nvironmenta1 requirements which the

work of Shsrpe 1974 defines These are the needs
for a mantle of surficial debris steep slope mean

angle of 359 in the San Juan Mountains and a super

jacent gully 81 of the mudfloWs studied started

immediately below gullies in cliffs The signifi
cance of the first two of these is obvious the third
less 80 but lu1lies are impo tant in channelling
water and debris onto areas of potential failure
and ao contributing to both seta of necessary con

di tions

I Waste mantle controls of mudflow activity usually
involve the mechanical beh vior of the material but
are not easily defined Therre apparently two

types of nudflow in the San Juan Mountains Clark
1974 One involves material of a sandy texture with
low organic content and associated low index proper
ties for liquid and plastic behavior The second has

a finer texture and is associated with slopes of

higher vegetation cover and perhaps greater age
Empirically the relationships between 80i1 character

istics and the resulting mudflow work tend to be op

posed in the two types e g the correlation with the
infiltration capacity of 80i1 1s direct in the second
case and inverse in the first This led Clark 1974
to suggest an optimum textural range for mudf10w de

velopment between 40 and 60 sand cOntent Figure 4

The result SQsms to reflect an interaction with 80il

moisture requirements for failure 8uch that water can

be transmitted into the mantle but does not drain

rapidly throuRh The lithological influence which

Sharpe 1974 has defined on a broad Beale seems to

point to a similar form of partial control the a

real density of mudflows on the quartzitic rocks of

the San Juan Mountains is only half that on the vol

canic rocks 0 51 km 2 compared to 1 08 km 2

The influence of variations in the water budget of a

slope is even more difficult to define post facto

especially since it i often difficult o estimate
precipitation intensities in mountainous terrain

away from reqording rain gauges Both mudflow events

which have been observed in or near to the two study
areas during the present work and highway maintenance

I

I
records suggest that summer recipitatiou from high
intenatty storms is importan The mudflow near El
doiado Lake in August 1973 w however produced by
the conjunction of rainfall nd a melting snowbank

The significance of late lyi 8 snowbanks as a mois

ture source should not be ig orad entirely

There is still no evidence 0 which to evaluate the

re1ative contributions of 8n melt and rainfall where
their interaction is involve in mudflow initiation
or even to estimate how iropo tant in toto that inter

ction i8 and 80 it has not een taken into account
in tbe estimates of Tab e 11 Nevertheless it now

seems rea onable to BUlselt hat snow melt accounts

for some of the geoaorphic v rk due to nudflows in

the San Juan Mountains even f it was not involved in

the 1970 event in the Willi Lakes basin

An estimation of the melting
activity can only be made in
be shown that snow melt alon
a considerable volume of wat

ure zone Solar radiation
of 300 at 380 N latitude and
ble of producing up to 9 0 c

snow It in mid summer Th

quivalant to the 25 year rai

area Herahfie1d 1961 and

self to produce mudflaw acti

bi1ity it remains to be sh
been associated with mudf10w

single case near Eldorado La

documents p 43 no obs rv

the contention for the San J
servations of Owens 1973

tion from the Canadian Rocki s

Other evidence 8u8sests that

conjunction with rainfall c

apparent need for a gully ab
a180 defines a potential 8n

gu 1ies above mudflows carri

summer in 1973 a year of hi
The orientation of mudflow s

of snowdrift situations Fig
the distribution of perennia
Juan Mountains Andrews Ca

I

now influence on mudflow

irectly First it can

is capable of putting
r into a potential fail

a north faciug slope
3600 m altitude is capa

dy of ater from
8 i8 approximately e

storm in the Silverton
be sufficient by it

ity Given this possi
that snow actually has

activity Beyond the

which Sherpe 1974
tional evidence supports

Mountains The ob
owever offer corrobora

I

I

I

I

I
snow melt probably in

1d be significant The

e a mudflow prone slope
rift site many of the

snowbanks until late

s owfa11 Sharpe 1974
tes i8 a180 suggestive
re 5 and corresponds to

snowbanks in the San

rara 1973 Figure 2

I

I

I

I

5 2 3 4 Episodic processes summary
I

Previous reports of this pro Bct have suggested that

episodic erosional processes are hardly influenced by
the winter snowpack As a g era1 conclusion from ob

setvations in the two study reas this remains reason

able but it now se81118 to be nduly influenced by a

single mudf10w event in the illiams Lakes basin

Ac oss the ent r range so of the mudflow work must

be ascribed to the melting a snowpack but how much

is not known since it involv s an interaction with

rainstorms In predictibn llworst possible casell

approach will be used and al the work due to a snow

rain interaction ascribed to the snowpack

I

I

I
5 2 4 The geomorphic effec s of WOSA

IIn pre 1ct1ng the geomprphic effecta of winter oro

graphic snowfall augmentatio three different evalua

tions are needed These inv lve the effectiveness of
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Figure 4 The textural control of mudflow work Figure 5 Mudflow orientation

I Source field survey of the size and transport dis

tance of mudflows Clark 1974

Source air photo survey of the alpine areas of
the Ironton Telluride Snowden Peak and Storm King
Peak quadrangles The histogram is defined in 200

classes with 70 observations in the modal class

0 200 and a vector mean orientation of 280

Sharpe 1974I

I

I
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firat the cloud aeeding project in producing en in

crease on the ground and third the relatioDships
between the 8nowpack and erosional procesaes and rates

Only the last 1 of concern here but predictions drawn

from it are obviously contigent on the first two

These two contribute to three ets of assumptions on

which predictions from the snowpack erosion relations

will be based

The first assumption is that the period of field study
1970 1973 repr ents normal conditions in the San

Juan Mountains e conditions prior to WOSA Since

the Pilot Project commenced in 1970 and both 8tudy
sites are within ita target area this 1s not strictly
tru However snow courae records in the range

Washichek at al 1973 show that the study period
has not bee of higher than l snow accumu

lation and so the assumption is probably reasonable

In prediction the effects of an increaee in snowfall

will be added to t observed normal conditions

The second assumption i8 that the 15 increase in

winter snowfall for which the Pilot PrQject is de

signed is the one for which predictions of effec are

needed The app oacb taken hare allows the effect of

larger or smaller actual increa es to be e timated

proportionally and will probably g ve reasonable re

sults for snowfall increases of up to 30 or 40

With increases of more than 40 it is likely that

80me of the assumptions used in the alpine snow re

distribution procedure will become invalid

A third set of assumptions i8 needed to allow conver

sion of a 15 increase in snowfall to aa increase in

the snowpack oa the round where erosional effects

will be felt A 11Dear 8Gdel for the re istribution

of snow in alpine areas by wind drifting is used for

this The mOdel i8 based on the snowcover depletion
patterns of 1971 in the two study baains and so 1s

easily accomodated to the use of Sl as an estimate

of plot snowpack characteristia The model itself

is discussed in detail elaewhere Caine 1974

The two sets of proce8ses distinguished earlier will

also be treated separately Qere Tbis is convenient

although it involves the rist that interactions be

tween them may be ignored e g Sh e 1974 has

suggested that quasi continuous processes of bedrock

weathering may be an important control of mudflow

activity in the San Juan MOuntains

5 2 4 1 Quasi contlnaous processes

Given a variety of alpine micro environments e g

Table 5 two kinds of change in geomorphic activity
may be defined One involves only a change in erosion

rates either an increase or decr ase withi a given
environment which remains unchanged except in terms

of its snowpack and erosional activity The other

requires a more complex interaction whereby a given
site changes between environments e g from that of

the Group C to that of the Group B plots in Table 5

This tOO may produce either an increase or decreasB

in erosion at the site

These two kinds of change in the quasi continuous

processes of soil erosion are worth treating separate

ly since they should have different i act8 on the

visible landscape and involve different response times

I

I
Changes within environments y not be visibly im

portant whereas ch8lllBS bew n environments should
be more evident The first auld also be achieved

relatively quickly i e in y ars I since it involves

few changes in erosional cont ols while the second

may require decade before it works tbwoulh a longer
chain of factors many of whi h may be only indirectly
linked to the Inowpaek

I

I
Th following discu ion i8 b sed on the data usad

already in this report and so involves only the en

vironments defined in Table 5 It I therefore in

clUded only about 40 of the va study basins the

at b1e environments of expose bedrock and wet sedi

mentation are 1 lakes and s s are omitted

I

Changes within environments In regression analysis
only two of the enviroQm4nts f Table 5 give models

that offer more than 50 exp ation of the observed

surficial erosion rates El These are the gently
slqpinS dry meadow situation and stable taluses of

the Group C and G environmen which constitute 19

ol the total area in the two asins For the rest

the relationship between Sl d El ia too weak to

illow prediction Table 12 mmarizes the predicted
increaseB in El using the r gressions of Table 8 and

the distributions of Sl for e plots of Groups C and

G Por the Group C aituat1 B the change in the snow

cover and the snow It date is shown to be very

slight and largely because f that the increaae in

El should be of 1e8s than 5 0 5 mm yr 1 With

such slight changes it 18 n t worth considering the

errors in the estimates from the 51 El regression
For the stable talus areas t pified by Group G a

mote significant increase in El is predicted up to

300 where the talus was sn covered until late

September 1971 This is h ever I inferred from the

tail of a normal distributio defined by only 8 casea

the maximum effect for any a tuel case is en increase

of only 7 Table 12 In b tho of these environments

little immediate change in s rficial erosion is like

ly from a 15 or even a 30 increase in winter snow

fall

I

I

I

I

I

I

IA useful prediction model fu mass w ting E2 is

available for only the Group C environment Table 9

and the results of its appli at ion are also summarized

in Table 12 Given the impo tauce of 80i1 moisture

to so l creep the impact of WOSA should be expected
to be grea er 1n this case t an for E1 and this seems

true An increase of up to 0 in E2 is predicted
for Group C situations which did not melt clear of

snow until midJune 1971 a though the maximum for

any study plot is only 6

I

I
For the bedrock weathering p ocess E3 also there

are only two regrsssions tha ean be used with con

fidence in prediction Table 10 TheBe involve the

Group A and C environments d suggest increases in

we thering rateS on them of and 5 respectively
Again using the tail of the distribution beyone the

2 limit suggests a great i crease up to 1000 but

nothing like this is predict d for the actual cases

ana1ysed

I

I
The process of olute remov in alpine streams i8

worth some consideration her although it has not

been the subject of detailed work It should reflect

the volume of runoff and 80 llow two simple estimates

I
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Table 12 Predicted chanaes in erosional lntenslty

Plot Group
Snow Cover llleltdate Increase in

Process Duration Delay Erosion

C Mean 91 Apr 6 1 day 0 02
1

E1 em yr

May 11 1 0 03

2 Jun 15 1 0 04

W c May 19 1 0 03

G Mean 51 Jun 11 1 day 0 03
1

E1
em yr

Aug 1 9 0 62

211 Sep 20 30 5 54
W A C Jul 31 9 0 62

Mean 51 Apr 6 1 day O ll
2 1

E2 C em yr

May 11 1 0 10

2 Jun 15 1 0 26
W A C May 19 cl 0 10

A Mean 51 May 28 1 day 0 002
1

E3 yr

Ju1 16 10 0 016

2 Sep 3 30 0 272

W A C Jul 13 0 003

Mean 81 Apr 6 1 0 001
1

C yr

3 May 11 1 0 001

2 Jun 15 1 0 002

W A C May 19 1 0 0015

Processes are identified in Table 1 Plot Groups in Table S

Snow cover duration refers to the sample distribution of 81 for that group of plota the m8an the m an

1 standard deviation and the mean 2 standard deviltloas are used W A C refers to the

worst actual case 1 e the latest melting plot of the group Dot a ample statistic

Melt date delay is estimated from the nomogram 1n Caine 1974

Increases in erosion are estimated from empirical regressions Tables 8 9 and 10 and the melt

date delay term

of the effect of a snowfall increase to be made As

suming that all of a 15 increase runs off through the

stream channel and the water quality remains the same

an increase of 37 5 in the rate of solute removal from

the 5an Juan alpine area can be predicted This is

based on early estimates of the proportion of pre

cipitation that becomes streamflow from the two study
basins Caine 1971 Alternatively the increase in

snowfall may be distributed amoDl the water budget
components of alpine drainage basins in the same pro

portions as the normal snowfall This suggests a

much lower 1ncrease in solute removal only 12 if it

is assumed that 20 of the normal streamflow i8 due

to summer ra1nfall Even this 1s however much

greater than the effectB of other quasi continuous

processes and 80 streamflow and solute removal from

the alpine 1s being studied in more detail in 1974

Changes between environments Predicting changes in

the wider characteristics of areas undergoing Dstural

erosion can be approached by using the group of plots
of Table 5 Assuming the distributions of these en

vironments in 51 to be approximately aormal Figure
6 shows much overlap between all six groups The

nU1llber of plots in each group 1s too 11 to allow

testing for aormal1ty This suggests that snow by
itself is not clearly diagnostic of alpine geomorphic
environments and that the area of overlap between

two environaents cannot be used as a simple estimate

of the probability of a change from one to the other

following an increase in snowfall

The limits of the distributions in Figure 6 are proba
bly more important in defining situations t t may

respond to a chanse in snow cover duration and the

distinction between environments with a vegetation
cover and those without one is especially clear when

limiting values of 51 are considered This is im

portant since a reduction in the vegetation cover

will normally lead to an increase in soil erosion and

BO the probabilities of areal changes from the C D

and F environments to the A and B environments will

be considered here Since the E and H environments

are represented by only a few plots in this study
they will not be considered further This is partic
ularly unfortunate since the Group E situation

appears to be intermediate between those of A and D

in terms of both environmental characteristics Table
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Table 13 Plot group erosion rates

Plot Snow DJration Area 1 1
E

1
E

yr
1

Group N Mean ew yr e 2
yr

A 20 89 49 0 8 9 77 6 31 0 025

B 20 106 24 1 2 2 27 1 06 0 093

c 7 37 35 9 2 1 09 0 76 0 031

16 66 25 18 3 1 10 1 52 0 033

E 2 35 21 9 5 17 30 1 98 0 012

F 8 72 10 0 8 0 87 1 24 0 031

C 8 72 51 9 8 1 77 1 00 0 049

H 3 70 20 12 6 4 82 0 75 0 022

Plot groups are identified in Table 5

Snow duration is measured in days after March 31 and reters 0 1971

Values for surficial erosion E1 and mass wasting E2 are geometric means for bedro k weathering
E3 are arithmetic means

Area is the mean of the two study basins Other important environments in the two bas s are

Exposed bedrock 38 5 Wet Meadow Swamp 1 9 Lakes 5 4

5 and erosional responses Table 13

June 30 1971 is taken to be a critical value of 81This is defined in Caine 1974 as the threshold
at which long term changes in the snow cover dura
tion of more than a day can be expected from a 15
increase in snowfall If this delay in snow melt
is then assumed sufficient to cause normally vegeta
ted sites to take on the bare soil characteristics
of the A and n environments increases in erosion
due to this change can be predicted With removal
of the vegetation cover at a point the change in
erosion rate is vety great e g from the mean e

rosion rate of environment D to that of A Table
14 However even with the early threshold of June
30 the areaB involved in such changes are very
small they occur only at the limits of the C D and
F distributions in Figure 6 Since only 0 36 of
the total alpne area is involved the overall im

pact is of an increase at only 2 3 in El and 1 5
in EZ This is approximately the same as the total
within environment effect 1 7 increase defined
earlier

In eneral there is nO reason to expect major in
creases O decreases in the erosional activity of
slow cting geomorphic processes following a 15
increase in snowfall In fact this study suggests
that the alpine system is capable of attenuating
any such effects in tile cases examined the predict
ed changes in erosion are less than those in the
snowfall required to ptoduce them This may not be

I

I

I

I

I

I

I

I

I

I

true of increases of more tha 40 in snowfall how
ever

I

SnoW avalancpea That an inc ase in the winter snow

fall should lead to an increas n the work of sedi
ment transport by avalanches s elUS intuitively obvious
It is not however corroborat d by this study obser
vation does not define a simpl relationship between
snowfall and the work done by valanches on an annual
basis Avalanche activity is at a simple function
of he volume of winter snowfa 1 and the further re

lat on between avalanche activ ty and geomorphic ef

fect is also not simple Inst ad it 1s particularly
influenced by surface conditio s in the area across

which each avalanche moves S ring wet snow avalanches
have been the subject of most t dy on avalanche

5 2 4 2 Episodic processes

As with the quasi continuous
impact on the less frequently
be defined to include changes
area of activity of each proc
will not however be used he
of estimates of the areas inv
levels In fact the predict
sodic processes 1s made diffi
of quantitative estimates of

relationships involved It

qualitative treatment snd man

75
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rocesses two types of

acting processes could

in the intensity and

ss set The dis tinction
because of the lack

lved and their activity
n of changes 1n epi
lt by the general lack

e snowpack erosion

e efore requires a

simplifying assumptions
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Figure 6 Snow cover du
ration by plot groups

The curves are the normal

distributions for the mean

and standard deviation of
the melt dates of each

group of plots in 1971
Solid lines show vegeta
tion covered plots and
broken ones plot groups
with little vegetation
cover

Figure 7 Intra seasonal

mudflow probability

Defined for a summer sea

son of 105 days from June

17 to September 30 with a

normal probability of

0 045 Applicable to

areas of from 1 km2 to 4

km2 only
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Table 14 Erosion intensity area responses

Plot June 30 Area Changed Intens ty Chan e

Group Aree Equivalent Probe affected to Group El E2

C 9 2 Hean2 43 0 0075 0 069 B 2 08 1 39

D 18 3 2 24 0 0125 0 229 A 8 88 4 15

E 0 5 4 1H 0 0 0 0 A

F 0 8 5 0 0 0 0 0 A t

H 12 6 2 6 0 0047 0 059 A 2 03 8 41

Total 41 4 0 357 1 023 1 015

Plot groups are defined in Table 5

Ar a is the mean for the two study baatne

The June 30 threshold is defined in terms of tbe sample distribution for each plot Bto p

Probability is the proportion of t e normal curve for each p ot group lying beyond the June 30 threshold

Area affected is the product of the area in the plot group and the probability it rep esents the pro

portion of the total area in the two basins affected

Changes in erosional inten i y are estimated from the differences in the mean values 0 Table 13 for

the plot group concerned and for plot groups A or B The total change 1s weighte by the area

affected in each group aQd expresspd a8 the proportion after before WOSA

ffects Caine 1968 Luckman 1971 but even for them

the relationship between avalanche and eroaion remains

unclear No good basis for quantitative prediction
1s yet available for any class of avalanche

A qualitative approach which ignorea the problem of

predicting from cause to effect offers the best e

valuation that can be made here It is only appli
cable to the field area in the San Juan Mountains and

cannot be confidently extended beyond that Table 11

allocates a low significance to avalanches as geomor

phic agents and this would not be greatly increased

in relative terms were the effect to double in re

sponse to a 15 increase in snowfall Even if it were

increased by an order of magnitude the total would

only approach that of other process sets under normal
conditions The latter of these is extreaely un

likely and the former improbable 80 it seems safe
to suggest only slight increases in general erosion

levels from changes 1n avalanche activity due to a

15 or even a 30 increase in snowfall This gen
eral conclusion is supported by the low proportion
of the alpinp area influenced by avalanches under

0 05 Andrews 1974

Rockfall For rockfall too no satisfactory basIs

for prediction haa been defined by this or earlier

studies Since there 1s no good theoretical or

pirical reason to expect a relationship between the

Roowpack and rockfall intensity or timing this 1s

not too serious The observational record suggests
that this 1s largely a Bummer phenomenon and is not

usually influencpd by melting snow It is reasonable

to Busgest that an increase

to 50 will have little infl

ef ect

n winter snowfall of up
enee on its general

Mudflows Mudflow activity
water to the waste mantle in

The influence of WOSA oa thi
either alone or in conjuncti
there is no evidence that sn

portant to mud flow initiati

ains it will be ignored in

snow influence The whole 0

tr ated a if it were due sO

although the result is an ov

fect of WOSA The further
teriel constraints on mudfl
be omitted from this analysi
city

equires the input of

potential failure zones

involve8JllQi melt

n with rainfall Since

melt by itself is im

iu the San Juan Mount

avor of the rain on

this influence will be

ely to the snowpack
restimation of the ef

mplications due to ma

s occurrence will also

for the sake of simpli

An impact evaluation can be ade through the estimated

probability of the taveraget mudflow ignoring ques

tiGns of a magnitude frequ ncy interaction and the

predictions of snow melt del y due to a 15 increaae

in snowfall from Caine 1974 From the 22 year

recurrence interval of Sharp 1974 the annual mud

flow probability in a 1 km2 lpine area of the San

Juan Mountains is estimated s 0 045 Assuming it

to be the same for both rain all induced and rain on

snow mudflows allows this 8S imate to be defined as

the joint probability of rai fall on melting snow

sufficient to give mud flow a tivity i e Prs r

0 045 Two further assumpt ons allow this probability
to be partitioned through th summer period as in

77
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I Figure 7 These are a that all mudflows occur dur

ing the summer i e Prs Pr 0 0 for the period
October 1 June 16 and b that the probability
of ratn an snow mudflows declines in linear fashion
to 0 0 during the sommer In view of the observa
tional record the first of these is probably rea

sonable but the second ay be an oversimplification
It is intended to tske account of changes in snow

melt rates and snow cover areas for which it suf

fices as a first approximation It does not allow

for changes in precipitation intensity probabilities
during the seaeoo The record from the Williams

Lakes basin and the Eldorado Lake basin shows that
storm totals are generally higher 1n late summer and
fall than earlier in the summer mean of 1 17 cm in

September compared to 0 33 cm in June August
altbou h intensities remain about the same LO 13

0 20 cm hr l This suggests a higher probability
of mudflows in the latter part of the season which

is supported by the two observed occurrences in late

August and early September

I

I

I

I

I With a longer lasting snow cover on any site the

probability of its conjunction with a critical rain

fall amount or intensity sho ld be increased This

effect has been estimated in Figure 7 by sRifting
the normal curve to the right by the delay in snow

melt predicted for a 15 increase 1n snowfall The

resulting change in probability levels increases

as the season progresses the wedge shape is largely
produced by the snow edi8tribution model Caine

1974 but is also influenced by the assumption of

Prs 0 0 at September 30

For present purposes the total change is probably
more important than changes within the season and

is estimated by the integration of the area between

the two curves of Figure 7 It represents a in

crease in the annual probability of mudflows in a

1 km2 area from 0 045 to 0 056 which corresponds
to a reduction in th recurrence interval to 18

years from 22 years n this scale or from 65 years
to 53 years on a site scale

I

I

I

I

I
By extension this a alysis 8e t an increase of
about 25 in the geomorphic work performed by mud

flows that are produced by rain on snow i e one

of the greatest impacts predicted by this study
For this reason the assumptions on which it is

based deserve critic6l evaluation The errors in the
estimation of mudflo probabilities snd the as

sumptions required by the snow redistribution model
have been examined elsewhere Caine 1974 Sharpe
1974 but three furtber qualifications to the analysis
are needed 1 The analysis does not apply to

all the geomorphic wark done by mudflows in the San
Juan fuuntains In particular the probability of
mudflows for which r8infall is the only source of
water e g those in the Williams Lakes basin in
1970 would remain unchanged The proportion of
mudflows which fall into this claGs rather than
the rain on snow class is unknown but the obser
vation of Sharpe 1974 that 15 of 32 mudflow sttes
were associated with snow until well into the summer

of 1973 can be used as an approximation to it The

approximation is supported by the fact that both
classes of roudflow are represented in the two mud
flows which occurred in the study areas between 1970
and 1973 Thus the change in total mudflow work

will be less than half of that suggested earlier

I

I

I

I

I

I

I

a 12 increase rather than a 25 otte

2 The predicted reduction in wudflow recurrence

interval is within two standtlrd errors of the mean

This may be interpreted as s wing a non significant
difference from the mean but is probably more impor
tant in suggesting that the testing of before and
after effects would require long period of study
even if tpe predictions made here proved good A

change in mudflow activity of less than 25 would re

quire an even longer per od

3 The effect of other site constraints particular
ly those involving soil char cteristics will pro
bably be to further lower prdicted effects If as

Sharpe 1974 suggests the tock weathering rate is
a basic con8traint to mudflo activity there may be
no increase in the work done by mudflows following a

snowfall increase It has nat been possible to e

valuate this possibility here Since it has already
been shown that an increased snowfall should give
so increase in bedrock weathering rates this may
not be a serious lacuna

5 2 5 Conclusion

This work supports the conclu ions drawn from earlier

reports that a 15 increase in snowfall should not

greatly influence contemporary geomorphic processes

Empirical observations regre siQn analysis and the

comparison of winter and summer erosion rates all
comb ine to suggest that the winter snowpack is not

of general primary importance in accounting for
erosional differences within the area above tree line
in the San Juan Mountains Contrasts in erosion
rates between this area and toat below tree line have
not been onsidered here and could be very different
Instead the snowpack seems to work at a secondary
level below that of the soil strength and topographic
controls of stress and strain This secondary im

portance is predicatad on the indirect nature of mauy
of the links between the snowpack and erosion which

also makes an evaluation of tbe potential impact of

an increase in snowfall difficult The erosional
effects and changes in them are largely made through
a chain of soil and vesetation characteristics rather

than by the direct action of the snowpack itself or

meltwater derived from it

On a regional scale a relati e insignificance suggests
that the impact of an increase in snowfall on alpine
erosion should be slight Because of the indirect
nature of the effect however it will be confounded
with the influence of other controls and may require
a considerable time to become evident In general
an attenuation of effects as by negative feedback
is likely in most alpine situations so that an in
crease in snowfall will be accompanied by a proportion
ately lower increase in erosion rates The most im

portant exception to this is found where the effect
of wind redistribution leads to a concentration of the

added snow in drifts Such an amplification of im

pact influences only a small part of the whole alpine
area less than 10

For the geomorphic processes considered in the study
separate predictions for a 15 increase in snowfall
are summarized in Table 15 The most significant im

pact is likely through an increase in solute removal

by the increased runoff and in mudflow activity es

pecially that associated with snowdrift situations
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Work continues to refine these two estimates but will

probably not change them greatly Observations of
bedrock weathering are also continuing if for no

other reason than to explain the discrepancy betw en

this process and that of solute transport in Tabl

15 Geomorphic effects other than those involviq8 c

the stream runoff and mudflows are likely to be SfI
J

slight as to remain undetected by observational

methods presently in general use

Even the total impact is small for areas of the

size considered and is practically negligible w n

compared to other forms of man induced erosion

These commonly involve increases in erosion by
orders of magnitude overwhelming the natural

variability In contrast the total predicted
effect of Table 15 will probably be masked by
normal variations in alpine erosion rates It

is therefore unlikely that the impact of a 15

increase in snowfall could be detected by clasB1 al
before and after or paired basin experiments e qGit
over a very long time period The best hope for

verifying the predictions made in this paper prob
ably lies in testing of the relationships and

assumptions from which they are derived rather
than in the empirical monitoring of alpine erosion

rates

Table 15 The geomorphic effects of a 15 increase

in snowfall

Surficial Erosion 1 15 2 30 3 45

Mass Wasting 0 55 1 50 2 05

Bedrock Weathering 0 67 0 83
2

1 50

Solute transport 12 to 35

Avalanches3 0 05 0 0 0 05

Rockfall 0 0 0 0 0 0

Mudflows 11 66 0 0 11 66

Total 30 71

1
2 2

The changes are estimated for 1 km to 4 km

areas of the alpine from the worst actual cases

2 Only the change from Group C to Group B environ

ments has been used in estimating indirect bed

rock weathering effects

3 Avalanche effects are predicted from an assumed

200 increase in the work performed by avalanches
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5 3 PREDICTING SOME EFFECTS OF WEATHER MODIFICATION ON ALPINE VEGETATION P J Webb r J C Emerick
and Page Spencer

I
5 3 1 Pr01ect desiRn

Previous reports have described and discussed the

objectives and approach used in this study Webber

and Bock 1970 Webber 1971 Webber et al 1973

nevertheless a brief reiteration and updating is

appropriate The overall objective is to predict
the effects of weather modification resulting from

winter cloud seeding on the alpine vegetation in the

San Juan Mountains of southwestern Colorado Our

field studies are concentrated at two locations with

in the seeded target area One site is an area of

high alpine tundra on acid granitic rocks surround

ing Eldorado Lake and the other site is an area of

low alpine tundra and subalpine vegetation on basic

volcanic rocks surrounding Williams Lakes and Trout

Lake The project has several tasks to make a

floristic survey of each of the two field locations

as a baseline prior to weather modification to

construct phytocoenological models of the vege

tation in these basins which will predict plant com

munity changes resulting from increased snowfall

to experiment with snow fences and to c nstruct a

process model of primary production which will simu

late the impact of increased snowp ck to determine
the representativeness of the two basins in terms

of the entire target area to document all the methods

used to monitor or predict the effects of weather

modification and to make recommendations with re

gard to futuie research on the assessment of the

effects of weather modification In this Interim

Progress Report only two of these tasks will be

discussed in detail complete documentation of the

entire project will be forthcoming in the final San

Juan Ecology Project report These are the phytoco
enological studies and the snow fence experiments
which are the largest tasks and are also based on

the same important initial assumption The assump

tion is that it will be impossible to detect vege
tation changes in the short time span of this study
especially at the anticipated 15 increase of snow

fall from wiqter cloud seeding Therefore in the

phytocoenological study an analysis of the long
standing vegetation patterns in relation to complex
snow gradients is used as the basis of a predictive
model and in the snow fence experiments the approach
is to greatly increase snowpack to determine the

changes in vegetation processes and performance

5 3 2 PhytocoenoloRY and ordination studies

The following is an abstract from a Master of Arts

dissertation which will be submitted to the Graduate

School of the University of Colorado Spencer 1975

This abstract outlines an important part of these

studies all of which will appear in the final

report

Possible Effects of Winter Weather Modification

on Alpine Plant Communities in the San Juan

Mountains Colorado

Abstract

In 1970 the Bureau of Reclamation initiated a

pilot project of winter weather modification

by cloud seeding in the San Juan Mountains of

Eldorado Lake and Willia s Trout Lake basins

were selected as study a tea Over fifty 1 x 10 m

plots distributed along a gradient of snow

melt out date were esta lished in each basin

These were sampled for s ecies presence and
cover and selected envi onmental parameters re

lating to snow and soil haracteristics The

vegetation data were ana yzed using the Bray and
Curtis ordination techni ues Clusters of en

vironmental factors or it terdependent complexes
which correlated at the 0 1 level of sig
nificance to the axes of the ordination were

identified In the Eldo ado Lake the first

ordination axis was corr lated with a complex
site moisture gradient he second axis with a

soil particle size and s ability gradient and

the third axis with a co plex gradient of snow

related factors In the Williams Trout lakes
area the axes correspond respectively to a

snow water complex a so 1 particle size and

stability snow complex nd an as yet undefined

enviroqmental complex

For each sampled plot th changes in snow and

water regimes which migh result from an increase

in snowfall were estimat d These evaluations

were used to define pred cted plot position
changes within the veget tional continuum The

result suggests the magn tude and direction of

changes which might occu as a result of winter

weather modification P rmanent snowbeds may

result from increased sn wfall with the resultant

loss of the vegetation u der them If the species
in these snowbank areas re unable to invade new

areas they will be elim nated from the local

flora

southwestern Colorado
was conducted from May 1
assess the effects of in

composition of alpine pI
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snowbeds Such species with narrow tolerance ranges

are perhaps the first candidates for decline in

response to a change in the snow regime The effect

of such declines can be debated in terms f loss of

vegetation productivity increased erosion and per

haps even the 108s of a species from the local

flora However these discussions remain speculative
because we do not know how resilient to damage the

species really are In order to answer this ques

tion a study involving reciprocal transplanting of

wide and narrow ranging alpine species is now in its

third year on Niwot Ridge in the Colorado Front

Range Six species have been reciprocally trans

planted from and between six major habitat types

ranging along gradients of snow moisture and

stability Adequate controls have been established

for the transplant procedure and detailed environ

mental measurements have been maintained at each trans

plant site The growth and reproductive patterns
of plants are being followed to assess the resili

ency of each species to environmental change The

results of these experiments are currently being
analyzed these and their significance will appear

in the final report

5 3 3 Snow fence experiments Primary production
modeling

5 3 3 1 The function of primary production in the

eco ystem

All animal life depends on the ability of green

plants to fix the sun s energy This primary pro

duction becomes the food for consumer organisms
e g sheep and coyotes and is also important in

controlling geomorphic processes soil development
and the hydrological cycle Thus any changes of

plant growth brought about by environmental change
will have some impact on the entire ecosystem

