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ABSTRACT 

Yellowstone National Park possesses large, free­

roaming herds of native large mammalian herbivores. The 

objective of this study was to explore the effects of 

large grazers, primarily elk (Cervus elaphus) and bison 

(Bison bison), on energy and nutrient flows in Yellowstone 

Park's northern range. Net aboveground primary 

production, ungulate consumption, and ungulate fecal 

deposition were measured in a variety of mostly non­

forested sit es in winter, transitional, and summer range 

areas. Measurements were concentrated in 1988, a drought 

year, and 1989, a year of near-average precipitation. 

Movable exclosures at 13 sites were used to measure 

consumption and aboveground production under grazing 

regimes (aPn), and permanent exclosures at 4 sites were 

used to measure production without grazers. 

Ungulates stimulated aboveground production at 3 of 4 

sites from 36 to 85%. Ungulates had no effect on 

production at a summer range site that experienced the 

severest drought of any site. These results indicate 

ungulates regulate primary production in the Yellowstone 

ecosystem, and suggest their regulatory influence is 

constrained by climate. 

Growing season consumption (gH) , that period when 

green biomass was at least 20% of total standing crop, and 

aPn were positively related, except at sites that 
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possessed a single species contributing over 90% of the 

biomass, where no grazing occurred. Grazing was 

positively associated with both plant growth, when green 

ii 

biomass concentration and forage N were highest, and dung 

deposited at sites. These results indicate that ecosystem 

processes are spatially and temporally linked in the 

Yellowstone landscapeo 

Both aPn and gH declined from 1988 to 1989. The 

decline in gH was likely due to the dramatic reduction in 

elk and bison from 1988 to 1989. The aPn reduction may 

have resulted from death or injury to plants during the 

1988 drought and/or a decline in herbivore-induced 

stimulation. Species composition of vegetation shifted 

dramatically between years, and grazing appeared to have 

an increasing impact on plant community species 

composition with increasing drought severity. 
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INTRODUCTION 

The form and function of large mammalian herbivores 

reflect the forage they have evolved with and the 

ecosystems they have evolved in. Grasses and hypsodont -

toothed mammalian herbivores appeared simultaneously 

during the Eocene Epoch (Stebbins 1981) and both 

experienced radiations from the Miocene into the 

Pleistocene (Love 1972, Morton 1972} as orogeny created 

large arid grasslands 'in regions around the world (Raven 

and Axelrod 1974, Stebbins 1981). The development of 

hypsodont (high crowned) dentition, well suited to a diet 

of abrasive, siliceous grass (Stebbins 1981) was 

associated with digestive systems specialized for 

fermentation of graminoid forages high in fiber (Demment 

and van Soest 1985, Hofmann 1989), as well as.cursorial 

·and saltatorial body forms adapted for efficient travel to 

follow a spatio-temporally shifting forage base in large, 

open environments (Stebbins 1981). 

Prior to the worldwide spread of European influence, 

as much as one half of the terrestrial surface of the 

Earth was occupied by grasslands with fauna in most areas 

dominated by large mammalian herbivores representing 

Artiodactyla, Perissodactyla, Proboscidea, or Macropodidae 

(McNaughton 1989). The conversion of grassland to 

cropland and the replacement of native with domesticated 
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herbivores has reduced the extent of these areas to the 

brink of elimination. Today, this once conimon ecosystem 

in its most basic intact unit,e.g., full-year habitat for 

its native large herbivores, is restricted to a few of the 

world·s largest grassland reserves. 

Native large herbivores have tremendous effects on 

ecosystem function (Naiman 1988, McNaughton et al. 1988, 

Detling 1988). Although much is known about the 

functional properties of grassland-dominated habitats in 

general (Coupland 1979, French 1979, Huntley and Walker 

1982), and the impact of native grazers on grasslands in 

particular (e.g., Coppock et al. 1983, Collins and Barber 

1985, Krueger 1986, Polley and Wallace 1986, Day and 

Detling 1990), little is known about the properties of 

such ecosystems when still possessing large, free-ranging 

herds of their Pleistocene mammalian herbivore fauna. The 

tropical savanna habitat of Africa, supporting the largest 

. herds of grazing mammals and highest herbivory rates on 

Earth (Lock 1972, Sinclair 1975, Edoma 1981, McNaughton 

1983, 1985), until now has been the only reference point. 

Here I present a second example from Yellowstone National 
-

Park, a temperate mountainous reserve, which maintains one 

of the highest concentrations of unqulates in North 

America. 

The objectives of this study were to measure rates of 

primary production, consumption, and nutrient return from 



r-------

ungulates to the soil at a variety of sites in all 

seasonal ranges in Yellowstone National Park. The study 

3. 

used both temporary, movable exclosures and large, 

permanent exclosures to examine primary production with 

and without large mammalian grazers. Measurements were 

made during two dramatically disparate years in regards to 

weather and ungulate numbers and, thus, provide an 

opportunity to explore the effect of these different 

prevailing conditions on ecosystem structure and functiono 
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S-rUDY AREA 

Yellowstone National Park was established in 1872 and 

today occupies 8995 km2 located between 44 • OS' .and 45" 

07'N and 111° 10' and 110° win the northwest corner of 

Wyoming (Fig l) • Elevations range from 1500 m to over 

3000 m. However, much of the area is a gently rolling 

plateau between 1200 and 2600 m (Meagher 1973, Houston 

1982) •. The Park is mostly covered by tertiary and 

quarternary volcanic deposits that have been glaciated 

several times during and after their deposition (Keefer 

1971) • 

Eight ungulate species are found in Yellowstone 

National Park, elk (Cervus elaphus), bison (Bison bison), 

mule deer (Odocoileus hemoinus) , white-tailed deer (9..:.. 

virqinianus), pronghorn (Antilocapra americana), bighorn 

sheep (Ovis canadensis), moose {Alces alces), and mountain 

goats (Oreamnos americanus) . The focus of the study was 

non-forested habitat in the northeastern portion of the 

park primarily used by northern range elk and bison. 

Herds.of elk and bison forage during the winter in the 

northern winter range that occupies lower portions of the 

Yellowstone, Lamar, Gardner, Slough, and Soda Butte 

drainages (Fig. 1). The northern winter range is about 

1000 km2 in area, roughly 83% cf which is in the park and 

the remainder outside the park down the Yellowstone River 



Fig. L Map of study region, indicating deliniation of 
the northern winter range and the winter {w), 
transitional (t) and summer (s) range study site 
locations. Adapted from Houston (1982). 
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valley (Houston 1982) . Some elk and bison are shot each 

fall and winter when they exit the park" 

6 

Northern range elk and bison migrate off the winter 

range in spring to forage at higher elavations, and return 

to. the winter range in late-summer and fall. Northern elk 

disperse during the summer throughout the park where they 

mix with animals of the Madison herd, the park's only 

other resident elk herd, and members of several other 

herds that winter outside the park (Houston 1982). 

Northern bison summer movements are restricted to the 

upper Lamar drainage, Specimen Ridge, and the Mirror 

Plateau where they mix with Pelican Valley herd members 

(Meagher 1973). 

Climate of the park is generally cool and moist, with 

most of the precipitation falling as snow or as rain on 

snowpack (Despain 1987). The northern winter range is 

warmer and .drier than the rest of the park. Houston 

(1982) summarized 30 years of climatic data from 4 winter 

range sites and 2 higher elevation sites characteristic of 

elk and/or bison summer range. Mean annual temperature 

and precipitation of winter range sites was 3.a· c and 349 

mm compared to 0.6° c and 536 mm for summer range sites, 

respectively. 

Vegetation of the northern winter range is grassland 

and shrub-grassland with isolated trees or small copses of 

aspen (Populus tremuloides) or cottonwood (Populus .fil2R.:...) 

I 
I , 
I 
I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 
I 

• 
I 



I 
I , 
I 
I 
I 
I 
I 
I 

• I 
I 
I 
I 
I 
I 
I , 
I 

- -- ·-

7 

in mesic sites and lodgepole pine (Pinus contorta) and 

Douglas fir (Pseudotsu~a menziesii) primarily on rocky 

outcrops and north facing slopes. Ridges of the upper 

Lamar drainage, the location of the transitional and 

summer range study area, are densely forested on their 

flanks with lodgepole pine (Pinus contorta), Engelmann 

spruce (Picea engelmannii), subalpine fir (Abies 

lasiocarpa), and whitebark pine (Pinus albicaulis), and 

covered with grassland and shrub-grassland on much of 

their ridgelines.· Vegetation of the central plateau of 

the park is mostly forest comprised primarily of lodgepole 

pine, but also includes locally abundant areas of 

subalpine fir, Englemann spruce, and whitebark pine. 

The management of northern range elk and bison has 

varied considerably, reflecting the evolution of national 

park management (Houston 1982, Meagher 1973). Northern 

range elk management has included: (1) hunting and 

poaching before and for several years after the 

establishment of Yellowstone National Park in 1872, (2) 

protection, characterized by winter feeding programs and 

sporadic, aggresive reductions of coyotes (Canis latrans), 

mountain lions (Felis concolor), and wolves (Canis .lupus) 

from the mid-1890s into the 1930s, and (J) intensive elk 

reductions from 1935 to 1968. Yellowstone bison were 

hunted and poached to near extirpation by 1880 when fewer 

than 50 survived in the park. Today's Yellowstone bison 



8 

are a hybrid of the descendants of the remnant native park 

bison and plains bison, which were introduced in 1902 and 

closely herded until 1915. Reductions of northern range 

bison, which likely began as a normal ranching objective 

in the early 1900s,continued into the late-1960s, when 

there were roughly 200 bison in the northern herd {Meagher 

1973). 

Since 1969, all ungulate species have fluctuated 

without human interference in the park, e.g., "natural 

regulation" (Cole 1971, Houston 1982). Northe~n elk 

increased from about 4000-5000· in 1968, the last year of 

reductions, to 12,000-16,000 by the late-1970s (Houston 

1982) . In 1988, the first year of this study, after 

several wet summers and mild winters in the early and mid-

1980s , northern range elk had increased to 22,500 (Singer 

et al. 1988), and northern range bison comprised over 577 

individuals (Meagher pers. comm.).· 

--··--· __ ____ .. __________ _ 
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STUDY SJ:TES 

The focus of the study was winter, transitional, and 

summer range areas used by northern range elk and bison in 

the northeastern portion of Yellowstone Park (Fig. 1). 

Winter range sites were located in the upper northern 

winter range; near Crystal Creek (wl), in the Lamar Valley 

(w2 and w3) and along Slough Creek (w4). Transitional 

range sites (t1~3, tb) and summer range study sites (sl-5) 

were on the same ridge, situated between cache and Calfee 

creeks in the Lamar River drainage, e.g., Cache-Calfee 

ridge (Table 1). All transitional range communities were 

within .5 km of each other, and summer range sites were 

separated by no more than 1 km. 

Vegetation was markedly heterogeneous in each of the 

seasonal range areas due to steep, complex soil and 

moisture gradients created by uneven topography. Study 

sites were selected to represent a spectrum of topographic 

positions, primary productivities, and plant community 

species compositions in each of the seasonal~use areas 

{Table 1) . 

Measurements span two profoundly disparate years: 1) 

1988, a year of record drought and large landscape-scale 

wildfires, when northern range elk and bison populations 

were at their highest levels in recent decades, and 2) 

1989, a· near-average year in terms of temperature and 

! 
! 



~---------------·-·----·- - ·- ·~ 

Table lo Study site descriptions. 

TOPOGRAPHIC 
SITE POSITION 

Wl BENCH 
W2 RIVER TERRACE 
W3 VALLEY BOTTOM 
W4 RIVER TERRACE 

Tl RIDGETOP 
T2 BENCH 
T3 MID-SLOPE 
TB MID-SLOPE 

Sl RIDGETOP 
S2 MID-SLOPE 
SJ BENCH 
S4 BENCH 
SS BENCH 

VEGETATION 

GRASSLAND 
GRASSLAND 
GRASSLAND 
SEDGE MEADOW 

GRASSLAND 
GRASSLAND 
SHRUB-:GRASSLAND 
GRASSLAND• 

GRASSLAND 
SHRUB-GRASSLAND 
GRASSLAND 
GRASSLAND 
FOREST 

HERBACEOUS 
DOMINANTS 

Festuca .idahoensis, J_,upinus sericeus 
Pbleum ~ratense, Poa pratensis 
Bro}l\US inermis 
carex rostrata 

Roelaria cristata, Astragulus mis~r 
Pbleum Jl.ratense, Juncus ballii 
Phleum 12..ratense, Agropyron caninum 
Bromus carinatus, AgroRyron caninum 

Dantbonie unisuicata, EQS scabre!la 
stipa Q£.Pidentalis, aromus carinatus 
Pbleum 12ratense, Carex fil2.** 
Poa §.12•**, Stiga occidentalis 
Calam9grostis rubescens 

* a shrub-grassland community that burned in 1988 and was sampled in 1989 only. 
** includes ~ xerantica and ~ raynoldsii. 
*** includes £. nevadensis and others. 

·- .. - .. - - - - - . - .. - - - - _._ -
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precipitation {Fig. 2), when northern range elk and bison 

populations declined to 38-43% (Singer et al. 1989) and 

50%. (Meagher pers. comm.) of their 1988 levels, 

respectively. The onset of the 1988 drought was early 

June, following a wetter than average April and May. 

Precipitation from June through August in 1988 was 32% of 

average, compared to 97% of average in 1989. Because 

growing season initiation among sites ranged from late-

March to early-June, and was inversely related to 

elevation, a gradient of drought severity existed from 

mild in the winter range, where conditions were wet for 

the first 2 months of the growing season, to severe in the 

summer range, where no precipitation fell after the 

growing season commenced. Although no study site burned, 

wildfires occurred within a kilometer of all sites. A 

sagebrush community that was thoroughly burned (all 

aboveground standing biomass was consumed) in 1988 {tb) 

and located immediately adjacent to a sampled transitional 

range sagebrush site (t3), was added to the study in 1989. 

