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ABSTRACT

Yellowstone National Park possesses large, free-
roaming herds of native large mammalian herbiveores. 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 sites in winter, transitional, and summer range
areas. Measurements were concentrated in 1988, a drought
year, and 1989, a year of near-average precipitation.
Movable exc;osures at 13 sites were used to measure
consumption and aboveground production under grazing
regimes (aPn), and permanent exclosures at 4 sites were
uséd 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 stahding 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
biomass concentration and forage N were highest, and dung
deposited at siteé. These results indicate that ecosystenm
processes are spatially and temporally linked in the
Yellowstone landscape.

Both aPn and gH declihed 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; siliceocus grass (Stebbins 1981) was
associated with digestive systems specialized for
fermentation of graminoid foragés 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 Eurcpean 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 cf native with domesticated
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herbivores has reduced the extent of these areas to the
brink of elimination. Today, this once common 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 grasslandg 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 ungulates in North

America.

The objectives of this study were to measure rates of

primary production, consumption, and nutrient return from



ungulates to the scil at a variety of sites in all
seasonal ranges in Yellowstone National Park. The study
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 function.
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8TUDY AREA

Yellowstone National Park was established iq 1872 and
today occupies 8995 km® located between 44° 08' .and 45°
07'N and 111° 10' and 110° W in the northwest corner of
Wyoming (Fig 1). 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 gl;ciated
several times during and after their deposition (Keefer
1871).

Eight ungulate species are found in Yellowstone

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

mule deer fodocoileus hemoinus), white-tailed deer (0.
virginianus), 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.
Herdé'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 km’ in area, roughly 83% of which is in the park and

the remainder outside the park down the Yellowstone River




Fig. 1.

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.

Northern range elk and biscon 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 vears 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 3.8° 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 spp.)
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in mesic sites and lodgepole pine (Pinus contorta) and

Douglas fir (Pseudotsuga 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 albigaulis}), and

covered with grassland and shrub-grassland on much of
their ridgelines. Vegetation of the central plgteau 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 considerab;y, 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 Jlupus)

from the mid=-1890s into the 1930s, and (3) intensive elk
reductions from 1935 to 1968. Yellowstone biscon 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 remnanﬁ native park
bison and plains bison, which wére introduced in 1502 and
closely herdeé 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). Nartheng 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. 1§88), and northern range bison comprised over 577

individuals (Meagher pers. comm.). -
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STUDY SITES

The focus of the study was winter, transitional, and
summer range areas used by northern range elk and bison in
the northeastern portion of Yellowstoné 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 apd Calfee
Creeks in the Laﬁar River drainage, e.g., Cache-Calfee
ridge (Table 1l). Aall transitional range communities were
within .5 km of each other, and summer range sites were
separated by noc 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 prodﬁctivities, 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 1. Study site descriptions.

TOPOGRAPHIC HERBACEOUS
SITE POSITION VEGETATION DOMINANTS
W1  BENCH GRASSLAND Festuca idahoensis, Lupinus sericeus
W2 RIVER TERRACE GRASSLAND Phleum pratense, Poa pratensis
| w3 VALLEY BOTTOM GRASSLAND Bromus inermis
[ W4 RIVER TERRACE SEDGE MEADOW Carex rostrata
|
| T1  RIDGETOP GRASSLAND Koelaria cristata, Astraqulus miger
| T2  BENCH GRASSLAND Phleum pratense, Juncus hallii
| T3  MID-SLOPE SHRUB-GRASSLAND Phleum pratense, Agropyron caninum
‘ TB MID-SLOPE GRASSLAND* Bromus carinatus, Agropyron caninum
51 RIDGETOP GRASSLAND Danthonia unispicata, Poa scabrella
52 MID-S5LOPE SHRUB-GRASSLAND stipa occidentalis, Bromus carinatus
53 BENCH GRASSLAND Phleum pratense, Carex sp.**
54 BENCH GRASSLAND Poa sp**%, Stipa occidentalis
85 BENCH FOREST Calamagrostis rubescens
* a shrub-grassland community that burned in 1988 and was sampled in 1989 only.