5 3 3 2 Anticipated effects of snow fences on

production

Snow cover greatly influences growth and develop
ment of tundra vegetation and changes in distri

bution or size of snowdrifts may affect the resi

dent plant communities in many ways Generally
winter snow distribution influences the onset and

length of the growing season and the moisture and

temperature regimes of the soil particularly at

the beginning of the growing season Late lying
snowbanks may either directly or indirectly affect

the canopy microclimate

While some species are able to begin growth when

still under snow cover the majority of the plants
must wait until snow release occurs Therefore the

growing season may begin several weeks sooner on

sites blown free of snow than on snow accumulation

sites In some circumstances unusually high amounts

of snow accumulation may be expected to seriously
shorten the length of growing season This could

influence the reproductive success of the vegetation
see Bock and Reid Section 5 4 and also affect

seasonal production Plant response to a shortened

growing season may not be restricted to or mani

fested by a decrease in aboveground production
Be10wground reserves in carbohydrates or other nutri

ents may be depleted such reserves are very impor

tant in the ability of tundra vegetation to success

fully reproduce 9r withstand poor growing conditions

MOoney and Billings 1960

Snowdrifts may contribute considerable amounts of
meltwater to the soil Some of this moisture may be
added by early storms in late autumn when new snow

often melts quickly before the soil has become frozen

However most of the meltwater enters the soil during
the spring thaw and depending on the drainage
characteristics of the site this moisture may be
available to the plants for several wee s Since

water is an effective heat sink soils initially
saturated with cold meltwater may maintain lower soil

temperatures much longer than on drier sites

Soil moisture has a direct influence on the internal

water status of plants Low levels of soil moisture
result in increased leaf and stem water deficits

which in turn may impair transpiration and net

C02 assimilation Janes 1973 This partially re

sults from stomatal closure due to increased water

stress and simple dehydration of the photosynthetic
system both contributing to a reduced C02 supply
Slatyer 1967 In addition water stress in the

root systems may inhibit translocation of ions and

metabolites and root development and may check

synthesis of soluble nitrogen and phosphorus into

more highly organized compounds needed for growth
Slatyer 1973

Aston 1973 has shown that under certain climatic

conditions leaf water deficits can occur even when

the roots are adequately supplied with moisture

Low soil temperatures can induce water stress in

plants by decreasing root permeability and metabolism

this may reduce the rate of photosynthesis trans

piration and translocation of nutrients Growth

may be decreased without reduction in photosynthesis
when leaf and stem water content becomes too low

for sufficient turgor for all expansion Anderson

and McNaughton 1973 Tieszen et al 1975 have

hypothesized that one of the mos important limita

tions to growth and production in tundras is caused

by effects of low temperatures on growth and allo

cation process rather than on the photosynthetic
process

Soil temperature also affects the net radiation pro
file within the plant canopy inasmuch as the upward
infrared emittance is directly related to ground sur

face temperature The greatest effect of the infra

red component would be during the night when global
solar radiation reaches zero On the other hand

albedo from nearby snowdrifts could contribute sub

stantially to the daytime radiation totals in the

canopy The drifts could also produce local depres
sion in air temperature near the ground surface

particularly in sites shielded from the wind Sur

face meltwater and evaporation from prostrate and

standing dead vegetation will affect relative humidity
in the plant canopy and this as well as wind and

radiation will influence evaporative demand on leaf

water content Net radiation wind and vapor den

sity all affect plant temperatures and thus are con

trolling influences on respiration photosynthesis
and other plant processes
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5 3 3 3 Methods

Site selection and plot description

Snow fences were installed on six intensive study
sites in each basin the selection and description
of these sites is described by Webber 1971 An

experimental and a control plot were located on

each site in an area of relatively homogeneous
vegetation Each plot is 1 x 10 m and is perma
nently delineated by steel stakes The long axis
of each plot is oriented approximately normal to

the prevailing wind direction In most cases the
snow fences are located 5 m to windward and parallel
to the experimental plot Webber et al 1973
The fences a e removed each springand reinstalled
in the fall to minimtze summer wind shielding effects
on the experimental plot

The relative effectiveness of each fence is docu
mented in the 1973 Interim Progress Report Webber
et al 1973 and will not be discussed here In

general fences on ind swept sites were more effec
tive in creating snowdrifts whereas those located
in areas of snow accumulation did not augment snow

depths over normal levels Details of snow fence

design are also found in the 1973 report

Primary production research was concentrated on two

sites in each basin although phenological changes
were monitored on the remaining sites Bock and Reid

Section 5 4 While it was undesirable to discard
sites in the production study manpower limitations
made it impossible to sample adequately all original
intensive study areas Sites removed from consider
ation were those with ineffective snow fences or in
areas where vegetation was sparse e g talus

slopes A Geum slope and Kobresia meadow were

studied in each basin this choice facilitated
between basiQ comparisons since the respective plant
communities are similar These two community types
are also characteristic of a large part of the
tundra in the San Juan Mountains

The Kobresia sites are dominated by short grasses
and sedges chiefly Kobresia myosuroides ViII

Fiori et Paol and Festuc brachvphvlla Schultes
and short herbs such as Bistorta vivipara L

S Gray Geum rossii k Br Ser and Oreoxis

bakeri C and R The site in Eldorado basin is
better drained and is more poorly vegetated than
the Williams site Both sites are exposed to high
winds and are normally blown free of snow during
winter

The Geum sites are characterized by a predominance
of low herbs mainly Geum rossii and Bistorta

bistortoides Pursh small The Eldorado site

usually receives more winter snow cover than the

Williams site and is not 8S well drained Soil

characteristics very considerably between sites and
this information is summarized in Table 1 Much of

the variation between soils can be attributed to

differences in parent material the soils in
Williams Basin are derived principally from volcanic
rocks while the Eldorado soils are developing on

quartzites and biotite schist

I

Canopy description and bio ss estimates
I

Leaf area index LAI ratio f leaf surface area

to ground surface area prof les and leaf angle LA

profiles are two important c nopy descriptors
These were measured using an inclined point quadrat
technique Webber et al 19 3 This technique
modified from Warren Wllson 1959 is nondestructive
so the same plots may be sam led repeatedly through
the growing season Therefo e LAl distribution

may be monitored as the cano y develops During the
1913 season LAI was estimat d every two weeks

Clip harvesting on each plot during peak season pro
vided estimates of dry matte production Five

1 x 10 cm strips were clippe in each plot and the

samples then sorted into 1 live 2 standing and

attached dead and 3 litte fractions and oven

dried at 1050e While LAI h s been used to estimate

standing crop in the past W bber et al 1973

clipped samples provide inde endent standing crop
estimates which also serve a validation points for

production modeling

Weekly phen logical measurem nts were recorded for
Geum rossii plants to assess delays in the beginning
of growth between experiment 1 and control plots
This was necessary because 0 occasional logistic
problems in making spring ob ervations in the remote

study areas while considerab e amounts of snow were

still present Fifty plants were marked on each

plot and total plant height length of the longest
leaf and the number of leav s and inflorescences
were recorded

Plant canopy structure has a

mary production the spatia
greatly affects light interc
l af temperatures plant wat

factors important to the pho
MOnteith 1965 Baker and

Cooper 1967 Pearce et al
1968 and others Th1sStu
for canopy description for t

aboveground plant response t

may be more subtle than can

crop clip harvests alone S

canopy architecture is neces

objective

All vegetation sampled in 19
was classified according to

cation procedure has since b

plants according to their Ii

plified interpretation of th

comparisons between basins
are presented in Table 2 and

fication used by Wielgolaski
comparison or tundra vegetat

Abiotic measurements

A meteorological station is

is equipped with a recording
graph actinograph and tota

instruments provide basic me

general ecological and geomo
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I Table 1 Analysis of the upper 10 em of soil on the Geum and Kobresia sites

Sites Mechanical Analysis Available Organic

64 0 4 0 nun 4 0 2 0 nun 2 0 nun Water Matter pH

Eldorado Lake Basin

Geum site

perimental plot 29 8 7 3 62 9 10 0 13 4 4 6

Control plot 22 8 7 3 69 9 10 8 11 9 4 5

Kobresia site

Experimental plot 22 2 13 1 64 7 16 9 10 5 5 2

Control plot 16 8 6 9 76 3 12 4 16 2 5 4

Williams Lake Basin

Geum site

perimental plot 48 8 14 8 36 4 7 5 14 7 5 4

Control plot 31 4 19 8 48 8 6 1 7 5 5 9

Kobresia site

Experimental plot 30 1 15 5 54 4 11 4 16 8 6 0

Control plot 14 6 17 1 68 3 10 4 13 7 6 2

I

I

I

I

I

I

Mechanical analysis was done by sieving the samples units expressed are percentages of the total air

dried sample weight Available water was calculated as the difference in moisture retention percent of

oven dried sample weight between l bar and 15 bars moisture potentials as measured with a pressure

membrane apparatus Organic matter content was determined from weight loss of the sample on ignition at

550QC and is expressed as a percentage of the oven dried lD50C sample weight pH was measured with a

calomel electrode All analyses were performed in the INSTAAR sedimentology laboratory

I

II
Table 2 Lifeform classification used in the alpine primary production

study from Wie1go1aski and Webber 1973

Life form CaGe Example

81 Salix niva1is

82 arctica

83 8 planifo1ia
84 8 p1anifo1ia

MT Deschampsia caespitosa

M8 Carex scopulorum
MB Zygadenus elegans

DC Silene acaulis

DM Trifolium nanum

DA Saxifraga rhomboidea

DU Geum rossii

DE Castilleja occidentalis

BM Polytrichum piliferum

LI Rhizocarpon geographicum

I Shrub

3 em

3 10 em

10 30 em

3D em

I Monocotyledon
Caespitose narrow leaved

Single narrow leaved

Broad leavedI
Dicotyledon

Cushion plants
Mat plants
Appressed rosettes

Upright rosettes

Erect plants

I

I Bryophytes

Lichens

I

I

I 84

I
ii



Canopy and soil temperatures are measured on each

plot with a multichannel temperature recorder using
thermistors as remote sensing elements Emerick

1971 One canopy probe variable height and three

soil probes 1 10 and 30 cm depth were im

planted on each plot and were automatically read

every two hours by the recorder

Weekly soil moisture samples were collected from

each plot and analyzed for gravimetric moisture

content ratio of weight of water to the weight of

oven dried soil These measurements were later

converted to soil moisture potentials expressed
in bars using moisture release curves constructed
from water retention data on representative soil

samples These data were obtained by pressure mem

brane determinations according to Richards 1949

MOisture potential measurements are more meaningful
than gravimetric data in the investigation of

plant water relationships and are also required for

modeling purposes

Modeling

Plants respond to a complex of interacting environ

mental factors and as such it is often difficult

to judge in the field specific ca 8es for spatial
or temporal changes in the vegetation canopy For

example the addition of cold meltwater to the soil

may either augment or retard growth depending on

the water status of the plants or their tolerance

to low soil temperatures Also canopy structure

may differ between two similar communities however

it does not necessarily follow that there will be a

difference in canopy photosynthesis Because of

these and similar considerations a modeling

approach was used to assess the effects of snow

modified environmental factors on plant processes

The model used in this study is a mechanistic

process model developed by P C Miller at San Diego
State University and has been extensively modified

and refined for application in tundra ecosystems

through International Biological Programme tBP

Tundra Biome research Because it has been

thoroughly described by Miller 1972 1973 and

Miller and Tieszen 1972 a detailed description of

the model will not be presented here The model is

based on mean energy budgets for sunlit and shaded

leaves at different levels in the canopy and cal

culates hourly and daily profiles for transpiration
respiration and net photosynthesis In the present

study the production model has been linked to the

Waggoner and Reifsnyder plant canopy environment

model Waggoner and Reifsnyder 1968 Waggoner et

al 1969 The Waggoner and Reifsnyder model

provides temperature radiation and vapor density
profiles to the production model Table 3 sum

marizes the input and output variables for the com

bined models

The seasonal course of primary production for a

Kobresia meadow was simulated using 1973 data from
Eldorado Lake Basin These data consisted of air

and soil temperatures soil moisture relative

humidity LA and LA profiles and global solar

radiation Other required information such as

infrared emittance from the sky and solar diffuse

radiation were estimated from 1973 data from Niwot

Release dates of the experime tal plots lagged
those recorded for the contro plots by at least two

weeks on the Kobresia sites able 4 The lags were

shorter on the Geum sites b ween plot differences
in snow depths aIS were less Prior to 1973 snow

release already had occurred n all sites before
the first field observers re hed the basins

usually in early June Th alpine areas received
more snowfall and less wind ring 1973 data from
Red MOuntain Pass Ives et a 1972 1973 than was

recorded in 1972 and snoWme occurred much later
The relatively high amounts snow on the contra

plots of the Kobresia sites i 1973 were attributed
to low winds and little snow edistribution

Leaf area distribution in 197 did not differ

materially between plots in ether of the Geum sites

although Eldorado data from a 1 plots werecharacter
ized by high variability owin to poor canopy develop
ment during this year Diffe ences in leaf area

distribution were apparent be ween plots in both

Kobresia sites during late J e and early July Most

of the leaf area was confine to the lower 3 em of

the canopy on the experimenta plots The contrast

in canopy development can be een in Figure 3 which

illustrates the distribution f two life forms on the

Williams Kobresia plots By he end of July distri

bution of leaf area was eBsen ially the same between

experimental and control plot at all sites

Ridge Colorado Front Range
information on plant water r

work done by Ehleringer 197

input values were provided b

comm 1974 from model vali

Ridge in 1972

5 3 3 4 Results

There is little evidence that

remained depressed for more

drift on the experimental plo
between plot differences in

tures were observed on the E

Figure 1 where differences
were more than 30e for the fi

snow release Thereafter t

temperatures on both plots w

temperatures under the snowp
OOC Upon snow release soil

rising rapidly during the fir

Soil moisture data from 1973

enQes between the experiment
on both Eldorado Lake basin s

much greater on the Williams

the seasonal course of gravi
both plots on the Kobresia s1

The greatest between plot dif

on this site which is locate

area more poorly drained th

higher soil moisture values

first week after snow release

plots of both Eldorado sites

moisture on the control plots

The 1973 seasonal progressio
between plot difference on ei

As with leaf area distribut10

ferences between plots were
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Table 3 Summary of input and output variables for the Miller production
model

Input Variables

Physical parameters

Hourly values for

Total incoming solar radiation cal cm
2

min
I

Diffuse incoming solar radiation cal cm
2

min
I

Infrared emittance from the sky cal cm
2

min
I

Wind velocity above the canopy em see
I

Air temperatures above the canopy OC
3

Vapor density above the canopy g m

Ground surface temperature OC

Canopy descriptors
2 2

Leaf area index profile em1 f
em

dea graun
Leaf density profile mg fresh wt cml af

Leaf width profile em

Leaf angle profile degrees

Maximum and minimum leaf resistance min
1

em

Parameters defining the leaf resistance solar radiation and leaf

resistance leaf water deficit relations

Parameters defining the light photosynthesis relation

QlO and RO defining the respiration temperature relation

Extinction coefficient for wind

Output Variables

Hourly values for

Solar radiation profiles

Wind profiles

Vapor density profiles

Leaf resistance profiles

Leaf water deficit profiles

Leaf temperature profiles

Leaf radiation profiles

Transpiration respitation and net photosynthesis profiles

Daily values for

Transpiration

Respiration

Net photosynthesis profiles
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Table 4 Mean snow depths and 1973 snow release dates for the Ko

and intensive study sites Snow depth measurement
centimeters and except whete noted are averages of te
recorded over the 1 x 10 m plot

Williams Lakes

Kobresia Site

Experimental C trot

26 May 71 17 3 No a

14 Oct 71 62 5 No a

28 Mar 72 75 0 6 0

8 May 73 96 0 5 3
10 Jun 73 R
16 Jun 73 35 No a

21 Jun 73 R No a

16 Mar 71 24 8 8 1
14 Oct 71 40 No a

28 Mar 72 15 5 6 0
8 May 73 36 0 Tr ca

20 May 73 R
1 Jun 73 R No a

16 Mar 72 50 No a

26 Sapt 72 13 1 No a

24 Mar 73 1 m 23 4
5 Jun 73 Im R
8 Jun 73 Im No a

23 Jun 73 23 0 No a

27 Jun 73 R No a

29 Mar 74 57 8 No a

24 Mar 73 1 m 1 m

8 Jun 73 1 m 1 m

23 Jun 73 1 m 1 m

2 Ju 73 47 3 25 2
9 Jul 73 R

16 Ju1 73 R No a

29 Mar 74 90 7 31 5

GeUID Site

Eldorado Lake

Kobreaia Site

Geunt Site

R Snow release

Estimated depth of snow release date

sites Beginning season LAl was substantiall lower

on the experimental plot than on the control at the

Eldorado Kobresia site There was no lIcatch up of
the vegetation on the experimental plot with that on

the control as had been seen in 1973 A similar
trend appeared in the Williams Lake data however

on this Kobresia site some life forms eventually
attained comparable LAla on both plots Figures 4 5

illustrate the seasonal courses of LAl for two

selected life forms on both Kobresia and sites

Standing crop data generally reflect LAl between plot
differences at peak season However these dAta also
are characterized by high variability and few

statistically significant differences between plot
means were found Table 5 shows current year live

standing crop data for 1971
between plot means appear to

ferent in 1971 only two rep
each plot and sample standar
The number of replicates wer

1972 and 1973 Few between

significant except on the Wi

whare the 1972 standing crop

significantly different 95
1973 The 1973 standing crop

plot was also significantly
estimate

The seasonal course of net p

uptight rossette DU life fa

as calculated by the producti
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Figure 1 Soil temperature during the sunnner of 1973

at a depth of 10 on the e erimental

and control plots of the Eldorado

Kobresia site Air temperatures at the

Eldorado meteorological station are also

shown
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Figure 2 Gravimetric soil moisture on the Williams

Lakes Kobresia site during 1973 The

moisture retention percentage at 15 bars

is 33 on the experimental plot and 26

on the control plot

I

I
Figure 6 Maximum net photosynthesis rates occurred

during the beginning of July when net radiation and

soil moisture values were high Total amounts of

organic matter produced during the simulation period
for the DU life form were 41 7 g m 2 and 38 9 g m 2

for the control and experimental plots respectively

I

I

This amounts to 6 88 less production on the experi
mental plot The dry matter portion of the DU life
form amounts to approximately 50 of the standing
crop estimates given for the Eldorado Kobresia site
in Table 5 Using this percentage peak season

estimates of DU production from clipped samples
were 39 g m

2 and 37 2 g m 2 for the control and

experimental plots respectively amounting to

approximately 4 62 less production observed on the

experimental plot Observed and calculated seasonal

production values agree closely as do differences in

production between plots

5 3 3 5 Discussion

There has been some debate over the validity of the
snow fence approach in assessing the impact of in
creased snow cover on a wind blown tundra ecosystem
It has been argued that drifts caused by the fences
are an unrealistic experiment since any snowfall in
these areas would normally be removed by the wind
The snowy winter of 1973 was enlightening in this

respect much of the time snow cover of comparable
depth to fence generated drifts was widely distri

buted over these lsnow freell areas

Large amounts of the 1973 snowfall occurred as wet

spring snow which required relatively high or constant

wind for redistribution Similar situations might
be expected in the future if precipitation was sub

stantially augmented during spring storms In the

light of the 1973 snow record the snow fence

approach is believed to be realistic in terms of the

plant community types studied and the magnitude of

snowdrifts which are produced

Between plot differences in most measurements were

closely related to snow fence effectiveness that is

the ability of the fence to generate more snow cover

than would normally occur The most effective fences

were on the Kobresia meadows these are the sites

where the greatest contrasts in release dates soil

moisture and temperature and canopy development
were recorded Striking plant responses in these

locations are not unexpected since Kobresia

communities normally occupy drie sites while

Geum communities favor more mesic areas Therefore

the presence of a snowdrift and shortening of the

growing season represents a much greater disruption
of natural environmental conditions on the Kobresia

meadow

Local effects of snowdrifts on soil temperature and

moisture are limited Meltwater apparently drains

through the coarse textured soils rapidly as it is

released except for areas having poor drainage or

below large melting snowbanks As soon as snow

release occurs the soil temperatures rise rapidly
and stabilize at surrounding ground temperatures
within a few days A similar trend was observed by
Thorn 1974 on Niwot Ridge He also measured infra

red emittance from the ground near melting snowbanks

and observed that the banks did not materially influ

ence soil temperatures more than 2 m away even in

wet areas

The most influential snowrelated factor affecting
plant production on the San Juan sites appears to be

the date of snow release Later release dates reduce

or delay maximum canopy development and lower early

88
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Figure 3 Leaf area index LAI profiles for the two dominant life forms on the Will sma Lakes Kobreeia
site during the summer of 1973 The upright rosetted dicotyledon nU lif form is composed
mostly of Geum rossi and Oreoxls baker on this site while the caespieo8 monocotyledon MT

life form consists mainly of Kobresia mYosuroldes Dissimilarities in LAI distribution between
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Seasonal course of leaf area index LAl
for the upright rosetted dicotyledon
life form on selected sttes
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Figure 5 The seasonal course of leaf area index
LA for the caespitose monocotyledon

life form on the Eldorado Kobresia site

DATE

Figure 6 The seasonal course of net primary pro
duction on a Kobresia community as c l
culated by the model Biological input
data were taken from the Eldorado Kobresia
plot In this simulation the onset of
growth occurs on the same day for bPth
control and experimental plots but
the latter initially WaB given lower
LAl 50 higher soil moisture content

and lODe cooler soil temperatures
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Table S Current year live standing crop estimates for 1971 197 and

19 3 on the Kobresia and Geum plots Estimates are g
2

21l 1972 1973

Williams Lakes

Kobresia site

Experimental plot 316 7 198 8 213 8

Control plot 359 2 152 0 283 8

Geum site

Experimental plot 301 1 265 6 289 6

Control plot 196 4 229 2 261 0

Eldorado Lake

Kobresia site

Experimental plot 77 8 n 74 4

Control plot 61 1 n 78 0

Geum site

Experimental plot 390 9 n 200 6

Control plot 190 0 n 198 6

n No samples collected

Experimental and control sample means differ significantly at the

95 level

and 1973 means on the experimental plot of the Eldora 0

differ significantly at the 95 level

well and may be useful in

research in this area is c

that additional models of

uptake can be linked to th

near future

Note 1971

site

season light interception efficiency proportion of

total irradiance on green tissue of the foliage
Restricted canopy development has been shown to

strongly limit production in arctic tundra

Tieszen et al 1975

If the onset of the growing season is delayed until

late June the plants develop when solar radiation

is decreasi g While light is not considered

limiting in the alpine a concomitant decrease in

air and ground temperatures can lower production
rates Seasonal net production which includes

photosynthate translocated to underground reserves

will be reduced by the shortened growing season as

well as by decreased photosynthetic rates With

reduced replenishment of belowground carbohydrate
storage the natural resiliency of the vegetation
to sustain poor growing conditions in the future is

diminished and the ability to grow and flower soon

after snow release is curtailed

Many of the trends in canopy development observed in

1972 were not seen in 1973 The midseason catch up

of vegetation on the experimental plots was not as

pronounced in 1973 presumably due to the shortened

growing season and possibly due to increasing losses

in viability stemming from long term effects of the

snow fences

Agreement between model results and field obser

vations of seasonal production are quite close

However these results must be regarded as prelimi
nary indicating that the model apparently is workin

his type of study Further

ntinuing and it is hoped
ranslocation and nutrient

production model in the

The snow fences will be ma ntained as long as possible
although subject to change in the logistical frame

work of INSTAAR and compli nce by the U S Forest

Service administration A limited monitoring program

will continue and in this nner the long term

effects of the snowdrifts n plant production and

community patterns can be xamined

5 3 4 Snowfence exoerime ts Decomnosition studies

5 3 4 The function of ecomposition in the eco

system

All ecosystems are finite

quantities of matter and i

function their materials m

cycled The productivity
n the rates at which esse

cycled This is particula
ecosystems where nutrients

to plant growth Dadykin
change of rate in a matter

because of the holocoenoti

have drastic effects Nut

cal materials takes place
sition Decomposition is

of subprocesses for examp

they contain only limited

order for ecosystems to

st be continually re

f an ecosystem will depend
tial nutrients are re

ly critical in tundra

are frequently limiting
954 Any block or

or nutrient cycle may
nature of the ecosystem

ient release from biologi
y the process of de compo

he sum total of a number

e bacterial and fungal
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I decay digestion by sot invertebrates and chemical
and physical leaching

I 5 3 4 2 Anticipated effects of increased snow

cover on decomposition rates

I
Until recently and in fact since this study was

initiated there was only a sketchy understanding
of plant and soil decomposition processes Now there
are two edited collections of papers on decomposi
tion the second of which deals exclusively with
tundra Dickinson and Pugh 1974 and Holding et al
1974 However nearly all of these papers ignore
snow as a factor and we know of only two previous
papers which have discussed this Bleak 1970
Wood 1970 Two sets of factors control the de

composition of plant material so called external
factors such as temperature available moisture
and soil reaction and nutrient regime and internal

factors such as litter structure and chemical com

position

I

I

I The effects of increased snowpack on decomposition
rates in the lee of the snow fences 1s likely to

be readily measurable Increased snowf ll could
decrease decomposition by slowing microbial activity
with lower temperatures and less liquid water also
less water might also produce less leaching
However decomposition proceeds under snowbanks
Bleak 1970 and as water shortage is frequently

a limiting faccor to decay it is reasonable to

argue that the observed moisture increases resulting
from the snow fences will increase decomposition
The different geological and climatic character
istics of the Eldorado Lake area compared to the
Williams Lakes area sho ld also affect decomposition
rates The higher soil pH Heal and French 1974
and warmer temperatures illiams and Gray 1974
should provide higher rates at Williams Lakes than

at Eldorado Lake

I

I

I

I 5 3 4 3 Methods

I
Two standard litters of Geum rossi and Salix

planifolia were prepared picking large quantities
of green foliage and pressing and drying it between
clean herbarium blotters at 1050C Exactly 2 0 g
of standard litter were enclosed in fine nylon mesh
1 x 1 dm envelopes by sewing with nylon thread

Nylon does not decay and was used to keep the litter

separate from the soil natural litter and burrowing
invertebrates These decomposition specimens were

placed on each of the six control and six experi
mental snow fence plots in both alpine basins

Specimens were placed at each plot on a clipped arid
cleared surface and buried at a depth of 30 cm Both

species were installed and each experiment was

duplicated All specimens on a plot were adjacent
to one another The surface specimens were pinned
into place and protected from removal by animals
and high winds by a 10 cm high cage of galvanized
hardware cloth which had a 1 4 inch square mesh
The buried specimens were installed in soil pits
with the original soil and sod carefully replaced
The Williams Lakes specimens were installed in

August 1970 and the Eldorado Lake specimens in

August 1971 Enough packets were placed in the
Wi liams basin to allow removal after intervals of

one two and four years In the Eldorado basin only
one sampling after an interval of one year was

I

I

I

I

I

I

I

planned Duplicate envelopes of each species and
treatment were removed at each sampling period which was

was always in late summer or early autumn The

envelopes were cleared of surface debris opened
with scissors cleaned of any higher plant roots

and oven dried at 1050C Results are expressed
either as percentage oven dry weight remaining or

its compliment that is loss Careful notes were

taken of litter color and state of preservation
also samples were pooled and are currently being
analyzed for chemical composition these results
will appear at a later date

5 3 4 4 Results and discussion

Williams Lakes Basin

The largest weight losses in green litter occur in
the first year in the second year losses are

usually less than 20 of the first year losses and
in subsequent years losses decrease further Figure
7 Presumably soluble carbohydrate fractions
and minerals are readily degraded or removed in

the first year but the remaining fractions diSinte

grate or are degraded less easily There are

essentially no data in the literature to compare
with these large initial losses as few studies

have used green litter most studies have used
senesced foliage naturally fallen litter or pure
materials such as cellulose sheets The present
standard litter has a very large cold water soluble

fraction Geu 49 and Salix 32 on a dry weight
basis The first year weight loss approaches in

magnitude this readily soluble fraction However

decay rates in subsequent years are similar to many

published values Heal and French 1974 and are

similar to some for an alpine site in Norway The

classical decomposition curves follow a negative
exponential form Jenny et al 1949 In this

fashion the loss rate kYcan be expressed as

Log W Wt
k

e 0

t

where t is the duration of the decay period in

years and Wo and Wt are the weights at the start

and end of the decay period respectively If k

is calculated at the end of the three year period
following the large first year losses we find

these values Geum on surface k 0 142 Geum at

30 cm k 0 110 and Salix on surface k 0 019

and Salix at 40 cm k 0 052 These compare with

the Norwegian alpine values where k ranges from

0 385 in a Birch Forest to 0 031 in a Wet Meadow

Heal and French 1974

Geum decomposes more rapidly than Salix Figures 7

and 8 Geum is a herbaceous soft sensu Heal and

French 1974 material probably with lots of carbo

hydrates and weight losses equal to or exceeding
its weight of water soluble material occur rapidly
Whereas Salix is a hard material probably with a

high proportion of lignins and polypheno1s and

thus decays more slowly than Geum Similar trends

are seen in the literature Heal and French 1974

There is a strong correlation between the magnitude
of Geum and Salix losses with Geum losing about

tWiceas much weight over the four year period as

does Salix Figure 8 However belowground the
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The proaression of dry weight loss of

green foliage over a four year period
from early August 1970 in the Williams
Lakes basin The percentage weight loss
fro fine nylon mesh bags containing
en initial 2 00 g of oven dry green
litter from two species rossii
and Salix planifolia installed either
on the ground surface 0 em or buried
in the s011 30 em can be compared
Points are meana of 24 sampl s from a

total of six sites The horizontal
lines represent the mean weight of non

water soluble material in the initial

oven dry green foliage of each species

relationship does not hold in a statistically sig
nificant fashion Presumably the different decompo
sitional environments account for this The below

ground environment is more complex than that above

ground and thus there is a likelihood of greater
variations in decay rates Losses are greater in
the soil than on the surface and this is probably a

result of greater moisture availability This point
is confirmed by an analysis of decomposition rates
as a function of site moisture regime Figure 9
A clear relationship is seen of increasing decompo
sition with increasing site moisture for green
Geum litter on the surface Figure 9A When Geum

specimens are buried however the trend is dif
ferent and there is an indication that decay is in
hibited by increasing soil moisture possibly as a

result of a decreasingly aerobic environment Figure
98 The response of Salix is different from that
of Geum Both surface and belowground losses cor

relate positively with soil moisture and there is no

apparent anaerobic inhibition of decay at depth
with increasing moisture Figures C and D This
again demonstrates the complexity of the belowground
environment and that different litters do respond
differently in similar environments
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Eldorado Lake Basin