Soils within the major rooting zone (0-10 cm) at the 

sites· were loams, silt loams, and sandy loams (Table 2.). 

soil pH values were all slightly acidic, ranging from 5.14 

in a summer range lodgepole pine forest to 6.75 at the 

summer range ridgetop site. Bulk density, field capacity, 

organic matter, and soil nitrogen ranged from 0.83-1.32 g 

cc·1
, 16.0-65.2%, 5.2-25.5%, and 0.1-0.9%, 



Fig. 2. 

. 12 

Departures from (a) mean monthly temperature, 
calculated from daily midpoint temperatures, and 
b) monthly precipitation for 1988 (~) and 
1989 { ) • Data are from Mammoth, Wyoming 
(U. s. Department of Commerce 1988, 1989). 
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Table 2. study site soil properties. 

USDA TEXTURE 
BULK FIELD CATAGORIES(%) 

DENSITY CAPACITY %0Ma %N SOIL 
SITE pH (g/cc) (% H20) SAND SILT CLAY CLASSIFICATION 

Wl 6.30 1. 31 16.0 5.4 0.2 69.7 26.5 3.8 sandy loam 
W2 6.66 1.16 23.6 6 .. 1 0.2 32.2 61.7 6.1 silt loam 
WJ 5.84 0.91 34.3 14.2 0.5 38.l 49.4 12.6 loam 
W4 5.67 0.64 65.2 25.5 0.9 23.6 64.l 12.2 silt loam 

Tl 6.14 0.95 35.2 13.8 0.7 43.4 49.9 6.7 silt loam 
T2 5.62 0.90 37.1 18.8 0.7 40.l 52.1 7.9 silt loam 
T3 5.61 0.91 39.6 14.7 0.7 40.1 55.2 4.8 silt loam 
TB 5.83 0.98 34.1 13.6 0.7 48.5 45.4 6.1 sandy loam 

Sl 6.75 1. 32 19.8 5.2 0.1 59.4 30.1 10.4 sandy loam 
S2 5.89 1.02 30.6 11. 3 0.5 48.4 43.l 8.5 loam 
SJ 5.57 0.83 46.6 16 •. 6 0.8 42.6 48.2 9.1 loam 
S4 5.45 0.90 35.0 14.5 0.6 37. 6- 54.1 8.2 silt loam 
S5 5.14 1. 06 24.8 7.7 0.2 29.5 52.3 18.2 silt loam 

a Percent organic matter from loss on ignition. · 

_ .. _ - - - - - -· - - - - - - --- -
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·respectively. Omitting the burned site, tb, from analysis, 

Spearman rank correlations revealed pH was negatively 

associated with organic matter (P=.046) and positively 

associated with bulk density (P=.036); field capacity was 

positively associated with organic matter (P<.002) and N 

(P<.002), and negatively associated with bulk density 

(P<c002); and N was positively associated with organic 

matter (P=::.002) and negatively associated with bulk 

density (P<.003). There was a tendency for pH and bulk 

density to increase, and field capacity, percent organic 

matter, and percent N to decline from the base to top of a 

slope. Soil properties are well known to be closely tied 

to topographic gradients in semia~id habitats (Schimel et 

al. 1985, Burke 1989). Site w4, a wet sedge meadow, was 

notable as having the lowest bulk density and the highest 

field capacity, percent organic matter, and percent N. 
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METHODS 

Net aboveground primary production and large 

herbivore consumption were measured at each of the sites. 

Aboveground biomass of each species was estimated with 

canopy intercept, except at site w4 where vegetation was 

too tall for canopy intercept and, therefore, was clipped. 

Details of canopy intercept in this study have been 

described elsewhere (Frank and McNaughton 1990}. Briefly, 

canopy intercept relates aboveground standing crop to the 

number of contacts a pin makes when passed at a fixed 

angle through vegetation. The technique was strongly 

affected by plant growth form. Slopes for the 

relationship of biomass (g m"2) on mean contacts for 5 

functionally separate plant growth forms encountered in 

the study ranged from o. 175 to o. 853, and r 2 for the 5 

groups ranged from 0.831 to 0.956, indicating the method 

affords a high degree of precision for estimation of 

standing crop. 

Temporary exclosures (1.5 x 1.5 m, n~s-7 per site) 

were randomly moved approximately every 28 days to 

estimate net aboveground production under grazing and 

large herbivore consumption. Site production was 

calculated as the sum of significant (ANOVA, P<.05) 

increments of standing crop inside exclosures. 

Consumption was defined as a significant difference 

~- - - -~--~--·--- --~ --~~--~~-~~--- - - - - --- -· 
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(ANOVA, P<.05) in standing crop inside versus outside the 

exclosures. Total consumption for a site was calculated 

as the sum of the differences. Variances of production 

and consumption for periods greater than one sampling 

interval were calculated by summing sampling interval 

variances, since 

var{a+b) = var(a) + var{b). 

The 28 day sampling interval was a compromise between 

limiting rnicroenvironmental effects by fencing (intensive 

sampling}, and the desire to embrace system diversity 

(extensive sampling). Notable exceptions to the normal 

sampling regimen were 34-36 day intervals for summer range 

sites during July - August, 1988, due to restricted 

backcountry access during the wildfires. Since most of 

the vegetation had browned and no detectable plant growth 

or consumption occurred during this period, fencing 

effects were negligible. Nevertheless, it should be borne 

in mind that fencing can influence vegetation in 

confounding ways (Cowlinshaw 1951, Heady 1957). 

To determine the existence of feedback mechanisms 

between herbivores and vegetation, production of grazed 

vegetation was compared with production of ungrazed 

vegetation in large, permanent exclosures at 4 sites. 

Ungrazed production was estimated" as peak standing crop 



inside permanent exclosures (n=3 per site} which were 

erected in August of 1987 (wl, t2, s4) and 1988 (w4). 
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Canopy height was estimated in 1989 as the resting 

height of a styrofoam sheet (5.0 g, 26x21cm) when gently 

laid on the vegetation (n=lO). Canopy height and standing 

biomass estimates were made at the same time, but 

different random locations at each site throughout the 

snow-free year. Vegetation biomass concentration (C, mg 

cc"1
) was calculated by dividing standing crop by canopy 

height {McNaughton 1976, 1984, 1985). This estimate does 

not include a term for the covariance between the 

variables (Welsh et al. 1988), since height and standing 

crop measurements were decoupled spatially. To explore 

the maximum potential spurious effect of omitting the 

covariance term when calculating c, extreme values of 

covariance were approximated from the data. Among samples 

from three sites where standing crop varied widely, the 

mean maximum proportional departure from C due to 

covariance was 5% (SE=0.02, n=l2)~ There was no trend in 

deviation through the season (P=.37), and no difference 

between sites (P=.39). This amount of unknown error would 

have no effect on the conclusions. 

In an effort to index the amount of nutrient flow 

from ungulates to the soil, dung deposition was calculated 

as 

- - - - ·--- ·- · - · - · -
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(1) 

where O (q m"2
) is dung deposition at a site, and Pij and 

bij are the number of fecal piles in a l0x2 m transect and 

the mean dry weight for a fecal pile, respectively, for 

the i.th of m ungulate species and the ith of 10 transects . 

Mean oven-dry weights of elk, bison, and pronghorn fecal 

piles randomly collected near the study sites were 92 g m 

2 (SE=l0.6, n=38), 294 g m" 2 (SE=25.6, n==36), and 37 g m" 2 

(SE=4d2, n=lO), respectively. 

Measured vegetation state variables were standing 

crop inside permanent exclosures (ug), inside temporary 

exclosures (pg) and in grazed vegetation (g) . Derived 

variables were: 

cPn = control, ungrazed aboveground net production 

(Pn)= peak ug; 

aPn = actual, grazed Pn ~ sum of pg increments: 

dPn = rate of Pn per day for a sampling interval = pg 

increments/#days of sampling interval; 

H = consumption = aPn - gPn; 

H% = percent consumption = H/aPn~ 
dH = rate of H per day for a sampling interval ~ 

H/days of sampling interval; 

c = standing biomass concentration (g cc" 1
) = g or ug 
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divided by, vegetation canopy height measured with 

styrofoam sheet: 

D = dung depositedo 

consumption and/or percent consumption are reported for 

the entire snowfree year (e.g.,H, H%) the growing season 

(e.g., gH, gH%), and the late-snowfree season (e.g., lH) 

separately. Terminology and definitions largely follow 

McNaughton (1985). 

Standard statistical methods were used for analyses . 

All proportions were arcsine-tranformed to meet parametric 

test requirements. Nonparametric tests were employed when 

satisfying requirements was impossible. . All relationships 

were least square fits, except where noted. Plant 

nomenclature follows Hitchcock and Cronquist (1973) and 

species diversity was indexed with H' (MacArthur 1955). 

Nitrogen concentration of forages was determined with a 

Carlo Erba CNS Analyzer using standard protocol. 
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RESULTS: PROCESSES 

Plants 

An early objective of the study was to select sites 

representing a spectrum of herbaceous primary 

productivities (aPn). -2 • 
Ranges for aPn were 27-539 g m in 

-2 1988 and 16-589 gm in 1989 (Fig 3). During both years 

the least productive community was a summer range, xeric 

ridgetop (sl, Table 3), and the most productive community 

was a winter range, wet sedge meadow (w4, Table 3). 

Herbaceous production declined from 1988 to 1989 at 6 of 

11 sites (Table 3). Moreover, mean aPn of paired sites, 

sites where aPn was measured both years, declined from 278 
-2 • -2 g m in 1988 to 226 g m in 1989 (paired comparison 

ANOVA, F1, 271 =5.9, P<.05), indicating the reduction in aPn 

was a landscape phenomenon. Production of Artemisia 

tridentata at two shrub-grassland sites, t3 and s2, did 

not differ between years (Table 3). 

Production was associated with several soil 

properties. Spearman rank correlations showed 1989 aPn 

was negatively related to bulk density (P=.05) and percent 

sand (P=.02), and weakly postively related to percent silt 

(P=.06) and field capacity (P=.10}. 

In this study, an ~ tridentata - graminoid 

community was sampled one year after it had burned in 

1988. The fire caused complete mortality of lb. tridentata 



Fig. 3. 
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Frequency histograms of ·aPn in A) 1988 and B) 
1989. Gray bars are sites for which data exist 
for both years. 
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Table 3. Net aboveground primary production (aPn), consumption during the growing season 
(gH), late-season consumption (lH), consumption during the snow-free season (H), and the F­
test probabilities that 1988 and 1989 values are from the same sample populations. NS denotes 
nonsignificance (a=0.05). Whole-c~~munity, shrub (S), and herbaceous (H) portions of t3 and 
s2 are provided. All units are g m . 

aPn gH lH H 

SITE 1988 1989 PROB 1988 1989 PROB 1988 1989 PROB 1988 1989 PROB 

Winter Range 
wl a 85 a 20 a 0 a 20 
w2 513 380 <0.001 249 86 <0.01 0 0 NS 249 86 <0.01 
w3 232 204 NS 50 ' 0 <0.001 56 0 <0.001 106 0 <0.001 
w4 539 589 NS 0 0 0 0 0 0 

Transitional Range 
tl 145 60 <0.001 47 0 <0.001 63 0 <0.001 111 0 <0.001 
t2 343 297 NS 199 137 <0.05 :)_07 0 <0.001 306 137 <0.001 
t3 290 223 NS 90 53 NS 0 0 NS 90 53 NS 
t3H 241 163 NS 90 53 NS 0 0 NS 90 53 NS 
t3S 49 60 NS 0 0 0 0 0 0 
tb b 104 b 53 b 19 b 72 

Summer Range 
sl 27 16 <0.01 0 0 0 0 NS 0 0 
s2 166 183 NS 32 20 <0.01 0 0 NS 32 20 <0.01 
s2H 112 84 <0.01 32 20 <0.01 0 0 NS 32 20 <0.01 
s2S 54 99 NS 0 0 0 0 0 0 
S3 278 248 NS 97 127 NS 51 0 <0.001 148 127 NS 
S4 238 136 <0.001 124 77 <0.01 24 0 <0.05 149 77 <0.001 
S5 247 198 <0.05 0 0 0 0 0 0 

~·-------·------~- -



I 
I· 

r 
I 
I 
I 
I 
I 

'I 

' I 
I 
I 
.I 
I 
!I 
I 

• 
I 

- -· - - -

and in 1989 the community was a mosaic of vegetated and 

bare patches. Line intercept samples 28 days after 

snowmelt and just prior to snowfall indicated no 

discernable recolonization (F1, 18=.783, P=.397) of bare 

areas had occurred during the first year after the fire, 

and unvegetated patches covered 32% of the total area of 

the community. Charred ~ tridentata stumps located in 

the center of bare areas suggested temperatures produced 

during combustion of bushes killed nearby herbaceous 

vegetation and created the barren patches. 

The frequency distributions of daily production 

(dPn), calculated as growth during a sampling interval 

divided by the number of days of the interval, for both 

1988 and 1989 were most distinguished by their large 

number of zero growth intervals (Fig. 4). For sites 

sampled in both years no significant growth occurred in 

66.1% and 63.5% of the intervals during 1988 and 1989, 

respectively. Positive dPn at these sites ranged from 

23 

o. 4-10. 7 g m' 2 d" 1 in 1988 and o. 3-6. s g m·2 d" 1 in 1989. 

Mean positive dPn was 5.7 g m" 2 d-1 in 1988 and 3.2 g m· 2 d. 

t in i989 (F1,t.2=2. 827, p:::s .11). Maximum dPn at each of. the 

sites was greater in 1988 than 1989 (paired-t=S.09, 

P<.001, df=9). The duration of growth, the number of 

days during which significant growth occurred, was 

indistinguishable between years (P=.371, Wilcoxon) and 

averaged 51.3 days; although, it is notable that the power 
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Frequency histograms of dPn, daily aboveground 
primary production, in A) 1988 and B) 1989. 
Gray bars represent samples from sites dPn was 
measured in both yearso 
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to discriminate a between-year difference in the length of 

the growing period was diminished to an unknown extent by 

the duration of the sampling interval. 

