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Abstract. Changes in summer temperatures in Arctic Alaska have led to longer and warmer growing
seasons over the last three decades. Corresponding with these changes in climate, the abundance and dis-
tributions of geese have increased and expanded over the same period. We used an experimental approach
to assess the response of goose forage plants to simulated environmental change. We subjected Carex sub-
spathacea, a preferred goose forage growing on the Arctic Coastal Plain (ACP) of Alaska, to manipulations
of temperature and timing of spring thaw to measure potential effects in terms of plant nitrogen concentra-
tion, aboveground biomass, and total nitrogen availability. Carex subspathacea responded to warming in a
dynamic fashion. Increases in temperature led to decreases in leaf nitrogen concentration but increases in
aboveground biomass. The increase in biomass was stronger than the decline in nitrogen concentration
such that total nitrogen availability was increased with temperature for the first 35–40 d of the season.
Grazing removal accounted for only minimal offtake of biomass, and we found no indication that grazing
maintained elevated levels of nitrogen concentration longer in the season as reported in other studies.
Based on demonstrated relationships in the literature between forage nitrogen concentrations and gosling
growth rates, we conclude that there is currently abundant high-quality forage available across the ACP.
This finding fits with recent evidence of high gosling growth rates and increasing trends in goose abun-
dance on the ACP. Our results suggest that with climate warming of a few degrees, nitrogen concentration
of forage may decrease, but forage biomass and total nitrogen availability will increase. Our data suggest
that nitrogen concentration will not fall below the minimum threshold required by geese in the near future.
As such, we suggest that there is currently no bottom-up limitation to goose numbers on the ACP.
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INTRODUCTION

The effects of climate change are expected to
be magnified in polar regions compared with
temperate latitudes (Serreze and Francis 2006).
Average summer temperatures in Arctic Alaska
have increased approximately 2°C over the last
30 yr and are predicted to warm by an additional
2°C over the next 50 yr, leading to longer and
warmer growing seasons (Hinzman et al. 2005).
These changes have already resulted in a com-
plex series of changes in biological processes

(Hinzman et al. 2005, Van Hemert et al. 2015).
Rapid permafrost degradation is leading to
changes in foraging habitats, and, simultane-
ously, goose populations are changing in abun-
dance and distribution (Jorgensen et al. 2006,
Flint et al. 2008, Tape et al. 2013, Amundson et al.
2019).
Arctic-nesting geese, and their young in partic-

ular, require high-quality forage to meet nutri-
tional demands for rapid growth in the short
breeding season. On the Arctic Coastal Plain
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(ACP) of northern Alaska, geese appear to have
benefited from recent climate warming (Hupp
et al. 2017) and all species have shown increases
in abundance corresponding with the period of
temperature increase (Amundson et al. 2019).
Further, this pattern appears to be supported at
the broader scale across the circumpolar Arctic
(Jensen et al. 2008, Madsen et al. 2011). Previous
studies have concluded that inadequate forage
during the brood-rearing period is a constraint
on population dynamics in geese (Sedinger et al.
2016). However, the observations of high rates of
gosling growth in the Arctic (Sedinger et al. 2001,
Hupp et al. 2017) imply that forage is not limit-
ing and support the idea that these increases in
population size are the result of bottom-up dri-
vers of population processes (Van Hemert et al.
2015).

The specific response of plants to warming
appears to be species and location dependent
(Doiron et al. 2014). However, multiple studies
support a broad general pattern where increases
in temperature result in an increase in plant bio-
mass and a reduction in plant nutrient concentra-
tion (Chapin et al. 1995, Arft et al. 1999, Doiron
et al. 2014, Lameris et al. 2017). This matters
because, with their simple digestive system,
geese require forage with relatively high nitrogen
concentration (Sedinger 1997, Sedinger et al.
2016). Whereas recent warming in the Arctic is
associated with an increase in plant primary pro-
ductivity (Bhatt et al. 2010, Epstein et al. 2012),
there likely exists a temperature-induced thresh-
old beyond which the foliar ratio of carbon to
nitrogen exceeds what is suitable for goose
digestibility. The relationship between warming
and overall plant response as it relates to goose
populations is complicated because timing of
herbivory has been shown to have a larger influ-
ence on plant nutrient concentration than timing
of spring thaw (Post and Pedersen 2008, Olofsson
et al. 2009, Beard et al. 2019).