The first year surface loss s at Eldorado are identi
cal to those at Williams T ble 6 However there
is a trend of less decay at depth which supports
but does not prove the hyp thesis that the more

acid colder soils of the E dorado basin are less

decomposing than the more b sic warmer soils of

the Williams basin The ca se for such regional
d fferences is difficult to assess A very complete
set of decomposition rates ot the same standard

litters as were used here a d other more traditional

litters is now available fr m Niwot Ridge When

analyzed and compared with he present data these

data which are from 38 dif erent plots spaced
along several gradients ma give a better expla
nation of the causes of reg ona1 differences

Figure 8
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IA comparison of ates of decomposition
of green foliage of Geum and Sa1ix in
the Williams Lak s baBiii SurlaCe
samples are sho by open circles and
buried samples t 30 cm by dots
Surface samples f Geum lose weight about

twice as fast as surfSCe samples of Salix
but the same reI tionship is not shown

belowground Fo surface samples
r 0 57 N 3 for buried sample
r 0 01 N 3 and for all samples
r 0 47 N 7 For P 0 001

and d f 34 r 0 52 for d f 70
r 0 38
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MOISTURE REGIME

A comparison of the rate of decomposition of green foliage of Geum and Salix along a complex mois
ture gradient in the Williams Lakes basin Each point on the graP98 represents the mean percentage
dry weight loss from the initial ovendry sample of four samples two from the snow fence experiment
and two from the control at each site The Site Moisture Regime is a subjective scale for example
a value of 1 would be given to a dry exposed site and a value of 5 would be given to a site with

poor drainage and surface water Linear regression lines and r values of decomposition as a func
tion of site moisture are given for each period of decomposition for each species at each depth
location N 6 The symbols 0 and 1 represent losses after one year and 2 the losses
after two years and x and 4 the losses after four years The horizontal line on each graph
represents the mean weight loss of the original green litter after cold water extraction
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Basin G m olh

o em 30 pm o em 30 em

Williama Laku
1970 1971 49 0t 9 0 69 4 t 4 2 26 2 t 6 6 37 7 t 6

Kldorado Lako

1971 1972 48 1 t 14 9 58 6 t 10 7 25 2t 8 7 33 0 t 6

Sn w fence effects

At first glance the effects of the snow fences on

uecomposition rates 888m mixed Tables 7 and 8
However if we look only at surface losses and if

each plot with an ineffective snow fence is ignored
it becomes clear that snow fences do have a pronounced
positive effect on decomposition rates For examp1e
on the summit plot W5 see Table 7 at Williams basin
the control occasionally received more snow than the

experiment Webber et al 1973 In Eldorado basin

only plots 5 and 6 haveeffective snow fences and
there is a corresponding increase of decomposition
in their lee Table 8

The complexity and variability of the be1owground
decay environment is also shown in Tables 7 and 8
where the increased decomposition resulting from
snow fence effects is less be10wground than above
ground A reasonable interpretation of this is that
available moisture is the prime limiting factor to

decay on the surface and the increased snowpack keeps
the foliage wetter for a significantly longer time
whereas be10wground the litter has at least some

moisture all year SOrne sites show increased weight
losses where the snow fence was not recorded as

effective by Webber et a1 1973 For example the
wet Carex meadow W6 in Table 7 and the moist Salix
thicket E3 in Table 8 However the performance of
snow fences in early fall has not been assessed and
this could explain the results

No clear correlation can be seen between measured
increase in snow depth and decomposition losses The

length of time that the snowpack is isothermal and

melting and not the quantity of snow is likely to be
the controlling factor but we have no reliable
measurements of this Further evidence for this s

suggested by the absence of any clear trends from a

correlation analysis of site snow regime with decom

position rate Snow itself does not promote decom

position it is liquid water which is important for
matter removal by physical or biological agents The
more complete data from Niwot Ridge will be brought
to bear on this problem

No observations were made on how well the litter

envelope method represents natural decay The

envelope may stay wetter longer than natural litter
or it may repel water from the decaying material
Also this method does not provide a strict analog
for the decay of erect dead vegetation which is an

important component of the vegetation canopy Snow

may also compact erect dead material into the moister

I

I

I
microclimate on the ground urfaee

IChanges in plant productivi y as a result of increased
decomposition or nutrient r lease brought about by
increased snowpack would be difficult if not impossi
ble to measure Increased nutrient release might
increase production but if the nutrients are released
at snowbank margins before he growing season and
are removed from the site d ring run off production
might decline A process m del of the type used in

this study to simulate prim ry production combined
with a nutrient uptake mode might give some clues

concerning the long term ef ects Plant canopies
on the snow fence plots are ore open and do have less
erect dead material this i probably as a result of
increased decomposition is effect can be incor

porated into the existing p oduction model but no

satisfactory plant nutrient ode1 or soildecomposi
tion nutrient models exist t present

I

I

I

I5 3 5 Conclusions from th s Interim Pro ress Re ort

1 The indirect ordination studies indicate that
a change in site snow a d moisture patterns will

change the vegetation c position The magnitude
of this change will dep d on the change of snow

accumulation patterns d upon the resiliency of
the species in adapting to this change The
nature and extent of th s resiliency is being
investigated

2 Snow fences are useful simulating the impact
of increased snowfall This approach is consid
ered to be realistic in terms of naturally occuring
snow cover however sn fences are most suitable

on sites which do not n rma11y accumulate large
amounts of snow

3 The major influence of creased snow cover on the

plant community is to d lay onset of the growing
season This is most ident in Kobresia commun

ities which occupy dry normally snowfree sites
The effect is lessened Geum sites which

usually have moderate s owCOVer during the winter
and favor more mesic 10 tions

4 The local effects of in reased snowpack on soil

temperature and moistur are minimal except in

areas below large drift or having poor drainage
5 Increased snow cover in tia1ly decreases produc

tion by reducing leaf a ea index A catch up
of LAI on the experimen 1 plots to levels on

the control plots occur to some extent depending
on the community type owever total production
for the season is lower which may result in

substantial depletion 0 below ground storage
over a long term period This would seriously

I

I

I

I

I

I

1
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I Table 7 The effect of snowfences on the rate of dry weight loss of green foliage of Geum and Salix in
various plots in the Williams Lakes basin Values are differences or percentage of the
control situations

I

I

I

I

I

I

I

I

Litter type
location and

duration in field

Geum rossi

on surface 0 em

1970 1971

1970 1972

1970 1974

at depth 30 em

1970 1971

1970 1972

1970 1974

Salix planifolia

on surface 0 em

1970 1971

1970 1972

1970 1974

at depth 30 em

1970 1971

1970 1972
1970 1974

W1

5 9

15 2

5 2

1 6

5 3

10 4

30 3

6 7

31 8

28 0

1 8

20 1

w2

10 7

1 9

u 6

1 1

1 3

2 1

6 8

8 0

6 3

2 9

7 6

7 6

W3 W4

Plats8

29 9

24 2

25 4

0 9

10 6
2 0

52 4

18 6

15 1

9 0

7 2

0 2

3 2

16 7

1 0

0 7

5 8

6 9

1 9
22 9

16 2

25 5

25 2

2 5

W5

21 1

3 5

11 9

1 3

7 3

5 8

9 8

6 7

19 7

10 0

8 4
1 8

W6

28 3

4 4

4 6

9 3

12 3

1 1

16 0

28 6

13 3

5 4

0 5

0 6

a WI dry talus slope W2 moist Geum slope W3 moist Salix thicket

W4 dry Kobresia meadow W5 dry exposed summit W6 wet Carex meadow

Table 8 The effect of snowfences on the rate of dry weight loss of green foliage of Geum and Salix in

various plots in the Eldorado Lake basin Values are differences or a percentage of the
control situations

I

I

I

I

I

I

I

I

I

Litter type
location and

duration in field

Geum rossii

on surface 0 em

1971 1972

at depth 30 em

1971 1972

Salix planifolia

on surface 0 em

1971 1972

at depth 30 em

1971 1972

28 1

30 7

19 3

E1

20 9

10 9

38 5

1 3

E2

12 2

5 8

38 4

3 8 1 5

Plots8

E3 E4

12 9

5 8

29 3

12 5

58 4

21 4

45 0

E5 E6

25 2

26 2

1 4

2 4 53 9

a EI Dwarf Salix barren E2 wet Caltha meadow E3 moist Salix thicket

E4 moist Geum meadow ES dry talus slope E6 dry Kobresia meadow
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reduce the resiliency of the tundra plants under

poor growing conditions and to rapidly grow and

flower at the onset of growing season

6 Results of the modeling efforts although prelim
inary show high agreement with observed standing
crop estimates The production model will be a

useful tool in assessing the effects of many snow

related factors on primary production processes
7 Increased snowpack increases the rate of plant

decomposition by providing more water to the

decaying substrates and perhaps also by compacting
standing dead material into a moister icroclimate

at the soil surface The effect of this increased

decomposition rate on productivity through plant
canopy and nutrient regime changes are not known

8 There are still a number of tasks remaining to be

completed in this study but substantial progress
has been demonstrated For example part of the

phytocoeno10gica1 study has been completed and

the production model although more simulations

and sensitivity te ting are needed does give
plausible output In the next six months all

tasks should be complete
9 At thb time it is possible to make a generalized

statement about the effect of cloud seeding on

the alpine vegetation of the San Juan Mountains

This statement is based on the intended 15

increase in snowfall and on the assumption that

long standing snow distribution patterns remain

essentially unchanged except for perhaps a small

increase ia the extent of natural snow accumulation

areas TUndra vegetation is so naturally well

buffered against year to year environmental

change and to short growing seasons th4t no change
will be detected except after decades of opera
tional seeding If seeding were to stop at any
time the system is unlikely to suffer any irre

versible effects If however snow augmentation
is increased beyond 15 and especially if the

snow were to fall in the spring the changes
would be much greater and would become severe

It is not expected that this statement will alter

materially even when all the data are processed
and assessed However our final statement

should be more confident

5 3 6 Recommendations for Future Studies

1 A soil nutrient monitoring program would greatly
complement the existing decomposition study and
should be included in future research Without
more knowledge of the processes involved in

nutrient uptake and nutrient cycling it is

doubtful that log term effects of increased snow

cover can be predicted with much certainty
2 Be1owground biomass est tes should be made

since tundra frequently has 90 of its biomass

belowground and since tundra plants subjected to

poor growing conditions might first exhibit
losses underground before appreciable reduction
of the canopy is observed

3 A modeling approach should be strongly considered

at the onset of future study This will greatly
contribute to the implementation of an efficient

experimental design and also define information

deficiencies throughout the study
4 Intensive study sites should be picked on the

basis of a careful analysis of their representa
tiveness of ehe whole target area and also in

areas which offer a high degree of year around

I

I
accessibility The re te nature of the sites

used in this study has ften made measurements

difficult to obtain pa ticu1ar1y during the
winter and early spring the most critical season

for this stl1dy

Many people have contribute to this plant ecology
project and we wish to than the following people
for their help our facu1t staff and graduate
student colleagues at the I stitute of Arctic and

Alpine Research who have di cussed many aspects of
this work with us and who h ve given technical help
and advice In this regard we would like to single
out Dr J D Ives Dr Nel aine Ms Claudia Van Wie

Mr Rolf Kihl and Me Dian Ebert May Dr P C

Miller and Mr Wayne Stoner of San Diego State

University provided us with a copy of the production
model and many hours of the r time This work was

performed under Contract No ber 14 06 D 6962 from

the Bureau of Reclamation nited States Department
of the Interior
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5 4 THE EFFECTS OF INCREASED SNOWPACK ON THE PHENOLOGY OF SELECTED ALPINE SPECIES Jane H Bock and

William H Reid

5 4 1 Introduction

I
The purpose of our study was to monitor the effects

of increased snowpack on the phenology of selected

plant species of the Colorado alpine In two alpine
basins in the San Juan Mountains of southwestern

Colorado a series of study plots were subdivided

into experimental and control areas Snow fences

artificially enhanced snow accumulation in the

experimental areas but did not influence that on the

control areas In other respects the control areas

were comparable to the matched experimental areas

Characteristic plant species were selected on each

study plot and phenological measurements were

carried out on individuals of these species These

characteristic species were designated indicator

species for the purposes of this study since they
were used to learn if their growth patterns were in

fluenced by increased snow accumulation

I

I

I
5 4 2 History of the Work

I In the summer of 1970 the Williams Lakes basin

study plots were selected and the vegetation sur

veyed A few preliminary phenological measurements

were carried out on the Williams Lakes indicator

species The E1dorado Lake basin study plots were

identified the vegetation surveyed and some indi

cator species selected Over the winter the

phenological data were analyzed and selection of

the E1dorado Lake indicator species completed

I

I In the summers of 1971 and 1972 phenological data

were collected at Williams Lake and Eldorado Lake

Seeds of indicator species from both experimental
and control areas were collected Over the winter

the phenological data were analyzed and germination
tests were carried out on the seeds The earlier

work is summarized in Bock 1972 1973 Indicator

species for Williams Lakes and Eldorado Lake are

listed in Tables 1 and 3 in Bock 1973 Phenologi
cal measurements were recorded on data sheets as

given in Bock 1973 Tables 3 4 and 5

I

II

I
In the summer of 1973 phenological data and seeds

were again collected Over the winter of 1973

data analyzed the seeds tested and the data from

1971 1972 and 1973 were compared and evaluated

5 4 3 Summary of the ResultsI
5 4 3 1 Phenology and physical factors

I
For each of the species studied the relative leaf

area of the standing vegetation Relative Standing
Vegetative Area was computed during the growing
season The expression used was

I iji ii
i

1Rij N Lii
max

I Where

R the relative standing vegetative area

at time i for taxon j

I

I

N the mean number of leaves per plant
L the mean leaf length
W the mean leaf width and

max maximum observed in each season 1972 1973

Values for each of the indicator species were

plotted Figures 1 to 24 for 1972 and 1973 and

these reveal the patterns of growth In summary

we found that initial vegetative growth of the

plants in the experiment plots was retarded by the

presence of extra snow However both experimental
and control plants achieved comparable amounts of

vegetative growth and seed set by the end of a

growing season The plants showed considerable

phenotypic plasticity in response to the amounts of

artificially enhanced snow accumulation in this

study An adaptation to a wide range of snow

accumulation is to be expected in alpine plants
because of the natural wide range of annual snow

accumulation in the alpine

5 4 3 2 Evaluation of phenological techniques

Several types of phenological measurements were

made Bock 1973 Tables 3 4 and 5 The gathering
of these data was very time consuming as was the

data analysis In inspecting these data Figures 1

to 24 we found positive correlations between

measurements of leaf lengths and leaf widths and

between leaf length and leaf number In some cases

leaf characters particularly length and width are

highly related Table 1 provides some examples It

is suggested that in future studies an intensive

determination of these data at the outset will per

mit a reduction in the field data requirements
For example it appears that an accurate estimate

of vegetative growth in Geum rossii is possible
from the measurement of leaf length and numper
These computations using averages for samples of 25

should be supplemented by calculations using the

individual measurements This suggests that few

kinds of phenological measurements could be made

to obtain the same type of information Perhaps
measurements of total plant height and leaf length

might be as useful for this sort of work as the

whole array of phenological measurements The data

will be further analyzed for correlations between

measurements and this information will be submitted

later

5 4 3 3 Increased snow accumulation and seed

germinability

In the summers of 1972 and 1973 a pilot study was

carried out on a comparison of germinability of

seeds from indicator species on experimental and

control plots The results of this study are sum

marized in Tables 2 3 and 4 They suggest that

increased snow accumulation such as that found on

our experimental plots is sufficient to inhibit seed

germination This study will be continued on a much

larger scale during the 1974 growing season
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Table 1 Pearson correlation coefficients relating leaf length width and number f r all listed

values P 0 05

Length LengthSpecies Year 2 m Width Width

Williams Lakes

Geum 1972 4 E 981
C 946

1973 4 E 943
C

1972 2 E 972
C 986

1973 2 E 854
C 734

Mertensia ciliata 1972 3 E 786 870
C 738 829

1973 3 E 863
C 978

Penstemon harbour 1972 1 E 853
C 818 873

1973 1 E 936
C 940

Eldorado Lab

Caltha leptos8pela 1972 2 E 938 783
C 958

Geum rosst 1972 4 E 911 815
C 899

1973 4 E 955 964
C 897

Ped1cular1s aroenland1ca 1972 2 E
2 C 824

1973 2 E 984 950
2 C 992 974

Polemonium viscosum 1972 5 E 882 930
5 C 796

Sal1x arctics 1972 1 E 958
1 C 967

pseudolspponum 1972 3 E 998
3 C 898

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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Table 3 1973 germinations without 1972 counterpart

Seed

Species Plot 1 Rerm L Summary

Williams Lakes

Circium 1 Ex 0 50 Tie

hesperium Con 0 50

Eldorado Lake

Caltha 2 Ex 0 Tie

leptosepala Con 0

SaxifraJla 3 Ex N S
2

0 Control

rhomboidea Con 12 25

Mertensia 4 Ex 0 50 Control
ciliata Con 14 50

Polemonium 5 Ex N S
2

0 Control
viscosum Con 0 15

lEx Experimental Con control

2N S No seed set

5 4 3 4 Relevance of this research to other
studies of the effects of artificially
enhanced precipitation

Our studies suggest that phenological studies offer
considerable promise for the monitoring of the
effects of increased precipitationt especially in
creased snow accumulation The careful measurement
of a few phenOlogical traits may serve as an adequate
index of plant growth patterns Furthert we have
found that seed germinability may be a very sensi
tive indicator of increased snow accumulation

The major flaw in our study is its short duration
because changes in vegetation in response to in
creased snow accumulation are likely to be slowt
qualitative changes in the composition of the biotic
community It would be worthwhile to arrange for
long term phenological work in the San Juans where
our studies were carried out or in a comparable Situ
ation

I

I
Table 4 Evaluation of b tter germinationt total

spec es by year

I
Experimental

1972

3

I

1973

3

Control 10 12

Tie 7 4
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5 5 1 Introduction

5 5 DENDROCHRONOLOGY AND DENDROECOLOGY Paula V Krebs and Lesley F Tarleton

I
Dendrochronologic analysis of ponderosa pine Pinus

ponderosa offers potential for monitoring the in

fluence of weather modification on tree growth be

cause of known sensitivity of tree growth to cli

matic change It has been established by many re

searchers that tree rings reflect the temperature
and precipitation regimes e g Fritts 1971 The

posaibility of retrieving climatic informatioh from

growth layers depends largely on the site factors

which are limiting to tree growth in an area Frittst

1971 Fritts has worked largely with trees in the

arid Southwest where occurrences of drought are re

flected in the growth layers The effect of limit

ing climatic factors on tree growth is best observed

in years of stress Trees form thin growth layers
when precipitation is low if precipitation is the

main limiting factor t and when temperature is low

if temperature is the limiting factor Under

extremely adverse growing conditions climatic or

otherwise an annual ring may be microscopic or

even missing At arctic or alpine tree lines

temperature is the limiting factor and growth layers
reflect its variation On dry sttest the growth
layer characteristics of ponderosa should reflect

available soil moisture and 80 precipitation
Changes in precipitatioot such as those due to

winter orographic snow augmentation WOSA t should

induce the same response in tree growth as natura1

climatic fluctuations Our approach therefore has

been to search for a correlation regression model

for the growth climate relationship in the years

prior to the start of WOSA and to use this in evalu

ating the growth pattern of the following years

I

I

I

I

I

I

I

I
5 5 2 Corlna stations

The growth of trees is assumed to be a response to

the amount of available soil water and so our study
sites were selected to represent points along a soil

moisture gradient Station SJS l has near optimum
moisture conditions SJS 2t on a broad ridge crest

is a dry site and SJS 3 represents the moist end

of the continuum The site characteristics and

further details can be found in Glock and Krebs
l97l their locations are shown in Figure 1

I

I
5 5 3 Analvsis

I Dendrochrono1ogic analysis depends on the reeognition
of growth layers and the identification of annual

increments in growth It also requires cross dating
between individual cores and the development of a

chronology Figures 2 and 3t table 1 Glock and Krebs

1971 if it is to be related to an historical cli

mate record The smoothing of individual series from

separate cores is done by merging or averaging
them in step wise fashion

I

I The skeleton plots of all cores collected from a tree

are merged first to form a skeleton plot for the tree

which they represent This is done by averaging the

heights of the vertical lines for each of the diag
nostically thin growth layers Diagnostic features

of other growth layers are noted if they appear in

50 or more of the core sequences These derived

I

I

I

tree sequences are checked with each other by cross

dating The tree sequences are then merged to give
an area sequence for the stand in which the trees

were located

This merging 1s the main step in chronology building
the plotting of more and more trees results in a

standard master chronology This emphasizes the

diagnostic features common to an area and is a

generalized pattern of the growth response of that

area Thus chronology building includes the

merging of skeleton plots into homogeneous units

called the tree sequences Tree sequences are then

merged into an area sequence which is the master

chronology for the stand Figure 4 shows the master

chronologies for stations SJS l SJ8 2 and SJ8 3

5 5 4 Trend analYsis a preliminary evaluation

5 5 4 l Description of the Trend Method

Trend analysis is a method of correlation for con

tinuous time series Glock 1942 The trend

method has been demonstrated to be a suitable tool

for indicating possible relationships between pre

cipitation and tree growth It requires neither the

elimination of secular trendst such as the age curve

in trees nor the estimation of a mean The analysis

gives a measure of the degree of parallel fluctu

ation between pairs of variables e g tree growth
and precipitation tree growth and temperature in

successive time intervals Clockt 1950 As in

other types of correlation a high coefficient

suggests but does not prove relationship The trend

coefficient is useful for preliminary work involving
the comparison of many sets of data

The trend method yields a coefficientt t which

measures the amount of eovariation between two

variables It takes into account not only the

number of cases of correspondence in the direction

of variation but also the degree of that corre

spondence Values of X and of Yare calculated by

taking the successive departures of each year or

whatever interval is used from the preceding year

If the second of two successive years is the

largert the value of X or Y is positive if the

second of two successive years is the smaller the

value of X or Y is negative The cross product
XY for each interval may be calculated and

E XY E XY E XY i e algebraic sum and

Z XY i e t absolute values obtained The ratio

of the algebraic sum E XY to the sum of absolute

values E XY gives the trend coefficient t

If t 1 00t the two time series possess perfect
parallelism of variation If t 0 00 parallel
trends equal opposite trends in direction and

degree If t 1 00t the trends vary in opposite
directions in all cases The range from 1 00

to 1 00 gives a measure of directional variation

and degree of variation

The trend coefficient may be influenced by a few

departures of high amplitude whose effect may be

detected by a trend index i This is the ratio

of the average departure of parallel trends to the
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where I XY sum of parallel trends

n numbe of cases of parallel
trends

E XY sum 0 opposite trend values

n numbe of cases of opposite
trend

c

If i 1s greater tha l OOt the amplitudes or

departures of paral 1 trends are greater
than those opposite If i is less than 1 00t
the reverse is true If the value of i

departs much from 1 OOt then a few departures
have an undue influ ce in determining the

value of the trend oefficientt t Because

the trend coefficie t may lead to an erroneous

conclusion as to th extent of parallel vari

ation throughout a eriest the value of i

should always be in luded
1860

Figure 2 Steps in dendrochronological analysis
a surface of core 49 Dt 1880 1910

b number plot for core 49 Dt 1880 1910

c skeleton plot for core 49 D 1880 1910

For a time seriest he values of t it and a

ratio of the number of cases of parallel trend

to the number of ea es of opposite tre d yield
considerable infor tion on the data sets

being correlated n instances where i is far

above or below 1 00 and the ratio n In is

nearly 1 00t the ca culation T t t provides
a better eomparison of the relationship between

the variables thsn oes t by itself
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I
a

18801840 1860

I
Plot

A

I

I

Plot
B

I
b

1840 1860

I
Plot

A

I Plot
B

I adjusted i
1881

Inserted

I Figure 3 Cross dating skeleton plots
a skeleton plot B matches plot A back

to la8l but plot B is one short of

matching to the left of la8

b insertion of 1881 the pattern of

adjusted plot B now matches all of plot A
I

I Table 1 Conversion values for core to number plot to

skeleton plot

Core Number Plot Skeleton Plot

Recognizably thin Date notation only 1 unit

Noticeably thin 1 line 2 units

Very thin 2 lines 4 units

Uncommonly thin 3 lines 7 units

Extremely thin 4 lines 10 units

Microscopic micro 10 units micro

Lens lens 10 units lens

Not represented absent 10 un ts absent
II

I

I

I

I 5 5 4 2 Application of trend method

I
Many sets of climatic data had to be evaluated and

compared to make selections for the detailed dendro

climatologic analysis Weather records for six

recording stations were examined for sets of 15

months These monthly data of precipitation and

temperature were in three categories 1 three

I 110

I

1900 months of the preceding growing season for

each tree ring 2 six months of the winter

prior to the growing season for each tree

ringt and 3 six months during the g owing
season for each tree ring The tree ring
data represented three coring stations
This meant that there were 270 data set

comparisons The rapidity and ease of

direct comparisons using the trend method

allowed the grouping of monthly data into

meaningful categories for the growth re

sponse of trees in the final detailed

analyses

1900

A sample of the results from the trend
method is given for monthly precipitation
using six recording stations and one coring
station for 15 months Table 2 Only the

trend coefficient is included but the pre

liminary evaluation also considered the

index values and ratios Table 2 is a

summary of the results where those values

which appeared to be significant are in

cluded From the data setst the Durango
and Pagosa Springs weather records were

selected Pagosa Springs correlations are

exceptionally high and relatively onsistent

Of particular interest are the trend co

efficient values for December O 9l t

January O 68 t March O 62 t June

0 58 and August 0 72

The eomp1ete trend analysis for monthly
precipitation from the Pagosa Springs
weather station with tree ring data from

Station SJS 1 is given in Table 3 Plots

of the trend coefficient Figure 5

indices Figure 6 t and ratios Figure 7

aided interpretation For the previous
December precipitation the variation is

mainly parallel and highly correlated

Howevert the index value is high 4 02

indicating that a few departures have in

fluenced the trend coefficient Of 28 years
of record 22 show parallel trends A large
number of opposite trends are shown for

August precipitation The amplitude of

opposite trends is greater than that of

parallel trends Eighteen of the 28 years
of record show opposite trends

5 5 5 Climatic correlation analysis

The possibi1itl of retrieving climatic
information from growth layers depends
largely on site factors Years of greater
than normal precipitation are more diffi

cult to evaluate Growing conditions are

not necessarily enhanced with excess

precipitation Thick rings are often noted

in a chronology but not as consistently as

thin rings throughout a site or region

Because of the interrelationships between

temperature and precipitation their effects

are not always clear cut and easily separ
able In the San Juan area a comparison
of temperature and precipitation records of

several weather stations indicates an
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Table 2 Summary trend coefficient of preliminary analyses using the trend method for precipitation
with tree growth of station SJS 1

Preceding Growing Season

July Aug Sept

Ouray 0 0

Lake City 0

Telluride 0 0 0

Durango 0

Pagoa8 Springs 51

Silverton 0

Winter Prior to Growing Season

Oct Nov Dec Jan Feb March

Ouray 0 53 49 89
Lake City 61 46 49 65
Telluride 0 57
Durango 0 53 59 0

Pagosa Springs 0 91 68 62
Silverton 48 61 0

During Growing Season

April May June July Aug Sept

Ouray 0 0 0 64
Lake City 0 54 0 0 0 0

Telluride 0 0 0 0 0

Durango 66 0 0

Pagoas Springs 0 58 0 73
Silverton 0 0

o 25

t 25 50

Value when 501

Length of record used years Ouray 23 1943 l966 Lake City 61 1905 1966 Telluride 55 1911 l966

Durango 72 1894 1966 Pagoaa Springs 27 1939 1966 Si1verton 60 1906 1966

Table 3 Trend analysis for monthly precipitation data from Pagosa Springs 1939 1966 with tree growth
data from sta ion SJS l for 1939 l970

Month Trend Coef f Index Para Ratio Total N Misslns

July P 51 1 38 18 8 2 25 28 1

Aug P 25 62 19 7 2 71 28 1

Sept P 37 46 12 12 100 28 3
Oct P 17 58 17 7 2 43 28 3
Nov P 41 1 49 16 10 1 60 2S 1
Dee P 91 4 02 22 4 5 50 28 1

January 68 2 03 18 7 2 57 28 1

February 41 2 05 14 12 1 17 28 1
March 62 2 02 17 8 2 13 2S 1

April 38 1 02 8 18 44 2S 0

May 07 95 11 12 92 2S 4
June 58 2 00 17 9 1 89 28 0

July 06 1 55 11 15 73 28 1

Augus t 73 36 8 18 44 28 1

September 30 3 12 9 15 60 28 3

8Para11e1 trend

bOpposite trend
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Plot of trend coefficie ts for precipi
tation data from Pagosa Springs and
tree growth data from station SJS l
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Plot of indices for precipitation data
from Pagoaa Springs and tree growth
data from Station SJS 1

inverse relationship warms periods ara associ
ated with low precipitationt colder periods with

high precipitation Barry an Brad1eYt 1971

Knowledge of tree biology is necessary to determine
a tree s response to either r both precipitation
or temperature The relativ importance of the fac
tors varies at differant ti s of the year In the