Plant growth in Yellowstone is a spatiotemporal wave. 

Growth usually begins in mid-March in the lower winter 

range and proceeds along an elevational gradient that is 

locally influenced by topography to the upper summer 

range, lasting in most years through late-August. The 

sites sampled in this study represent a midsection of this 

gradient, from the upper winter range to the lower summer 

range (Fig. 5). Production begins after snowmelt and 

lasts for 1-2 months in most sites and 3 months in mesic-

wet valley bottom sites (in this study w2 and w4). The 

growth wave is not reflected in Fig. 5 because of the 

narrow elevation gradient sampled, 1888-2477 m, and the 

relatively high representation of lush, valley bottom 

winter range sites that have extended plant growth 

periods. A wet sedge meadow, w4, for which daily 

production was determined for 1989 only, had among the 

highest rates of growth that continued well into the 

summer (Fig. 5). 

Effects of climatic variation at the base of the food 

web will pervade through all trophic levels • . I further 

explored the effect of climate during this study by 

examining the persistence of green biomass through the 

growing season in two ways. Green biomass is a central 
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Scattergram of dPn, daily aboveground 
production, on calendar day during A) 1988 and B) 
1989 for winter (m), transitional (•), and summer 
(•) range siteso There are no 1~88 dPn data for 
w4 or tb. 
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variable in an ecosystem, since it is critical to both 

plant carbon gain, and herbivore nutrition. First; green 

biomass was summed over sites in each seasonal range for 

each sampling interval in 1988 and 1989 (Fig. 6}. 

Although there was more green biomass early in the 1988 

season in each seasonal range, by early-August, values for 

1988 were lower than 1989 (for winter range, t~=l6.5, 

P<.001; for transitional range t 23=2l.5, P<.005; for 

summer range, t 39=12.9, P<.001). This indicates an 

important drought effect of limiting the availability and, 

potentially, the flow of nutrients to higher trophic 

levels in aboveground food webs. 

Second, the proportional contribution of green 

biomass to total biomass through the season in each 

seasonal range was compared between years. Green biomass 

considered as a proportion in this way corrects for 

between year differences in aPn, and perhaps more clearly 

reveals the effect of the 1988 drought on plants, while 

providing an index of bulk forage quality for herbivores. 

By early-August there was relatively less green biomass 

represented in the standing crop in 1988 compared with 

1989 in each seasonal range (Fig. 7). In addition, 

seasonal ranges differed with respect to how long after 

snowmelt between-year differences were evident. Paired-t 

tests on mean site values revealed the proportion of green 

biomass was indistinguishable between years for the first 
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Fig. 6. Relationship of summed green biomass in A} 
summer, B) transitional, and C) winter range 
sites to calendar day for 1988 (--&--) and 1989 
( ). symbols are means. 
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Fig. 7. Relationship of green proportion of total biomass 
for A) summer, B) transitional, and C) winter 
range sites to calendar day in 1988 and 1989. 
Lines are through means. Symbols as Fiq. 6. 
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3 samples in the winter range (May, t 2<0.01; June, 

ti=0.02; July, t 2=2.17), 2 samples in the transitional 

range (June, t 2=0.35, July, t 2=l.OO), and only one sample 

in the summer range (early-July, t4~0.47). This is an 

elevation gradient which may reflect an associated drought 

severity gradient. It was already mentioned that the 

onset of the 1988 drought was in June, after 2 months of 

above-average spring precipitation. Drought severity was 

likely inversely related to the period that sites were 

free of snow before the beginning cf the drought. This 

period ranged from up to approximately 60 days at the 

winter range sites to o days at the summer range sites. 

Nitrogen content was determined for a subset of 

forages, comprising the dominant grass species at each of 

seven grazed sites throughout the. 1989 snowfree season. 

All species were grazed (pers. obs.). Plants were 

harvested at the same time biomass estimations were made 

at each site. Forage nitrogen of the first harvests, 

approximately 28 days after snowmelt, ranged from 2.5-3.7% 

and were significantly greater than harvests later in the 

year (F1 31=53.3, P<.0001), which ranged from 1.1-2.4%. 
' 

Percent nitrogen (N) was related to days after snowmelt 

(dy) (r2=.713, df=30) by 

arcsin N112 = 6.90 (1 + i.ose·· 03<dy» 
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(Fig. 8). Implicit in this relationship is a nitrogen 

wave, tied to the plant growth wave already discussed, 

from low to high elevations following snowmelt patterns. 
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Green biomass concentration (C, g cc"1
) and the 

nmnber of days after snowmelt (dy) were negatively related 

(r2=.470, df=56) by 

c ~ 106.3 - .640(dy) 

(Fig. 9). Highest values for c occurred during the first 

sample, approximately 28 days after snowmelt, at all 

sites, except sl and ss. Variation among sites was 

highest at this time (Fig 9). When restricting analysis 

to the earliest samples at each site, 32.9% of the 

variation in C was explained by aPn (F19=4.41, P=.065), in 
• 

contrast to aPn explaining only 4% of the variance 

(F1 55=3.3, P=.075) when both dy and aPn are included as 
• 

variables in a multiple regression over the entire 

snowfree season. From Fig. 9 it is clear that site 

quality, e.g., aPn, accounts for little of the variation 

in c during the snowfree season, because of the 

homogenization of patches in the landscape with respect to 

c as the season progresses. 

Correlation analyses of the relationship between the 

2 components of c, green biomass and canopy height, with 

dy showed- the declin·~n C with length of season was due 
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Fiq. 8. Relationship of arcsine-transformed fo·rage 
nitrogen concentration (N) of dominant grasses at 
7 sites on days after snowmelt. 
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Figo 9o Relationship between C, green biomass 
concentration, and days after snowmelto 

33 

I 
I , 
·I 
I 
.I 
.I 
!I 
I 

' I 
I ,, 
., 
I 
I 
J, 

' I 



I 
I 
r 
I 
I 
I 
1: 
II 

I 

' I 
I 
I 
I 
I 
l 
I , 
I 

--·---··-------

2----------~--------

-.-t 
I 

u 
. u 1 

~ -

0 

.. 
• 
• • 

100 200 

Days after snowmel t 



34 

to a contemporaneous decline in standing green biomass and 

increase in canopy height. Days after snowmelt (dy) was 

negatively related to green biomass (P=.02, r=-.31, df=56) 

and positively related to canopy height (P=.002, r=.41, 

df=56). At all 4 sites with permanent exclosures, grazed· 

vegetation had a higher concentration of green biomass 

than fenced sites at peak standing crop: c of grazed and 

fenced vegetation was .78 and .45, .92 and .70, .69 and 

-1 .55, and .55 and .22 mg cc at wl, w4, t2, and s4, 

respectively. 

To determine the composite effects of large 

herbivores on aboveground primary production, ungrazed 

production (cPn) was compared to grazed production (aPn) 

in 4 communities. For 3 of the communities aPn was 

significantly higher than cPn (Fig. 10). The results 

were consistent at sites where cPn data were obtained 

during both years. Herbivores stimulated production by 

36.0% in wl, 46.2% in w4, and 84.5~ and 67.0% in t2 in 

·19ss and 1989, respectively. 

There was.considerable variation in the season(s) the 

four communities were grazed. Ungulates grazed t2 and s4 

principally during the snowfree portion of the year, wl 

throughout the entire year, and w4 only in the winter. 

Site w4 was the only community where no green tissue was 

consumed. This temporal feature of herbivore utilization 
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Fig. 10. Net aboveground primary production of grazed, 
aPn, and ungrazed, cPn, vegetation in four 
communities sites t2 and s4 were sampled in 1988 
and 1989. * denotes P<.05. ** denotes P<.01. 
*** denotes P<.0001 
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bears substantially on the mechanisms that may cause 

herbivores to stimulate production. 

Herbivores 

36 

Whether a herbivore grazes green or browned tissue 

has important consequences for both the herbivore and the 

plant that is grazed. Therefore, in addition to 

presenting data on consumption during the entire snowfree 

period, I report offtake during the growing season, 

arbitrarily defined as that portion of the year that green 

biomass represents at least 20% of the total standing 

crop, and the late-season, that period after the growing 

season until snowfall. 

Consumption varied widely and was strongly affected 

by ungulate numbers. Growing season consumption (gH) at 

sites sampled in both years and grazed in at least one 

year ranged from 32-249 g m" 2 in 1988 and 20-137 g m-2 in 

1989 (Fig. 11). At wl and tb where only 1989 data exist, 

offtake was 20 g m· 2 , the lowest of any site sampled that 

year, ·and 53 g m" 2 , respectively. When considering just 

vegetated areas at tb, gH was 78 g ~~2 • There was no 

significant grazing in 3 and 5 communities sampled in 1988 

and 1989, respectively. 

Mean gH for grazed sites measured in both years 

declined from 111 g m"2 in 1988 to 63 g m" 2 in 1989 (paired 

--- - - --·----



Fig 11. Frequency histograms of gH, growing season 
consumption, for A) 1988 and B) 1989. Codes 
bars are as Fig. 3. 
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comparison ANOVA, F1, 337=S.93, P<.05). Reductions in gH 

occurred at 6 of 8 sites (Table 3). Most notable was a 

65% decline at w2, which in 1988 had the highest rate of 

gH. 

At t3 and s2, where ~ tridentata occurred, 

38 

herbaceous vegetation between and under shrubs was sampled 

separately. At no time during the study did significant 

offtake of herbaceous biomass occur under A:. tridentata 

(Table 3). This suggests a reciprocal relationship 

between sagebrush cover and herbivory across the 

landscape. 

The percentage of aPn consumed during the growing 

season (gH%) at grazed sites ranged from 22-58% in 1988 

and 23-51% in 1989 (Fig. 12). Mean gH% for sites grazed 

in either year declined somewhat from 39.2% in 1988 to 

29.0% in 1989 (P=.07, t 8=2.17, df=7), and the number of 

sites not grazed increased from 3 in 1988 to 5 in 1989. 

Offtake late in the season (lH) differed markedly 

between years. In 1988 detectable lH occurred in 5 

communities, averaging 60 q m" 2 {Fig lJ, Table 3). In 

contrast, during 1989 measurable lH occurred at tb only. 

Whole-community lH equalled 20 g m·2 at tb, and 28 g m·2 in 

vegetated areas. 

Total consumption (H) was defined as consumption 

between spring snowmelt and late-autumn snowfall~ In 1989 

gH and H were identical at all sites, except tb, where H 
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Frequency histograms of gH%, percent net 
aboveground primary production grazed during the 
growing season, for A) 1988 and A) 1989. Codes of 
bars are as Fig. 3. 
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Frequency histograms of lH, late-season 
consumption, for A) 1988 and B) 1989. Codes of 
bars are as Fig 3. 
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equalled 72 (Table 3). For vegetated areas at tb, H was 

106 g m· 2• For grazed sites sampled in both years, H 

ranged from 32-306 g m· 2 in 1988 and 20-137 g m· 2 in 1989 

(Fig 14). Mean H declined from 154 in 1988 to 71 g m· 2 in 

1989 (paired comparison ANOVA, F1 418=9.28, P<oOl) • 
• 

Consumption declined in 7 of 8 communities (Table 3). No 

grazing occurred at 3 sites in 1988 and 5 sites in 1989. 

The percentage of aPn grazed during the entire 

snowfree season (H%) was bimodal in 1988 (Fig. 15). Three 

communities were not grazed, and H% of others ranged from 

28-89%. It was no suprise that H% was greater than gH% in 

1988 (P=.02, t=3.09, df=7), since many sites were regrazed 

in the late-season. As above, in 1989 H% and gH% were 

identical at unburned sites. Among sites where 

consumption was measured in both years, H% was higher in 

1988 than 1989 {P=.02, t=3.12, df=7). Site tb had the 

highest H%, 51%, of all sites in 1989. 

Daily consumption (dH) was calculated as the amount 

consumed during an interval divided by the number cf days 

of the interval. ·Frequency histograms of dH at grazed 

sites· for 1988 and 1989 (Fig. 16) are similar to those for 

dPn (Fig. 4). In both years, no consumption occurred 

during the majority of the sampling intervals. Daily 
' 

consumption was not significantly different from O for 

60.7% and 76.2% of the growing season samples, and 56.8% 

and 76.4% of all samples in 1988 and 1989, respectively • 
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Fig. 14. Frequency histograms of H, consumption during 
the snow-free season for A) 1988 and B) 1989. 
Codes of bars as Fig. 3. 
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Fiq~ 15. Frequency histogram of H%, percent consumption 
during the snow-free season, for 1988. 
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Fig. 16. Frequency histograms of dH, daily consumption, in 
A) 1988 and B) 1989. Gray and striped bars are 
from sites there are data for both years. · Values 
for th calculated from vegetated areas only. 
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For positive values, dH ranged from o.5-5.0 g m" 2 d" 1 in 

1988 and o. 7-3 .1 g m· 2 a· 1 in 1989. Mean detectable dH 

during the growing season declined from J .1 q m"2 d"1 in 

1988 to 1.9 g m" 2 d" 1 in 1989 (F1, 19=4.80, P=.04). In 1988, 

the mean positive dH was lower in the late-season, 1.7 g 

m" 2 a·1, than during the growing season (F117=S.92, P=.008). . 
The greater number of late-season samples in 1988 was due 

to the relatively early senesence of vegetation during the 

drought. 