The primary goal of this study was to assess
the response of coastal salt marsh habitats to
changes in the timing of spring thaw and temper-
ature to better understand expected future condi-
tions for Arctic-nesting geese. We used an in situ
field experimental approach to manipulate the
temperature and timing of spring thaw on mono-
typic stands of Carex subspathacea (hereafter sub-
spathacea), an important goose forage plant in

Arctic Alaska. We increased temperature via
open-top-chamber greenhouses and decreased
temperature with shade fabric that reduced solar
radiation. We also modified spring thaw timing
through snow manipulations by removing snow
from plots to advance the growing season and
adding snow to plots to delay soil thaw and asso-
ciated green up. We quantified seasonal patterns
in the relationships between temperature and
spring thaw treatments relative to aboveground
biomass, percent nitrogen, and available nitrogen
(biomass 9 %N). We also assessed cumulative
impacts of consistent warming and cooling treat-
ments on the same plots over three years.

METHODS

Study site
We conducted our study from mid-May to

mid-August, 2011–2013, in the Smith River estu-
ary near the coast of the Beaufort Sea in the
Teshekpuk Lake Special Area (TLSA) on the Arc-
tic Coastal Plain (ACP) of Alaska (70.9° N, 153.2°
W; Fig. 1). The TLSA annually supports 75,000–
100,000 geese of four species (black brant Branta
bernicla nigricans, greater white-fronted geese
Anser albifrons, lesser snow geese Anser caerules-
cens carulescens, and cackling geese Branta
hutchinsii) during the flightless wing molt, mak-
ing it the most significant goose molting area in
the circumpolar Arctic (Flint et al. 2008). The
TLSA also supports increasing numbers of
breeding geese (Amundson et al. 2019). Distribu-
tions of molting black brant have shifted from
primarily inland, freshwater lakes toward
coastal, brackish wetlands in recent decades
(Lewis et al. 2011, Flint et al. 2014).
The Smith River estuary, which we consider to

be representative of the coastal portion of the
TLSA, is delimited by low-lying areas that are
<1 m above sea level and dominated primarily
by subspathacea and Puccinellia phryganodes; both
species typically have high nitrogen content and
are preferred forage for geese (Gadallah and Jef-
feries 1995, Person et al. 1998, 2003). These halo-
phytic meadows abut Lowland Moist or Wet
Sedge Tundra (Jorgenson and Heiner 2003) at
least a meter higher in elevation, which is domi-
nated by sedges and underlain by characteristic
ice-wedge polygonal ground and ice-rich per-
mafrost (Kanevskiy et al. 2013). Grazing lawn
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habitats along the Smith River and other estuar-
ine environments on the ACP are expanding due
to inundation, sedimentation, and subsidence
(Tape et al. 2013). Virtually unused by molting
black brant in the 1970–1980s, the Smith River
estuary now supports more molting and post-

molt black brant than most other wetland com-
plexes in the TLSA, and increasing numbers of
molting and brood-rearing white-fronted geese
and snow geese (Flint et al. 2008, Lewis et al.
2010, Lewis et al. 2011). The climate in this area
is characterized by a short growing season

Fig. 1. (a) Sampling locations used in each year. Sites were established on uniform stands of Carex subspathacea
along the Smith River drainage on the Arctic Coastal Plain of northern Alaska. White squares are long-term sites
sampled in each year. Blue circles are sites sampled in 2011 (n = 2), yellow circles are sites sampled in 2012
(n = 3), and orange circles are sites sampled in 2013 (n = 3). (b) Photograph showing open top chamber and
shadehouses deployed at a site. (c) Sampling frame used to define sample turves within a plot. (d) Numbered
grid used to randomly select sample locations at each occasion. Block 5 was not sampled because it was used to
hold the temperature sensor. (e) Blocked design showing the temperature and spring thaw treatment plots that
were used at each site in each year.
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(June–August), high variation in daily tempera-
ture during spring and summer (range = �3.2°
to 23.4°C, data from this study), and low average
annual precipitation (~140 mm; Gallant et al.
1995).

Experimental manipulations
We established two experimental study

designs to examine the effects of in situ manipu-
lation of environmental conditions on forage
plant nutrient composition and production. The
first design (temperature-thaw) involved temper-
ature and timing of spring thaw manipulations
paired with weekly vegetation sampling in
which new plots were selected annually. The
basic goal of the temperature-thaw manipula-
tions was to simulate historic conditions (i.e.,
later thaw, colder summers) and future condi-
tions (i.e., earlier thaw, warmer summers) to
compare with current unmanipulated conditions.
In the second design (multi-year), we manipu-
lated temperature and maintained the estab-
lished plots for three years, but restricted
vegetation sampling to three occasions per year.
The primary design allowed for detailed analysis
of temperature and spring thaw effects on forage
characteristics within a given year whereas the
multi-year designed allowed us to assess the
potential cumulative effects of temperature
manipulations and restricted grazing.