**% includes C. xerantica and €. raynoldsii.
*%k% includes P. 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% gf average in 1989. Because
growing season initiation among sites ranged from late-
March to early-June, énd was inversely related to
elevation, a gradient of drought severity existgd fron
mild in the winter range, where conditions Qere wet for
the first 2 months of the growing season, to severe in the
summer range, where no precipitation fell after the
growing séason 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 cﬁ) 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’!, 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 ( ——p=) and
1989 (=ee==). 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 %OM® %N SOIL
SITE PH (g/ce) (% H,0) SAND SILT CLAY CLASSIFICATION
I
|
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
W3 5.84 0.91 34.3 14.2 0.5 38.1 49.4 12.6 loam
W4 5.67 0.64 65.2 256.5 0.9 23.6 64.1 12.2 silt loam
T1 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 40.1 52.1 7.9 silt loam
T3 .61 0.91 39.6 14.7 0.7 40.1 55.2 4.8 silt loam
TR 5.83 0.98 34.1 13.6 0.7 48.5 45.4 6.1 sandy loam ,
s1 6.75 1.32 19.8 5.2 0.1 59.4 30.1 10.4 sandy loam i
s2 5.89 1.02 30.6 11.3 0.5 48.4 43.1 8.5 loam
53 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 wiﬁh bulk density (P=.036); field capacity was
positively associated with crganic matter (P<.002) and N
(P<.002), and negatively associated with bulk density
(P<.002); and N was positively associated with organic
matter (P=.002) and negatively associated with bulk
density (P<.003). Theré was a tendency for pH and bulk
density to increase, and field capacity, percent organic
matter, and percent N ta decline from the base to top of a
slope. Soil properties are well known to be closely tied
to topographic gradients in semiarid 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, prercent 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 McNaughtoﬁ 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 growéh form. Slopes for the i

relationship of biomass (g mi) on mean contacts for 5

functionally separate plant growth forms encountered in

the study ranged from 0.175 to 0.853, and r’ 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=5-7 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 (ANOQVA, 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 & compromise hgtween
limiting micreoenvironmental 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, 1588, 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, Héady 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
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inside permanent exclosures (n=3 per site) which were
erected in August of 1987 (wl, t2, s4) and 1988 (w4).

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=10). 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’') 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 ¢, 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=12). 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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m 10 ‘
D= £ ( £ py;xb;;/20)/10) (1)
i=1 3=1 :

where D (g m?) is dung deposition at a site, and p;; and
b;; are the number of fecal piles in a 10x2 m transect and
the mean dry weight for a fecal pile, respectively, for
the ith of m ungulate species and the jth 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=10.6, n=38), 294 g m> (SE=25.6, n=36), and 37 g m"
{SE=4.2, n=10), 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%

n

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”) = g or ug
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divided by vegetation canopy height measured with

styrofoam sheet;

D = dung deposited.

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., 1H)
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 Cronguist (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.

w aeamlls oo m e wm ol |
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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). Ranges for aPn were 27-539 ¢ m > in
1988 and 16-589 g m° 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
g m? in 1988 to 226 g m° in 1989 (paired comparison
ANOVA, F,,=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 A. tridentata - graminoid
community was sampled one year after it had burned in

1988. The fire caused complete mortality of A. tridentata
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fregquency 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 (1H), 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~cq9munity, shrub (S), and herbaceous (H) portions of t3 and
s2 are provided. All units are g m .