The relationship between plants and herbivores 

In an effort to understand the multidimensional link 

between plants and herbivores, consumption was related to 

vegetation in several ways. Consumption during the 

growing season (gH) was associated with aPn and plant 

community species diversity (H') in 1988 (r2~o.633, df=S) 

by 

gH = -108.9 + 0.33(aPn) + 68.S(Ht), 

and in 1989 (r2=0o533, df=lO} by 

gH = -68.3 + 0.16(aPn) + 47.9(H'), 
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with aPn and H' explaining 36.7% and 26.6% of the 

variation in 1988, and 19.7% and 33.6% of the variation in 

1989, respectively. 

The contribution of H' to predicting gH is virtually 

solely due to sites sS and w4. If they are omitted in the 

analysis, H' no longer is significant and gH becomes 

linearly and positively related to aPn among paired sites, 

sites where aPn and gH were sampled during both years, in 

1988 {r2=.896, df=7) by 

gH= -Jo.a + .548(aPn) 

and in 1989 {r2=.534, df=7) by 

qH = -4.0 + .337(aPn) 

(Fig. 17a). Slopes in this relationship could not be 

discriminated from one another (F1, 16=.825) and intercepts 

were indistinguishable from zero. The 1989 samples for 

wl, a site incompletely studied in 1988, and tb, a burned 

community added in 1989, lie well within the 95% 

confidence limits calculated from other samples that year. 

Returning, however, to w4 and sS, it is clear from 

Fig. 17a that that they are abberant in reference to the 

relationship between gH and aPn for other sites. Both 

communities were not grazed the entire snowfree season, 
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Fig 17. Relationship .of gH, growing season consumption, 
on aPn, net aboveground primary production for A) 
all sites, and B) tr~nsitional and summer range 
sites only during 1988 ( s, ) and 
1989 ( . , , ). Alphanumerically coded 
samples were not used to calculate regression 
equations. For w4 and s5, 1989 samples are in 
bold. 
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yet they had high levels of aPn. Both sites were 

dominated by single graminoid species that represented 

more than 95% of the total standing crop: carex rostrata 

at site w4, and Calamagrostis rubescence at site s5. 

Furthermore, a third relatively productive_ community, w3, 

remained ungrazed in 1989 and had one grass, Bromus 

inermis, contributing over 90% of the aboveground biomass. 

The quasi-monoculture structure of these communities was 

profoundly different from that of other communities, 

reflected by their low values for H'; ranging from 0.37 to 

0.71, compared to 1 . 41 to 2.74 for other sites. These 

results suggest that there are two fundamentally different 

types of plant communities in Yellowstone distinguished by 

both their structure and function: one of low species 

diversity and avoided by large herbivores during the 

snowfree year, and a second possessing higher species 

diversity and grazed by large herbivores during the 

snowfree year. Although only 3 of 13 sites studied here 

exhibited monospecific compositions, sites dominated by 

single species in this fashion are common in lodgepole 

pine forests throughout the Yellowstone landscape, and, 

therefore, may constitute an important structural and 

functional component of Yelowstone at the ecosystem level. 

It is not suprising that grazing intensity (gH%) was 

the same in all seasonal ranges in 1988 given the low 

dispersion of samples around the 1988 regression line (see 
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Fig. 17a). In contrast, in -1989, winter range sites were 

grazed less per unit production than transitional and 

summer range sites (F17=9.40, P<.02). 
I 

To compare herbivory between years off the winter 

range, the relationship of gH on aPn was reevaluated for 

transitional and summer range sites only. Because I was 

only interested in grazed vegetation, s5 and areas below 

~ tridentata were omitted. There was a positive 

relationship between gH and aPn in 1988 {r2=.S60, df=S) by 

gH = -14.B + .530{aPn) 

and in 1989 (r2=.937, df=S) by 

gH = -17.4 + .538(aPn) 

(Fig. 17b). Two points are remarkable. First, aPn was a 

precise predictor of gH, explaining 86% and 94% of the 

variation in gH in 1988 and 1989, respectively. Secondly, 

the slopes of the regression lines are so similar that 

they cannot be visually distinguished in Fig 17b. This 

indicates that despite the profound differences in climate 

and ungulate numbers between years the flux from plants to 

large he~bivores per unit aPn was the same in transitional 

and -summer range areas that were grazed. The proportion 

of aPn consumed was the same in tb as in unburned 
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conrmunities. 

consumption during the snowfree season (H) and site 

production {aPn) in 1988 were positively related (r2=o743, 

df=7) by 

H = -s.so + .60(aPn) 

(Fig. 18)~ The relationship between Hand aPn in 1989 was 

the same as that for gH on aPn. Slopes for H on aPn were 

different between years (P=.05, df=l6), and intercepts 

could not be discriminated from zero. 

To explore temporal interactions between herbivores 

and plants, daily consumption (dH) was related to a 

variety of seasonally fluctuating variables. Daily 

production (dPn) explained more of the variance in daily 

consumption (dH) during the growing season than 

concentration of green biomass (C), amount of green 

standing biomass, or amount of total standing biomass, and 

no other variable explained any further variation. 

Correlation analyses performed on 1989 data revealed 

positive associations between daily aboveground production 

and green biomass concentration (r=.760, P<.0001), green 

standing crop (r=.486, P=.0001), and total standing crop 

(r=.237, P=.073). 

Among grazed sites that were sampled in both years 

daily growing season consumption (dH) and daily production 
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Relationship of H, consumption in the snow-free 
season, on aPn, ne~ aboveground primary 
production, for 1988 and 1989. Symbols and 
lines as Fig. 17. 
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(dPn) were positively related in 1988 (r2=. 495, P<. 0001, . 

df=26) by 

dH = .25 + .j4(dPn) 

and in 1989 (r2=.293, P<.0003, df=39) by 

dH = .13 + .23(dPn) 

(Fig. l9a) • Much of the dispersion of the sampl.es around 

the regression lines was due to animals not grazing sites 

in the winter range during periods of plant growth. If 

the relationship is reevaluated for transitional and 

summer ranges only, dH is related to dPn in 1988 (r2=.917, 

P< . 0001, df=l6) by 

dH = .082 + .42(dPn) 

and in 1989 (r2=.795, P<.0001, df=28) by 

dH = 0048 + .385(dPn) 

(Fig. 19b). 
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Fig. 19. Relationship between dH, growing season daily 
consumption, on dPn, daily net aboveground 
primary production, for A) all grazed sites and 
B) transitional and sull1Il\er range grazed sites 
only. Site tb was sampled in 1989 only and was 
not used in calculations. Symbols and lines as 
Fig. 17. 
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Nutrient flow from large herbivores to the soil 

Nutrient flow from herbivores to soil was indexed 

with dung deposition (D, g m"2
) during the snow-free 

54 

season at each site during both years. Maximum values for 

D during each year occurred at sites that, in addition to 

receiving inputs while animals were grazing or travelling, 

were used as bedding areas by elk: s3 received 68.5 g m" 2 

in 1988 and s4 recieved 45.0 g m"2 in 1989. For the 

remaining communities, fecal return ranged from 2-40 g m2 

in 1988 and 0-21 g m2 in 1989 (Fig. 20). Mean deposition 

for all sites declined from 22 g m"2 in 1988 to 12 g m" 2 in 

1989 (P<.0001, F1198=17.8), indicating that decreased 
• 

herbivore numbers reduced the flow of nutrients from 

herbivores to soil across the Yellowstone landscape. 

During the snow-free season, D did not differ between 

seasonal-use areas ( F 2,217=. 2 6) . However, over the entire 

year it varied substantially at this spatial scale, since 

herbivores concentrate in the winter range from November­

April. During the winter, dung was added at rates of 
. ·2 . 35.5, 48.8, 57.7 and 166.l gm in wl, w2, wJ, and w4, 

respectively. These fluxes were 160%, 170%, 380% and 791% 

of the amounts deposited in the same sites during the 

snow-fr~e season. Site w4 was intensely grazed by elk and 

bison during the winter. The quantity (g m" 2) of winter­

time dung deposition at w4 appeared to be as high as any 
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Fig. 20. Frequency histograms of D, dung deposition, for 
A) 1988 and B) 1989. Codes for bars are as Fig. 
3. 
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site observed in the northern range. 

There was no first or second order polynomial 

relationship between D and aPn (Fig. 21). However, D and 

consumption during the snow-free year (H), omitting elk 

bedding areas that were statistical outliers (outside the 

95% prediction limits of the regressions), were positively 

related in 1988 (r2=.795, P<.0001, df=B) by 

D = 3.99 + .ll(H), 

and in 1989 (r2=.809, P=.0004, df=8) by 

D = 2.94 + .12(H) 

(Fig. 22). Slopes could not be discriminated between years 

(F1 17=.02, P=.89), and intercepts for both years were 
• 

indistinguishable from zero (t=l.44 for 19S8; t=l.09 · for 

1989) • This indicates herbivores are returning nutrients 

to plant communities they remove them from, and grazing 

and nutrient cycling are closely coupled in the 

Yellowstone landscape, except where elk bed. 

If the relationship between D and aPn is reevaluated 

only for sites that were grazed and where elk did not bed, 

D was positively related to aPn for pooled 1988 and 1989 

data (r2=.47, P=.003, df=14) by 



Fig. 21. Scattergram of D, dung deposition, on aPn, net 
aboveground primary production for A) 1988 and 
B) 1989. Symbols are sites sampled in both 
years. 
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Fig. 22. Relationship of D, dung deposition, on H, 
consumption during the snow-free season, for 
1988 and 1989. symbols and lines as Fig. 17. 
Circled samples were elk bedding areas and were 
not included in calculations. 
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D = 2.84 + .05(aPn). 

The intercept could not be differentiated from zero 

(t=.75)" T~erefore, in areas where they graze, large 

herbivores add nutrients at a constant rate per aPn. 
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RESULTS: SPECIES COMPOSITION 

Climate and large herbivores are important 

determinants of grassland species composition. The sharp 

disparity in prevailing climatic conditions during the 2 

years of this study and the maintenance of fenced, 

ungrazed areas at 3 sites in otherwise heavily grazed 

vegetation, provide a rare opportunity to examine the 

comparative effects of grazing and weather on plant 

community species composition. For each site a. 

discriminant analysis of grazed and ungrazed vegetation at 

peak standing crop in 1989 (wl), or 1988 and 1989 (t2 and 

s4) was performed using arcsine-transformed relative 

species abundance data. For 7 other sites, where there 

were no permanent fences, the singular effect of climate 

was examined with discriminant analysis of 1988 and 1989 

species composition at peak standing crop. 

In the interest of simplicity, I have limited 

discussing details of function loading and individual 

species responses to sites with large herbivore and 

climate treatments. Furthermore, to clarify 

interpretation and avoid the meaningless discrimination of 

treatments using rare species, the analyses included only 

species that represented at least 2% of the standing crop 

for a treatment. 

For wl, a xeric winter range site, the analysis 



.. -·- - ·- ·--------

clearly discriminated 1988 from 1989 samples {Fig . 23). 

The first discriminant function (OF) explained 87.8% of 

the variation in the analysis, and nearly completely 

separated 1988 and 1989 samples (x2=S0.3, 9f=18, 

P=.00007). The second function was not significant, 

although it tended to separate 1989, grazed from 1989 , 

fenced vegetation (x2=12.22, df=S, P=.25709) . Only 1 of 

12 1988, grazed samples was misclassified, while 4 of 12 

1989, grazed and 3 of 12 1989, fenced samples were 

misclassified. 
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Nine of 15 species found at the site were used in the 

analysis. Two species, £Qa sandbergii and Lupinus 

sericeus, in order of declining importance, were loaded 

positively and heavily on OFl: and Festuca ~dahoensis and 

Koelaria cristata received extreme negative loadings 

(Table 4). Agropyron spicatum and Koelaria cristata were 

weighted positively and heavily on DF2; and Chrysothamnus 

viscidiflorus received the only negative score. 

Results from univariate F tests indicated 4 species 

were sensitive to prevailing conditions (Table 5). 

Scheffe range tests showed Festuca idahoensis was 

relatively more abundant in 1988, grazed vegetation than 

1989 vegetation, Linanthus septentrionalis and Lupinus 

seric~us were more abundant in 1989, fenced vegetation 

than 1988 grazed vegetation, and Foa sandbergii was more 

abundant in 1989, grazed vegetation than 1988, grazed 
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Discriminant analysis of 1988, grazed (1); 1989, 
grazed (3); and 1989, fenced (4} vegetation at 
wl using relative abundance of most common 
species. Group centroids (+) for DF1,DF2 are: 
1988, grazed = -2.34, -o.os~ 1989, grazed= 1.29, 
-0.73; and 1989, fenced= 1.06, o.78. 
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Table 4. Standardized coefficients of common species at wl 
for the first (DFl) and second (DF2) discriminant 
functions. 

SPECIES 

Agropyron spicatum 
Chrysgthamnu§ viscigiflorµs 
Festuca idahoensis 
Koelaria cristata 
Linanthus septentrionalis 
Lupinus sericeus 
EQ.Sl sandberqii 
Phlox Modii 
Stipa viridula 

DFl 

0.303 
0.303 

-0.699 
-·o. 293 

0.289 
0.592 
o. 626 
0.019 
0.044 

DF2 

0.842 
.-o. 090 

o. 450 
0.768 
0.595 
0.407 
0.238 
0.088 
0 • .284 



Table 5. Mean relative species abundance of grazed vegetation in 1988 and grazed and fence 
vegetation in 1989 at wl. Significance testing includes F tests, F statistic and probabilit 
(P), and Scheffe range tests. Means with the same letter are statistically cannot b 
distinguished. 