Southwestt where moisture is the limiting factor

except at the upper timberl ne the tree ring
growth is generally inverse 0 temperature variation
Fritts 1972
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1 50

100

50

0 00
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Figure 7 Plot of ratio of

opposite trends f
from Pagosa Sprin
data from station

The problem of detecting inc

above normal requirements fo

trees is more difficult In

thick rings represent an ab
rather than a limit for pond
if the climatic regime is re

ring data prior to eloud see

matic regime due to eloud se

ted in the rings formed duri

liminary evaluation of the r

indicates that the annual in

greater with increased preci
annual tree ring width shoul
crease in annual available m

cannot be reliably detected
three seeded years A perio
to that prior to seeding tha
the mean is necessary Neve

made to predict the ring wid

years 1971t 1972t and 1973
based on the relationships 0

temperature to tree ring w d

matic record at Durango prio
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5 5 5 1 Data Evaluation

I
Approximately 40 cores from 10 trees were composited
into each site ehrono1ogy Figure 4 Only the last

30 years to 70 years of record from trees of more

than 100 years was used so tbat problems due to the

variation of ring width with age in young trees can

be ignored This permits the use of simple aver

ages of annual increments rather than the more co

plicated standardization procedures of Fritts 1966

and Fritts 1969

I

I Temperature and precipitation data from weather sta

tions at Durangot Pagosa Springst and Val1ecito Dam

Figure 1 were used primarily because they are

the three closest to the sampling sites Prelimi

nary evaluation shows them to be usable data sets

Pagosa Springs and Va11ecito Dam are about 245 m

lower in elevation thsn the tree ring sites

Durango is about 490 m lower Additional infor

mation is given in Table 4

I

I
Table 4 Data on weather stations used in this

study

I

I

Approximate
Distance

Weather from Tree Record

Station Elevation rinp Sites Period

Durango 1996 m 92 km 1985 1974

Pagosa Springs 2205 m 42 km 1941 1974

Val1ecito Dam 2331 m 29 km 1943 1974

I

I
Although the distances from stations to tree ring
sites vary from 29 to 92 kmt it is assumed that the

trees and observations were in the same climatic

regime prior to seeding Aceording to Bradley and

Barry 1973 lithe San Juan area responds fairly
uniformly as a region to seasonal variations in

precipitation Val1ecito Dam and Pagosa Springs
records are for nearly the same period of about

30 years and the changes from month to month

although slightly different in magnitudet are

always in the same direction The Durango record

also follows the same directional changes but not

as closely as the other two Whether the differences

between Durango and the other two are due to the

much longer period of record at Durango or to

spatial differences is undeterminedt but probably
both explanations apply

I

I

I
Durango although farthest from the tree ring sites

has the longest record and was included for this

reason To establish a meaningful growth function

from climatic datat Fritts believes that at least

60 years of data are needed personal communicationI

I
Tests for homogeneity of precipitation records by
season have been carried out by R Bradley for

Rocky Mountain weather stations with records of more

than 60 years for Durango He finds that the late

summer fal1t and wint precipitation data are

apparently acceptabl but spring and summer early
records are suspect Bradley 1974I

I

I

All three climatic stations are outside the seeded

area Although they reflect the regional climate of

the area effeets of cloud seeding should not be

expected in their weather records

Weather observations at the Turkey Experimental
Station were discontinued in 1960 Palisade Laket
within the seeded area data are sporadict especial
ly in recent years Although both were considered

in the previous reportt they were not usable for

the analyses described herein

5 5 5 2 Data analysis

Two statistical approaches were used step wise

multiple regression and the calculation of serial

regression coefficientst monthly and seasonally
Nine step wise multiple regressions were applied
using each combination of the three tree ring sites

and the three climatic stations The bivariate cor

relations are in general agreement with Fritts

results for ponderosa pine Fritts 1966 The

tree ring growth is best correlated with preeipi
tation and temperature in winter November February
and late spring especially June in the San Juans

In the San Juans precipitation tree ring corre

lation coefficients are nearly all positive
temperature tree ring correlation coefficients are

generally negative Figures 8 9 lOt and 11

Because of instability in relationships between

monthly climate data and tree ring widthst the data

were grouped by seasons for statistical treatment

The seasons were chosen for coherence with regard
to the biological processes of the tree growth in

this area They are

l
July

Summer Augus t

prior September
October Fall

November prior
December

Winter January
prior February Winter

March Spring
Spring April

May

J
SpringJune
Summer

July
Summer August

September
October

Stepwise regressions were run with three sets of

seasons using Durango temperature and precipi
tation data The composition of the sets is as

fo1lJws Set 1 four seasons summer priort
winter priort springt summer Set 2 three sea

sons fall priort winter springt spring summer

Set 3 seven overlapping seasons set 1 plus
set 2

Winter or winter spring precipitation was the first

variable pulled in five of the six stepwise regres

sions using SJS l or SJS 2 Spring precipitation
came first in the sixth case This is in line with

the prel work in the San Juans and with
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Figure 10 Monthly correlation coefficients of Va11ecito Dam precipitation and temperature with San Juan
study tree ring sites SJS SJS 1 SJS 2 and SJS 3

Fritts work in Arizona and Colorado Frittst 1966
This seasonal grouping provides a stability in
results that monthly data did not provide SJS 3 did
not show a similar regression relationship and is

apparently not well suited for climatic inference

Although it has a high variability in ring widths
standard deviation 1 84 t the variability does not

seem related to variations in temperature and pre
cipitation

For the period 1896 1970t SJS l and SJS Z have a cor

relation coefficient of 65 The correlation of both
sites with SJS 3 is very lowt with a coefficient of
about 18 Table 5 This lack of regional corre

lation further indicates that SJS 3 is not reflecting
the climatic environment in its annual growth layers
For these reasons results involving SJS03 are

considered highly questionable

The second approach was to compute serial regres
sion coefficients b for each month and for each
season independently

S D tr

b c r S D c1

b serial regression coefficient
r correlation coefficient
S D tr standard deviation of tree ring widths
S D c1 standard deviation of temperature

precipitation

The serial regression coefficients for the four
season set using the Durango data and the three
tree ring sites are plotted in Figure 11 For an

example of the interpretation of the temperature
and precipitation plots shown in Figure 11 con

sider spring precipitation at SJS 2 The regres
sion coefficient read from the graph is 06
This means that for each inch of spring precipi
tation above below normal the tree ring width in
that year will be increased decreased 06 mm about
tree ring width All four seasons shown in

Figure 11 affect the size of the growth layer and
the factors are cumulative

Stepwise multiple regression takes into account

intercorre1ations between variables This may cause

a minimizing of the effect of secondary but essen

tial contributing factors on annual increments
The serial regression discussed above assumes that
each season is independent Physically this is

closer to reality especially in the case of pre

cipitation and also if temperature and precipitation
are treated separately as they have been in this

part of the analysis

Using only the Durango data two prediction equations
were derived one is based on the stepwise regres
sion and includes the first four or five variab1est
both temperatures and precipitatio of the regres
sion the other applies the regression coefficients
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Figure ll Serial regression coefficients for SJS l SJS 2t and SJS 3 for Durango easonal precipitation

and mean seasonal temperature I
for precipitation only All the precipitation data
for the four season period was used in the predic
tion The regression coefficients used are shown
in Figure 1l upper The coefficients for both

types of equation are shown in Table 6 Both of

theBe equations are based on four seasons Set 1
The equations were used to predict the tree ring
widths for the years 1971t 1972t and 1973t folloWing
each winter s cloud seedingt from the Durango
seasonal data for those three years based on the

relationship between the climatic data and ring
widths for the years prior to seeding 1896 1970

The results of applying the equations are shown in
Table 7 The differences in the sites is striking
whereas the differenees in the results between the
two types of equations are small For station
SJS l the residuals for two out of the three years

are well within the confiden e of limits Although
the weather modification 88 Ie is far too small to

be conclusivet this suggests that at SJS l the

variability in tree ring wid h is most influenced

by temperature and precipit8 ion The predietions
for SJS 2 are outside the co fidence limits of the

equationst yet the station h 8 reasonably consistent

corra1ations with wirtter and spring precipitation
The high positive residuals or station SJS 2 indi

cate that the weather regime in that ares for the

seeded years is different fr m the climatic data

set for Durango It is inte preted that if the

weather regime influencing S 8 2 has been chsngedt
the growth response of the eBS at SJS 2 is reflec

ting this ehange The pred ted values are based

on correlations with c1imat data outside of the

seeded ares for post 1970 1 there were no seeding
The marked difference betwe the predicted values

1

I

1

Ii
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Table 5 Heans and standard deviation of tree ring widths of each study site

chronology during the periods for which there are temperature and

precipitation data Correlation coefficients batween the tree ring
tree ring chronologies for the same periods

DuranRo 1896 1970

Tree ring Mean S D SJS 1 SJS 2 SJS 3
Site mm mm

L
SJS 1 1 39 34 1 0 62 18

SJS 2 1 33 54 1 0 17

SJS 3 2 15 1 84 1 0

PaRosa SprinRs 1942 1970

Mean S D SJS 1 SJS 2 SJS 3
mm mm

2
SJS 1 1 33 18 1 0 37 40

SJS 2 82 26 1 0 75

SJS 3 1 53 38 1 0

Va11ecito Dam 1944 1970

Mean S D SJS 1 SJS 2 SJS 3
mm mm

L
SJS 1 1 33 19 1 0 37 37

SJS 2 79 22 1 0 70

SJS 3 1 50 35 1 0

and the actual values ean be used to extrapolate
back to the degree of change a this particular lo
cation Figures 8 and ll Thereforet stations
SJS 1 and SJS 2 are indicators of change and can be
used to evaluate the years 1971 1972 and 1973t
and to monitor any future extension of weather
modification The large residuals for SJS 3 con

firm the results of the step wise multiple regres
sion that its variance is due to other than climatic
factors 8 different drummer

5 5 6 Recommendations

1 San Juan Study Sitest SJS 1 and SJS 2 should
be retained to monitor the effects of cloud

seeding winter snow augmentation in the San
Juans

2 The monitoring system should be extended to in
clude additional si est with attention directed
to choosing dry areas with precipitation
limited treest and areas with near optimum
site conditions

3 Sites should be compared spatially and in time
in order to derive the maximum amount of cli
matic information

4 Analysis based on seasonal rather than monthly
data appears the most promising for determining
the relationships between growth layers of

ponderosa pine and climatic data in the San
Juan Mountains

5 Because there is a question as to how much the

Durango weather station upwind and outside the
seeded area reflects any winter precipitation
increase due to seeding it is recommended
that omputation of serial regression coef
ficients be tried with the closer Pagosa Springs
and Vallecito Dam data

6 The two closer weather stationst Pagosa Springs
and Vallecito Dam although with only 32 34

years of record should be included in further
studies of the dendrochronology of the area

Durango inclusion should be continued

7 In satisfying the above six pointst prediction
of expected growth increments for ponderosa
pine is possible using climatic data obtained

during weather modification periods short term

effect or using projected climatic parameters
of precipitation and temperature resulting from

potential weather modification

8 A monitoring methodology for both short term

and long term effects of weather modification
is feasible using dendrochronology
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Table 6 Stepwise multiple regression coefflcientst and regression coeffic1entst k used in prediction

equations

lli Var k Y E Y Var Var C
Stand

Error

SUtllllet aUllllller

spring prior prior winter winter

SJS 1 0392 precip 0161 prec1p 0327 temp 0209 precip 0192 temp 2 57 0 32

summer

winter spring prior spring
SJS 2 037 preeip 0508 precip 0524 temp 0295 temp X X 2 44 0 49

summer

aummer prior winter winter

SJS 3 4638 temp 2313 temp 0891 temp 0726 precip X X 45 99 1 58

Equation for above coefficients

Annual tree ring width 8 Xa b b e x C 1
e

Where at bt e are stepwise regression coefficients

xat t t xe are the climatic variablas fQr the growth year

C is a constant

k Y E Y YL 9 L

summer

prior winter spring summer

SJS 1 0166 precip 0317 precip 0406 prcacip 0001 precip 1 3854 M

SJS 2 0177 aome 0671 aa 0592 aome 0243 same 1 3291 M

SJS 3 0499 aame 0789 same 0840 same 0250 aa 2 1537 M

Equation for above coefficients

Annual tree ring width a x x b V c xc xc d Xd xd c 2
e a

Where at bt Ct and d are regression coefficients

at t ct xd are seasonal precipitation totals for the growth year

xat xct xd are mean seasonal precipitation values

C onstant is the mean ring width

I

1

I

I

I

1

I

I

I

I

Table 7 Predictions of tree ring widths mm for 1971 1972 and 1973 from equations in Table 6

Equation 1 Ea at ion 2

1971 Predict Actual
a

Actual ReaidResid Predict I

SJS 1 1971 1 20 1 16

041
1 02 1 16 14

1972 1 21 1 84 63 1 24 1 84 60

1973 1 37 1 35 02 t 32
1 25 1 35 10

SJS 2 1971 2 32 99 1

331
1 96 99 97

1972 2 48 1 03 1 45 t 49 2 47 1 03 1 44

1973 2 71 77 1 94 2 63 77 1 86

SJS 3 1971 4 48 1 07 3

411
3 22 1 07 2 15

1972 4 65 1 36 3 29 t1 58 3 88 1 36 2 46

1973 5 53 1 08 4 45 6 35 LOS 5 27

8Add 0 10 nun the estimated error of measurement for confidence limits

Ij

11

Ij
1

II

Ij

I

Ij
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5 6 ECOLOLOGICAL OVERVIEW PART 1 VEGETATION MAPPING Paula V Krebs and David Groeneveld

5 6 1 Introduction

The vegetation maps of the San Juan Mountains were

originally intended to provide a point in time data

base from which details could be extrapolated from

specific study sites to the entire area under con

sideration Howevert several interpretive uses of

the mapping became apparent Firstt the entire area

can be characterized by descriptive categories based

on stability and or instability of the macrovegeta
tion Krebst 1973 distinct vegetation belts re

flect the past and current land use practices
Secondt the crovegetation may indieste ecological
units for detailed analysis Thirdt a generalized
vegetation classification indicates the areal extent

of the major units from which areas potentially sub

ject to environmental alterat on could be selected

for specific study

The descriptive cover type maps of vegetation gene

rated by this project provide a synoptic view of land

use patterns Their interpretation is based on the

relationships between vegetation cover and topography
and the understanding of predictable ecological
phenomena Extrapolation of results from detailed

studies to the entire San Juan area provides a means

for evaluation of the overall impact of weather

modification Furthert changes in vegetation can be

detected over periods of prolonged weather modifi

cation The mapped area also includes a spectrum of

vegetational units outside the cloud seeded area

which may be compared with units inside the seeded

in ordar to detect alterations in the rate of suc

cessional change Separation of existing successional

trends from those inducted by long term weather

modification is thus possible Recommendations for

interpretive uses are made in Section 5 6 11 and

5 6 12

5 6 2 Mapping methodology

The study area covers 14 USGS 7 1 2 quadrangle
maps along a belt near the southern border of the

San Juan MOuntains Figure 1 Using these maps
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Figure 1 Area covered by detailed vegetation maps
at a scale of 1 24tOOO

spatial relationships of plant eommunities and topo
graphic features become apparent The cover type
categories chosen Table 1 represent recurring plant
communities and provide manageable information with

out confusing detail

Field verified cover type standards were noted on

preliminary maps and used in photointerpretation to

insure a high level of accuracy in the laboratory
The quadrangle centered 1971 Hurd series of aerial

photographic map documents ar available for the

part of the study area This Hurd photography
facilitates both photointerpr tation and spatial cor

rection when transferring the cover type boundaries

to the base maps NASA color infrared imagery
ssion 248t Roll 24t and Hi ston 238 Roll 48

allows for aceurate identific tton of species The

photointerpretive results fro the color infrared

aerial coverage were de11neat d directly on the Hurd

phqtographs Correct placeme t of boundaries was

insured by keying on geograph c points and topo
graphic features visible on t e two types of air

craft coverage Figure 2 F r portions of several

quadranglest complete Hutd Cd

ferase
is not available

thus photointerpretation is ased striet1y on the

NASA coverage

The color and hue of the var bus cover types are

distinctive on the color inf red film Table 2

howevert accurate photointert etation in areas of

shadow requires an awareness of both topographic
features and elevation The cover type categories
and their boundaries within e shadow areas aret

thereforet inferred

U S Forest Service and u s Geological Survey aerial

photography was used for the preliminary maps Hurd

aerial photographic map docw nts were acquired from

the Colorado Office of State Planning To obtain

aerial coverage for the enti e areat however would

be prohibitively expensive But acquisition of NASA

mi sion coverage National A ronautics and Space
Administration Aircraft Miss on Center of infrared

and color positive films in upport of the ERTS 1

and Sky lab investigations c ntract numbers NAS5 2l880

and NAS9 13380t respectively solved this problem
The NASA flights used in the vegetation mapping are

Mission 213 September 1972 Mission 238 and

Mission 239 June 1973 t and Mission 248 August
1973
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5 6 3 Human influence on v Qetation cover I
MininSt the first economic a traction in the San

Juan Mountainst and associat d activities are res

ponsible for more of the pre ent vegetative cover

than any of man s other inf1 nces Cultivation is

minimal within the study are and is limited pri
marily to a hay crop at lowe altitudes Riparian
eommunities a e maintained a ong irrigation ditches

which supply water to the ha ing fields Periodic

clearing and burning of the ay fields ensures the

continuation of a hay meadow disclimax and favors

the feral establishment of g ass and herb exotics

As range use increasest a he vy demand is placed upon

hay meadows for winter fodde more land is there

fore being converted to this type of agricultural use

Grazing has a considerable e

Within the grazing ranget se

gradually eradicating those

sheep find most palatable
fescue Featuca thurberi is

in heavily grazed areas Th

sheep and their feeding habi

and eating entire plants pr

Continued cycles of sheep gr

normal successional pattern

121

I

I

I
fect upon the ecosystem
ective pressure i

erbs which cattle and

s a result thurber

becoming a rare species
flocking behavior of

s including uprooting
duce erosional problems
zing may interrupt the

Large meadow areast

I
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Table 1 Vegetation symbol system for wide range usage with corresponding ERTS Earth Resources

Teehnology Satellite categories

Numerical
code nIL Cate20rv

00 8 1 Non vegetated

01

02

110

121

122

130

141

142

143

144

w

U

161

C 6

D 1

N 1

N 2I

N 2n

N 2nI

N 3

Water

Urban

Grasslands

Colorado Blue Spruce

Cottonwood Willow

Montane Subalpine meadow

0 30 vegetative cover tundra

30 70 vegetative cover tundra

70 100 vegetative cover tundra

Graminoid wet meadow

Usually tundra

Alpine shrub

Wet shrub

Dry shrub

Oak

145

151

152

153

211

221

D 2

D 6

D 3

D 4

D 5

C 1

Aspen

Pinon Pine RoCky Mountain Juniper

222

222 1

223

224

225

Shaded

225 1

C 2

C 2

C 2

C 2 3

C 4

C 5

C 4

Ponderosa Pine

Ponderosa Pine with shrub

Ponderosa Pine Rocky Mountain Juniper

Ponderosa Pine Douglas fir

Engelmann Spruce Subalpine Fir

Krummho1z

Engelmann Spruce Douglas fir

Londge Pole Pine

Limber Pine Bristlecone Pine

Douglasfir White Fir

Mixed Coniferous DF WF ESP PP

Douglasfir Ponaerosa Pine Aspen

Doug1ssfir White Fir Aspen

Lodge Pole Aspen

Mixed Coniferous Deciduous

Pasture

Cultivated crop

Cultivated pasture

227

228

229

231

232

233

234

161

162

163

C 3

M 1

M 1

M 1

M 1

A 3

A 1

A 2

ERTS category

Exposed rock

Exposed soil

Water

Urban

Agrieultura1

Colorado Blue Spruce

Cottonwood Willow

Meadow

0 30 vegetated tundra

30 70 vegetated tundra

70 100 vegetated tundra

Wet meadow

Alpine shrub Willow

Wet shrub

Oak shrub

Oak

Aspen

Pinon Pine Rocky Mountain

Juniper

Ponderosa Pine

Ponderosa Pine

Ponderosa Pine

Ponderosa Pine Douglasfir

Spruce Fir

Krummholz

Spruce Fir

Lodge Pole Pine

Not extensive

Doug1asfir White Fir

Special analysis required

DWPt P Pine other conifer

DWF Aspen Oak

LPA

CD

Pasture

Cultivated crop

Cultivated pasture

interspersed with aspen clones are heavily grazed
Browsing destroys the seedling aspen and prevents
the expansion of the clones thus insuring the main
tenance of extensive meadows

Public opinion and pressure in recent years have

forced diseontinuation of the clear cut logging
practice because of the unsightly patchwork de

forestation The selective harvest method although
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NASA Color Infrared Aerial Imagery

Field Check Standards III Photo Interpretat on

j
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1 Mylar Overlay

2 USGS Topographic
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Scale 1 24 000

j
Spatial Correctio

USGS Topographic
Scale 1 24 000

Base Map

Figure 2 Vegetation mapping methodology

less effieientt leaves enough trees standing to make
the loggirtg sc4rs less noticeable Both logging
practices are ecologically sound The edges of these
logged sites provide a habitat for small fauna and
an increase in browse species for big game Odumt
1953 Fire control is of concern in the San Juans
A strict regime of fire preventiont howevert in
creases the amount of potential fuel in the form of
brush and dead trees This in turn increases the

possibility for an extremely widespread and destruc
tive blaze Odum 1953 Owing to the intense heat
and hurricane force windst onee a crown fire is
generated it will usually burn until topography
moisture gradient or rainfall halt its advance

5 6 4 Climatic factors

Vegetation cover is determined by the complex inter
action of edaphic topographict and climatic in
fluences In combinationt these three factors form
discrete microclimate groupst each with a charac
teristic climax vegetation community

Influence of elevation on precipitation and tempera
ture is discussed by Barry and Bradley 1911 Fig
11 15 A complex relationship exists between solar
radiation and elevation At higher altitudes solar
radiation is reduced by increased cloud cover but
radiation that does pertetrate is of greater inten

aity The denser tree canop
Provide insulation that moda
v riations produced up to tr

Slope aspect and slope angle
and photo period of solar r

drying rates which in turn c

moisture temperature f1uct

During summer an exposed sit
dance tends to dry quickly
sites must be adapted to wat

of the growing season Depe
winter snow sublimation dire
moisture for spring melt and

snow which determines the

during the greatest phase of

Exposure and other dependent
elevational zonation of vege

lation and photoperiod direc

tion sublimation rate Temp
dependent upon site exposure
insulating capabilities of t

These factors either raise 0

limits of vegetation associa

open valleys or mountainside

port vegetation characterist
belts than do steeper and na
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Cover type

Table 2 General photointerpretation eharacteristics of tree species on color infrared film

Color IR characteristies

Aspen Blotched fluffy and bright red with yellow spectral shift with fall color

change Comparable color to oakt but differentiable in overlap due to shadow

length from taller crown form

FluffYt bright red blotched only at periphery of stand where vegetation becomes

discontinuous Spectral shift in fall but occurring later than in aspen Leaves

are shed much later and the shifted color appears grayer and grainier than that

of aspen

Oak

Meadow Bright redt smooth in spring and early summer due to isolated shrub or moisture

patches surrounded by gray brownt bluish or sand color indicating reflectance

from bare soil and bloomed out grasses and herbs

PonderoS8 pine Red brown and fluffy textured with round full crown form

Red brown fluffy textured and with same crown form as ponderosa when mature

Differentiable from ponderosa pine only when photolnterpreter is thoroughly
familiar with ecological amplitude of these two species and pays strict attention

to topographic effects in the map area Usually Douglas fir grows with a short

conie form in areas of ponderosa pine growth Where Douglas fir grows tall and

exhibits a mature broad crown formt ponderosa pine is usually absent

Douglasfir

White fir Dark red conic and coarsely textured Easily distinguishable from surrounding
tree crowns

Engelmann spruce Dark blackish redt darker and less coarse in texture than white fir Engelmann
spruce cover boundaries are easily distinguishable from surrounding forest Conic

in form

Subalpine fir TalIt dark red less dark than Engelmann sprucet but darker than white fir Tall

spire like and of t e same texture as sprucet usually indistinguishable from

Engelmann spruce

Limber and bristle

cone pine
Indistinguishable because of limitedt scattered and restricted occurrence Areas

or probable occurrence can be located on ridges with low percentage cover charac

teristic of these two species

Pinon pine Dark brownish redt coarse in texturet and forming rounded bumps Usually found

by checking slope anglet aspectt and elevation and then consulting the photo

Rocky Mountain

juniper
Purplish brown rounded smallt smooth texture Distinguishable from pinon pine
due to darker color and slightly larger size

5 6 5 Successional factors

Microclimates are linked to stable climatic factors

and change with succession As light competing
canopies close soil moisture and duff layers in

crease soil pH decreasest and due to increased in

sulation diurnal temperature fluctuations are

moderated Each succeeding staget known as a sere

Clements 1916 produces microclimate modifications

that allow invasion and dominance of another sere

At climax the vegetation cover maintains one stable

microclimate produced stepwise by its predecessors

Competitive ability for any cover species depends
mainly upon shade tolerance Bakert 1949 In

creasing shade primarily eliminates seedlings and

as a result a climax stand will usually contain a

proportion of relics from the preceding sere Due

to the long lifespan of trees a climax equilibrium
seldom is reached before a fire again denudes the

forest cover and allows these trees to repopulate
Daubenmire 1968 Relicst howevert are not well

adapted to the microclimate of the climax stand

and the increased humidity and crowding tend to

induce susceptibility to insect damaget diseaset
or fungus infection Vaartaja 1962

5 6 6 Cover types

The frequency of deciduous cover dimishes with an

increase of the elevation This is caused by in

creased moisture and lessening of the fire poten
tial Van Wagner 1970

Coniferous deciduous cover type represents a suc

cessional stage The selective cutting pf logging
usually produces this cover type without large and

pure deciduous stands Coniferous deciduous cover

surrounding these deciduous stands usually indi

cates recolonization of conifers following fire
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Figure 3 Distribution of fo est species relating
to elevation and slope aspect

I
Mixed coniferous stands may also represent logging
or an undisturbed seral stage In these stands the

logging probably occurred late in the successional

stage and aspen oak stands are few and scattered

In the absence of logging this mixture indicates a

sera1 stage Logging crews must operate in acces

sible areas Most of the mixed conifetous stands

are located either in inaccessible regions or on

steep north facing slopes where logging has not

been attempted

Topoedaphic stands and pyric climaxes are particu
larly noticeable in their relationship to topography
The location of these stands is determined largely
by the incident angle of sunlightt but also by
edaphic conditions On the steeper north facing
slopes of the P8gosa Peak quadrang1et snow accumu

lation for avalanche occurrence is particularly

high The prasence of rips ian deciduous shrubs

snd aspen within sell defin d tracts indicate areas

of regular avalanche occurr nee

I
On floodplains two basic tr

DunKens Engelm and

Populus anaustifolia James

cators Blue spruce tends

stable areas of the stream

cottonwoodt willowst and 81

areas subject to annual flo

These species form clones w

to a shifting substrate

e speciest blue spruce
narrow leaf cottonwood

t can serve as indi

o grow on the more

ourse Narrow leaf

era grow on floorp1ain
ding or stream meander
ich make them adapted

11

I

Meadows may represent eithe

areas of poor drainage Lo

the saturated soil tend to

fire damaged aress or

aerobic conditions in

1iminate tree species

I
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The grassland area which extends through Oakbrush

Ridge Chris Mountain and Pagosa Springs quadrangles
is a produet of repeated fire and grazing Invasion

by shrubs and tree species is prevented by browsing
of the shoots of deciduous species and periodic
burning of conifer seedlings Oak and aspen stands

are plentiful to the east of this region and are

an indication that fires travel with the prevailing
westerly windsI

I
5 6 7 Map products

I

Detailed vegetation maps of the San Juan Mountains

were originally prepared at a scale of 1 24tOOO
These maps are filed at INSTAAR for use by interested

persons A reproducible map on matte acetate film

provides low cost reproduction capability for these

maps A reduced copy 1 48 OOO of each of these

maps is included with this report The codipg
system for the cover type categories is given in

Table 1

I
The final colored vegetation map at 1 120tOOO
for Final Report was compiled from the detailed

vegetation maps and portrays a generalized trend of

vegetation changes The following combined cover

type categories were used coniferous deciduous

deciduous coniferous meadowgrassland agriculturalt
tundra creek community water bare rock bare soi1t
urban The code system Table 1 used on the de

tailed maps was designed for easy combination of

categories For examp1et all codes in the 2208

represent coniferous forestt 230s represent
deciduous coniferous forestst and 1608 represent
agricultural lands This coding system permitted an

easy translation into the terminology of the classi

fication of the generalized map at a smaller sca1et
and it permitted formation of new eomp1ex which are

genuine vegetation entities in spite of their com

posite character Some funds for production of

the maps were provided by NASA contract NAS5 2l880

NASA contract NAS9 13380 NASA grant NGL 06 003 200

and Bureau of Reclamation contraet l4 06 D7052

I

I

I

I

I Translation from detailed to generalized vegetation
must be reasonable and must correspond to an accurate

portrayal as closely as the scale permits If a

cover type occupies only a very small areat it is

usually suppressed altogether But there are cases

when a small area is enlarged enough to be visible

on the smaller scale map This applies to instances
where special types of cover help to contribute to a

better understanding of the map as whole Because

of the importance of creek communities and bare rock

bare soil in an ecological overview these units were

exaggerated for their inclusion on the smaller scale

map Often the deciduous coniferous category highly
interdigitated with the coniferous category The

boundary between these two has been smoothed to give
a more continuous and balanced representation

I

I

I

I 5 6 8 Areal distribution of cover tvpes detailed

maps

I
Planimetric measurements of the areal distribution

of cover types were made on the detailed maps as well
as other quadrangles in the northern portion of the

test site These were selected on the basis of

a typicalll distribution which was characteristic

of the region In this way the cover type

I

I

distributions can be inferred A comparison of
these values for the different quadrangles illustrates
the dynamic nature of the major vegetation units
and emphasizes those areas where extensive changes
have occurred These data are beneficial in inter

pretation of the vegetation maps Many subtleties
which are not apparent in looking at the maps are

brought to one s attention when expressed in tabular
form Tables giving areal extent of cover types
as portrayed on the detailed vegetation maps are

available in INSTAAR files

5 6 9 Automatic data process mappinR

The entire San Juan Mountain block was a site for

generating a generalized map of vegetation by auto

matic data processing The multispectral scanner

data from ERTS l Earth Resources Technology Satel

lite used in the analysis includes

Band 4 green wavelength 0 50 to 0 70 micro

meters

Band 5 red wavelength 0 60 to 0 70 micro
meters

Band 7 infrared 0 80 to 1 10 micro

meters

The date of the satellite pass was September 8 1972

Scene 10 1047 17200 The classification was pro
vided by the Laboratory for Applications of Remote