abPn gH 1H H
SITE 1988 1989 PROB 1988 1989 PROB 1988 1989 PROB 1988 1989 PROB
Winter Range
wil a 85 - a 20 - a 0 N 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 <06.001 &3 0 <0.001 111 Q <0.001
t2 343 297 NS 199 137 <0.05 107 0 <0.00L 306 137 <0.001
t3 290 223 NS 90 53 NS 0 0 NS S0 53 NS
t3H 241 163 ; NS 90 53 NS 0 0 NS 90 53 NS
t38 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 Q NS 0 0 -
s2 166 183 NS 32 20 <0.0L c 4] NS 32 20 <0.01
s2H 112 84 <0.01 . 32 20 <0.01 0 o NS 32 20 <0.01
828 54 99 NS 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
Sh 247 198 <0.05 0 0 - 0 0 4 0 0 =
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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 iqdicated no
discernable recolonization (Fuw='733' =.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 A. tridentata stumps located in
the center of bare areas suggested temperatures produced
during combustion of bushes killed nearby herbaceocus
vegetation and created the barren patches.

The frequency distributions of daily production
(dPn), calculated as growth during a sampling interwval
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
0.4~10.7 g m'2 &' in 1988 and 0.3-6.8 g m® &' in 1989.
Mean positive dPn was 5.7 g m2 d-' in 1988 and 3.2 g m? &
" in 1989 (F, ,=2.827, P=.11). Maximum dPn at each of. the
sites was greater in 1988 than 1989 (paired-t=5.09,
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

e G Y ==

measured in both years.
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to discriminate a be£ween-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 ana
lasts for 1-2 menths 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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Fig. 5.

26

Scattergram of dPn, daily aboveground

production, on calendar day during A) 1988 and B)
1989 for winter (m), transitional (e), and summer
(w) range sites. There are no 1988 dPn data for

w4 or th.
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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 thers 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,;=16.5,
P<.001; for transitional range t,;=21.5, P<.005; for
summer range, t,=12.9, P<.001). This indicates an
important drought effect of limiting the availability and,
potentially, the flow of nutrients to higher trophié
levels in aboveground food webs.

Second, the proportiocnal 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 guality for herbivores.
By early-August there was relatively less green bicmass
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 (——g—) an’d 1989

( =——p—) . Symbols are means.

o ol o o e g e o o @n w s mm my wm ﬁ-*_“-ﬂ



5 1 m
S B RN BN R B T ¥ T § Y
o = = = o (= oS o o & & oy o
(o] o o (=] (=] o . O P o o o S
©w L < « o - © wn 1 o Y] -

v Qe

{

w H) SSSYWOIHE NIFTED
NI

Oct

600



Fig. 7.

28

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 Fig. 6.
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3 samples in the winter range (May, t,<0.01; June,
£,=0.02; July, t,=2.17), 2 samples in the transitional
range (June, t,=0.35, July, t,=1.00), and only one sample
in the summer range (eariy-July, t,=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 of the drought. This
period ranged from up to approximately 60 days at thé
winter range sites to 0 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 firét harvests,
approximately 28 days after snowmelt, ranged from 2.5-3.7%
and were significantly greater than harvests later in the
year (F,3=53.3, P<.0001), which ranged from 1.1-2.4%.
Percent nitrogen (N) was related to days after snowmelt

(dy) (r®=.713, df=30) by

arcsin N2 = 6.90 (1 + 1.05e B,

-‘-w-a-i-p.-n-ai-t--ﬁ-.-i,
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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.

Green biomass concentration (C, g cc’') and the
number of days after snowmelt (dy) were negatively related

(r’=.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 s5. 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 (Fy o=4.41, P=.065), in
contrast to aPn explaining only 4% of the variance
(Fy 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 € 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 €, green biomass and canopy height, with

dy showed the declin®4n C with length of season was due
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Fig. 8. Relationship of arcsine~transformed forage
nitrogen concentration (N) of dominant grasses at
7 sites on days after snowmelt.
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Fig. 9. Relationship between C, green biomass
concentration, and days after snowmelt.
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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

' at w1, w4, t2, and s4,

.55, and .55 and .22 mg c¢’
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 ¢Pn (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
'1988 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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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

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
periocd, 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. Growin<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>