Species Percent abundance F P< 

1988 1989 
grazed grazed fenced 

Agropyron sgicatum 9.8a 12.4a 17.8.a 1.76 NS 
Chrysothamnus viscidiflorus 5.6a 12.oa 5.Ja 1. 20 NS 
Festycg, idahoensis 30.6b 10.4a 11.la 27.7 0.0001 
Koelaria crist~ta 9.4a 7.6a 13.7a 1.91 NS 
Linantnus s~ptenttrionalis O.la 1.9ab 3.7b 3.43 0.04 
Lupinus sericeus 12.Ja 23.2ab 25. 7b 4.43 0.02 
Paa sanbergii 3.2a 9.6b a.lab 4.92 0.01 
Phlox hoodii 2.aa 2 . la l.9a 0.01 NS 
stipa yiridula 23.la l6.9a 9.2a 3.26 NS 
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vegetation. No species was affected by large herbivores. 

For t2, a mesic transitional range site, 4 distinct 

species compositions were identified (Fig. 24) . 

Discriminant function 1, expaining 65.5% of the variation 

in the analysis, almost discretely separated 1988 

vegetation from 1989 vegetation (x2=114.7, df=36, 

P<0.00001). Discriminant function 2, explaining 19.5% of 

the variation, tended to separate 1988, grazed and 1989, 

fenced vegetation from 1988, ·fenced and 1989, grazed 

vegetation (x2=54.8, df=22, P<0 . 0002). Discriminant 

function 3 explained 15.0% of the variation and separated 

1989, grazed from 1989, fenced vegetation (x2=24.9, df=lO, 

P<0.006). The analysis misclassified 1 of 11 19~8, 

grazed; 1989, grazed; and 1989, fenced samples. All 1988, 

fe~ced samples were correctly reclassified. 

Twelve of 25 species found at t2 were used in the 

analysis. Two species, Perideridia ggirdneri and ·Achillea 

millifolium, loaded positively and heavily on OFl; and 

Stipa occidentalis was a strong negatively loaded species 

(Table 6). Discriminant function 2 used Agropyro~ caninum 

as a strong positive weight, and Stipa occidentalis as an 

extreme negative weight. Discriminant function 3 weighted 

Trifolium longipes strongly and positively, and opposite 

Danthonia intermedia. 

All 6 species receiving extreme weights for 1 or more 

discriminant functions exhibited significant differences 



Fig. 24. Discriminant analysis of 1988, grazed (1); 1988, 
fenced (2); 1989, grazed (J); and 1989, fenced 
(4) vegetation at t2. Group centroids for 
DF1,DF2,DF3 (not shown) are: 1988, grazed =· 
-1.81, 1.so, o.59; 1988, fenced 2= -2.20, 
-1.22, -0.76; 1989, grazed= 1.60, -0.89, 1.28; 
and 1989, fenced= 2.41, 0.61, -1.10. 
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rable 6. Standardized coefficients of common species at t2 for the 
Eirst (DFl), second (DF2), and third (DF3) dicriminant functions. 

>pecies DFl DF2 DF3 

1.chillea millifolium 0.839 0.410 0.068 
~grg:g~ron caninum -0.180 0.854 0.032 
~romus carinatus -0.251 0.430 -0.340 
!arex ~ -0.413 0.592 0.055 
laothonia intermedia -0.145 -0.117 -0.994 
~uncus hallii 0.043 0.166 -0.431 
>erid§:!ridia gairgneri 1. 046 -0.358 -0.101 
1hleum pratense -0.185 000.216 -0.162 
1otentilla fil2Ih. 0.651 -0.300 -0.062 
:ti:ea occidental is -0.678 -0.870 -0.286 
'araxacum officinale -0.235 ~0.053 -0.109 
'rifolium longiaes 0.359 -0.066 0.798 
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between treatments (Table 7) • Phleum pratense, an 

introduced species and dominant at t2, also responded 

differently to treatments, yet was not an important 
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discriminating variable of any function. Scheffe range 

tests indicated that 6 species were variably affected by 

treatments. Trifolium longipes was more abundant in 1989 

grazed vegetation than fenced vegetation in both year and 

Danthonia intermedia was more abundant in fenced 

vegetation than grazed vegetation during both years. 

Perideridia gairderni increased in the presence and 

absence of herbivores from 1988 to 1989 and Phleum 

pratense was relatively rarer in 1989 fenced vegetation 

than 1988 fenced or grazed vegetation. Achillea 

millifolium was more abundant in 1989 fenced vegetation 

than 1988 grazed vegetation, and ~tipa occidentilis was 

positively affected by fencing in 1988. 

For s4, a forest opening in the summer range, as in 

the case of t2, the analysis clearly distinguished all 4 

treatments (Fig. 25). Discriminant function 1 explained 

76.9% of the variation in the analysis, and primarily 

separated grazed vegetation from fenced vegetation, and 

secondarily discriminated 1988, grazed from 1989 grazed 

vegetation (x2=96.7, df=48, P=0.00004). Although DF2, 

explaining 20.7% of the variation, was not significant, it 

helped distinguish 1988, fenced vegetation from 1989, 

fenced vegetation (x2=37.8, df=30, P=0.15). Discriminat 



Table 7. Mean relative species abundance of grazed and fenced vegetation in 1988 and l 
at t2. Significance testing is as Table 5. 

Species Percent abundance F P< 
1988 1989 

grazed fenced grazed fenced 

Achillea millifolium 0.5a 0.7ab 0.6ab 2.lb 3.83 o.c 
Aqropyron caninum 4.0a 1.2a 1.4a 2.5a 3.24 o.c 
Bromus carinatus 7.Ba J.la 3.oa 2.6a 2.09 r; 
carex .§R!h 8.Ja 4.la 3.7a 6.5a 1.53 ii 
Danthonia int~nnedia l.5a 2.Sab 2.5a 15.lb 4.26 o.c 
Juncus hallii 5 .. 7a 5.6a 7.Sa 9.5a 0.86 t\ 
Perideridia gairderni 0.2a O.la 2.2b 2.7b 17.3 0.( 
Phleum pratense 57.lb 59.6b 51.Jab 41.4a 5.32 o. ( 
Potentilla film...t. 4.la 5.0a 5.la 5. 7a 0.491 1' 
stiga occidentalis 3.0a 12.0b 2.7a 2.sa 4.17 o.c 
Taraxacum off icinale 4.4a 4.oa 5.6a 5.7a 0.569 l\ 
Trifolium 19ngipes l.8ab O.la 4.5b 1.la 9.57 o.c 
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Fig. 25. Discriminant analysis for site s4. Symbols are 
as Fig. 24. Group centroids for DFl, DF2, DF3 
(not shown) are: 1988, grazed= 0.23, 1.49, 
-0.52; 1988, fenced = -3.52, 0.99, 0.91; 1989, 
grazed= 3.26, -0.57, 0.33; and 1989; fenced= 
-2.32, -1.88, -0.36. 
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function 3 only contributed 3% of the variation (x
2=7.4, 

df=l4, P=0.92) and does not warrant any interpretation. 

Together, the 3 functions reclassified the samples 

perfectly. 
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Sixteen of 34 species were used in the analysis. Two 

species, Taraxacum officinale and stipa occidentalis were 

weighted positively and heavily on DFl, and Agrostis 

exarta and Trifolium longipes were loaded strongly 

negative (Table 8). Five species, Poa ~' Stipa 

occidentalis, Taraxacum officinale, Danthonia intermedia, 

and Carex ~' loaded positively and heavily on DF2, and 

Bromus carinatus was loaded heavily negative. 

Eight of the 16 species displayed significant 

differences between treatments (Table 9). Six were 

strongly positively or negatively loaded on 1 or more 

functions. The remaining two species, Antennaria 

microphylla and Juncus hallii, were not particularly 

important for discriminating groups. Range tests showed 

that grazing increased Antennaria microphylla, Juncus 

hallii, and Taraxacum officinale; Pea ~ declined from 

1988 to 1989 in grazed vegetation; and Stipa occidentalis 

was more abundant in grazed 1989 vegetation than fenced 

1988 vegetation. 

At 5 of 7 other sites, species composition was 

significantly affected by climate (Table 10) . Sites 

unaffected were: w3, a winter range community dominated by 
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.ble 8. Standardized coefficients of common species at s4 for 

.rst (DFl) and second (DF2) discriminant functions. Discriminant 

.notion 3 was uninformative and not considered. 

ecies 

ropyron caninum 
rostis exarata 
tennaria microphylla 
2I!U:!.§ carinatus 
rex ~ 
rsium scariosum 
nthonia intermedia 
stuca idahoensis 
~garia virginiana 
'1CUS hallii 
leum pratense 
! film.:. 
:entilla ~ 
~ occidentalis 
~axacum officinale 
Lfolium longipes 

- - - -- -

DF1 

-0.066 
-0 . 657 

Oo505 
-0.399 
-0.178 

0 . 686 
0.208 
0.309 

-0.375 
0.763 
0.063 

-0.082 
0 .417 
1.255 
l. 371 

-0.544 

DF2 

-0.034 
-0.239 

0.580 
- 0:768 

Ll.05 
-0.059 

1.166 
0.290 
0.701 
0.920 
0.532 
1. 601 
0.220 
1.265 
1.171 
0.317 
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Table 9. Mean relative species abundance of grazed and fenced vegetation in 1988 and 19 
at s4. Significance testing as in Table 5. 

Species Percent abundance F P< 
1988 1989 

grazed fenced grazed fenced 
Ag:ro12~ron caninum 4.7a 6o0a 5.5a 9.9a 2.31 NS 
Ag:rostis ~xai:~ta l.6a 2.sa o.sa O.la 2.97 0.05 
Antennaria microphy!la 2.9b l.7ab 2.5b o.2a 4.34 0.01 
Bromus carinatus 13.9a 15.2a 12.4a 16.9a 0.245 NS 
Carex film.:. 9.0a 14.?a 7.Ba 14.4a 3.10 0.05 
Cirsium scariosum 2.4a 1.0a 3.la 1.2a 1.42 NS 
DS!ntnon;i~ intermedia 3.7a 5.9a l.5a a.5a 1.98 NS 
Festuca idahoensis 0.5a o.7a 1.3a 3.4a 0.889 NS 
Fragaria virginiana 2.2a 1.4a 2.7a i.sa 1.42 NS 
Juncus hallii 6.7ab 2.2a 9.9b 2.1a 4.75 0.01 
Phleum pratense 2.2a 4.0a o.oa 1. ?a 4.07 Oo02 
Poa film.:. 13.0b 21. 7b 4.0a 9.9ab 7.83 0.001 
Potentilla mm..:_ 4.la 7.2a 5.7a 7.2a 1.40 NS 
sti12a occidentalis 18.Jab 10.4a 28.2b l6.9ab 4.56 0.01 
Taraxacum off icinale 8.4ab 1.6a 11.4b 1.6a 5.68 0.003 
Trifolium longipes 2.la o.9a 0.6a o.sa 1.23 NS 

·- - -- - -·- - - -- - · ·-- - - , _ __J 
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Table 10. Discriminant analyses on species composition of 1988 and 
1989 grazed vegetation at 7 sites using relative dry-weight 
abundance of common species. Degrees of freedom (df) equals number 
of species used in the analysis, and s equals species richness at 
the site. 

Site Chi-sq-u.are df P< s 
value 

w3 1.8 2 NS · a 
tl 32.7 7 0.00003 18 
t3 32 . 5 9 0.0002 25 . 
sl 26.6 6 0.0002 11 
S2 24 . 2 14 o.os 32 
s3 24.6 12 0.02 22 
SS 5.01 2 NS 13 

- ·-~ - ·· · -- - -- - --- ·- ·- -- - · - ~ -- - . -- --- --
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a single nonnative grass species, Bromus inermis; and ss, 

a summer range lodgepole pine understory community 

dominated by Calamagrostis rubescence. Dominants at both 

sites represented over 90% of the total standing crop. 
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DISCUSSION 

Within climatic and edaphic constraints, large 

herbivores have profound direct and indirect effects on 

ecosystem processes (McNaughton et al. 1988, Naiman 1988, 

Naiman et al. 1988, Pastor et al. 1988, Whicker and 

Detling 1988). To understand how large herbivores, 

primarily elk and bison in this study, affect the 

structural and functional organization of grasslands in 

Yellowstone 8 s northern range, it is necessary to bear in 

mind seven factors. First, aboveground primary production 

in Yellowstone occurs locally as a strong, brief pulse, 

and regionally as a nitrogen rich "green wave" (McNaughton 

1979) that follows an elevational gradient beginning in 

the lower-winter range in the spring and ending in the 

high-summer range in the late summer. Second, ungulates 

have evolved the capacity to increase utilization of this 

nutritious and highly concentrated food source at the 

ecosystem level by following the wave as it sweeps across 

the ecosystem. The ability of Yellowstone Park to support 

large.migratory herds of ungulates may be tied to its 

climatic (Dirks and Martner 1982, Despain 1987), geologic, 

elevational, and vegetative diversity that makes available 

this young, nutritious forage for up to 6 months a year 

someplace in the park. Third, uneven topography in 

Yellowstone has established complex resource gradients and 
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heterogeneous landscapes composed of patches that vary in 

primary production. Fourth, grassland patch production is 

positively associated with both herbivore consumption and 

nutrient flow from herbivores to the soil. Grazing, 

therefore, is coupled spatially to nutrient cycling in the 

northern range. Fifth, the myriad of effects large 

herbivores have on ecosystem processes in Yellowstone 

result in an increase in aboveground primary production . 

Sixth, nonuniform herbivore utilization patterns in the 

landscape, in conjunction with the many herbivore effects 

on ecosystem structure and function, lead to greater 

environmental heterogeneity at all spatial scales in the 

ecosystem. Seventh, climate, the principal driving 

variable of ecosystem function, can modify the effect 

large herbivores have on ecosystem processes by 

controlling herbivore numbers and/or affecting their 

regulatory influence on trophic processes. 

Large herbivore migration and forage quality 

Escape from predators or access to high quality 

forage are the two prevailing explanations for the 

migratory behavior of large herbivores (Kruuck 1970, 1972, 

Maddox 1979, Fryxell and Sinclair 1988, Fryxell- et al. 