Sensingt Purdue University NASA contract no NAS5

21880 Supportive data for this analysis was pro

vided by INSTAAR

The area included in this analysis extends from

370 l5 N to 380 7 1 2 N latitude and from

l060 45 W to l070 52 l 2 W longitude The corner

USGS quadrangles are Mount Sneffels Durango Eastt
Elk Park and Wolf Creek Pass SE Figure 4 The

cover types are coniferous deciduoust cultivated

agricu1turet herbaceoust tundra lightly vegetated
roekt bare rock bare soilt shadow and water An

estimate of the areal extent for each of these cover

types has been determined for the individual quad
rangles as well as for the entire mapped area

Table 3 summarizes the areal extent of these cover

types additional tabulated data is filed at INSTAAR

Because of the difficulty in spectrally separating
water from shadow there is an over estimate in the

areal extent of water In some areas the herbaceous

cover type actually includes some tundra areas where

the percentage of cover is 70 100 t thus the esti

mate for herbaceous cover is high Those areas

which have a coniferous deciduous cover have been

included in the coniferous cover type The estimated

differences in cover type are as follows

High Estimate

water

herbaceous

coniferous

Low Estimate

shadow

tundra

coniferous deciduous

not represented

5 6 10 Areal distribution of cover types automatic

data processing

An estimate of the areal extent of cover types
INSTAAR files has been generated from the
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automatic data processing of ERTS 1 data for 63 quad
rangles The entire mapped area has been subdivided

into four units Figure 4 Unit 1 corresponds to

area 1 and area 2 in part of the San Juan Ecology
Projectt unit 3 to area 3 and unit 4 to area 4 The

constructed unit 2 does not include any significant
portion involved in the San Juan Ecology Project as

it lies mainly to the east of the Contin ntal Divide

This unit however should be looked at if there is a

significsnt expansion of the cloud seeding program
These data are summarized in Table 3 for the area

corresponding to the San Juan Ecology Project
In addition totals are provided for the entire 63

quadrangle area mapped by automatic data processing

5 6 11 Interpretive uses

One main interpretive use of these maps is in plan
ning since vegetation ref1ecta the effective environ

ment Using vegetation analysis environmental po
tentials and limitations ean be detected This

approach also makes possible the assessment of

related man imposed modifications of the natural

landscape to the basic ecosystem units Land and

resource suitability can be judged and extrapolated
in an ecological framework The natural ecological
unit of the landscape is often indicated by vegeta
tion Pou1tont 1972 This natural ecological unit

becomes the base through which manage1l1ent policies t

research resu1tst and related information can best

be generalized This becomes the necessary con

clusion as man s future activities are guided to

achieve compatibility with the potentials and

limitations of the environment

WI07052Vz

N3So 71 Z

j

Once correlations are de b tween vegetation COver

types and environmental par eterst the influence of
such parameters and their ex ent can often be deduced
from the vegetation Severa inferences may be

drawn from vegetation stand ypes for example
successions1 stands are indi stive of past dis

turbance and the degree of d sturbance A cor

relation between the vegetat on and the disturbance
could provide a sliding scal for predieting what

additional disturbance an ar a can tolerate

Further answers to such que tions aSt How similar
is a particular area to othe s t could be based on

map interpretation

Trends in vegetation are event when the general
vegetation map is examined These maps are

presently in INSTAAR files d will be included in

the Final Report The for sted area along the

Continental Divide is prima ily a climax vegetation
with Engelmann spruce subal ine firt and pockets of

ponderosa pine and Douglasf r In some of these
areas a deciduous coniferou stand type is the

result of fires Lower ele ations show much evi

dence of fires and logging Most of this is in the

ponderos p1ne Douglasf1r b It The valley floors

and other large grassland a e8S have an extensive

history of agricultural usa e This is mainly
grazing and haying meadows The forested areas in

these lower vegetation belt show a high level of

disturbance from these thre factors firest loggingt
and grazing
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The particular type of land use is controlled by
topo raphic features which etermine accessibility
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Table 3 Summarized data of areal extent km for cover types for the San Juan Ecology Project

39 quadrangles and for the greater San Juan Mountains 63 quadrangles

Lightly
Cultivated Vegetated Bare Rock

Coniferous Deciduous Agriculture Herbaceous Tundra Rock Bare Soil Shadow Water

San Juan

Ecology
Project

Unit 1 1792 31B 35 330 25 114 22 B1 13

Unit 3 69B 201 33 229 10 6B 15 26 1B

Unit 4 624 9B 17 431 36 24B 129 190 47

Tota18 3114 617 B5 990 71 430 166 297 7S

Percentage 53 11 1 6 17 1 2 7 3 5 1 2

Greater San

Juan Moun

tains

Unit 2 1609 5B 3 B21 23 571 95 424 2B

Tota1b 4723 675 BB 1B11 94 1001 261 721 106

Percentage 50 7 O B 19 0 6 11 3 S 0 6

8Ca1culated

bCalcu1ated

km2
km2

5970 km2
2

9644 km

total

total

5747

95B6

actual total

actual total

In general the areas below an elevation of 3 200 m

demonstrate a state of vegetational instability
The successional stages are varied and in some in

stances continued disturbance over a long period of

time 100 years has drastically altered the dominant

vegetation Many of the successional areas are at a

critical stage where slight modifications in the en

vironment could result in an irreversible trend

This is evident in much of the oak sagebrush aress

where the natural climax vegetation of pinon pine

Rocky Mountain juniper has all but disappeared
Similarly much of the ponderosa pine Douglas fir
stands are replaced by aspen oakt and white fir

There is no estimate of the rate of succession from

one sere to the next but the general trend is one

leading to extensive oak aress and Douglas fir

forests

The northern aress of the San Juan Mountains are

extensively forested with Engelmann spruce and sub

alpine fir sometimes corkbark fir There are many

pockets where mining activity has altered the climax

vegetation In these areas stands of aspen and

white fir have replaced the spruce fir forest

Timberline has been depressed at a few locations by
logging activity and fires Most of the successional

areas relate directly to man s activities and the

mining industry Krebs and Groeneve1dt 1974 Again
there is no documentation of the rate of succession

in this area for the spruce fir cover type

Within the San Juan Mountains where winter orographic
snow augmentation has been projectedt approximately
60 of the area is forested 20 is tundra bare

rockt and soil and 20 is utilized in some agri
cultural aspect Approximately 50 of the total

area is in some stage of succession or shows some

type of alteration due to man s activity These

trends are reflected in the general vegetation map

scale 1 120tOOO More detail is available from

he l 24tOOO scale vegetation maps where the mapping
units are based on community types

Since the vegetation responds to its environment

the stability of that environment is important
Secular variations in climate have long been known

and should cause changes in the vegetation In

contrast to such long term changes are those occur

ring on a shorter time scale These include the

temporary and partial destruction by grazing animals

insects or diseases and ehanges brought about by
winds torms t f100dst fire etc

5 6 12 Recommendations

All vegetation changes continuously although the

rates of change vary from abrupt to extremely slow

The changes brought about naturally or by man usually

imply changes in the quality of the vegetation and

hence its usefulness to man Superimpose upon this

climatic modification affecting a relatively large

12B



land areat and the need for an ecological overview

becomes paramount Vegetation maps then become use

ful when they illustrate improvement or deterioration

in the quality of the vegetation resulting from man s

use or abuae of the land and its COver

5 6 12 1 Small scale9 aeneraIized veaetation map

Generalized vegetation maps at a small scale 1 96tOOO
to 1 250 060 provide a source of information to make

a preliminary evsluation of the area being considered

Interpretive informat on should be used in the fol

lowing ways

I characterization of the entire area by des

criptive categories as to the stability I
instability of the macrovegetatlon

2 certain features of the macrovegetation give
an indication of several ecological units

which should be considered in a detailed

ecological analysis

3 a generalized classification of vegetation
indieates the areal extent of major units

From thist selection could be made of specific
studies in those areas which might potentially
be influenced by environmental alteration

4 a generalized vegetation map will emphasize
certain units which might be otherwise over

looked and not considered for studyas in the

San Juan Ecology Projeett successional trends

5 6 12 2 Larae scale detailed veaetation maps

As part of an eeo1ogical analysis in an area to be

considered for environmenta1 modification detailed

veg tation maps at a large scale 1 24tOOO to

1 12tOOO are an essential approach to evaluate
the potential changest both beneficial and detri

mental The following recommendations are made for

map content and interpretive uses

1 a11 essential features of the vegetation are

shown and the detailed maps must retain a

high quality

2 the detailed maps provide a point in time

data base for evaluating change on a 10ng
term basis

3 areai distribution and extent of the specific
cover typas provide a means of extrapolating
investigatioh results from specifie sites

to the entire area under consideration

4 data derived from planimetry of areal extent

can be statistically evaluated to yield an

ecological description of areas of similarity
and dissimilarity This gives an index to

land use potential and limitations Alsot
rates and direction of change can ba evalu

ated Correlations between vegetation and

disturbance provide a sliding scale for pre

dicting what additional disturbance an area

can tolerate before a successional trertd

becomes irreversible

I

I
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5 7 ECOLOGICAL OVERVIEW Part II THE GEOMORPHOLOGICAL AND GEOLOGICAL OVERVIEW J T Andrews

5 7 1 Introduction

I
This final report on the work and results of the Geo

morphological Overview includes 1 a brief resume of
results reported in earlier Interim Progress Reports

2 a discussion of results obtained during the 1973
1974 research year 3 a diseusaion of the inferred
environmental impact of snow augmentation with regard
to geomorphology and 4 an analysis of the role and

importance of overview studies in future impact
statements In particular the report by L D

Williams Section 5 8 indicates some of the avenues

that can be profitably explored under the general
framework of an overviewt and which we plan to

examine in this coming fiscal year l974 1975

I

I
5 7 2 Oh1ectives

I The overall purpose and objectives of the overview

project have shifted since the inception of the proj
ect in 1969 As first conceived the Ecological
Overview was designed to provide regional maps of
landforms and vegetation to produce a geomorphic
stability index related to the effect of snow aug
mentation and provide photographic documentati n

both ground and by air photographs of the San Juan

Mountains with the aim of producing s graphic ref

erence of the overall San Juan ecology as it exists

at the beginning of the 1970s Ives et a
t 1971

p 275

I

I

I
This last objective has since been dropped due to a

cut back in funding In addition the Ecological
Overview was divided in 1971 72 into two parts the
first is involved with vegetation mapping and the
second is coneerned with landforms The majority
of funding was transferred to the vegetation map
ping project and the landform mapping changed
primarily into an analysis of existing information
based on the 11 USGS 1 24 000 quadrangles which we

have already mapped and the writing up of the field
work carried out in 1971 1972 and 1973 Thus in

the 1973 Interim Progress Report Andrews and
Carrara 1973 p 1l8 describe the objectives of

the geomorphological program as 1 to provide
basic descriptive data 2 to assess the two inten
sive study sites within the continuum of the alpine
zone and 3 to develop a geomorphic stability
of the San Juan Mountains by examination of the

stratigraphy of bogs and the location of glacial
and periglacial deposits

I

1

I

I

I
These general objectives will be discussed below
in terms of our final results and assessments

5 7 3 Statement of results

I
The final statement of results is subdivided into
four sections which are the same as those recog
nized and discussed in the 1973 Interim Progress
Report and detailed above

I
5 7 3 1 Descriptive data and regional

assessment

In any environmental impact study there is the

1

I

basic need for descriptive data on the distri
bution and controls on that distribution of the
broad landforms and surficial geology as well as

the vegetational patterns Although commonly
overlooked it must be remembered that the environ
ment includes biotic and abiotic elements and

certainly within the alpine zone it appears that
they are mutually interrelated

Examples of the 1 24 000 maps that we have pro
duced are illustrated as Figures land 2 These

might serve as base line information sources for
reassessment of the cloud seeding program if it
becomes operational in about 20 years time

Ideally these maps should have been tied into a

program of ground and low level aerial photog
raphy to serve as detailed documentation of geo
morphic processest such as the amount of erosion
on certain scree slopes At their scale and

degree of generalization the 1 24tOOO maps will
not rovide information on the occurrence of small
scale processes such as individual mud slides
Even at this scale the topographic maps capture the
area in a IItime snapshot

II
and natural processes

will affect the mountains regardless of whether

they are seeded or not In such a stressed environ

ment the concept of a base 1inell might be inap
propriate

The variability within the San Juan Mountain block
is visually illustrated by these maps but in a more

quantitative sense it is better illustrated by the
tabulated values in Table 1 listing the areas

percentage of the area on each map sheett and the
number of certain features for each of the 22 quad
rangle maps This table serves as a rapid method
of evaluating certain aspects of the physical
environment of the mapped area For examplet the
area of permanent snowbeds is of general interest
in a program concerned with snow augmentation
The persistence of a permanent snowbed is a function
of winter accumulation and summer mass loss Both
these can be modulated by topography which could
cause increased snow catch as well as providing
protection from summer insolation The Storm King
Peak quadrangle has the greatest area covered by
snowbedst followed by Howardsville and Silverton

Thust any tendency to increase the winter snow

accumulation through cloud seeding would be felt

firstt in all probabilitYt in these three areas In

a similar fashion the increase of avalanche

activitYt which may result from winter seedingt
would be most severely felt in the Red Cloud Peak

quadrangle closely followed by the Si1verton

region These are different regions apart from
the Silverton quadrangle from those that possess

permanent snowbeds and hence may respond differently
to potential snow augmentation This work could

have served as a useful device for predicting he
relative impact of the cloud seeding program over

the entire mountain range if complete map coverage
has been obtained This topic will be discussed

again in the last section of this report Part of
the mapping problem was the unavailability of
1 24 000 maps in an east west swath immediately
south of the Storm King Peak map sheet
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Figures 1 and 2 fold outs Geomorphic maps of Howardsvil1e and Telluride quadrangle using U S Forest
Service black and white photography These maps were originally drawn at
1 24tOOO and reduced here to 1 48 OOO

I
Rg rock glacier

Rgi inactive rock glacier

I
Sc seree

Sei inactive scree

I
Br bedrock and till mantled bedrock

on steep slopes

Br Sc bedrock ribs with intervening
gullies filled with scree

I Ls landslide

am regolith parent materia1 Mancos
Shale

I

I

I

I

I

I

I

I

I

I

I

Legend for Figures 1 and 2

Qd glacial drift

L lake

F forest

Pr pro talus rampart

Al alluvium

Af alluvial fan

Co colluvium
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Mt mine tailings

Mf mudflow

dominant ridge

0 cirque

lateral meltwater channel
II
II avalanche track
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Table 2 lists the relative ranking on a range of 5

of the impact of snow augmentation on each of the 15

categories of Table 1 and specifies the reason for

the ranking Location of the quadrangles is given
on Figure 3 Quantification of the ranking area

data might serve as an initial tool for delimiting
those areas upon which snow augmentation would have

little or no impact from those where serious concern

might be justified Howevert it is not immediately
e1ear how these data can be combined A tentative

approaeh might be simply to multiply the area or

number by the ranking for the 11 quadrangles Thus

the areas of avalanche tracks are multiplied by 5

whereas the area of bedrock is multiplied by 1 This

new set of numbers thus represents a judgment of

the relative impact over the 11 maps There should

be some degree of spatial correlation betwaen adjacent
map sheets because the map boundaries are arbitrary
and do not delimit geological regions Howevert the

11 x 15 matrix might be used to see if spatially co

herent map clusters occur which in turn can be

ranked against the potential environmental impaet
of the cloud seeding program

For the purpose of this study the analysis was re

stricted to deposits which were ranked Table 2 2 to

5 in terms of snOw impact These categories included

avalanche tracks t cirque floor areat area of rock

glacierst area of snowbedst and area of scree Table

3 lists the map sheets and the total figure derived

from these calculations There is no inherent physi
cal meaning in the figure of 310 38 for the Red Cloud

Peak map sheet it can be assessed relatively against
a value of 760 which would represent a map sheet

where all deposits are ranked as 5 highly susceptible
to increased snow augmentation Table 3 shows the

area under this maximum impact as well as the per

centage relative to the Red Cloud Peak map sheet

Cluster analysis of the individual totals that make

up column 2 of Table 3 indicate that there are 3 or

4 significant clusters These are shown on Figures
3 and 4 where clusters marked A are least sensitive

and those of C and Dt most sensitive to increased

accumulation Relatively little change would occur

in cluster A under an inereased snow augmentation
program whereas clusters Bt Ct and D would probably
show some degree of response to the program It is

important to note that the Williams Lakes intensive

study lies in category A and the E1dorado site in D

Howevert this relative ranking on regional criteria

does not agree with the small seale site studies of

Caine 1973 This indicates the problem of extrapo

lating from either end of our researeh spectrum A

second way to determine potential impact from cloud

seeding is to examine the present sites of rock

glaciers and snowbeds and determine the controls of

them The large bowl shaped cirques of the high
alpine mountains represent very efficient snow traps

They owe their form and development to Pleistocene

glaciation The cirques form a potential ele

vationa1 limit to increased snow accumulation Snow

augmentation is unlikely to result in a simp1et
uniform increase in the snowpack but rather the

increase in snowfall will be redistributed and

stored temporarily Within the forested areas the

storage 1s limited and there are relatively few good
snow trap areas However in the alpine regions
the cirque basins cover up to 18 of certain map

I

I
Table 2 Ranking of surfiei 1 deposits cover types

and features re1at d to snow augmentation I
Snow auftmentation impaet

1 nonet 2 nonet

heaVYt 5 major

Cover Type Peature

Avalanche chutes

Bedrock

Cirques

Forest

Rock Glscier

Old Roek Glaciers

Snowfields

Moraines

Lakes

Active seree

Inactive scree

Alluyia1 deposits

Number of cirques

Number of

glaciers

Number of

patches

rock

snow

ran ing
3 moderate 4 medium

IRankillZ snd Remarks

5 ncrease in number and

size f avalanches hazard in

areas of roads

3
of s

a re

accu

Ilor 2

3

sites

snow

3500

2 M

in ar

throu

No obvious impact

reas will serve as the

for wind distributed

hat falls at 4000 I
ght have some impact
as if avalanche runs

h established forest I
2 or 3 Will cause a more

posit ve mass balance on those

rock 1aciere that have an

activ aecumu1ation snow

bank one Some increase in

veloc ty about 5 from

0 5 0 1 m jr to slightly
highe values As dirt roads

are c t around and across

rock laciers some possible
prob1 me

1 0 impsct

3 to 5 Existing snowfields

indic te efficient snow bogs
Low solution sites they
are kely to increase in

sizet possibly to early
twen eth century extents

1 0 obvious impsct

2 0 3 Might cause a change
in tl e break up date

I

I

I

I

I
2 t

appe
incr

reas

3 Scree activity does

to correlate with an

se in glacial conditions

s not too clear I
1 0 impsct 1

2 Some increase in sedimen

tati n and erosion of runoff

Seas n increases in length
and olume of water increases

I
1

I
1

Some increase in number

owbanks is possible if

1 change in snow

ulation occurs

I
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I Table 3 Ranking of 11 USGS 1 24tOOO map sheets by sensitivity to snow augmentation program

Map Sheet Totall RankinJI high to low

Gray Head 14 72 11

Howardsvil1e 218 74 2

Ironton 160 54 6

Little Squaw Creek 74 72 10

Red Cloud Peak 310 38 1
Rio Grande Pyramid 93 7 8

Silverton 161 77 5

Snowden Peak 105 12 7
Storm King Peak 200 61 4

Telluride 205 66 3

Weminuche Pass 75 25 9

I

I

I

I
AversSte Total

Cluster A 8 25

B 18 7
C 34
D 27 5

30 75

IThe maximum possible number in this column would be 750I

Cluster of Red Cloud Total

A 4 1
D 70 29
B 51 21
A 24 10

C 100 41
A 30 12
B 52 21

B 33 14
D 64 26
C 66 27
A 24 10

I

I

I

I
Ouran 0

I IIBMops Completed

I
G Gray Head

T Telluride

I Ironton

RC ed Cloud Peak

S Silverton

H Howardsville

SP Snowden Peak

SK Storm King Peak

RG Rio Grande Pyramid
W Weminuche Pass

LS Little Squaw Creek

I
Figure 3 Location and names of the topographic

quadrangles referred to in this study

I 2
sheets 28 km in the case of the Storm King peak
quadrangle and hence form a significantly large snow

storage area that would give a long summer run off
because of their generally northerly orientation and

protection from insolation Some of these ideas
are carried further in the report by L D Williams
and will be examined in more detail during the
1974 75 research year

I

I The average elevation of all cirque floors in each of
the 4 major quadrants N NEt E S etc is listed in

I

I

Ouron 0

MoPS Completed

Figure 4 Map of the location of the quadrangles
see Figure 3 with the cluster member

ship A C from Table 3

Table 4 for the 11 map sheets as are the mean ele
vations of cirque floors that have snowbanks and for
rock glaciers in their basins

There is remarkably little variation in these data
on a regional basis for examplet the average floor

elevation of hight northeast facing alpine ba ins

that contain no rock glaciers or snowbanks only
varies between 3555 and 3780 m the 3900 m value in

the Ironton quad is on one cirque There is a

slight tendency for the basin floor elevations to

rise toward the Storm King Peak and Rio Grande

Pyramid region and thus the regional snow line may
have a broad and shallow domed shape
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Table 4 Mean elevation m and number of cirques N 272 in the four different quad ants

Map Sheet N E ES S W N

Storm King A1 3695i 37817 3738 4 3713 4

B2 3737 14 3880 1 3680 1 3732 14

Snowden Peak A 3633 6 3620 1 3680 3 3590 5

B 35997 3660 1 3663 6

Little Squaw Creek A 3600 2 3538 3 3585 2

B 3615 2 3545 1

Sllverton A 3555 2 3650 7 3683 3 3630 1

B 3612 5 3899 1 3569 10

Ironton A 3902 1 3671 9 3590 1

B 3657 7 3660 1 3715 1 3664 6

Howardsvll1e A 3670 1 3693 3 3780 1 3590 4

B 3702 16 3745 2 3695 2 3685 4

Rio Grande Pyramid A 3780 1 3605 1 3510 3

B 3640 4 3810 1 3717 3

Weminuche Pass A 3552 6 35201 3513 3

B 3750 2 3785 1

Telluride A 3570 1 3570 1 3410 1

B 3708 8 3647 3 3696 5 3639 14

Red Cloud Peak A 3690 4 3790 4 3720 1 3590 2

B 3744 14 3818 5 3718 6

1
Cirques with no rock glaciers or snowbanks

2
Cirques with rock glaciers or snowbanks

When the alpine basins that are currently empty and

those that ontain a rock glacier and or snowbank are

compared Table 4 it is difficult to ascertain

any consistent trendt and elevation 1s not signifi
cant in discriminating between these two broad cate

gories This finding suggests that the presence
of permanent snowbeds is primarily controlled by
orientation all in northerly exposures and by
local topography and topoe1imate Out of the total

number of 272 high alpine basins in the 11 quadrangles
total area of 145 km2 79 are associated with perma

nent snowbeds and 139 with rock glaciers If there

1s an association between the occurrence of snow

beds and the presenee of a rock glaciert a snow aug
mentation program might result in an increase in

velocity of the rock glacier population with some

possible damage to high country dirt roads The

association can be tested by a 2x2 contingency
table Table 5

The null hypothesis states that the occurence of

rock glaciers and snowbanks is independent The cal

culated chi square value of 2 33 is smaller than that

tabled 2 73 and the null hypothesis cannot be re

jected at the 5 level This result is different

from that discussed by Andrews and Carrara 1973

based solely on an analysis of data from the Storm

King Peak l 24 OOO map sheet and indicates that there

is probably regional variability in the association

I

I

I

I

I

I

I

I

I

I

I
Table 5 Frequency of coun s of high alpine

basins with or wi hout rock glaciers
and or snowbanks Total from the 11

quadrangles I
ROCK GLACIERS

Yes 12

I
Snowbanks

Yes

No

Total 272

46

89

33

104

I
The analysis of the cirque 100rs indicates that the

critical elevation for sno augmentation and storage

is elose to 3600 m a s 1 s little snow is probably
drifted through the forest 0 the high elevations

the possible increase in sn wbank frequency and

size must be associated wit snow redistributad or

deposited directly in the pine In the area of

irregular topographYt the e fects of a straight
snowfall augmentation or a edistribution effect

re best examined through a1ysis of snow melt

models Part of such a pro ram is given below in

the paper by L D William and this problem will

e pursued in the 1974 1975 resesrch year

I

I

I
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S 1 3 l Geomorphic 8tabl11ty

The clu8tera produced in the PY@ViOU8 section Figure
4 can be interpreted in term of general goomorphic
Btability owever a specific field criterion ia

needed to interpret whether or not a specific talus

slope or rock glacier 18 currently stable To a

degree this can be expressed by the 8ge of the

featun thus an lIo1dll dope might be inherently
more stable than one that is IIfresh In order to

provide some quantitative measure of the substrate

stability the technique of lichenometry was employed
and Andrews and Carrara 1973 and Carrara and

Andrews 1973 derived first approximations for

lichen growth curves for the field area These

curves have been used by Sharpe 1974 to assess the

age and recurrence interval of mudflows in the San

Juan Mountains and by Carrara and Andrews to examine

the Holocene last lOtOOO years glacial and peri
glacial deposits and to infer the climatic changes
that have affected the area over this particular
period

I

I

I

I
Our results were obtained from cemeteries below tree

line and hence the observed rate of growth of Rhizo

carpon Keo raphicum s l of 30 mm lOO yr is undoubt

edly a maximum rate of growth for the alpine A

figure of 15 mm lOO yr similar to that determined

for the Front Range of Colorado above tree line

might be more appropriatet although on climatic and

biological productivity grounds a figure of 20 mm lOO

yr might be best This growth rate probably applies
for the first 300 years of the life of the species
and thereafter the growth rate probably diminishes to

3 rom 1OO yr with a best estimate of 5 rom 100 yr

I

I

I
Growth rate stations were established in 1972 using
Lecanora thomsonii and Lecidea Strobrunnea These

sites will be rephotographed in the fall of 1974 or

early summer 1975 and the direct growth rate of these

species established This work will then enable

us to provide a reliable estimate of the growth rate

of R geoRraphicum for the area above tree line

I Lichen size and degree of cover was used to date

areas that are currently active and to differentiate

them from oldert stable deposits dating from the last

10 000 to 4tOOO years ago

I 5 7 3 3 Holocene glacia1t periglacial and climatic

record

I The evaluation of the possible impact of a man

induced climatic change can be accomplished by
1 study of present proeesses and inference of the

magnitude of change caused by some climatic per

turbation

2 modeling based on predictive equations or physical
relationships

3 examination of the past geological record of the

area and relation of that record to climatic

changes of various orders and causes

I

I
Although there has been eonsiderab1e internal debate

among members of the CU and CSU teams on the value of

this last approach it is deemed to be a viable useful

approach as is the only way in which our present
climate and environment can be seen in its proper

context If for examplet we could show that an

I

I

area had just experienced a major geologic climatic

change say 60 years ago or even 1000 years ago
then changeB 1n the plant and animal popuLation now

observed could be in reeponse to these longer te m

fluctuations and not in rosponae to some current pro
cess such as cloud seeding

The most aeeurate method of reeonstructing past
environmental changes is to investigate a deposit
that has a continuous stratigraphic record such as

lake sediments or bogs Under our research plan we

have investigated the stratigraphy radiocarbon age
and pollen record for five bogs that lie at about

3700 m in the northern San Juan Mountains Radio

carbon dates have been provided by the Smithsonian

Radioearbon Laboratory under the direction of Dr

R Stuekenrath The pollen and macrofossil results

were gathered by Frances B King Andrews and

Carrara 1973 provide details on the lithostratig
raphy

Figure 5 illustrates our interpretation of the litho

stratigraphy in terms of chan es in tree line and

changes in the rates of basin sedimentation The

figure illustrates that a major environmental change
occurred about 5000 B Prior to that date the high
alpine basins appear to have been quite stable and

the sedimentary record is eharacterized by the

buildup of organie peats Macrofossils indicate

that tree line extended into the basins and hence

was 100 m that of today Howevert about 5000 years

ago con itions changed The sedimentary record

becomes much more varied and wedges of inorganic sed

iments are laid down on top of the organic peats and

mucks and are in turn covered by peat This period of

varied climate is known in North Ameriea as the

Neoglacial and in many mountain ranges it witnessed

as the name suggests a renewed period of glaci
ation with several distinct glacial episodes or

stades Figure 5 The bogs indicate that the last

period of high sedimentation into the alpine basins

occurred very recentlYt probably in the last 300

years These sediments are now vegetated although
the date of the recolonization is probably within

the last 60 years or so

The central question is how this record relates to

snow augmentation and what it can tell us of future

impacts of this program We can state that

1 The current climate and geomorphie stability have

changed repeatedly over the course of the last

5000 years
2 Current geomorphic stability is higher now i e

there is less sediment transport into the high
basins than it was 3000 years ago and certain

areas are probably being recolonized and hence

a successional vegetational process is probably
in progress

3 The periods of high sedimentation yield correlate

in a general way with periods of glaciation in

the western mounts of the U S A Porter and

Dentont 1967 Benedictt 1973 Birke1andt 1973
4 These temporal relationships strongly suggest that

periods of high sediment yield occur during
times of climatic deterioration

5 The climatic deteriorations are caused by either

an increase in winter snowfall or a decrease in

l36
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I
the summer ablation rate or some combination of

both Howevert the net effect is to increase
the frequency and size of glaciers and snowbeds

6 In the San Juan Mountains there is no conclusive
evidence that glaciers occupied any of the

cirque basins during the Neog1aciation Hence

the high sediment yields are associated with

run off from snowfields

7 During these periods of peak sediment yield
there is probably an increase in mudflows and

probably in late lying snowbanks which may cause

the tundra to die or become susceptible to strip
ping and hence increase 80i1 erosion

I

I

I

I
Whether any of these effects ean be caused by a

snow augmentation program that calls for a l5 to

30 increase in snowfall is difficult to saYt but
I suspect that a 30 increase eontinued for some

period of time say 100 to 200 years is of the

right order to cause changes in the geomorphic
stability of slopes This is tantamount to saying
that the proposed snow augmentation program is

within the range of climatic changes that have

occurred in the last 10tOOO years Howevert it

cannot but have an impact on the physical environ

ment

I

I
Estimates of the changes of tree 1ine by palyno
logical methods F B M King pers co 1974 indi

cate that between about 8000 and 5000 years ago tree

line was probably 100 m higher than it is today
In contrast since about 1200 BP the tree line has

been lOO to 200 m lower than today The pollen
data do not record au apparent downward movement of

tree line sometime immediately prior to 300 BP

howevert dead treest radiocarbon dated indicate
that tree line fell by 100 m or so in the l st 300

years

I

I

I As an approximation these figures indicate that the

complexll July temperature at 3600 m or so has

varied by 20C for significant periods The

term Ilcomplexll is used because temperature is but

one control on tree line elevation and the viabil

ity Further insight as to whether snowbanks in

the San Juan Mountains are more responsive tb

temperature or snowfall changes should be provided
by the snow melt modeling

I

I 5 7 4 Environmental Impact of Increased Snowfall

An Assessment

I
The assessment of the impact of the cloud seeding
program is not easily quantified nor can many
statements be supported by so called lIhard facts