1988). In Yellowstone, seasonal migration is likely 

driven by foraging decisions, since bison have had no 

_______________________ .. _ _ .. ----·- ---------------



-------········· ... ----

effective predators after the ecological elimination of 

the gray wolf (Canis lupus) in the 1920s (Meagher 1973), 
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and elk movements generally coincide with those of many of 

their predators, including cougar (Felis concolor), 

coyotes (Canis latrans) , black bear (Ursus americanus) , 

and grizzly bear (IL.. arctos). Therefore, migratory elk in 

Yellowstone should not be any less vulnerable to predation 

than resident animals (Fryxell et al. 1988} •. Predator 

avoidance, however, may play a role in ungulates selecting 

habitats withi-n seasonal ranges. Elk calving i.s closely 

associated with shrub communities, where vulnerable 

newborn calves may be less detectable to predators than in 

open steppe (F. Singer, per. comm.), and elk daytime, 

summer bedding usually occurs in shaded, forested areas. 

Elk and bison migration during the growing season in 

the northern range is closely tied to a wave of young 

vegetation as it moves from the winter range to summer 

range. Nitrogen concentration, generally considered 

limiting to large herbivores (Mattson 1980), was highest 

in young tissue and declined quickly with tissue age. By 

preferentially grazing young vegetation in the landscape, 

herbivores increased forage quality, the duration of a 

high quality diet, and their yield per bite, since 

concentration of green biomass was also highest at sites 

supporting young vegetation. 

In the Serengeti ecosystem, ungulate migration during 
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the wet season is also associated with animals following 

patches of young vegetation (McNaughton 1979}. However, 

in contrast to the predictable pattern of green up along 
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an elevational gradient in Yellowstone, plant growth in 

the wet season in the Serengeti is stochastically 

distributed in space in accordance with rainfall events. 

This high level of concordance between Yellowstone and the 

Serengeti in regards to factors associated with movement 

of migratory herds of grazers suggests that the 

spatiotemporal dynamics of primary production is a 

fundamental factor determining the structural and 

functional organization of ecosystems dominated by large 

vertebrate herbivores. 

Since the mid-1980s, several hundred bison have 

descended in the summer to the upper northern winter 

range, principally the Lamar Valley and areas west to 

Junction Butte (M. Meagher per. comm.). Bison are 

aggregated at this time into large groups for the rut, 

which begins in mid-July (Meagher 1973). Their summer 

movement to the Lamar Valley in both years in this study 

coincided with a prevalent community type in the Lamar 

Valley, w2, having the highest level of green biomass 

among all sites sampled. Site w2 was grazed in August and 

July of 1988, and August of 1989. Available ground water 

at w2, as well as other valley bottom areas throughout the 

Lamar Valley, may sustain plant growth and green biomass 
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well into the summer, even during severe drought. Bison 

likely grazed in the Lamar Valley from mid- to late-summer 

because of the lack of large areas of high quality 

grassland in transitional and summer ranges at this time 

of year. Large grasslands may be of distinct importance 

to bison during the rut when they have formed large 

groups. Therefore, access to high quality forage can be 

invoked to explain both seasonal movements of entire 

herds, and some long distance intra-seasonal movements of 

herd segments. 

Elk and bison spend the winter foraging on rank 

vegetation in the winter range, where temperatures are 

higher and snow accumulation is lower than at upper 

elevations. Winter-time migration to the northern winter 

range, therefore, confers on animals reduced energy 

demands and greater assess to forage, since snow limits 

forage availability (Meagher 1973, Houston 1982). 

Large herbivores in heterogeneous environments 

The interplay between herbivores and their landscape 

is largely driven by grazers striving to meet dietary 

needs in ecosystems offering patchy forage, and modified 

by other behaviors, such as predator avoidance or bedding 

(Turner 1989). Foraging decisions by herbivores are a 

series of hierarchical alternatives that vary at spatial 
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scales ranging from the region to the individual plant 

(Senft et al. 1987, McNaughton 1989). Because of the 

patchiness of their utilization and their vast effects on 

functional and structural properties of sites that they 

use, large herbivores increase ecosystem heterogeneity at 

all spatial scales. 

At the level of the seasonal range, it is clear from 

this study that the winter range is functionally 

distinguished from other seasonal ranges in two important 

respects. First, ungulates graze the winter range for 6 

months when other seasonal ranges receive no or negligible 

use. During the winter, ungulates obtain energy, but few 

nutrients by consuming rank vegetation, while continuing 

to lose nutrients through excretion. Consequently, there 

is likely a net transport of nutrients from transitional 

and summer range areas where ungulates graze high quality 

forage and gain condition in the spring and summer, to the 

winter range where condition is lost. The nutrient influx 

can be especially high in communities where winter use is 

extreme, such as w4 where 166 g m·2 of dung was depositied 

during the winter of 1988-89. 

Second, these results suggest that during years of 

near-average weather and low or moderate elk and bison 

herd sizes (e.g. 1989), the winter range is grazed less 

intensively during the growing season than other seasonal 

ranges. This is because elk and bison move off the winter 
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range during spring to graze at higher elevations. As a 

result, winter forage, generally thought to be a principal 

limiting factor to herbivores in the northern range 

(Meagher 1973, Houston 1982} is conserved. Seasonal 

segregation of grazing leading to conservation of forage 

during the food limiting period of the year, e.g, winter 

in temperate grasslands, dry season in tropical 

grasslands, is a feature common to ecosystems supporting 

large herds of migratory herbivores (Sinclair and Norton-

Griffiths 1979, Morgantini and Hudson 1988) and. has long 

been a practice of animal husbandary (McNaughton 1985). 

In 1988 when elk and bison populations in the 

northern range were at their highest levels in recent 

history, the winter range was grazed during the growing 

season at the same intensity as other seasonal ranges. 

This phenomenon may have been a consequence of a portion 

of the ungulates delaying migration from the winter range 

during the spring because of grazer satiation at higher 

elevations and/or a particularly early re~urn by over 300 

bison to the Lamar Valley, which may have been drought­

induced. Climate has long been recognized as a 

determinant of winter forage quantity, both by influencing 

primary production during the growing season, and by 

regulating forage availabilty as a result of snow 

accumulation and density in the winter (Meagher 1973). 

The interaction of ungulate number and climate on winter 
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forage availability as inferred in this study, indicates 

the complex and partially ungulate dependent nature of 

carrying capacity of the northern range. 

The riext hierarchical level is landscapes (Senft et 

al.1987), of which there are several per seasonal range 

(eog., valleys, ridges, or plateaus), and between which 

ungulates likely decide at a rate of several times each 

season. A variety of large wild herbivores have been 

shown to exhibit landscape preference, including bison 

(Coppock et al. 1983, Norland et al. 1985), feral horses 
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(Turner and Bratton 1987), eastern grey kangaroos, and 

wallaroos (Taylor 1984). Herbivores select landscapes 

according to forage quality (Senft et al. 1987), water 

availability (Valentine 1947, McNaughton and Georgiadis 

1987), and p_resence of salt licks (Jones and Hanson 1985) ." 

.All sites in the present study were confined to a 

single landscape per seasonal range: the Lamar Valley and 

adjacent terrain in the winter range, and Cache-Calfee 

Ridge, on which transitional and summer range sites were 

located. However, ample information on elk and bison 

utilization of the park (Meagher 1973, Houston 1982) 

clearly indicates their nonuniform distributions. 

Tr_ansitional a~d summer range study areas were selected 

for their high elk and bison densities. Bison tend to 

concentrate during the growing season in localized areas, 

such.as Cache-Calfee and adjacent ridges, the Mirror 
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Plateau, Hayden Valley, and Pelican Valley (Meagher 1973). 

Distributions of elk during the growing season tend to be 

more dispersed, although some landscapes support high 

concentrations of elk, including all the high bison-use 

areas mentioned above, while other areas may support 

negligible elk, such as some forested areas on the central 

plateau of the park (F. Singer pers. comm.). 

The distribution of ungulates at the landscape scale 

may reflect underlying differences in geologies, which 

influence soil fertility, vegetation structure, and forage 

quality (Chapin 1980, Coley et al. 1985, 1988). 

Differential herbivore utilization of these landscape 

units may increase their structural and functional 

dissimilarities well beyond levels stemming from 

geological differences alone; thus, leading to greater 

landscape-scale heterogeneity in the parko 

The third level is the plant community (Senft et al. 

1987)0 In Yellowstone, elk and bison appear to have a 

two-class system for selecting plant communities: (1) 

those that should be grazed at levels according to the 

community's primary production, and (2) those that should 

be avoided. This study documents positive linear 

relati.onships for both herbivore consumption and nutrient 

return by grazers with grassland production (see Figs. 17, 

18, and 22}. These results indicate close linkages 

between production, consumption, and nutrient cycling in 
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gr·asslands and shrub-grasslands across Yellowstone's 

northern range. Three sites, a sedge meadow, w4, forest, 

s5, and nonnatiye grassland, w3, were avoided by grazers 

during the snowfree season in this study. All conununities 

were quasi-monocultures, with a single species 

contributing over 90% of the standing crop. Ungulates 

grazed areas adjacent to each of these sites, suggesting 

the conununities were avoided because of their low forage 

quality. What environmental factors that couple 

exceptionally high species dominance and low forage 

quality at ecological and evolutionary time scales are not 

clear. Similar to landscape units that are not used by 

herbivores, the avoidance of some plant communities likely 

increases their differences from other communities that 

are grazed. 

Herbivores can make decisions at the level of the 

plant at rates as high as 107/yr, the . estimated number of 

bites per year (Chacon et al. 1976) . Patchy within 

community grazing alters plant competitiveness according 

to the degree a plant is defoliated in relation to its 

neighbors, and the plant's physiological attributes 

(Wareing et al. 1968, Hodgkinson 1974, Detling et al. 

1979, Caldwell et al. 1981, McNaughton et al. 1983, 

Oesterheld and McNaughton 1988). Superimposed upon 

patterns of grazing is patchy deposition of herbivore 

feces and urine (Carren et al. 1982, McNaughton 1983, 



1985, Day and Detling 1989, 1990), which further 

diversifies the availability of resources and plant 

competitiveness, and may lead to increased species 

diversity in some plant communities (Sala et alo 1986, 

Milchunas et alo 1988, Noy-Meir et al. 1989). 

The movement of substantial resources across patch 

boundaries by herbivores is a unique property that 
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separates grazing ecosystems from other terrestrial 

habitats, which in Yellowstone, may primarily occur at the 

scales of the seasonal range and microsite. Interactions 

of herbivores with their spatial environment is largely 

determined by the distribution of forage. Forage 

patchiness leads to patchy utilization by grazers and 

increased heterogeneity of grazing ecosystems at all 

spatial scales. 

consumption in Yellowstone•s·northern range compared with 

other ecosystems 

Rates of primary production and herbivore consumption 

are fiindamental properties of ecosystem food web structure 

and function. Although aboveground production and 

herbivory have been examined in most terrestrial habitats, 

these measurements are rare for areas such as Yellowstone 

that support large populations of native large herbivores. 

A data set of coupled net primary production and 
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herbivore consUil'lption from a variety of terrestrial 

ecosystems was compiled from the literature by McNaughton 

et al. ( 1989, 1990}. They found that herbivore 

consumption and foliar production were strongly and 

positively related, where foliar production was 

aboveground production, except in forest ecosystems when 

it equalled aboveground production minus wood production. 

The relationship was heavily influenced by a large number 

of samples (n=31) from East African game reserves 

(Sinclair 1975, McNaughton 1985), which had a greater 

proportion of their primary production grazed than all 

other ecosystems. If average values for consumption and 

production of grazed sites in Yellowstone's northern range 

determined in this study are superimposed on the 

relationship (Fig. 26), it is clear that, like African 

game reserves, rates of herbivory at Yellowstone sites lie 

consistently above the best fit line determined by 

McNaughton e~ al. (1989) for terrestrial ecosystems in 

general. A Waller-Duncan Bayes LSD range test, adjusted 

for unequal sample sizes (Kramer 1956), on arcsine 

transformed values for the proportion of aboveground 

production consumed, lumped African and Yellowstone 

samples into one group, which statistically indicates what 

is visually apparent from Fig. 26, that consumption in 

these two ecosystems are similar, and higher than other 

terrestrial ecosystems. (Yellowstone was also grouped 
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Fig26. Relationship of herbivore consumption, H, on net 
foliage production, NFP, for terrestrial 
ecosystems. Codes are: 1, desert: 2, tundra: 3, 
temperate grassland; 4, temperate successional 
old field; 5, unmanaged tropical grassland; 6, 
temperate forest; 7, tropical forest; 8, salt 
marsh; 9, agricultural tropical grassland: and, 
*, Yellowstone grassland. Yellowstone samples 
were not included in the regression. Units are 
kJ m"2 yr· T. Adapted from McNaughton et al. 
1989, 1990. 
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with salt marshes, in~icating offtake in salt marshes can 

also be high). Consumption averaged 62% at African sites 

and 45% in Yellowstone's northern range steppe and shrub­

steppe. Herbivory was over six times as intense in 

Yellowstone as in other temperate grassland sites, 

primarily relatively small reserves possessing small 

populations of native ungulates (French 1979), where 

consumption averaged 7.9%. 

These results suggest that grassland ecosystems with 

abundant large herbivores are structurally and 

functionally more similar to aquatic grazing systems that 

support high chronic levels of herbivory (Carpenter and 

Kit chell 1984, Berquist snd Carpenter 1986), than to other 

terrestrial ecosystems (McNaughton 1983, 1985), and 

understanding these terrestrial, grazing ecosystems can 

only come from their direct study and not extrapolation 

from other ecosystems~ Furthermore, these findings suggest 

that high rates of herbivory and concommitant structural 

and functional food web properties may have been typical 

for grasslands that, prior to the spread of European 

influence, supported large herds of ungulates throughout 

all of Africa (Ford 1971), North American (Roe 1951, Dary 

1974), and Eurasia (Bannikov et al. 1961) and macropods in 

Australia (Newsome 1971, 1975)0 It is suprising that this 

study represents only the second ecosystem possessing a 

large complement of its native large herbivore fauna where 
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primary production and consumption have been measured. The 

novelty of such data is likely a reflection of the woeful 

worldwide rarity of these ecosystems. 

Large herbivore regulation of primary productivity 

Defoliation, trampling, urination, and defecation by 

large herbivores have profound effects on carbon, 

nutrient, and water flows in biotic communities, which 

together, interactively determine plant growth .(McNaughton 

et al. 1982, McNaughton 1985, 1988, Ruess 1987). The 

removal of photosynthetic tissue by grazers influences 

plant physiological processes in several ways. 

Defoliation opens the canopy ?llowing greater light 

penetration (Laude 1972, Mensi et al. 1973), _ and causes 

plants. to allocate a greater proportion of photosynthate 

to aerial parts (Gifford and Marshall 1973, Detling et al. 

1979, 1980, Oesterheld and McNaughton 1988), usually at 

the expense of root growth (Davidson and Milthorpe 1966, 

Evans 1973a, 1973b, Hodgkinson and Baas Becking 1977). 

RegroWth after defoliation has higher nitrogen content 

(Detling and Painter 1983, McNaughton 1983, Ruess et alo 

1983, Ruess 1984) and higher photosyntetic rates (Parsons 

and Penning 1988, Gold and Caldwell l~89b, Wallace 1990), 

which lead to higher growth rates for grazed plants 

compared to ungrazed plants (Oesterheld and McNaughton 
' 
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1988, Caldwell 1989a, Polley and Detling 1990) • -Removal 

of transpiring tissue results in soil moisture 

conservation (McNaughton 1985, Wraith et al. 1987), 

greater regrowth promotion, and higher plant water use 

efficiency (McNaughton 1985). Furthermore, grazing 

stimulates tillering (McNaughton 1983, Kotanen and 

Jefferies 1987, Butler and Briske 1988, Milchunas and 

Lauenroth 1989) and promotes a short and concentrated 

canopy structure, e.g. a grazing lawn (McNaughton 1984). 

In Yellowstonef green biomass of grazed vegetation was 

more concentrated than for ungrazed vegetation at all 
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three grazed sites where permanent fences were maintained. 

Grazing, therefore, maintains vegetation at a young, 

productive stage, and initiates a positive feedback loop 

to herbivores that confers lasting nutritious forage that 

can be efficiently exploited. 

Soil processes are also dramatically affected by 

large herbivores. Grazers indirectly influence soil 

dynamics by limiting the accumulation of standing dead and 

litter, thereby allowing greater soil irradiation and 

warming (Ruess 1987)~ Because decomposition is positively 

related to temperature and moisture (Waksman and Gerretsen 

1931), grazing, which increases both factors, should 

stimulate decomposition rates. Trampling can also 

stimulate decomposition rates by fragmenting plant tissue 

and incorporating it into the soil (Ruess 1987). 
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Large herbivores remove nutrient poor material (plant 

tissue) and add material that is nutrient rich (feces and 

urine). Ungulates excrete 90% of their ingested 

phosphorus, 99% of which is lost as feces, and 65-95% of 

their ingested nitrogen, 85% of which is urinary (McDonald 

et al. 1973, Wilkinson and Lowery 1973, Day and Detling 

1990). The C/N ratio of litter is an important 

determinant of microbial mineralization-immobilization 

dynamics (Paul and Juma 1981). As the ratio increases, 

microbial immobilization rates increase, and net 

mineralization and nutrient availability to plants. 

declines. Because urine and feces have narrow C/N ratios, 

net mineralization in urine and feces amended soils 

increases, making nutrients more available to plants. 

Since grasslands are nitrogen (Owensby et al. 1970, 

McNaughton 1985) and/or phosphorus (Keya 1973, Penning de 

Vries et al. 1980, Bremen and de Wit 1983, McNaughton and 

Chapin 1985, Mott et al. 1985) limited, it follows that 

grazing, if associated with fecal and urinal return, may 

indirectly promote growth by increasing nutrient 

availabilty. Banyikwa (1976) showed that addition of dung 

to Serengeti shortgrass plains increased plant growth late 

in the wet season when, presumably, plants were nutrient 

limited (McNaughton 1985}. In Yellowstone, I found a 

positive association between consumption at the plant 

community level and nutrient return, indexed by dung 
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deposition. Consequently, grazing and nutrient cycling 

should be coupled spatially in the Yellowstone landscape. 

Grazers, therefore, stimulate plant aboveground 

growth by causing plants allocate to aboveqround parts, 

while making all resources, light, water, and nutrients, 

more available. However, whether herbivores enhance, 

inhibit, or have no affect on production depends on 

several interacting factors, including soil fertility 

(McNaughton and Chapin 1983), soil mineralogy (Ruess 

1987), plant-herbivore evolutionary history (Mack and 

Thompson 1982, Milchunas et al. 1988), and grazing 

intensity (McNaughton 1979a, 1985, Hilbert et al. 1981). 

Grazer stimulation'<)f aboveground productivity is a 

second similarity that can be drawn between Yellowstone 

and the Serengeti {McNaughton l979a, 1979b, 1985). In 

both ecosystems, large herbivores concentrate their 

grazing during a period after the onset of the growing 

season, initiated in the Serengeti by spatially stochastic 

rains at the beginning of the wet season, and in 

Yellowstone by snowmelt. Because a pulse o.f 

mineralization likely accompanies the first rains breaking 

a protracted drought (Birch l9858a, 1958b), and 

mineralization rates of temperate semiarid habitats are 

highest early in the growing season (Burke 1989), grazing 

by native ungulates in both ecosystems coincides with high 

soil moisture and nutrient availability, which would favor 
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regrowth of grazed plants. Thus, stimulation of 

aboveground production may be an emergent functional 

property of grassland ecosystems domina~ed by native 

migratory herds of large herbivores that seek to increase 

their diet quality in landscapes with marked 

spatiotemporal shifts of forage quality. 

In the Serengeti, stimulation declined with declining 

rainfall at sites throughout the ecosystem (McNaughton 

1985}. In Yellowstone, the only community not stimulated 

was the summer range site, s4, where the 1988 drought was 

severest. The unusually xeric conditions at s4 may have 

negated the mechanisms that normally would have caused 

herbivores to enhance plant growth in years of more normal 

moisture. Interestingly, the drought effect carried over 

to the next year, 1989, when again there was no 

stimulation at the site. These results indicate what may 

be expected to happen during normal years when grazing 

occurs late in the growing season while soil moisture is 

usually low - grazers will not stimulate primary 

production (Detling 1988, Maschinski and Whitman 1989, 

Olson . et al. 1989). Alternatively, the lack of 

stimulation at s4 may have been a site effect, an inherent 

property of the community, rather than an effect from 

severe moisture stress. 

Herb~vores increased production at w4, a Carex 

rostrata community, even though grazing occurred at this 



site only during the winter. Consequently, production 

must have been stimulated by factors other than plant 

regrowth after defoliation, e.g., fertilization or 

standing dead removal. This .bolsters the contention a 

thorough understanding of mechanisms underpinning the 

facilitation of production by grazers cannot be achieved 
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by examining singular responses alone, e.g., clipping, but 

must be sought in an integrated approach that takes into 

account the many direct and indirect effects herbivores 

have on a plant's physiology and the growing environment . 

The grazing optimization model (McNaughton 1979a, 

Hilbert et al 1981), predicting maximum aboveground 

production at some intermediate level of grazing intensity 

and a decline to below control (ungrazed) levels at higher 

grazing intensities, has been demonstrated for ecosystems 

ranging from ungulate-grazed tropical savannas (McNaughton 

1979a, 1979b, 1985) to goose-grazed tundra (Hik and 

Jefferies 1990). In Yellowstone, herbivores stimulated 

production at sites that were explicitly selected at the 

beginning of the study for their high herbivore use. 

Moreover, stimulation occurred in 1988 when elk and bison 

populations were at their highest levels in recent 

history" The only exception was the summer range site, 

mentioned above, where the drought was the severest and, 

~otably, grazers had no affect on production. Some (Chase 

1986) have argued that the increase of northern range elk 
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since Yellowstone Park's implimentation of the "natural 

regulation" policy in 1969 (Cole 1971, Houston 1982) has 

led to grassland deterioration in the northern range. 

These data clearly refute this argument by demonstrating 

no evidence for ecosystem process degradation, and show 

that quite the contrary, even during a year of unusually 

high elk and bison numbers, grazers stimulated grassland 

production in the northern range. 

The effects of fire op ecosystem processes 
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Fire is an important natural component of the 

Yellowstone ecosystem (Romme and Despain 1989). Pre­

European fire frequency varied markedly between regions of 

the ecosystem, from intervals of 20-40 years in the steppe 

and shrub-steppe habitats in the northern range (Houston 

1973) to 200-400 year intervals in some forested areas on 

the central plateau (Rom.me 1982). The ecological 

consequences of fire are numerous (Daubenmire 1968, Remme 

and Despain 1989). Nutrient dynamics are altered directly 

due to greater volatilization of c compared to N; thus 

reducing C/N ratios of burned residue, and increasing net 

minerialization rates (Hobbs and Schimel 1983} and plant 

nutrient concentrations in burned areas (Woolfolk et al. 

1975, Allen et al. 1976, Wood 1988, Knight and Wallace 

1989). Herbivores are attracted to post-fire regrowth 
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(McNaughton 1985, Knight and Wallace 1989), which results 

in an increase in their productivity (Hilmon and Hughes 

1965, svejcar 1989). Longer term effects of fire are 

changes in vegetation structure and species composition, 

which can vary in duration from several years in 

grasslands, where most of the vegetation resprouts from 

perennating structures (Daubenmire 1968), to many decades 

in forests, where more vigorous herbaceous growth may 

persist until canopy closure (Knight and Wallace 1989, 

Rom.me and Despain 1989). This shift in vegetative 

structure following fire confers indirect fire impacts on 

ecosystem function (Knight and Wallace 1989). 

The 1988 Yelowstone fires were at the scale of the 

ecosystem (Schullery 1989). Ungulates may respond in the 

short term by concentrating their grazing in areas that 

recently burned, and in the long term by continuing for 

decades to utilize burned forests that support abundant 

herbaceous growth (Knight and Wallace 1989). Changes in 

the spatial pattern of ungulate-landscape interactions 

will result in an alteration of ungulate-mediated nutrient 

transport in the ecosystem, and a spatial redistribution 

of ungulate-regulated ecosystem processes. 

Grassland production has been shown to increase, 

decline, and not change after fire ("Daubenmire 1968, 

Anderson et al. 1970, James 1985, McNaughton 1985). The 

inconsistent effect of fire on production may be caused by 
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variability of availaple soil moisture to support regrowth 

(Risser et al. 1981). The post-1988 fire productivity of 

Artemisis tridentata communities in Yellowstone likely 

declined due to mortality of Artemisia and nearby 

herbaceous plants, creating barren areas that were 

described previously for site tb. The herbaceous 

production at these sites should recover to prefire levels 

within several years as bare areas are recolonized. 

Although no recolonization of bare areas occurred one year 

after the fire at the burned Artemisia site in this study, 

by early-summer of 1990, bare areas in burned Artemisia 

communities throughout the northern range supported 

substantial, and, in some cases, dense vegetation, which 

started principally from seed (per~ obs . )~ 

Grazing intensity, the proportion of primary 

production consumed, was the same at tb as other 

transitional and summer range sites during the growing 

season when forage quality on unburned sites_ was high. 

However, in the late-season, tb was the only site of the 

13 sampled in 1989 that was grazed, leading to its highest 

overail grazing intensity of any site during the snowfree 

season. These results suggest that: (1) any improvement 

in forage quality of burned vegetation early in the season 

is too small to alter ungulate, site selection when forage 

quality at all sites, burned and unburned, is high, and 

(2) plants in burned areas retain more nutrients in aerial 
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parts late in the season when vegetation dries compared to 

plants of unburned areas, resulting in higher forage 

quality and greater herbivore consumption. 

The fires had unknown direct and indirect effects on 

ungulate foraging patterns during the studyo Although no 

1988 study site burned, fire approached to within 1 km of 

all sites, primarily burning forested areas in drainages, 

and a portion of nonforested habitat in the upper winter 

rangec Probably most severely affected was late-season 

consumption, since animals in 1988 concentrated. on 

unburned sites where ·there was forage, and, in 1989, may 

have concentrated off the study sites in burned drainages 

where forage quality was high. Thus, the fire likely 

increased the between-year difference in late-season 

consumption. Growing season consumption for 1988 was 

unaffected, since the fires occurred after the animals 

moved off the study sites seeking green vegetation at 

higher elevations. During the 1989 growing season, elk 

and bison used traditional migration routes after leaving 

the winter range, concentrating their grazing on 

unforested high elevation habitats that was largely 

unburned. These observations, in addition to data for 

site tb showing growing season consumption was the same as 

unburned sites, suggests 1989 consUlllption measurements 

during the early season were not significantly affected by 

the fireso 
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The effect of drought on ecosystem processes 

The frequently reported relationship between 

grassland production and a climatic estimate of water 

balance, e.g., precipitation and temperature {Lieth 1973, 

Sims and Singh 1978, Lauenroth 1979, Stephenson 1990), and 

the demonstrated stimulation of grassland production by 

irrigation (Dodd and Lauenroth 1979) both implicate 

moisture as an important limiting factor of grassland 

productivity. Therefore, it was suprising that in this 

study production in the northern range was higher in 1988, 

a period of high temperature and drought, compared to 

1989, a year of near-average precipitation and 

temperature. The reason for the decline was likely the 

death or injury of plants during the drought, which would 

have reduced the production potential at the sites in 

1989. Grasses which possess belowground perennating 

structures are considered protected from drought 
, --· 

(Coughenour 1985). The near complete disappearance of 

some dominant grass species from 1988 to 1989, e.g., peak 

biomass decline of Danthonia uniflora from 16.7 to 0.7 g 

m-2 at an ungrazed summer range site, sl, is testimony to 

the severity of the 1988 drought in some parts of the 

ecosystem. 