1I

Rather the assessment is based on the objeetive
and subjective appraisal of the information at hand

and is thus one expert s opinionI

I
The proposed cloud seeding program would increase

the number and size of existing permanent and semi

permanent snowbeds and over a long period of time

lOO years would probably result in increased soil

erosion in the high alpine basins The dekree of
climatic change is that experienced in the area over

the last 10 000 years in general and in the last

5 000 years in particular The proposed program
could cause a slight increase in rock glacier
velocities and an increase in scree fall and mud

flows

I

I

I

The natural system will respond to the man induced
c1imatie change there are no aspects of it that can

be turned off Whether the changes are adverse
or not is a subjective judgment My own judgment
is that changes of the magnitude being considered
will not cause adverse effects although certainly
ch nges will occur

It should be borne in mind that increased snowfall
could lead to a situation where significant amounts

of water are stored in the high country in the form

of snowbanks This could lead to a decrease in
water yield Experiments are required to estimate
at what point the increased snowfall would lead
to an increase in permanent storage This possi
bility will be tested in 1974 1975 using the snow

melt model of Williams Section 5 8

5 7 5 Recommended Procedures for Future Impact
Statements

Although individual field areas involve different

problems it seems that an overall research strategy
that can be applied to the general problem should
be developed An overview project involving both

vegetation and geomorphic mapping as well as

regional climatology should be a eentral part of
the research design initially involving a des

cription of the area and the subdivision into

homogeneous units which can then be sampled through
detailed field studies these detailed studies can

be placed back into the regional context These

ideas are expressed below and in Figure 6

I The overview project should consist initially
of three separate endeavors development of

an inventory of the vegetation geomorphic
features and surficial deposits and available

climatic data The first two should be

accomplished rapidly by using photo mosaics

such as the HURD orthophoto maps or else some

computer mapping procedures such as are cur

rently being developed by LARS Purdue Uni

versity and INSTAAR using ERTS l Satellite

imagery

II Analysis of these data should then be carried

out to produce either discrete climatict
vegetationt and geomorphic units or a total

assessment to produce natural regions that

have rather homogeneous characteristics Figure
7 illustrates a computer clustering of the 11

San Juan Mountain quadrangle based on the

data in Table 1 Figure 7 shows how the clusters

are arranged spatially and illustrates that they
form coherent spatial entities Thus the

northern San Juan Mountains form f9ur m@in
geomorphic units Analysis of the relationship
between cluster membership and the raw data

indicates that the primary variables were area

of cirque floorst number of cirquest and the

number of rock glaciers Table 6 lists th

variables related to the first four principal
components which explains 95 of the variance
INSTAAR s two intensive study sites lie in

clusters land 4 The main controlling variables

are reflecting degree of discussion and the

amount of steep slopes and thus clusters 1 to 4

rank from low to high with regard to potential
geomorphic activity
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Figure 6 Proposed flow chart operational model for the implementation of a stud to investigate the

impact of snow augmentation in a mountainous area I
III Given the subdivision of the target area into

regionst individual sites for detailed biotic

and abiotic processes and climatic measurements

can then be selected

IV The fourth step has three parts
A Detailed field studies

B Examination of the impact of the proposed
cloud seeding program by use of snow melt
models The impact on the different regions
should be investigated and the presenee or

absence of suitable climatic data at various
elevations should be assessed to provide in

put into the climatic program
C Modeling of the effect of the proposed

man made climatie change by using existing
programs that relate micrometeorologieal
parameters to primary productivity Again
this step will involve feedbacks with the

field studies

V The final step is the evaluation of the impact
of the pr02ram Step IVA above enables the

research team to cons ide

and to orne extent they
speeulate on the possibl
or 100 years Howevert
and IVC is that these pr
to predict the future i

of physical equations

present processes
an use these data tp

impact over 5t 20t
he advantage of IVB

grams could be used
act on the basis

I

I
Table 6 Geomorphic cover ypes delimited in the

San Juan Mountain Colorado

lakes 0 aines

bedrock thin till fo eat

fresh scree and talus 0 d scree and talus

IIfreshll rock glaciers 0 d rock glaciers

snowbanks av lancha tracks

alluvium a1 uvial fans
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5 7 6 Assessment of the eomorphic overview

project

The main utility of the project has been to develop
the outline of a methodology to study the impact
of cloud seeding programs in other mountain ranges
in the western United States Above tree line the

major impact might well be on changes in geomorphie
processes that will eventually lead to changes in

the plant and animal communities Mountains can

be subdivided into units and the impact of cloud

seeding will vary depending on the characteristics
of each Regional mapping and climatic data

inventory form the basis or should of detailed

field studies as eventually the impact of cloud

seeding has to be brought back from the detailed

local field site to the wider regional overview

Any mountain environment has a past 100 to

lOtOOO year history and a knowledge of this past

response to Holocene climatic changes is essential
to understanding the present distribution of plants
and animals and deposits and it should serve as

invaluable data for the snow melt and productivity
modeling a knowledge of the past is probably our

best means of ensuring an intelligent prediction
of future trends

9

Final1Yt one of the stated objectives of the research

was to provide a regional framework for the more

detailed process studies cf Cainet Sharpe and

Clark this report In addition the study was

intended to provide information on the position of

the two intensive study si es within the continuum

provided by the II USGS mapped quadrangles The
aerial quantities Table 1 can be and have beent
used to project overall work rates related to

specific processes Sharpe 1974 Howevert the

overview and detailed site studies are not

easily transferred upwards or downwards in scale

because we lack information of processes and

deposits at the intermediate scale of 10 km2 This

is in fact a difficult working scale as it falls

between the two methodologies This problem re

quires some thought and it needs to be recognized
in future research designs
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5 8 ECOLOGICAL OVERVIEW Part 111 SNOW MELT MODELING L D Williams

I
ThiS study is a first look at the potential for es

tablishing permanent snowbanks in alpine basins of

the San Juan Mountains through increased snowfall

If perennial snow or lee occupies a substantial por

tion of a basint it can have a considerable effect 00

the runoff from that basin Because snow stores a

certain amount of meltwater before contributing to

runoff permanent snowbanks provide storage in excess

of that existing in the annual snowpack thus affect

ing the timing of runoff Furthermoret the variabil

ity of runoff from year to year is greatly reduced by
the presence of substantial amounts of perennial snow

or ice Krimmel and Tangbornt 1974 This is because

in a year with low snowfall wheDt in the absence of

perennial snow and 1eet the water yield would be

lower than normal greater melting of the snowbanks

and glaciers aided by earlier removal of the high
albedo annual snow cover tends to make up the

deficit Thus the possibility of establishment of

permanent snowbanks or even glaciers is of great

importance to the hydrology of a basin

I

I

I

I

I
In this study we attempt to estimate the increase in

number of permanent snowbanks fOr a given long term

snowfall increase Later studies will estimate the

associated changes in areal extent of perennial snow

The area chosen for analysis is that covered by the

Silverton Howardsville Snowden Peak and Storm King
Peak quadrangles of the USGS 7 1 2 minute topographic
series Section 5 7t Figure 1 Sinee the study deals

with discrete sitest it is necessary to choose those

most likely to support development of snowbanks in as

nonarbitrary way as possible The topographic fea

tures known as cirques or carries are good choices

for such sitest for their fo indicates that at some

time in the past they contained glaciers and these

would have grown initially from permanent snowbanks

Aerial photographs taken in late August 1964 were

studied to determine the locations of all cirques and

all snowbanks in the area under consideration Of

the cirques identifiedt 81 did not contain snowbanks

in 1964 while l39 snowbanks existing in that year

were found From topographic mapSt the elevation and

orientation of each snowbank and of the base of the

backwa1l of each cirque without snowbanks were

measured The results are shown in Figure 1

I

I

I

I

I The persistence of snow at any site depends upon the

amount of snow which accumulates there whieh is pri
marily a function of elevation and local relief and

the amount of heat energy which has been supplied for

melting which depends upon elevation slope and

aspect Clearly snowbanks may exist only wheret in

the long run snow accumulation exceeds snow melt

and the distribution of snowbanks in Figure 1 demon

strates the favorabi1ity of north facing slopes and

higher elevations for retention of snow The lowest

snowbanks face due north for which incoming radi

ation is minimum The range of snowbank orientation

becomes greater with increasing elevationt as temper
ature and water vapor pressure decrease and snowfall

increases

I

I

I

I
Since the source of greatest variability in snow melt

with respect to orientation is incoming radiation

and since this is fairly symmetric about due northt
we may simplify the analysis by considering distri

butions with respect to elevation and absolute

I

I

orientation the latter defined as degrees from
north either east or west Figure 2 hows the

distribution of snowbanks and cirques without snow

banks with respect to these two variables Any point
on the diagram is associated with a distinctive ener

gy environment or potential for snow melt for a

given set of meteorological conditions If various

parameters such as air temperature and humiditYt
cloud cover wind speedt and precipitation are knownt
the energy environment can be calculated at each

point by theoretical or empirical estimates of the

terms of the heat balance That iSt the heat avail
able for melting snow is equal to the sum of net

radiationt sensible heat latent heat and heat con

duction at the surface There are a number of dif

ficulties involved in obtaining precise instantan

eous values of these termst but methods have been

devised which give satisfactory estimates of the net

heat balance over the entire melt season References

to these methods are given in Section 5 8 1 Fur

thermoret for the purpose of this study it would be

impractical to be concerned with the year to year
variation of the hest budgett for only representa
tive values for a given climate of the potential
snow melt as a function of elevation and orientation

are required This is justified on practical rather
than theoretical groundst for while variations in

weather from year to year may cause substantial

changes in the size of snowbankst their locations

tend to remain fixed over a number of years It is

therefore assumed that mean climatic conditions can

account for the locations of snowbanks and the

change in favorabi1ity of sites for snowbank

development due to a change in climate can be

estimated

Table 1 show the results of calculating representa
tive values of potential April September snow melt

for the San Juan study area at lOO m intervals of

elevation and lOo intervals of orientation for an

arbitrary slope of 200 t using climatic data from

nearby weather stations for the years 1960 to 1964

i e t the five years preceding the year of aerial

photography of this region in the ablation model

deseribed in Section 5 8 1 On Figure 2t the

upper bound of cirques without snowbanks has been

drawn the solid line Some snowbanks occur below

this 1inet but cirques in this area with elevations

and orientations which plot above this line inevitably
contain snowbanks The line thus represents a

boundary for sufficient but not necessary conditions

of elevation and orientation for permanent snowbanks

in 1964 Transferring this curve solid line to

Table 1 the amount of snow to remain above the

1inet but not below is given by the values of snow

melt on the line i e on the 1ine snow melt

equals snow accumulation These values are given
in the next to last column of Table 1 extended to

fit measured values at lower elevationst although
strictly these are not comparable as the snow bank

sites will naturally accumulate much more snow than

is typical for their elevations In the last

column of Table 1 the accumulation values are in

creased by 15 The locus of points where snow melts

equals snow accumulation with the latter increased by
15 are then plotted on Table 1 and transferred to

Figure 2 as a dashed line In Figure 2 it is seen

that new snowbanks would be predicted to become
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Table 1 Representative values of potential April September snow melt for the SaD Juan study area

Elev

m 40 50

Aspect de2rees from N

60 70 SO 90 100 110 120 130 140 150 160 170 180o 10 20 30

Measured

required
snow

accum em

15

increase

4200

4100

4000

3900

3800

3700

3600

3500

3400

161 164 172 185 201 219 237 255 271 285 296 304 310 313 315 315 315 315 315

170 172 181 193 209 227 245 263 279 293 304 313 318 322 324 324 324 324 323

178 181 189 202 217 235 253 271 287 301 312 321 327 331 333 334 333 333 333

187 190 198 210 225 243 261 279 295 309 321 330 336 340 342 343 343 343 342

196 199 207 219 234 251 270 287 303 318 329 338 345 349 351 352 352 352 352

206 20S 216 227 242 259 278 295 312 326 33S 347 354 358 360 362 362 362 362

215 21S 225 236 251 268 286 303 320 334 346 356 362367 369 371 372 372 372

224 227 234 245 259 276 294 312 328 343 355 364 372 376 379 380 381 381 3S2

234 236 243 254 268 284 303 321 338 353 367 377 385 391 394 397 398 399 399

300 345

290 333

276 317

252 290

206 237

161 185

130 150

107 123

88 101

established in only five or six of the 8l cirques as

a result of a 15 increase in snow accumulation Of

course this does not take into account the possi
hi1ity that s 15 snowfall increase might be redis

tributed by the wind in such a way that the actual

aecumulation of snow in certain locations would

exceed 15

A more refined model which estimates accumulation as

a function of elevation and local relief from a snow

survey and then computes daily values of snow ablation

at the points of a grid covering a given topography
has now been developed Willlamst 1974 With this

model it will be possible to obtain a much better

picture of the possibilities for change in areal dis

tribution of snow throughout the summer and the po

tential for establishment of permanent snowbanks

in aress of particular interest

5 8 1 DescriPtion of ablation model

This appendix will briefly describe the computer pro

gram used in this study for estimation of ablation

The computations are based upon energy balance at

the surface as discussed for example by Paterson

1969 Chapter 4 and Sellers 1965 A variety of

sources has been used for construction of the model

Much has been written on this subject and no attempt
will be made here to discuss theorYt but only to

give references to methods used except where fur

ther explanation is called for

Daily values of ablation were obtained by summing
over half hour intervals any positive values of

melting evaporationt or sublimation given by the

model These are dependent upon the diurnal vari

ation of 1 shortwave radiation which can be com

puted 2 of near surface air temperature which is

assumed to vary sinusoidally with amplitude 30C and

maximum at noont and 3 of water vapor pressure in

the air near the surfacet which is unknown and so is

calculated as a function of air temperature Liett
1966t p 350 and mean relative humidity Mean

seasonal ablation was approximated by summing over

June July and August the amounts determined for

the middle of each month

The major contribution to ablation is me1tingt
which is assumed to take place whenever the energy
balance i e the sum of net radiationt sensible

heatt and latent heat is positivet provided the

surface temperature is OOC Here a simplification
must be madet for surface temperature is unknown

Its computation is possible Outcalt 1972 but too

costly in computer time for this study Thereforet
snow surface temperature is assumed equal to air

temperature up to OoC as in the model by Willen

et a1 t 1971t p 5

Clear sky shortwave radiation is computed as in

Williams et al 1972 This is accomplished by
means of aformula for direct radiation on a slope
given by Garnier and Ohmura 1968 and a formula

for diffuse radiation given by List 1966 p

420 attributed to S Fritz Atmospheric trans

missivity was taken as 0 7 according to measure

ments by J Johnson pers comm Global radi

ation is adjusted for cloud cover C by decreasing
elear sky direct and diffuse radiation in propor

tion to C but then increasing diffuse radiation

by the factor 0 2C times shortwave radiation above

the clouds The factor expresses the assumption
that cloud albedo 60 t and cloud absorption
20 cf Kondratievt 1969 p 443 Albedo of the

snow surface is expressed as a function 0 74

0 015 x days since snowfall 0 l2 x cloUd

cover derived by regression on data collected on

the Boas Glacier in 1970 Jacobst Chapter 4 in

Andrews and Barry 1972 the regression explains
55 of the variance and is significant at the O l

level Albedo was further adjusted for angle of

incidence a Barkstromt 1972 by adding 0 17

0 7 sin 6 Longwave counter radiation was

computed by the Angstrom equation

a T A1 Bexp Ce

Where cr is the Stefan Boltzmann constant Ta is

air temperaturet and e is water vapor pressure

using coefficients Al 0 82t B t 0 25t C t 0 29

according to Kondratiev l969t pp 571 579 580

Both shortwave diffuse radiation and longwave
counter radiation were adjusted for slope
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Kondratievt 1969t p 68l Longwave radiation emit

ted by the surface is aT where Ts is assumed sur

face temperature net 10ngwave radiation was adjus
ted for cloud cover by a formula given by Ambach and
H01nkes l963t p 28 A computer program by Outcalt

1962 was adapted for use in approximating sensible
and latent heat Freezing of rain or meltwater as a

source of latent heat was neglected Final1Yt when

ever the energy balance was positive and air water

vapor pressure less than surfaee water vapor pressuret
latent heat was assumed to be used for evaporation
surface te perature OOC or sublimation surface

temperature below OOC
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7 DISPOSITION AND ENVIRONMENTAL EPFECTS OF SILVER IODIDE FROM CLODD SEEDING

I 7 1 DISPOSITION OF SILVER H L Tellert D R Cameron and R A Mead

The silver disposition study has now completed its

third year At the time of writingt the fourth spring
sampling is about to be made but the results will not

be available in ttme for this report Since the last

report Teller and Cameron 1973 the modeling study
of silver movement through the soil was comp1etedt the

spring 1973 monitoring data were collected and ana1yzedt
and analytical studies were undertaken to determine if

relationships could be established between seeding
activity and silver concentration in snow and betwaen

silver concentration in streamflow and that in snow

An attempt was also made to determine what sampling
intensities were required to detect changes in silver

concentration in soil and vegetation during monitoring

operations on the Ssn Juan target area

I

I

I

I
7 1 1 TarRet Area Monitoring

The objective of the monitoring program remains the
same namely to determine silver concentrations in

soi1t litter and foliage of aspent spruce and grass
communities on the San Juan target area Although ini

tial sampling was carried out twice a year in spring
and fall budget cuts have reduced sampling during the

last two years to annual monitoring in spring only The

past history of sampling and the methods used are des

cribed in our previous report Teller and CameroDt
1973 As before the detection limit of the pyrosul
fate fusion method used for silver analysis was 0 008

ppm silver in ash

I

I

I Comparison of Components

I
The means and standard deviations for each aamp1ed com

ponent soi1t litter or foliage of spruce aspen and

grass are shown in Table 1 for the springt 1973 sam

pUng only

I
Cable 2 gives mean silver concentrations in all compon
ents for the three spring samplingst 1971t 1972 and

1973 Statistical analysis shows no significant dif
ferences between the three yearSt indicating that the

sampling intensity has not been sufficient to detect

any changes during this period Mean concentrations

on an ash basis Table 2 in general show decreases
between 1971 and 1973t though none of these are statis

tically significant

I

I Table 1 Mean silver concentrationst percent asht and standard deviations of each of the sampled components of
sprucet aspen and grass Data averaged for all plotst spring 1973 sampling only

SPRUCE ASPEN GRASS

L L L L L

Percent Mean 4 0 2S 4 73 6 9 9 31 5 71 5 9 4 87 2
Ash S D 0 8 10 6 15 9 16 0 14 7 16 8 1 6 4 2

Silver ppm Mean 0 22 0 15 0 06 0 17 0 22 O OS 0 10 0 03
Ash basis S D 0 20 0 07 0 06 0 18 0 45 0 11 0 16 0 02

Silver ppm Mean 0 01 0 04 0 04 0 04 0 09 0 04 0 01 0 02
Dry wt basis S D 0 01 0 02 0 04 0 14 0 26 0 04 0 02 0 02

No of Samples 25 18 25

Note S D Standard Deviationt F Foliage L Litter S Soil
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In view of the above conclusion no further tests were

carried out to determine differences in silver concen

tration between components of each community type
Those conclusions reached in our last report are con

sidered to be still va1idt namely that on an ash
basis spruce foliage and litter contain more silver

than spruce soil There are no significant differ

ences between components in aspen and graSSt though
the foliage and litter silver means are about twice

the soil silver mean in 1973 see Table 2

No further tests could be made between silver concen

trations in spring and fall as only spring sampling
was carried out in 1972 and 1973 Similarly no fur

ther analyses were made between transects The two

westerly transects Million Dollar Highway and Rico

Road were again not sampled in 1973

7 1 2 Samo1inR ReQuirements for Monitoring

The monitoring of small quantities of chemicals which
are added to natural ecosystems during weather modi

fication operations presents a number of difficult

sampling problems In the current studYt extremely
small amounts of silver are added in snow to an area

which already contains fairly high natural concentra

tions of the metal These vary considerably from

place to place In attempting to determine whether

the cloud seeding operation in fact adds measurable
amounts of silver to the soil and vegetation of the

target areatsufficient samples must be taken to ac

count for both the natural variability of silver on

the target area and the temporal and spacial vari

ability of the annual additions

Past raports in this series have addressed themselves

to the problem In our first report Teller and Cam

eron 1971 t we estimated that the annual addition of

silver from seeded precipitation during the Upper
Colorado River Pilot Project would be between 0 002

and 0 006 ppm to litter and surface soil ie 0 002 to

0 006 mg kg l This is based on the assumption that

seeded precipitation delivers 0 01 to 0 03 gm Ag per

hectare per cm of precipitation Cooper and Jolly
1970 In our second report Teller and Cameron

1973 t we estimated that the top 3 cm of litter and 2

em of surface soil already contain 4 0 x 103 mg ha

i



Tab e 2 Results of analysis of variance comparing silver content of target area compo ents sampled in spring
of 1971 1972 and 1973

PPtD ash basis mdr wt b 1

1971 1972 1973 difference 1971 1972 1973 difference

Spruce
0 22 NS 0 D1 0 01 0 01Foliage 0 24 0 22 NS

Litter 0 18 0 11 0 15 NS 0 04 0 03 0 04 NS

Soil 0 08 0 05 0 06 NS 0 06 0 04 0 04 NS

Aspen
0 17 NS 0 01 0 01 0 04Foliage 0 19 0 13 NS

Litter 0 21 0 12 0 22 NS 0 05 0 03 0 09 NS

So11 0 21 0 D5 0 08 NS 0 14 0 04 0 04 NS

Grass

POl1age 0 12 0 09 0 10 N6 0 01 0 D1 0 01 NS

Soil 0 15 0 07 0 03 NS 0 13 0 D5 0 D2 NS

Statical difference at 95 level of confidence
NS g No signifieant difference

and 7 0 x 103 mg ha silver respectively while the

annual addition from snow amount to about 3 0 x 102
rog hat or about 1140 of that already present in the

surface 5 em

The determination of sample numQers iSt of course the
first task in any monitoring program In the case of
the present studYt sampling sites were originally se

lected on the basis of areal distribution ie by major
drainages t altitudinal distributiont proximity to pre
cipitation gages and budgetary constraints The total
number of plots and the frequency of sampling were not
determined statistically We are currently sampling
only once a year on 27 plots in the present target area

The program began with 40 plots when the western por
tion of the San Juans was sti1 included in the study
area

A tati8tical analysis was carried out to determine the
number of 8a p1es which would be required to detect a

given differenee in silver concentration over various
periods of timet ranging from one to five yearSt with

varying degrees of confidence The following assump
tions were made for the analysis

Component ana1ysed Spruce litter
Standard deviation of AS eoncentration mean

value for 1970 1972 0 08 pp Ag as dry wt

Minimum annual addition of silver 0 002 ppm
dry wt yr

Maximum annual addition of silver 0 006 ppm
dry wt yr

Original number of sample plots used 40
This gives the degrees of freedom for

the subsequent analysis
Range of confidence levels 60 80 t 90 t 95
Sampling procedure hypothetica1

Case 1 Only two sampling times one be
fore and ODe after the seeding
periodt which may be 1t 2 3 4
r 5 years

Case 2 Annual samplingt so that degrees
of freedom accumulate yearlYt ie

40 in the first yeart 80 in the
second etc After the 5th yeart
200 samples would have been col
lected

The following equation was u ed tQ calculate required
sample size to detect specif ed annual accumulations
of silver

n
4 t2 2

d2

n required sample size
t value from standard

degrees of freedom
s standard deviation t

dry wt was used in
that the spring 1973
0 02 ppm for spruce
sample numbers in Ta

dmean annual accumulat
the minimum 0 002

0 004
0 01 P

the maximum 0 006 p
0 012 P
0 03 P

abIes for appropriate

e mean of 0 08 ppm in
11 computations Note

standard deviation of
itter would reduce all

e 3 by a factor of 16
n of silver ie for
m after 1st yeart

after 2nd yeart
after 5th year

m after 1st yeart
m after 2nd yeart
after 5th year

Case 1 Confidence level 60 80 90 95
t value 0 851 1 303 1 684 2 02

Case 2 Confidence level 60 80 90 95
Year rva

r t 40 0 851 1 303 1 684 2 020
2 t 80 0 847 1 293 1 665 1 989
3 t 120 0 845 1 289 1 658 1 980
4 t 160 0 842 1 262 1 645 1 960
5 t 200 0 842 1 282 1 645 1 960

Table 3 gives the sample num ers which would actually
be required to detect a mini um annual silver addition
of 0 002 ppm dry wt t and a aximum annual addition of
0 006 ppm dry wt t9 spruce litter in the San Juan

target areat at four confide ce levels under two hy
po hetic l sampling regimest assuming a standard devi
of 0 08 ppm silver as dry wt This standard deviation
was obtained from 40 smples per sampling time between
1970 and 1973

Table 3 shows clearly that t e sample numbers which are

being used in the present pr gram are entirely inade
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Tab Ie 3 Calculated number of samples required to detect annual additions of 0 002 and 0 006 ppm silver dry

vt in spruce litter on San Juan Target Area

CASE I

Number of Samples Required

Confidence Levels

Years after which
80 90 95difference Is measured 60

515 4635 1207 10866 2017 18149 2902 261151

2 132 1159 310 2716 518 4537 746 6529

3 58 515 136 1207 226 2017 326 2902

4 32 279 75 655 125 1093 1S0 1573

21 1S5 48 435 81 726 116 10455

Left hand column

Right hand column

Annual accumulation of Ag m 0 006 ppm dry wt

Annual accumulation of Ag 0 002 ppm dry wt

CASE II

Number of Samples Required

Confidence Levels

Years after which

90 95difference is measured 60 80

515 4635 1207 10866 2017 1S149 2902 261151

2 131 1148 305 2675 507 4436 723 6330

3 57 508 133 1182 220 1955 314 27S8

4 31 273 72 633 119 1043 170 1481

5 20 181 47 420 77 693 109 983

Assume 40 degrees of freedom for all yearst ie t samples are taken once before seeding begins and only

once thereafter after 1 2t 3t 4 or 5 years

Assume initial degrees of freedom first year difference are 40 and the degrees of freedom accumulate for

successive yearst Ie samples are taken annually

quate to detect silver accumulation at the rates indi
cated at a reasonable level of confidence

Note however that the spring 1973 standard deviation
of silver concentration in spruce litter was reduced
from 0 08 to 0 02 ppm in dry wt If this value had
been used in Table 3t all sample numbers could be di

vided by 16 If silver accumulated at the minimum

rate 0 002 ppm dry wt per year differences should
be detectable with about 65 samples after 5 years in
both Case I and Case II at the 95 confidence level

We conelude from this analysis that if we assume a

0 08 ppm dry wt standard deviationt a 0 002 ppm dry
wt annual increase of silver concentration in spruce
litter will be detectable with about 40 samples per
year only after 5 years with 60 confidence An annual
increase of 0 006 ppm dry wt per year with about 20
samples per yeart should be detectable after five years
with 95 confidence The detection of the lower annual
increase 0 002 ppm yr at 95 confidence would re

quire about 200 samples per year for 5 yearSt for each

component being sampled At present prices for the
number of components we are currently samplingt this
would mean a cost of about 8 000 per year for sample
analysis only

With our present program of 27 samples per year per

component if a 95 confidence level is desired and
if a 0 02 ppm dry wt standard deviation can be assum

ed for spruce litter instead of the 0 08 used above t

an annual accumulation of 0 002 ppm should be detect
able after about four years An annual accumulation
of 0 006 ppm dry wt should be detectable after about
two years

7 1 3 Generator Site Monitoring

The Pagosa Springs Generator Site no 25 was sampled
only in spring 1973 and will be sampled again in spring
1974 the latter data will be included in the next SJEP

report As previously samples were collected along

14S



four transects in the cardinal directions at 10 20

50 100 and 200 meters from the generator location

Soil litter and foliage were collected in grass and

ponderosa communities

During the 1972 73 seeding sealoD aenerator No 25 had

minimal use having burned for only 23 hours with a

total output of 465 grams of silver iodide This is

extremely low compared to the ten generators with high
est output for the season which averaged 2t309 grams

AgI Maximum output of 3 197 grams was obtained from

generator No 23 Oak Brush t located about 8 miles
SW of Pagosa Springs Output from generator No 25

since the beginning of the current seeding program was

197071

1971 72

1972 73

2360 grams AgI
3760 grams AgI

465 grams AgI

No further studies were conducted to determine what

proportion of the silver was inside or on the surface

of foliage Both greenhouse tests with field crops
Teller and Klein 1974 and parallel research at other

generator sites at Tennessee Pass near Leadville
Colo and at Emerald Mountain near Steamboat Springst
Colo have shown conclusively that uptake of silver

by plants is possible and that accumulation does occur

in roots wood and foliage of plants near generator

sites If silver is to be p

it is immaterial whether it
surface of plants except th

ly be washed off the surface

Bsed on in the food ehain

8 on the inside or on the
t the latter could possib
with time

Table 4 gives silver concent at ions in soilt grass
Ponderosa pine foliage and p ne litter at varying dis
tances from the generator f r the spring samplings
carried out in 1971 1972 an 1973 Figure 1 shows
the spring 1973 data on1Yt a d indicates the familiar
trend of decreasing silver c ncentration with distance
from the site It also show thatt in terms of ppm in

ash highest silver concentr tions are in or on pine
foliage with decreasing con entrations in litter soil
and grass respectively

Figure 2 shows mean silver c

ponent averaged over all di
since sampling began in fall
It can be seen that there wa

in mean silver values till f

very low seeding activity at

73 seasont spring 1973 silve

decrease generally to lower
in spring 1972

ncentrations in each com

tancest for each season

1970 through spring 1973
a fairly steady increase

11t 1972 Due to the
this site during the 1972
values show a consistent

values than those noted

An analysis of variance was arried out on the data
from which Figure 2 was camp led in order to ascertain

Table 4 Mean sllver concentrations in terrestrial components at GeneJator Site 25 gosa Springs t for spring
sampling in 1971 1972 a 1973

4 m silver cone as ppm in ash b silver cone as ppm in dry wt SD s ndard deviation

Distance PINE FOLIAGE PINE LITTER

from

Generator 1971 1972 1973 1971 1972 1973 1971 1972 lU 1971 1972 1973

meters

a 18 31 32 75 38 25
SD 04 16 15 46 27 14 no foliage or lit er available at 10 meters