However, an explanation of the between-year reduction 



in production cannot be sought by solely considering 

direct climatic effects on plants. Productivity of the 
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northern range is, in part, regulated by grazers; 

therefore, indirect drought effects on herbivores are also 

important. The duration of high quality forage was low in 

1988, which may have caused herbivores to enter the winter 

in relatively poor condition. Poor animal condition, loss 

of a portion of the winter range to fire, and a colder 

than average winter, likely all contributed to the large 

elk 1988-89 winter kill and large numbers of elk and bison 

exiting the park where many were shot (Singer et al. 

1989). From 1988 to 1989, elk in the northern range 

declined by approximately 40% (Singer et al. 1989), and 

bison by approximately 50% (Meagher pers. com.). It was 

gratifying, therefore, that average consumption at the 

study sites declined from 154 g m"2 in 1988 to 71 g m"2 in 

1989. Reduced herbivory in 1989 could have resulted in a 

concommitant reduction in stimulation and, therefore, 

production. However, this only would have been possible 

in the winter range where grazing intensity, the 

proportion of primary production grazed, declined from 

1988 to 1989, and the 1988 drought was not harsh enough to 

obviate regrowth. So, the 1988 drought could have 

affected net energy and nutrient flux in the Yellowstone 

grasslands by: (1) killing plants, the base of the food_ 

web, thus, reducing the enerqy and nutrient capturing 
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capability of the ecosystem, and/or (2) changing herbivore 

stimulation of plants directly through ecosystem function, 

or indirectly by reducing the numbers of grazers. 

At transitional and summer range sites, both 

production and growing season consumption declined 

equally, so the proportion of production grazed remained 

the same between years. The consistency of this 

relationship during two profoundly different years 

suggests a robust property of herbivory in Yellowstone: a 

constant percent of production is grazed in transitional 

and summer range areas regardless of weather or herbivore 

numbers. Although an enticing idea that would greatly 

simplify modeling system processes, the proof for a 

constant rate of herbivory, in my view, is incomplete, 

since the two years of measurements include a year of high 

production and high ungulate numbers, and a second year of 

low production and low ungulate numbers. Clearly, 

measurements during years of low production and high 

herbivory, and vice versa are needed.before the 

relationship between production and consumption can be 

thoroughly described. 

Effect of drought and herbivores on species composition 

The 1988 drought also had a tremendous effect on 

plant community species composition throughout the 
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northern range. Discriminant analyses of 1988 and 1989 

grazed vegetation at 6 of 8 sites were significantly 

different. At 3 other sites, wl, t2, and s4, discriminant 

analyses of grazed and ungrazed vegetation separated 

completely grazed 1988 samples from grazed 1989 samples, 

and at t2 and s4, ungrazed 1988 and 1989 samples were 

separated. The only sites plant community composition did 

not change between years were 2 quasi-monoculture 

communities, w3 and ss, where single grass species 

contributed over 90% of the total biomass. Els.ewhere, 

Frank and McNaughton (1990) showed that plant community 

species composition change at the sites declined with 

plant community species diversity (H'), except for sites 

w3 and sS. Therefore, resistance to drought-induced 

plant community species composition change, a form of 

plant community stability, increased with species 

diversity. 

Species that declined in relative abundance from 1988 

to 1989 in grazed vegetation. were likely particularly 

susceptible to drought-induced death or injury. At the 

xeric.winter range site for example, Festuca idahoensis in 

grazed vegetation declined significantly from 31% in 1988 

to 11% in 1989; a change in relative abundance associated 

with a reduction in peak standing crop from 18 g m· 2 in 

1988 to 6 g m"2 in 1989~ Poa declined in grazed 

vegetation at s4, and the probable mortality-caused 
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disappearance of Danthonia uniflora at a summer range 

ridgetop site, sl, in 1989 already has been mentioned. 
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Species that increased from 1·988 to 1989 in grazed 

vegetation were resistant to drought-induced mortality or 

injury and/or benefited from the relatively moist growing 

conditions and reduced competition in 1989. This latter 

factor was likely important for £Q.s sandbergii at wl, 

which in 1988 had nearly completely browned by the end of 

June and in 1989 continued tillering through most of July. 

Relative abundance of~ sandbergii increased from 3.2% in 

1988 to 9.6% in 1989. Perideridia gairderni, an important 

staple for grizzly bears, increased at t2. 

Changes in species abundance inside fenced areas are 

more difficult to decipher. By 1988, one year after 

fencing was erected at site t2, Stipa occidentalis was 

more abundant inside compared to outside exclosures, 

indicating a negative response to grazing (Table 7). 

However, in 1989 Stiga declined inside exclosures to a 

level equivalent to that of grazed vegetation, suggesting 

ungrazed plants were more sensitive than grazed plants to 

drought. A particularly noteworthy species is the 

nonnative Phleum pratense, which was introduced in Lamar 

Valley for hay in 1926, and has since expanded its range 

throughout the northeastern portion of the park. ~ 

pratense exhibits vigorous vegetative growth and is 

normally found at mesic sites with well developed soils, 
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where it often dominateso Grime (1979) predicted a 

species with these "competitive" attributes will be 

detrimentally affected by moisture stress. At the mesic 

t~ansitional range site, t2, ~ pratense declined in 

ungrazed vegetation from 1988 to 1989, while in grazed 

vegetation it was unchanged, probably as a result of it 

responding favorably to the combination of grazing and the 

near-average moisture regime in 1989. These results, 

which may be of particular interest to managers concerned 

with the spread of this species in the park, suggest that 

£..:.. pratense moisture sensitive and grazer promoted. 

The effect of grazing on plant community species 

composition appeared to increase from the winter range to 

the summer range; a gradient of increasing drought 

intensity. At wl in the winter range, 1989 grazed and· 

ungrazed vegetation was indistinguishable. In the 

transitional range, all 4 vegetation treatments (1988, 

grazed; 1988, ungrazed; 1989, grazed, 1989, ungrazed) were 

separated by discriminant analysis, and DFl, which 

explained 65.5% of the variation of the analysis, 

separated species composition by year, while DF2, which 

explained only l9o5% of the variation, separated grazed 

and ungrazed samples. At s4 in the summer range, 

discriminant analysis again separated all four treatment 

combinations, however, this time the differences in 

species composition were primarily segregated by the 
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presence or absence of grazers, and secondarily by year. 

A possible explanation for the increasing effect of 

grazing on plant community species composition with 

increasing drought lies in understanding plant-herbivore 

interactions at ecological and evolutionary time scales. 

Migratory large herbivores evolved in grassland ecosystems 

with shifting forage bases. To increase their diet 

quality in such ecosystems, herbivores preferentially 

graze young plant tissue as it appears across the 

ecosystem. Plants that are grazed at this time can regrow 

because of sufficient available soil moisture and· 

nutrients. Thus, herbivore foraging decisions link plants 

and grazers spatiotemporally in a way that increases diet 

quality for herbivores and decreases the net impact of 

herbivores on plants. The 1988 drought decoupled this 

link and, as a result, increased the effect of grazers on 

plants. Low soil moisture in 1988 likely prevented 

defoliated plants from regrowing (production stimulation 

did not occur at s4, the site most droughty) and, worse, 

may have injured or killed them. Studies of Kyllinga 

nervosa (McNaughton et al. 1983), Hyparrhenia filipendula 

(Coughenour et al. 1985a), Themeda triandra (Coughenour et 

al- 1985b), and Sporobolus kentrophyllus (Georgiadas et 

al. 1989), all Serengeti graminoids, show that combining 

clipping and low or infrequent watering reduces residual 

plant biomass, which corroborates field observations 
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herein if herbivores selectively forage species in the 

Yellowstone grasslands. Furthermore, the findings herein 

indicate differences in grazed and ungrazed vegetation 

during drought do not dampen after a single year, but 

instead may represent the beginnings of different species 

composition trajectories through time. 

Drought has long been known to have a strong effect 

on plant comm.unity species composition (Nelson 1934, 

Weaver and Albertson 1944, Tannehill 1947). Buffington 

and Herbel (1965) described and Schlesinger et al. (1990} 

further discussed a dramatic shift from grassland to 

shrubland at the Jornada Experimental Range in the 

Chihuahuan Desert as a result of heavy cattle grazing and 

drought. In contrast, Houston (1982) after reviewing 

results from several long term studies in the northern 

winter range, some of which used exclosures, concluded 

that climatic variation had a substantial effect, and elk 

and bison had little effect on plant species composition 

of the winter range. The results of this study support 

Houston's conclusions, with the addendum that there is an 

interaction between grazing and climate, e.g., drought, on 

plant commmunity species composition. These findings 

suggest the temporal link between native herbivores 

grazing phenologically young vegetation is fundamentally 

important in limiting herbivore impact on plant community 

species composition during normal years, and the great 
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species changes of rangeland grazed by cattle may be 

reduced by mimicing foraging patterns of native ungulates 

and restricting grazing to the early growing season. 

synthesis 

Native large mammalian herbivores in grassland 

ecosystems are inextricably enmeshed in a complex web of 

energy and nutrient flows. The effect of herbivores on 

the structural and functional organization of grazing 

ecosystems is to a great extent determined by the foraging 

decisions of migratory grazers as they attempt to maintain 

a quality diet in ecosystems with shifting forage bases. 

In Yellowstone, grazing is spatiotemporally linked to 

plant growth in the landscape. By preferentially grazing 

young vegetation, herbivores increase the duration of a 

nutritiously rich diet and their foraging efficiency. 

Herbivores promote the availability of light, nutrients, 

and water to plants, resulting in the stimulation of 

aboveground productivity in Yellowstone, a positive causal 

feedback from herbivores to plants that is enhanced by 

defoliation occurring early in the season when soil 

moisture and nutrient availability is high and regrowth 

potential is great. This positive feedback on range 

production and a possible interaction of climate and 

ungulate numbers on winter range forage quantity, indicate 
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that carrying capacity of the northern range cannnot be 

determined independently of herbivores (McNaughton 1985}. 

During a severe drought, the normal temporal link 

between plants and herbivores is decoupled changing the 

functional relationship between herbivores and the rest of 

the ecosystem. Herbivores no longer regulate production 

through trophic-level interactions, but instead become 

passive channels for energy and nutrients through the food 

web. An emergent structural consequence of the functional 

impact of drought on grazing ecosystems is the greater 

influence herbivores exert on plant community species 

composition. These results indicate the primary and 

secondary roles of climate and herbivores, ~espectively, 

in regulating grazing ecosystem organization~ These 

findings additionally show how dramatically a severe 

drought of one year duration can alter ecosystem function 

and structure, and suggest a likely rapid terrestrial 

biosphere response to global climate change. 
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APPENDIX A: EXECUTIVE SUMMARY 

The principal objectives of this study were measuring 

aboveqround net primary production, large herbivore 

consumption, and fecal deposition in a variety of winter, 

transitional, and summer range sites in Yellowstone Park's 

_northern range. This summary is meant to explicitly 

address the major findings of the study, which I feel 

would be of particular interest to park managers. I have 

organized this summation into 3 sections: (1) the effect 

of large herbivores on grassland production, (2) how elk 

and bison interact with their heterogeneous landscape, and 

(3) effects of the 1988 drought on ecosystem structure and 

function. 

Ungulates and grassland production: To examine how 

elk and bison affect grassland production, aboveground 

primary production of grazed vegetation, determined with 

small exclosures moved every 4 weeks, was compared with 

aboveground primary production of permanently fenced, and 

thus, ungrazed, vegetation at two sites in 1988 and four 

sites in 1989. At three of the sites, a transitional 

range site in 1988 and 1989 and two winter range sites, 

one wet and one dry, in 1989, qrazers increased 

aboveground production. In contrast, at a summer range 

site, herbivores had no effect on aboveground production 
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in both 1988 and 1989 (see Fig. 10). The summer range 

site experienced the most severe drought of any site in 

1988, which may have nullified the stimulatory. influence 

by ungulate on aboveground production. These data clearly 

indicate that ungulates are having no detrimental effect 

on grassland function in Yellowstone Park. 

Ungulates and heterogeneous landscapes: The 

grasslands of the northern range are very heterogeneous, 

comprising patches that vary in their level of p_rodu?tion . 

Findings herein indicate that patch production and 

herbivore consumption are positively and linearly related, 

meaning that as patch production increases, so too does 

herbivore consumption at a constant rate (see Fig. 17). 

Furthermore, herbivore consumption and nutrient deposition 

from ungulates to the soil (indexed by fecal deposition) 

are positively and linearly related (see Fig. 22). Because 

nutrients of urine and feces are in a readily available 

form to plants and microbes, these results suggest that 

grazing and nutrient cycling are coupled in the 

Yellowstone landscape. Finally, there was a positive and 

linear relationship between the timing of production and 

the timing of consumption, e Qg., elk and bison grazed the 

sites when plants were growing. This suggests that 

grazers are following a wave of plant growth as it sweeps 

across the park, from the lower winter range to the upper 
~ 
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summer range. 

The 1988 drought ~nd ecosystem structure and 

function: Both aboveground primary production and 

herbivore consumption declined from 1988 to 1989. The 

decline in production was likely a result of death and/or 

injury to plants during the 1988 drought The decline in 

consumption was due to the reduction in elk and bison 

numbers, which largely was a result of the drought-induced 

winter-kill (elk), and migration out of the park where 

animals were shot (elk and bison). As noted above, the 

drought appeared to negate the stimulatory effect of 

ungulates on grassland production. Lastly, drought 

profoundly altered plant community species composition 

throughout the northern range. 