10

b 16 28 29 08 03 03
SD 03 15 14 05 04 02

a

SD

20

b

SD

s

SD

50

b

SD

a

SD

100

b

SD

a

SD

200

b

SD

11 20 18 09 44 07 4 36 12 60 3 5 52 2 10 2 05

03 12 09 06 45 03 1 37 9 05 2 3 24 28 50

10 19 16 01 04 01 13 33 0 06 20 21

03 11 09 01 05 00 04 23 6 01 12 04

09 11 11 08 17 10 95 3 23 1 7 10 1 24 74

05 06 06 14 14 1D 42 3 62 5 10 64 58

08 10 10 01 02 01 03 09 4 03 10 13

04 06 05 02 01 01 01 12 2 03 07 10

09 10 25 02 07 04 76 2 08 1 8 14 81 49
06 07 29 03 04 05 33 1 67 8 14 60 09

08 09 23 00 01 00 02 05 3 01 04 05

05 06 27 00 00 00 01 04 2 01 03 03

07 08 09 04 07 05 49 86 3 12 82 47

04 06 06 06 05 04 25 24 9 16 16 09

06 07 07 00 01 01 01 02 2 01 05 04

03 05 06 01 00 01 01 01 2 01 01 01
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I Figure 1 Variation of silver concentration in four

terrestrial components with distance from

generator Springt 1973

I whether the differences indicated by the mean values

weret in factt statistically significant at all distan

ces from the site In view of the very high variabil

ity of the original datat which can be seen in the high
standard deviations in Table 4t it is not surprising
that Table 5 shows a large number of non significant
differences between sampling times of all components

I

II
I Table 5 Analysis of variance of mean silver concentra

tions as ppm in ash in four terrestrial

components at varying distances from generator
sit 25 between fall 1970 and spring 1973

I CotllPonent

I
Pine Pine

Distance m Fo1ia e

10

20 NS NS

50 NS NS NS

100 NS NS

200 NS NSI
Difference between sampling times significant at 95

confidence level

Difference between sampling times significant at 99

confidence level

NS No significant difference

No samples taken

I

I

I

10 0

Pine Foliaoe
Pine Utter

5011

Grall
0

z

p

e

I
Z
o

j
0
I
Z
UJ

z
o

0
UJ

c

1 0
p

0

0 1 0

0

FALL
1970

FALL SPRING
1971 1972

SEASON

FALL
1972

SPRING
1973

SPRING
1971

Figure 2 Time trends of silver concentration in four

terrestrial components at GS 25 means of 4

directions and 5 radii

The apparent increases in silver shown for pine foliage
and grass are not statistically significant at the 95

confidence level at most distances while those indi

cated for soil and pine litter are generally signifi
cant

Our general conclusions from the above analysis are

There has been an accumulation of silver at gener

ator slt 25 up to fall 1972 The small amount of

seeding during the 1972 73 season apparently added

less silver than was removed by natural meanst re

sulting in a slight decrease in silver concentration

in all the components

If the decrease in silver concentration noted for

the spring 1973 sampling is real ie is not caused

by changes in laboratory technique t this indicates

that a significant portion of the silver is surface

deposited and may be amenable to gradual removal

by rain or wind

Silver concentration in all components decreases

with distance from the generator and reaches back

ground levels at about 200 meters from the site

Larger numbers of samples than those taken here

would be required to show more highly significant
differences between years Howevert the consistent

trend noted does appear to be a logical result of

the seeding activity
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7 1 4 Modeling SilveT Transport in the Soil

Our previous report Teller and Cameront 1973 indicat

ed that a model for silver transport was being develop
ed on the basis of Darcy s law for solution flow and

Fick s law for solute diffusion The model has been

completed and tested on reconstituted 80il cores in the

laboratory Cameron 1973 t with silver from both AgI
and AgN03

Cameron concluded from his experimental results that

the silver concentration in soil solution at any given
time can be estimated reasonably well by subtracting
the silver removed by adsorption N from that added

in the flow F The amount being added can be said to

follow the laws of Darcy flow and Fickian diffusiont
ie

F qC DSL
at

Where F mass of silver added in solution

q volume of solute added

C concentration of silver in the solute

D diffusion coefficient

e moisture content of soil by volume
t time

The silver removed from solution by adsurption N can

be attributed to either an equilibrium type reaction

or a kinetic type reaction or botht ie

t

N k1C k2C k3N

Where N amount of silver removed from solution

amount of silver adsorbed by soil parti
cles

C concentration of silver in solution

k1 equilibrium reaction constant

k2 adsorption rate constant

kJ desorption rate constant

t time

The conclusions reached from the modeling study with

Ag may be s rized as follows

i The silver adsorption model is best represented
by a kinetic type reaction coupled with an in

significant equilibrium type reaction so that

klC above can be neglected

ii The dominant parameters in the adsorption model

are the adsorption rate constant k2 t and the

desorption rate constant k3

iii The adsorption rate eoostant k2 is 100 to

1 000 times greater than the desorption rate

constant k3 t in the case of an AgI source

iv As the rate of adsorption k2C is a finite

value less than Co the input concentration t a

proportion of the silver added lO to 30 of in

put concentration will move through the soil

column

v As more silver is adsorbedt the desorption rate

k3N will increas8t more silver will be return

ed to the solution and leachate concentration

will increase slowly with time

When he used the readily soluble AgN03 sourcet Cameron

found that the dominant parameter in the model is the

equilibrium reaction coefficientt kl In this caset

I
the adsorption rate of silver is so rapid as to be in

stantaneous and silver only ppears in the leachate

when the soil column is satur ted I
Although generalization of th above results and ex

trapolation to a field situat ont is risky at best it

ean be postulated that some s lver from surface depos
ited Ag is likely to move th ough the soil profile
into the root zonet though mo t will be adsorbed in

surface litter and soil layer This has been borne

out by observations at genera or sites where silver

concentrations do decrease fr m the surface dowttWardt
but where enough penetrates t the root zone to be

taken up by plants

Although the monitoring of si ver concentrations in

snQw was not part of the obje tive of this project
such data were obtained at a umber of stations within

an4 Qutside the target area b another eontractor t

and were made available to us for analysis The data

are tabulated in Table 6 whi h gives the mean annual

silver concentration in snowt its standard deviation

and the number of samples us to calculate the mean

for each station

7 1 5 Silver Concentration i Snow

It is obvious from Table 6 t

was not designed for subseque
as the sample numbers vary co

st tions and between years

variability of the data can b

stan ard deviations many jf
ti es the means Table 6 i

I

I

I

I

I
t the sampling scheme

t statistical analysist
siderab1y both between

rthermoret the very high
seen from the large

hich are two to three
on following page

I

ISi1ver in snow concentration n and off the tsr et area

Five year mean sil er concentrations in snow

for three zones in the San Juan mountains

Mean Ag co c

in snow

m1 x 10 0

An attempt was made to answe

a significant difference bet

in snow on the target areat

of the target area

Silver in snow concentration

averaged for each of the thr
means in Table

Table 7

the question Is there

een silver concentration

at sites west and east I
ata from Table 6 were

e major zone t to give the I

I
Standard
Deviation

No of

Samples

IWest of

ArealTarget 0 22 0 16 180

Ta get Area2 0 62 2 51 209

East of

Target Area3 0 29 0 42 143

I
l Holas Dividet Red Mountain Mineral Ck t Animas
2 Wolf Ck Passt Middle Fork Piedra Vallecito Ck
3 A1amosa Creedet LaVeta Pa s

I

IA student s t test on the ab ve data indicated that

there was no statistically s nificant dif erence at

the 95 confidence level be een silVer in Bnow con

centrations in the three msj r zones Table 6 indicates

I
Western Scientific Serviees Fort Collins Unpublish
ed occasional reports of a alyses of silver concen

tration in snow
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that the relatively high maan of 0 6 Z 2 5 x 10 10 gml
m1 for the target area was caused by high concentration

t Wolf Cre k P in 1971 2 2 5 1 x 10 10 gm m1
However both the standard deviation for 1971 and the

overall standard deviation for the whole target area

over the period 1969 1973 are so high that significant
differences will obviously not be s own It is inter

esting to notet howevert that the target area mean is

about twice as high as the downwind east of target
area meant and about three times as high as the upwind
west of target area mean

Relationship between seedina intensity and si1ver in

2X

Due to the location of Wolf Creek Pass in the central

part of the target area and its relatively high silver
in snow concentrations an attempt was made to relate
silver in snow concentration at this site with total

seeding intensity from all generators

table 8 gives mean silver in snow concentrations at

Wolf Creek Pass and total grams of AgI burned by all

generatorst for each month during the three seeding
on 1970 71 1971 72 1972 73

The data from Table 8 are plotted on a time basis in

igure 3 and as a regression relationship in Figure
The time plot indiestes that maximum seeding activity
occurred in the spring and fall of 1971 and that maxi

mum silver concentration in snow at Wolf Creek Pass co

incided with the maximum seeding activity Bowevert
during most months the relationship between the two

parameters is not good t as is also shown in Figure tiJ
Due to the small number of points available for a cor

relation ana1ysist and the obviously poor relationship
shown in F igure 4 no statiatiea1 calculations were

attempted It is concluded that silver concent ation
in snow at a given site can not be adequately predicted
from total seeding activity for the target area

7 1 6 Silver Concentration in Water

Although the collection and analysis of silver in ater

data were also not part of the mandate of this project
the availability of the data from the u s Geological
Survey 1970 1972 1973 prompted the following anal

ysis

I
Both mean annual silver conce trations in streamflow
and mean annual discharge are given in Table 9 for five
U S G S stations in th San usn mountainst for the
three yearat 1971 1973 Stat stica1 analyses were un

dertaken to answer the follow Dg questioner

I
i Is there a significant difference between mean

silver concentrations n the five streams I
ii Is there a significant difference in mean silver

concentrations between years I
ili Is silver concentratio in water related to

stream discharge

Analysis of variance between
in water at five stations ind

statistiea11y significant dif

result is obviously due to th

data which can be seen in Ta

that table shows that the 3 y
x 10 10 gm m1 in the Piedra t

Val1ecito Creek The two hig
correspond to the two highest

Differences between years we

of variance and found to be

fidence level These differ
bottom row of Table 9 where

increases from 0 11 x 10 10

10 10 gm m1 in 1973 Me n d

during that time from 103 cf

1973 Howevert the mean dis

the three years were not sta

95 confidence level due to

tween individual streams

ean silver concentrations

cated that there was no

erence between them This

high variance of the
le 9 The last column in
ar means vary from 0 12

0 58 x 10 10
gm m1 in

est mean concentrations

discharges

I

I

also tested by analysis
gnificant at the 95 con

ces ean be seen in the
ean silver concentration

m1 in 1971 to 0 57 x

charge also increased
in 1971 to 160 cfs in

arge differences between

istica11y different at the

the high variability be

I

I

I
Ei ure 5 a f shows the rel ionship between annual

mean discharge and annual me silver concentration for
each of the five streams in ble 9 Figure Sf comb in

es the means for all streams It is elear from these

figures that a positive re1a ionship does exist between
stream discharge and stream ilver concentrationt but

that variability between str ams is high

Individual annual means of s

iseharget for each stream i

i8ure 6 which indicates th

I
1ver concentration against
each yeart are plotted in

t the relationship is not I

Table 8 Monthly mean concentration of silver in snow at W01f Creek Pass and total 8 ms AgI burned by all

generators Silver concentration as gm m1 x 1010

I

Mean Ag conc Total gms Mean As cone Total gms M Ag cone Total gms

in snow ARI burned in snow Ad burned n snow AaI burned

November 0 00 4 420 2 89 48 640 0 06

December 0 00 2 28 1 900 0 13 6 914

January 0 00 1 54 10 720 0 08 3 830

February 0 00 3 200 1 35 2 600 0 26 7 564

March 0 00 21 92D 0 41 7 462

April 0 13 39 940 1D 440 0 48 7 462

M y 22 795

Note 0 00 indicates 0 03 x 10 10
gm ml reported

1970 71 1971 72
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Figure 3 Time variation of total seeding activity
and silver concentration in snow at Wolf

Creek Pass
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Figure 4 Relationship between total silver burned by
all generators and silver concentration in

snow at Wolf Creek Pass

Table 9 Mean annual silver coneentration in stream flow and mean annual discharge of five San Juan rivers

1971 1973

1971 1972 1973 All 3 Years

Ag conc Ag conc Ag cone Ag conc

in water Discharge in water Discharge in water Discharge in water Discharge
g mlx1D1D efa g m1x101D efa g m1x101D efa g mlx1010 ef

Wolf MeaD 0 00 41 0 39 53 0 60 93 0 31 61

Creek SD 0 00 31 0 73 37 1 08 127 0 74 75

Middle Fk MeaD 0 03 45 0 09 76 0 26 113 0 12 75

Piedra SD 0 10 36 0 23 55 0 36 142 0 25 87

Va11ecito Mean 0 09 222 0 66 255 1 14 195 0 58 224

Creek SD 0 18 184 1 05 177 1 96 223 125 187

Mineral Mean 0 07 36 0 09 40 0 40 53 0 17 42

Creek SD 0 13 32 0 23 34 0 41 63 0 30 43

Animas Mean 0 34 170 0 23 229 0 46 260 0 35 213

River SD 0 53 183 0 27 240 0 79 279 0 55 222

All Five Mean 0 11 103 0 29 130 0 57 160

Streams SD 0 29 138 0 61 159 1 07 195

SD m Standard deviation

Note 0 00 indicates 0 03 x 10 10 gm m1 reported

154



WO F CREEK MIDD E FOR PIEDRA

z 1 8 210 1 8 210

0 Sliver Content 911ver Conlen
in Waf r i In Wot r

OllChorQI U Ol charg u

1 2 210 1 2 210 I

Zo
I Z

lJl
w

w wo

Uo U
z zQ
0 0 J
U 0 8 lOa

J U 0 8 100 U
E

U
If e If

0 0
WE w

j z

A
Z

in 04
A

90 in a 90
w

W

ll
Z Z

0
0W w

l 0 0 30 l 0 0 30

1971 1972 1973 1971 19 2 1973

DATE DA E

Figure 5a Time trend of mean snnua1 diseharge and

mean annual silver eoncentration Wolf

Creekt 1971 1973

Figure 5b Time trend of me n annual discharge and

mean annual sllv r concentrationt Middle

Fork Piedrat 197 l973

VA EC ITO CREEK MINERA CREEK

z
1 8 210

Z
I 210

0 0 0 Sliver Content
In Water

Ol charge
O r u

12 210 u 1 2 210

e
I Z W

W wo

Uo zQz
0 J

0 J
U 0 8 100

U
08 100 U

e If e If

0 0
we w

2
J 2

in 0 90 in 0 90

Sliver Content w
W

in Water l
l

2 2
Olschoroe 0

W W

l 0 0 30 l 0 0 30

1971 1972 1973 1971 19 2 1973

DATE 0 E

Figure Se Time trend of mean annual discharge and

ean annual silver concentration Va11eclto

Creek 1971 1973

Figure 5d Time trend of me n annual discharge and

mean annual s11v r concentrationt Mineral

Creek 1971 1973

ANIMAS

2 I 210

0 Sliver Cont nt
In Wat r

DllchorQe u

1 2 210
u

20
I

Ww

0
z
0 J

e 0 8 100
If

0wE

j z

in 0 90 w

Z
l

w

l 0 0 30

1971 1972 1973

DATE

Figure 5e Time trend of me n annual discharge and

mean annual silver concentrationt Animas

River 1971 1973

155

I

I

1

I

I

I

I

I

I

I

I

I

I

I

I

1

I

I

I



001648
MEAN OF STATIONS

12 p 1 0
1

SlIvar Cont nt
I

I
In Wat r I

I 1 4
DiIChOfVf I

1 0
I 150 W

Z I l0 I
I 1 2

I 0
I Z

I u

0 8 I 140
0Z I W 1 0

WO I
z

0 I
wO

z I

O P I z
0 8

0
130 0

E
I II e

I
I Ci e

We I
00 I Z

w 0 0
J I

ij 04
I 120 w

J

I ij
I E

z I Z
0 4 0

I

W I

E
I 110

W 0
0 2 I E 0

I 0 2

I

I

I

I

I

I

I
100

0 0
1972

DATE

19731971

I Figure Sf Relationship between mean annual discharge

and meaD annual silver concentration in

water for 5 San Juan 8 reams

I

I
good and caD not be used for general prediction A cor

relation coefficient r2 of 0 21 was obtained for the

data in Figure 6 and 1s not different from zero at the

95 confidence leveL Hencet no regression line was

drawn in the figure When the variance is reduced by

using only three means for eae parameter Figure 5f t

a correlation coefficient r2 of 0 95 is obtained

Howevert the use of only three points for the correla

tion gives it 8 very low statistical validity

The general conclusion from the above analysis is that

no statistical difference was found between silver con

centration in five San Juan streams t due to the high

variability of the data Silver coneentrations did

vary significantly between yearSt increasing from a low

mean concentration for all five streams of 0 11 x 10 10

gm m1 in 1971 to high of 0 57 x 10 10
gm m1 in 1973

Although there is a weak positive relationship between

discharge and silver coneentration in individual streamst

no general predictive model could be derived from annual

means for the five streams tested

I

I

I

I

I
7 1 7 General Model and Status of Know1edRe for Silver

Disposition in Terrestrial Ecosvstems

The compsrtment model depicted 1n iigure 7 attempts to

summarize the more recent relevant information of which

the authors are swaret regarding the disposition of

silver from cloud seeding in terrestrial eeosystems As

a knowledge of disposition is useful mainly in conjunc
tion with knowledge about ecological effects Figure 7

includes some indications of biological effectst in so

far as the authors are familiar with other work in that

area Apart from these effect compartmentst the mod

el attempts to indicate the movement of silver either

in ioniC or combined formt from its initial introduction

into the air to its adsorption on plantt soil or ani

mal material

I

I

I

I

o

o

o

o o

0 0
30 180 210 240 27090 120 1500

MEAN DISCHARGE cis

Figure 6 Relationship between mean annual discharge
and mean annual silver concentration in

water of five San Juan streams 1971 1973

Wolf Creekt Middle Fork Piedra Vallecito Creekt Min

eral Creekt Animas River

The model makes no claims for completeness t or even

for perfect accuracYt but merely attempts to indicate

the eurrent state of the art and where relevant in

formation is available The number on each compart
ment refers to the brief commentary and reference sec

tion below

1 Silver in snow Cooper and Jolly 1970 quote
concentrations of silver in seeded precipitation as

varying from 10 12 to 45 x 10 10
gm mlt with typical

values of 10 10 to 3 x 10 10 gm ml Warburton l97l

gives silver concentrations of seeded orographic pre

cipitation in the Lake Tahoe area of 22 x lO l2 gm ml

with 8 4 x 10 12 gm ml background Mean silver concen

tration for seeded and unseeded snow in the San Juans

has varied from 0 2 0 2 x io IO gm ml west of the

present target area to 0 6 Z 2 5 x 10 10
gm m1 in the

target area

2 Silver in soil water No information available

from target area Cameron l973 has developed a first

generation model which indicates that silver from AgI
is adsorbed to soil particles according to a kinetic

type reaction with a high adsorption rate constantt and

that 10 to 30 of added silver is likely to move down

ward through surface layers into the root zone White

1973 found that silver in runoff water from field

plots increases about proportionately with silver ap

plied in simulated precipitation

1 Silver in streamflow The general model in

igure 7 shows that silver may enter streamflow either

directlYt as surface runofft or through sub surface

flow In the forest environment of the San Juan moun

tains there is very little surface runoff Analysis of

U S G S data 1970 1973 indicates that mean annual

silver concentrations in five SaD Juan streams range

from 0 1 0 3 x 10 1D gm m1 to 0 6 I 1 1 x 10 10
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Figure 7 Compartlllent m04el of silver movement and effeqt in a terrestrial ecosyst
cloud seeding

subjected to winter

I

I
gm ml The U s Public Health Sarvice standard for

silver in drinking water is 0 05 mgi1t or 0 5 x 10 7

gm m1 Teller and Klein 1974 found that mean annual

silver concentration in streams and ponds in the Pawnee

Grasslands area of northeastern Colorado ranged from

0 05 I 0 1 x 10 10 gm m1 to 0 1 0 2 x 10 10
gm m1

4 Silver on soil particles The form in which sil

ver from clQud seeding is adsorbed to soil particles is

not known A model has beeD proposed CameroDt 1973

to describe the movement of silver through the soil

profile Mean silver concentrations in soil of the San

Juan Target area averaged from 0 02 Z 0 02 to 0 1 Z 0 1

ppm dry weight Silver levels in surface s011 of the

Pawnee Grasslands are similar to the lower of the above

valuest ie t 0 01 to 0 03 ppm dry weight

At terrestrial sites where Ag generators have operated
for a number of yearst silver concentrations in surface

soils can be high At Emerald Mountaint near Steam

boat Springst Colo t silver concentration in the 0 2

em layer of surface soil averaged 250 ppm in ash at

10 meters from the sitet but decreased to 0 2 ppm in

ash at 500 meters Silver concentration also decreased

with depth averaging only 0 8 ppm in ash at the 8 10

em depth at 10 meters from the site Teller and Klein

1973 At another generator site at Tennessee Passt

Coloradot silver concentrat n in 0 2 cm surface soil

averaged l5 ppm in ash unpu l1shed datat Nugentt
To11e and Klein 1974

I
5 Silver in u1ant uutake There is now a consid

erable body of evidence to c nfirm that silver can be

t4ken up by plantst from bot natural and artificial

squrces Curtin et a1 t 191 give maximum natural

silver concentrations in roo s trunk and branches of

Pinus contorta near Empiret oloradot as 30t 100 and

100 ppm in 8sht respectivel t while needles contained

a maximum of only 3 ppm in h Our own studies at

generator sites show up to ppm silver in ash in

foliaget and 22 ppm in stem ood of young aspen saplings
near Steamboat Springs Tel rand Kleint 1973 Con

centrations in wood of Pinu contorta at 5 from a

generator site at TenneBs e ass ranged from 28 to 570

ppm in asht depending on po tion in the tree unpub
l shed datat Nugent Teller nd Kleint 1974 Se1ected

crops grown in greenhouse s d which had been treated

with 30 ppm Ag burn comple t took up from 12 to 60

ppm silver in ash into st and leaves of eornt sug
ar beet and Kentucky b1uegr ss Roots contained between

40 and 170 ppm in Baht thou some of this may have been

eXternal adsorption rather n internal uptake Teller

and Klein 1974
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6 Effect on plant biomass production Weaver and

Klarich 1973 found no growth reduction and no silver

uptake in wheat maizet soybeans and sunflowers which

were grown in sand and loam treated with up to 1tOOO
ppm reagent grade AgI In greenhouse uptake studies

with seedlings of tufted hairgrass and lodgepole pine
60 ppm applied AgI had deleterious effects on seedling
vigor and percent emergence but lower concentrations

0 6 to 6 ppm tended to stimulate seedling growth
White 1973

I

I 7 Effect on plant reproduction Up to 1tOOO ppm

reagent grade AgI did not sffect percent germination of

either tufted hairgras8 or lodgepole pine seed Whitet
1973 In vitro studies of Engelmann spruce pollen ger

minatio
Finst 1972 showed that Ag1t in combination

with Nalt reduced pollen tube lengths at 2 3 and 100

ppm Ag Sodiumt 8S NaI was also found to be detrimen

tal at 10 ppmt and elemental iodine at 100 and 300 ppm

I2

I

I In sum the evidence for deleterious effects of silver

on plant reproduction or growth is somewhat contradic

tory but does Dot indicate that there is danger from

the coneentrations which may be expected from cloud

seeding operations Most experimental work has been

carried out with reagent grade AgI or AgI NaI mixturest
whose behavior does not necessarily bear much resembl

ance to that of AgI which has beeD burnt in a generator
or pyrotechnic device

I

I
8 Silver in or on litter Three years monitoring
data from the San Juan target area indicate that the

litter of aspen and spruce forests contains between

0 1 and 0 2 ppm silver in ash 0 03 to 0 09 ppm dry
wt Curtin et a1 t 1971 found up to 20 ppm Ag in

ash in the litter of Pinus contorta growing over silver

deposits in the Empir trict of Colorado Forest

litter tends to adsorb large amounts of silver near

silver iodide generator sites At Emerald Mountaint
near Steamboat Springst Coloradot we found mean silver

concentrations of about 180t 480t 260t 30 10 and I ppm

in ash at lOt 20t 50t lOOt 200 and 500 meters from the

site four years after seeding ceased A maximum con

centration of 1100 ppm in ash was found in mixed hard

wood litter at one point 20 meters from the generator
site Teller and Kleint 1973 Mean silver concentra

tions in Pinus contorta surface litter at a Tennessee

Pass Co1 t generator site ranged from 500 ppm in

ash at 10 meters to about l6 ppm in ash at 200 meters

Corresponding values for the decomposed litter layer
beneath the surface ranged from about 90 ppm in ash at

10 meterst to about 2 ppm in ash at 200 meters Nugentt
Teller and Kleint 1974

I

I

I

I

I

I
9 Silver on plant surfaces A small scale study
was undertaken to determine the proportion of silver on

the surface of foliage near a generator sitet compared
to that which had been taken up inside the leaf Teller
and Cameront 1973 The results indicated that between
30 and 45 percent of the total silver measured in foli

age could not be wsshed off the surface with detergent
and nitric acid It is not known whether that propor
tion which remained had entered the leaf through stoma

ta or cuticle or had been translocated via the roots

or was simply strongly adsorbed on the leaf surfaces
While it has been shown conclusively that uptake of
silver into plant stems and foliage can take place via

the rootst leaf uptake can not be ruled out as an alter
native method of entry at this time

I

I

I 10 Silver in consumer uptake Pfadt 1974 has
shown that grasshoppers which are fed on AgI burn com

plex treated food can appsrent1y take up and retain up
to 1 5 ppm silver in dry weight as compared to D l ppmI

I

in control grasshoppers Rowevert some or all of this

apparent uptake may be due to external adsorption of

silver and further work is required Bailey et al t

1973 showed no uptake or effect of AgI burn complex
on intestinal microflora of rabbits and goats

11 Silver effect on birds No information

12 Silver effect on insects Although the exper
iments of Pfadt 1974 were designed primarily to in

vestigate silver uptake rather than effect on grass
hopperst survival rates of test insects were reeorded
at the end of the experiment Survival rates did not

differ between grasshoppers fed with Agl burn complex
and AgN03 treated foodt but survival from both these

treatments was 1 2 times higher than from AgI reagent
grade treated food Control lots had the same sur

vival rate as silver treated lots

13 Silver effeet on mamals See item 10 above

14 Silver on stream sediments No information
available from this project Some may be available
from Colorado Division of Gamet Fish and Parks Div
ision of Wildlifet and from the U S Geological Survey
Stream sediments from nine sampling sites in the Paw

nee Grasslands of northeastern Colorado Teller and

Kleint 1974 contain 0 04 0 04 ppm silver in ash

15 Mineral silver sources The U S Geological
Survey is investigating the use of plant silver concen

trations for geochemical prospecting eg Curtin et a1

1971 Useful information on the subject is available

in a publication by Boyle 1968 In the San Juan tar

get areat silver concentrations already present in soils
are generally one to two orders of magnitude higher than

estimated annual additions from cloud seeding

l6 and 17 MieroorRanism uptake and effect See
Section 7 2 of this report

7 1 8 Summary

Three years monitoring of silver eoncentrations in

foliaget litter and soil of aspent spruce and grass com

munities in the San Juan target area of the Upper Colo
rado River Pilot Project has found no signifieant changes
in these concentrations over the period of sampling An

analysis of required sample numbers to detect annual
additions of 0 002 to 0 006 ppm dry weight of silver
from cloud seeding to spruce littert indicates that de
tection of the lower annual addition would require about
200 samples per year for five yearst at the 95 confid
ence levelt for eaeh component If the variance of
silver concentration can be reduced from 0 08 to 0 02

ppm as it was in spring 1973 t the present sampling
program should be adequate to detect an annual addition
of 0 002 ppm after four years At the Pagosa Springs
generator site no 25 silver levels in foliaget littert
soil and graSSt in spring 1973t were generally slightly
lower than in springt 1972t but still somewhat higher
than before seeding commenced in fal1t 1970 Concentra
tions showed a general decline from maximum levels at

10 20 meters to background levels at about 200 meters
from the site

A mathematical model for the movement of silver from
silver iodide through a soil column was developed and
tested It indicates that the silver concentration in
the soil solution at any given time is best represented
by a kinetic type re8ctiont coupled with an insignifi
cant equilibrium type reaction A high adsorption rate
constant controls the initial reactioDt but lO to 30
of input silver concentration is likely to move through
the profile
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Although silver concentrations in snow were found to be

too variable to show statistically significant differ

ences between sites in the target area and others to

the west and eaBt of it the mean silver concentration

in snow on the target area is about twice as high as

the downwind mean and three times as high as the upwind
mean Total seeding intensity ie gms Agl burned by
all generators per month was not a good predictor of

silver concentration in snow at Wolf Creek Pass No

significant differenees in silver concentration of

streamflow could be found between 5 stre8D1st including
3 on the target area and 2 to the west upwind of it

Mean annual silver concentration for the five streams

increased from 0 1 Z 0 3 x 10 10 gm m1 in 1971 to

0 61 1 1 x 10 10
gm m1 in 1973 However mean dis

charge a1so increased from 103 cfs in 1971 to 160 cfs

in 1973 Although a relationship obviously exists be

tween diseharge and silver coneentration in individual

streams no general predictive model eou1d be developed
between the two parameters

A generalized compartment model for the movement of

silver through terrestrial ecosystems 1s presentedt and

recent work in some individual portions of the model is

outlined
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7 2 1 Ob1ectives

7 2 SILVER IODIDE ECOLOGICAL EFFECTS Dr D A Klein and R A Sokol

I
To monitor soil microbial aetivities in the San Juan

areat to determine if possible silver accretion may
have an ability to influence soil microbial processest
and to establish the types of responses which may occur

The major effort in this regard involves analysis of

silver imposition in nitrate and iodide forms on micro

bial oxygen uptake carbon dioxide evolution and organic
matter accumulation in long term spruce aspen and al

pine grass communities in the Missionary Ridge impact
area Ancillary indiees which have been evaluated have

included relative silver uptake into plant tissue and

possible effects of silver accumulation on litter de

composition in a spruce environment

I

I

I

I
Related laboratory studies are being used to evaluate

possible effects of silver iodide on sublethal micro

bial processes to provide assays with better sensitiv

ity than those presented in the 1972 research report

I
Their objectives have been summarized in a series of

hypotheses which have been used to direct the studies

carried out to date

I
Hypothesis I Accumulation of silver iodide from

weather modification will result in no

over toxicity effects but may result in

a slight delay in biological processes

I
Hypothesis II Laboratory studies can give an indica

tion of the degree of possible diminui

tion of microbial activity which might
result from silver accumulation

il
II

Hypothesis III Soil bacteria can cause a change in sil

ver iodide to forms more easily taken

up by plants This modification of

silver form may make it neeessary to

carry out experiments under field rela

ted conditions as much as possible

The studies carried out in this year have been directed

more towards field related test systems to provide in

formation of direct relevance to the San Juan Ecology
project

I Annual measurement data for silver accumulation in soils

and water in the San Juan impact area have been pre
sented in section 7 l of this report Although no

significant changes in silver present in soils foilage
or water were foundt their calculations indieate that

with accretion of silver at 0 006 ppm per yeart in

creases in silver should be detectable within 2 years

using the sample numbers available With a calculated

accretion of 0 002 ppm silver per yeart at least four

years would be required before changes in silver levels

might be detected with the sampling intensity used to

the present time for this projeet These calculations

also indicate that each year an amount of silver equal
to l 40 of that present in these soils may be added by
weather modification activities

I

I

I

I
In consideration of possible biological effects Cooper
and Jolly 1970 and the forms of silver which may be

naturally present in soils Boy1et 1968 it is possible
that silver iodide added in the presence of excess

halide in weather modification may have marked differ
ences biological effects from that originally present
in soils in more stable and comp1exed mineral formsI

I
The possibility of silver uptake by plants Teller and

Klein 1973 accumulation of silver in iodides and ni

I

trate forms predominantly in the upper soil layers
Teller and Cameront 1973 and the possibility of sil

ver iodide transformation by soil microorganisms Klein
and Sokolt 1973 made it necessary to predict their
effects in sufficiently long time frames to have maxi

mum possible ecological significance

Prior laboratory studies carried out in conjunction
with this project Klein and Sokolt 1973 have showed
that silver iodide presence can retard essential micro

bial processes of viability retention and enzyme in

ductiont although these occurred at silver levels 2 4

magnitudes higher than those detected in natural sys
tems

For this reasont the major emphasis in work carried out

this year was in analysis of treatment plots where cor

relations between imposed silver levels and other para
meters could be established This procedure allows

possible prediction of trends which might be expected
in longer term experiments and possible establishment

of minimum silver levels required before discernable

changes in decomposer parameters might occur

The plots have been in place for two yearst allowing
carbon flow and primary production to occur in the sys
tem in the presence of varied silver levels imposed on

the system It is hoped that this procedure will allow

establishment of meaningful relationships between sil

ver impositions and possible microbial responses

7 2 2 Development of Analytical Procedures

Basic procedures used in this research period have been

described in the previous report Klein and Sokolt 1973

and only a summary of these procedures will be provided
heret together with modifications which have been made

Treatment Plot Ana1vses plots which were installed
in the spring of 1972 at the San Juan Ecology Project
Missionary Ridge area have been used for these studies

They now have had two growing seasons within which the

possible effects of silver on decomposer processes

could be evaluated The treatment plots have been set

out in spruce and aspen communities in the Little Bear

Area and the grass treatment plot was set out in the

Big Bear Area These plots have been examined for or

ganic matter residual silvert oxygen uptake and carbon

dioxide evolution as well as for the residual spruce

needle and organic layer depths in the surface of the

spruce treatment plot Oxygen use and C02 evolution

are expressed in ml of the gas used or evolved per 100

g soil per 24 hours The amount of above ground bio

mass in the grass plot was examined by making clips of

meter square treated areas and plant materials were

examined for silver content to determine if silver from

either the iodide or nitrate forms might have been

taken up

Statistical analyses of these data were completed to

allow establishment of relationships between changes in

activity parameters using linear and non linear regres

sion procedures

Due to the inherent variability of data from the res

piration index sites carried out in 1972 these exper
iments were not carried out during the 1973 period when

the major emphasis was placed on direct analysis of

ecosystem related phenomena in the San Juan area treat

ment plots

Bacterial Growth Rate Silver Interaction Studies To

develop a more sensitive procedure than the induction
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and gross growth assays developed 1n 1973t attempts
were made to evaluate the possible role of silver on

growth of bacteria through a sterile matrix This ex

perimental approach we uBed to attempt to duplicate the

possible adsorption of silver on soil particle surfaces

where it might directly influence microbial growth pro

cesses

Growth and spread of Arthrobacter through a sand matrix

containing silver was monitored using the Stotzky re

plica plating technique StotzkYt 1965 The matrix

consisted of washed sand average particle size 1 mm

which was adjusted to 70 of moisture holding capacity
with a mineral salts medium containing 2 5 mM succinate

Silver nitrate was added to the mineral salts prior to

mixing with the sand at a concentration of 2 mg per kg
sand 2 ppm Silver iodide was added as a fine powder
to the moistened sandt and then thoroughly mixed The

silver sand mixtures were then placed in petri dishes

6 replicates per treatment t tamped down to produce a

smooth level surface and autoc1aved for one hour After

cooling app oximately 105 organisms were inoculated

into the eenter of the sand plate PeriodicallYt repli
cates were inoculated into plates containing a peptone

yeast extrsct medium using a multi needle transfer unit

which could be sterilized between uses by dipping in

alcohol and flaming

Statistical Ana1vses Analyses of all data were com

pleted using standard procedures Snedecor and Cochrant

1971 When availablet appropriate statistical programs

were used to allow establishment of linear and non lin

ear regression values for relationships between accumu

1sted si1ve and biological responses in test systems

7 2 3 Soil reatment Plot Analvses

Aspen plot

The aspen plot analyzed in this project is located in

a uniform community in the Little Bear Park Area of

Missionary Ridget and there is only minimal undercover

contribution to this decomposer ecosystem

Results for the Aspen Plot are given in Table It where

averages for the various parameters are given The

treatments in this plot were calculated on the basis of

lOOt 10 and 1 ppm of silver in the top 2 cm of soil

The silver values given are the actual amounts found

during the analysis of the samples taken for biological
analysis As in the silver disposition studiest the

wide standard deviation ranges around the means make it

difficult to develop generalizations from these grouped
data

A more meaningful way to analyze these data is by use

of linear regression caleu1ations between silver and

the other parameters Table 2 Using this procedure
where the silver content of each sample could be related

to the individual biological activity indices of the

same samp1e relationships of possible interest were

noted The varied silver levels in the iodide form

were strongly related P 0 01 with carbon dioxide

evolutiont and a strong but less than 95 significance
relationship of silver with soil organic matter was

observed An inverse trend of silver level in relation

to oxygen use also was suggested by this analysis

As would be expectedt strong relationships between or

ganic matter and oxygen use were observed

The silver nitrate treated aspen sub plots showed no

significant relationships between imposed silver and

the parameters examined

I
As an addttiona1 analye1 of these relationships a

non linear variance analysis as completed Table 3

Th linear plot showed an
2 of O 376t while a para

bolic function showed an R f 0 572 This would in

dicate that the relationship between these parameters

may be better expressed by a non linear treatment of

these data

On a relative ratio basist a the lower silver 1evelst
a greater proportion of the vailable silver wt1l be

taken up by the plants 8il er iodide will be taken

up to a lesser extent on thi basis than silver in the

nitrate formt esvecially at he higher addition levels

In a comparison of absolute ounts of silver in the

plants the silver from silv r nitrate is taken up at

8 IO fold greater levels tha found with silver iodide

treatments It should again be phasized that these

results were obtained after wo growing seasons during
which the silver additions w re equilibrating in the

aspen soil ecosystem

Vegetation samples taken fro

plots were analyzed for thei

relative and absolute concen

and vegetation were compared
emphasized that these plant
the respective sub plots an

growing as a community under

Plants thus appear to be abl

and on a relative bas1st dec

will be translocated to the
silver concentration in soil

Sub alpine grass plot

I

I
the aspen community sub

silver contentt and the

rations of silver in soil

Table 4 It should be

amples were eambined from

included mixed species
the aspen stand

I

I

I

I

to exclude added silver

eased available silver

1ants with increasing

I

I
Similar averaged data for th sub alpine grass plot
are presented in Table 5t sh wing silvert organic mat

tert oxygen used and carbon ioxida evolution values

Based On the standard deviat on ranges around the means

for these plotst it would ap ear that there is no sign
i icant change in these para eters in relation to the

imposed s llver treatments

I

I
Calculation of relationships between silver concentra

tion and the other parameter based on linear regres

sion correlations showed s 1ar non significance of

imposed silver levels with 0 her parameters Table 6

Based on the number of data ets usedt it would appear

that the imposition of ei1ve on this community

had no significant effec upon carbon flow

Grass treatment subplots we e clipped for above ground
biomasst and the resultant rass samples were analyzed
for their silver content T bIe 8 After two seasons

silver from the nitrate fo is taken up by plants to

a greater extent than silve from the iodide form In

addition as noted for the a pen plot the relative

amount of silver translocat d to the grass decreases

with increasing soil silver concentrations This re

sponse 1s still observed tw years after the treatments

h8ve been in placet sugges ing that within this time

scale that the two diff re t silver forms will not

The non linear evaluation of

these parameters showed tha

1atlonships due to the pres
tem Table 7 t although the

higher R2 values to be of s

The sub alpine grass plot s

between silvar levels in th

iodide form a situation no

test plot systems
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Table 1 Aspen Treatment Plot Parameter Re1stionships

Parameter

Actual Organic 02 CO2
Treatment level Silver t ppm matter us Evolution

AGN03 100 mean 199 25 44 65 11 18 10 33

SD 164 51 17 72 5 56 3 86

10 mean 16 45 40 65 11 98 11 43

SD 17 06 29 9S 44 82 9 81

1 mean 15 88 52 65 7 55 12 75

SD 19 95 19 30 2 58 4 03

meaD 0 48 67 10 16 60 13 05

SD 0 19 13 65 6 82 4 90

A8I 100 mean 460 63 42 40 10 18 14 85

SD 698 17 25 85 2 41 5 77

10 mean 46 00 49 80 11 23 9 48

SD 30 04 18 43 3 20 1 65

1 mean 7 75 54 20 13 33 11 83

SD 4 49 11 39 2 56 66 26

mean 0 38 48 40 10 58 9 95

SD 0 38 12 86 4 82 2 13

Controls mean 1 33 48 67 10 30 12 05

SD 1 73 21 84 1 97 3 98

I

I

I

I

I

I

I

I

I
Table 2 Summary of Linear Correlation Analysis for the Aspen Plot Data

I Correlation N Rb Significancec

I AgN03 ve organic matter

AgN03 vs O2

AgN03 va CO2

16

16

16

16

16

16

36

34

0 341

0 208

0 122

0 341

0 34S

0 612

0 377

0 488

I AgI VB organic matter

I
AgI vs O2

AgI vs CO2
All organic matter vs all CO2
All organic matter vs all O2I

I
a number of sample pairs analyzed in set

b correlation coefficient

c p 0 05

I P 0 05

P 0 01
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Table 3 Summary of Variances a2 for linear and non linear analysis of the span Plot Data

Variance R2 I
Correlation Linear Parabolic Exponential Power

AgNo3 VB organic matter 0 002 0 089 0 111 0 004

AgN03 vs O2 0 054 0 070 0 013 0 019

AgN03 VS CO2 0 013 0 055 0 004 0 001

AgI VB organic matter 0 140 0 169 0 046 0 067

AgI va O2 0 001 0 088 0 028 0 048

AgI vs CO2 0 376 0 572 0 184 0 174

I

I

I

I

I

Tsble 4 Relationship of 80i1 silver level and form to plant silver content in an aspen

community

SOILS PLANTb

Silver Silver Silver Silver Ratio of

in in in in lent Silver

Treatment ppm Ash Ash Boil Ash Ash Plant SoU Silver

Control 51 D 47 23 10 2 2 00 0 20 0 87

AgN03 1 37 15 60 5 77 10 8 0 97 0 11 0 02

10 59 16 50 9 74 10 8 7 50 0 81 0 08

100 55 200 00 110 00 10 0 60 00 6 00 0 05

AgI 1 46 6 00 2 76 12 6 0 78 0 09 0 03

10 50 46 00 23 00 11 8 1 00 0 12 0 005

100 68 181 60 123 49 10 8 6 40 0 69 0 006

a average of data for four separate sub plots

b grouped samples from four sub plots used in analysis

I

I

I

I

I

Ii

I

I

I

Ii

I
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Table 5 Sub alpine grass treatment plot decomposer parameter relationships

Actual Organic
Silver Matter 02 CO2

Treatment t level ppm ash w w use Evolution

AgN03 100 mean 84 00 14 00 5 93 4 60

SD 50 14 3 60 2 23 2 08

10 mean 5 32 12 55 4 30 3 98

SD 6 06 2 86 2 97 1 76

1 mean 0 44 11 50 5 10 4 28

SD 0 29 0 53 2 24 2 76

mean 0 11 9 75 6 03 4 83

SD 0 08 3 95 1 16 0 93

AgI 100 mean 33 67 11 93 5 10 3 90

SD 14 84 1 33 0 44 0 87

10 mean 8 08 8 55 5 80 5 18

SD 9 62 4 67 2 72 2 07

1 mean 0 54 3 20 7 43 4 92

SD 0 44 3 83 2 93 1 63

mean 0 08 13 40 5 18 3 50

SD 0 03 2 77 1 31 1 23

Controls meen 0 07 10 33 4 25 2 67

SD 0 06 103 1 59 1 16

I

I

I

I

I

I

I

I

I Table 6 Summary of regression correlations for the sub alpine grass treatment plot

II
I

Correlation N Rb Significance
c

I

AgN03 VB organic matter

AgN03 vs O2

AgN03 V8 CO2
Agl vs organic matter

16

16

16

16

16

16

36

36

0 453

0 310

0 146

0 130

0 074

0 189

0 224

0 350

I

AgI vs O2

AgI vs CO2
All organic matter V8 all CO2
All organic matter vs all O2

I

a number of sample pairs analyzed in set

I
b correlation coefficient

c p 0 05

I P 0 05

I P 0 01

I
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Table 7 SUIlIQ8JY of vax1ances 02 for linealand non linear analyses of the sub alpine

grass plot data I
Variance R2

Correlation Linear Parabolic Exponential Power

AgN03 vs organic matter 0 234 0 233 0 215 0 027

AgNO vs O2 0 053 0 176 0 047 0 030

AgN03 vs CO2 0 050 0 058 0 083 0 072

AgI VB organie matter 0 000 0 096 0 030 0 D25

AgI vs O2 0 008 0 121 0 034 0 056

AgI va CO2 0 037 0 072 0 146 0 171

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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I
have equilibrated to the point where they will have

similar plant uptake characteristics

I

Dry weight analyses of tbe grasses from the control

and treated areas did not show any weight differences
which are marked differently from the controls

Spruce plot

I
Results for the spruce plot surface soil decomposer
community relationships are presented in the next sec

tiOD In the spruce community it was possible to sep

arate the organic layer from the clay sub soil layer
to allow measurement of specific relationships in theae

separate decomposer communities An essential import
ant point of interest in this plot was the absence of

primary produetioD activity in this decomposer system
All needles and detritus fall to the forest floor

making this aD ideal environment for analysis of micrbe

seeding agent interactions

I

I The surface plot data Table 9 show again that it is

difficult to separate out specifiC trends in response

to the treatments using the grouped and averaged data

Under these conditions no significant changes in all

over decomposer parameters due to the imposition of

silver are observed
I

I
By analysis of thes6 data by use of linear regression
correlationst a similar lack of significant relation

ships was shown Table 10

I
Use of additional curve fitting techniques with the

spruce plot surface data did not provide any better

fitst based on the ama1l portion of the variance ex

plained by the particular line given by the statistieel

program Table 11

I Also of interest is the analysis of the percent unde

composed needles in relation to the treatments This

is important as a r sponse parameter as there might be

a retardation of de omposition in the presence of sil

ver allowing more ndeeomposed needles to be retained

in the surfaee litt r layerI

I
The specific percentage of undecomposed needles in the

spruce plot are sUlIlD1arized in Table 11 tn relation

to solvent and untr ated eontr01st the possibility of

an increased spruce needle retention at the 100 ppm

treatment level is uggestedt although the standard de

viation ranges preclude strong significance

I This conclusion of non significance is confirmed by
the use of variance analyses with linear and non linear

curve fitting Tabl 13

I A similar analysis f d ta from the sub surface clay

layer of the spruce treatment plot is presente in

crable 1l In spite of the intensive rainfall movement

through the upper otganic layer over two winters only
minor amounts of silver added to the surfaee zone has

moved to the clay subsoil layer This again confirms

the observation of Cameron 1973 regarding the ex

tremely strong retention of silver in organic surface

zones of soils

I

I Again by using grouped datat the standard deviations

are wide enough to damp out any variations which might
be of significanee The AgI 100 ppm organic matter

value is of interest but agin the standard deviations

are wide enough to ender this relationship non signif
icant by this procedureI

I
Analyses of linear eorrelations between the test par

meters for the subsurface spruce zone are given in

I

f1ab1e 1 The major correlation observed is between

accumulated organic matter arid silver iodide in the

systemt which was suggested by the grouped data of

table l4 Thust this could i dicate the presence of

silver eould be retarding organic matter decompositiont
or that there was originally a sufficiently greater
amount of organic matter pres nt which was better able

to retain the added silver which might have moved

through the profile

An additional nan linear treatment of their data is

given in Tab e l The exponential and power function

plots show R values of possible biological signifi
cance between imposed silver Iodide and the related

soil organic matter levelt sgein confirming the obser

vations from the two previous tables

7 2 4 Silver Microbe Interactions in a Sand Matrix

As aD additional approach to the problem of laboratory
evaluation of possible silver sub lethal effects which

would have a more meaningful longer time scalet a pro

cedure was developed to measure the effects of silver

iodide presence on a sand surface to represent a soil

matrix When coated with a low level of succinate and

mineral salts
t an organism s rate of spread from a

center point on petri dishes can be followed by use of

a replica plating procedure In this measurement step

a multi point transfer stamp was used to inoculate

peptone yeast extract agar plates to follow the pro

gress of microbial growth across the matrix

In development of this proceduret it was first neces

sary to establish a nutrient level and a range of sil

ver concentrations within which silver effects could

be easily observed It was found that the use of

succinate at 2 5 mM allowed a total time of six

days for microbial movement across a distance of approx

imately 9 0 cmt the diameter across a conventional

petri dish

Test results for this system are presented in Table llt
where the rate of microbial growth in the contro1t 10

and 100 ppm AgI systems are given together with stand

ard deviation data Silver lodide at either 10 or 100

ppm caused a highly significant decrease in microbial

growth rate P O Ol t although there was no signif
icant difference seen between the 10 and 100 ppm treat

ments This would suggest that in this type of test

aystem that silver iodide had essentially equivalent
effects at these levels and that the system was es

sentially saturated with Agl at the 10 ppm level

Under similar test conditioD4t silver nitrate at 2 0

ppm silver completely inhibited growth of the organism
Based on our work with this ystem to date this should

provide a more meaningful approach to study sub lethal

silver effects on microorganisms and to determine the

possible role of soil constituents in inactivating sil

ver

7 2 5 Discussion and Conclu ion From the 1973 Research

Period

Previous evaluations of the potential ecological effects

of weather modification activities using silver iodide

and nucleating agent have suggested that plants Weaver

and Klavicht 1973 t animal rUmen functions Bai1eYt
Jones and ROYt 1973 t and h ns Stand1er and Vonnegutt
1972 will not be sensitive to the presence of the low

levels of silver iodide which might accumulate as a

result of weather modification activities Based on

conceptual considerationst the decomposer compartment

has been considered as the main point of concern

Cooper Jolly 1970 due to the sensitivity of micro
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Table 9 Decomposer parameter relationships in the spruee treatment plot auace litter

layer zone

Organic
Silver Matter 02 CO2

Treatment Level ppm Ash w w use evolution

AgN03 100 mean 55 50 40 90 23 08 19 55

SD 11 70 25 09 12 21 9 94

lO mean 16 75 50 20 24 35 23 7D

SD 6 50 15 26 4 42 4 66

1 mean 2 23 37 55 23 20 20 00

SD 1 73 19 53 10 54 9 52

mean 0 31 49 63 34 93 29 13

SD 0 21 20 29 13 97 6 34

A8I 100 mean 238 25 50 15 30 40 26 10

SD 294 23 19 03 12 81 11 18

10 mean 21 20 41 95 43 83 35 60

SD 26 22 17 86 22 64 19 44

1 mean 1 29 41 68 37 65 32 18

SD 0 73 4 64 13 64 10 42

mean 0 21 43 08 25 73 24 88

SD 0 14 23 62 21 98 15 69

Cootrols mean D 49 54 10 33 63 29 58

SD 0 37 8 87 11 28 4 36

Tsb1e 10 Summary of linear regression correlations for the spruce treatm nt plot surface

organic matter samples

a a number of sample pairs analyzed
b correlation coefficient

c 0 05
0 05

0 01
d value for significance at 95 level 444

Correlation

Ag 03 VB organic matter

Ag 03 VB O2 used

AgN03 V8 CO2 evolved

AgI vs organic matter

AgI vs O2 used

Agl vs CO2 evolved

All organic matter vs all CO2
All organic matter va all O2

of undacomposed needles vs AgI

of undecomposed needles VB AgN03

I

I

I

I

I

I

I

I

I

N Rb

16 0 092

16 0 224

16 0 288

20 0 426d

20 0 214

20 0 078

16 0 559

36 D 513

18 0 332

14 0 387

in set

IS1gnificancec

I

I

I

I

I

I
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I
Table 11 Summary of variances R2 for linear and non linear analyses of the spruce plot

surface data

I
Variance R2

Correlation Linear Parabolic Exponential Power

AgN03 VO organic matter 0 009 0 051 0 007 0 008

AgN03 VO O2 used 0 052 0 057 0 071 0 038

AgN03 VS CO2 evolved 0 055 0 057 0 001 0 180

AgI v organic matter 0 000 0 165 0 007 0 004

AgI VS O2 used 0 030 0 038 0 049 0 064

AgI VB CO2 evolved 0 023 0 033 0 031 0 020

I

I

I

I
Table 12 Analysis of spruce surface layer litter depth and extent of litter decomposition

I

Treatment Level Litter Depth rom Undecomposed Needles

AgN03 100 mean 49 25 0 6S
SD 25 55 0 07

10 mean 59 75 0 48
SD 20 84 D 08

1 mean 43 50 0 53
SD 18 59 0 24

mean 57 50 0 54
SD 11 70 0 11

AgI 100 mean 57 25 0 69
SD S 26 0 17

10 mean 42 25 0 64
SD 10 97 0 10

1 mean 50 75 0 58
SD 9 43 0 22

mean 38 25 0 47
SD 13 33 0 24

Controls mean 78 25 0 58
SD 28 36 0 17

I

I

I

I

I

I

I Table 13 Variance R2 between spruce treatment plot silver content and percent undecomposed
needles in the surface organic layer

I Variance R2 with Curve fitting Function

I

Power
Treatment Linear Parabolic Exponential Function

AgI 0 082 0 095 0 076 0 093

AgN03 0 051 0 097 0 019 0 086
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Table 14 Decomposer parameter relationships in the spruce treatment plot au surface clay zone

OrS4nic
Silver Matter 02 Use C02 Evolution

Tr atment Level ppm ash Iv m1l00g day m1 100g day

AgN03 100 mean 0 35 8 33 4 20 3 45

SD 0 12 4 08 2 04 1 70

10 mean 0 10 8 75 2 48 3 83

SD 0 02 1 41 2 34 0 78

1 mean 0 07 7 45 3 50 2 28

SD 0 01 3 01 2 08 1 49

mean 0 07 9 40 195 4 10

SD 0 01 3 01 2 08 1 49

AgI 100 mean 0 59 12 80 4 58 3 68

SD 0 5D 3 44 1 52 1 49

10 mean 0 11 8 90 4 70 3 53

SD 0 08 1 76 1 30 0 76

1 meaD 0 09 8 35 4 40 3 63

SD 0 11 1 18 1 88 1 96

mean 0 07 9 75 3 50 3 38

SD 0 03 3 36 3 17 1 62

Controls mean 0 10 10 30 5 23 5 88

SD 0 07 3 49 2 59 1 71

I

I

I

I

1

I

I

I

I

I
Table 15 Summary of linear correlations for the spruce plot sub surface mi eral soil samples

Correlation If

AgN03 vs organic matter

AgN03 VB O2

AgN03 VB CO2
AgI vs organic matter

16

16

16

18

18

18

36

36

AgI VB O2

AgI VB CO2
A l organic matter vs all CO2
All organic matter vs all O2

a number of sample pairs analyzed in set

b a correlation coefficient

C a 0 05

0 05

0 01

169

Rb 1Significance

0 104

0 340

0 224

0 410

0 003

I

11

Ii0 068

0 481

0 586 II

I
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I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I

I
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Table 16 Summary of variances R2 for linear and non linear analyses of the spruce plot
sub surface data a

Variance R2

Correlation Linear Parabolic Exponential Power

AgN03 VB organic matter 0 011 0 231 0 006 0 000

AgN03 VB O2 used 0 185 0 231 0 144 0 000

AgN03 VB CO2 evolved 0 003 0 027 0 073 0 042

AgI vs organic matter 0 181 0 243 0 446 0 477

Ag vs O2 used 0 000 0 015 0 002 0 001

AgI vs CO2 evolved 0 000 O OOs 0 004 0 002

a s underlined variance indicate possible data fits of interestt from an ecological
interaction standpoint

Table 17 Silver iodide effects on Arthrobacter growth through a nutrient broth coated

sand matrix Growth rate in em travelled

Time After Inoeu ation

Treatment Level 24 Hours 72 Hours 144 Hours

Control mean 1 86 4 60 8 01

SD 0 21 0 06 0 03

AgI 10 ppm mean 1 18 3 57 6 90

SD 0 08 0 07 0 09

AgI 100 ppm mean 131 3 45 6 82

SD 0 11 0 15 0 16

organisms to silver widely used in a medical context

Our previous report Klein and Sokolt 1973 have empha
sized laboratory level test systems as a conceptual
framework within which to approach si1vermicrobe in

teractions

These studies have shown that s011 microorganisms ean

change silver iodide to other silver formst making it

necessary to consider work with more eeologica1ly
meaningful test systems

In this context our major effort this year has been

directed towards analysis of test treatment plots
within the conceptual context which has beeD developed
in the last two years Before this time sufficient

growing seasons and snow melt events had not yet taken

place to make this a meaningful test system

General1Yt our studies this year have shown no major

changes in ecosystem functions which are of statisti

cal significance The possibility of silver iodide

presence in aspen and spruce communities and silver

from nitrate in grass being able to cause changes in

C02 evolution or organic matter levels is suggested

Further work during the next season will be carried

out to determine if these trends are continued Our

work shows clearly that silver added to surface soils

will be retained in spite of snow melt processest thust
the question of long term low level effects of silver

accumulation must be approached

Regarding data analysis this year we had sufficient

points on any set of parameters to attempt non linear

fitting In several cases possible significant rela

tionships were indicated where a linear plot was not

able to show signifieance From a biological stand

pointt non linear relationshipst if valid may improve
our understanding of silver microbe interactions

There may be threshho1d levels required before specific
changes in ecosystem functions are observed

Our plant uptake studies have shown that after two

years under field conditions that increased silver con

centrations are seen with increased soil silver and

silver from nitrate is coneentrated at 8 lO times

the levels seen with silver iodide

The major concept which this experiment has given us

is that within this time sca1et silver added in two
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different forms has not equilibrated to the point where
it will be taken up by plants in a stmilsr manner Ex

trapolating from thia conceptt there is no reason for

the silver normally present in these soils to react

with biological systems like silver iodide from cloud

seeding activities Thust the calculation of weather
modifications silver additions being insignificant in

relation to that being normally present in these soils

and having equivelant reactions may not have a logical
basis from a biological standpoint Mo1ise and Klein

1974 have shown thQt silver iodide is best capable
of influencing microbial processes in soils glucose
mineralization in tbB presence of excess halide With

out excess halidet a tivities at 98 100 of controls

are seen after 2 months of treatment of soils with sil

ver iodide This wo k has shown clear effects of sil

ver iodide in the presence of excess halide at 4 5 ppm
silver additions approaching a meaningful ecological
test system

Our studies with Arthrobacter growth rate inhibition

in the presence of seeding agents have been developed
to improve on prior systems and to provide an oppor

tunity to evaluate the effects of specific soil organ

ic and inorganic fractions on microbial interactions

with silver iodide We feel thst the present test

system can be used with a wide range of microorganismst
and it should provide a time scale of greater relevance
to field conditions

7 2 6 Work Planned for Next Year

Laboratorv Studies Continue development of the ster

tIe matrix microbial growth test systemt and use this

with specific soil organic fractions The objective
will be to work with organic fractions from soils de

rived from the grass treatment plot

Field Studies Our major effort will be to continue

our present studies of the grasst spruee and aspen

plots to determine if additional time will prove bet

ter resolution of changes in decomposer parameters in

relation to a wide range of imposed silver levels

which approach background conditions Similar statis

tical and curve fitting techniques will be used to

provide maximum information on the relationship be

tween silver levels and specific biological parametera

Plant uptake of silver under field conditions will be

examined more closely to determine if there might be

species differences of interest

Silver analysis in aauatic ecosystems To provide
baseline information on possible future concentration

of silver from sn elt in aquatic ecosystems in the

San Juan impact area several lakes in the control and

impact areas will b assayed for their silver content

in various trophic levels This information will pro
vide a needed baseline in the event that operational
seeding programs ar initiated

7 2 7 Sununarv

Potential silver iodide nucleating agent effects on

terrestrial decompoaer community processes have been

evaluated using treatment plots in place for two ye9rs
in aspen spruce and sub alpine grass communitiest nd

by testing silver iodide effects on microbial growth
through a sterile s nd nutrient matrix

In comparison of control plot silver microbial activ

ity relationships the work carried out in this re

search period suggests that silver iodide can more

strongly influence carbon dioxide evolution and or

I
ganic matter accumulation t n silver in the nitrate

form although the levels w re these effects are ob

served are markedly above t OSe found under field con

ditions There is an indic tion that silver in the

nitrate form can be related to a retardation of carbon

dioxide evolution in the gr seland plots

A soil Arthrobacter test fo its ability to grow through
an artificial soil matrix c nSisting of sand coated with

sand plus silver iodide at arious levels was signifi
cantly inhibited by the pre ence of 10 and 100 ppm AgI
Further work at lower si1ve levels and in the presence
of isolated soil organic fr ctions will be completed
The work carried out to dat indicates possible ways
in which these ecosystems y respond to the imposition
of silver iodide This may involve diminitives of

carbon dioxide evolution or increases in organic matter

ratention in the systems ygen uptake is less

strongly correlated with si V r imposition than car

bon dioxide evolution Spe itic information on mini

mal silver levels required 0 cause possible changes
in ecosystem function is re uired Our work in the

next year will be directed awards this questiont and

to also ask related quest10 s regarding silver inter

actions in aquatic areas i the San Juan mountain

1mpac t area

No significant relationship
content and percentage of u

were observed Generally s

was taken up by annual and

greater extent than silver

on a ratio basis a lesser

forms is taken up by plants
centrations After two yea
microbial interactions si1

forms still appear to be ta
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