The temperature-thaw study was a blocked
design consisting of three temperature treat-
ments (exclosed, greenhouse, and shadehouse)
crossed with three spring thaw treatments (ad-
vanced, natural, and delayed) for a total of nine
plots at each site (Fig. 1). Grazing effects were
added to this design by establishing plots that
were identified but otherwise unmanipulated
and were available to be grazed by geese.
Exclosed plots were fenced with 2-cm plastic
mesh deer netting attached to a structure
(120 9 120 9 60 cm) constructed of 1.25-cm pvc
pipe; these structures were designed to exclude
grazing without altering temperature or precipi-
tation regimes. Greenhouse plots were sur-
rounded with semi-clear fiberglass open-top-
chamber greenhouses (OTCs) that have been
used previously to increase ambient tempera-
tures without impeding normal precipitation
input (Henry and Molau 1997, Hollister and
Webber 2000, Klein et al. 2005, Sullivan and

Welker 2005). Our OTCs were conical in shape,
measuring 68 cm in height with a diameter of
200 cm at the base and 120 cm at the top. Shade-
house plots were shaded with 10% red shade
cloth (ChromatiNet) suspended 30 cm above
ground by a structure constructed from 2-cm
steel pipe with a footprint of 365 9 380 cm. Red
shade cloth reduces the spectrum of blue, green,
and yellow light and increases the red and far-
red light spectrum, simulating solar radiation
typical of an overcast day (Stamps 2009). Thus,
this approach was intended to decrease solar
input and heating without restricting precipita-
tion input. Spring thaw treatments were con-
ducted by manipulating snow depth associated
with plots during late spring, approximately two
weeks prior to breakup and before considerable
snowmelt had occurred on the landscape. For
advanced spring thaw plots, we removed snow
from an area of 5 9 5 m area to promote soil
thaw and expose the vegetated surface to sun-
light. For delayed spring thaw plots, we piled
snow to a height of 1 m over an area of 5 9 5 m
area in order to slow the rate of soil thaw and
limit sunlight penetration. Snow depths were
unmanipulated in natural spring thaw plots.
We used data loggers (HOBO U-12, Onset) to

record soil and air temperature in all plots on 15-
min intervals. Soil temperature sensors were
positioned at a depth of 6 cm below the soil sur-
face; air temperature sensors were located inside
vented solar radiation shields and positioned at a
height of 10 cm above the soil surface. Tempera-
ture sensors and temperature treatment struc-
tures were put in place when snowmelt had
exposed surface vegetation, but prior to substan-
tial soil thaw. Large-scale flooding associated
with spring breakup delayed the placement of
treatment structures and temperature sensors for
some sites.
Plots measured 120 9 120 cm and were sub-

divided into sub-plots measuring 20 9 20 cm;
these sections were separated from each other by
a 6 cm buffer (Fig. 1). On approximately 7-d
intervals, beginning at the onset of the growing
season, we randomly selected a section from
each plot for vegetation sampling. We removed
the 20 9 20 cm section to a depth of 15 cm.
Turves from control plots were examined for evi-
dence of grazing, and grazing intensity was indi-
cated as none, light, moderate, or heavy. All
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aboveground biomass was then clipped from the
turve using scissors, rinsed in freshwater, and
transported to camp where samples were dried
at 50°C for 48 h and stored for later processing.
Turves were returned to the substrate within
their respective plots after vegetation sampling.
Following completion of the field season, we
sorted vegetation samples to separate live from
dead material, dried samples to a constant mass
at 50°C, and then weighed samples on a digital
scale to the nearest 0.001 g. A sub-sample (0.5–
1.0 g) of live material from each sample was ana-
lyzed for percent nitrogen using a C-N analyzer
at the University of Alaska Anchorage stable iso-
tope laboratory. We replicated the experiment at
two sites in 2011 and at three sites in 2012–2013
with new sites and plots being selected each
year.

For the multi-year design, we established six
sites, each consisting of three plots (one plot for
each temperature treatment) that were main-
tained over the 3-yr study period. Temperature
sensors and treatment structures were put in
place when snowmelt had exposed surface vege-
tation, but prior to substantial soil thaw. Sam-
pling methods for multi-year plots were the
same as described above, except that multi-year
plots were sampled only three times per year. All
data from this study are available in Meixell and
Flint (2021).

Statistical analysis
Overall approach.—Our overarching objective

was to quantify the effects of our experimental
manipulations on aspects of forage plants that
are important to geese. As such, we measured
percent nitrogen, aboveground live biomass, and
total nitrogen availability. All three of these met-
rics are known to have non-linear seasonal pat-
terns of variation under normal environmental
conditions. While biomass increases in an
asymptotic fashion throughout the growing sea-
son, percent nitrogen peaks early in the season
and then declines. Total nitrogen availability is
the net result of these processes and typically
rises early in the season and may then stabilize
or decline. These inherent non-linear patterns
add significant complexity to assessing the
effects of our manipulations. Our primary inter-
est was in assessing deviation from these basic
seasonal patterns as caused by our

manipulations. Therefore, we used polynomial
regression as fit to the entire data set for a given
variable relative to date to describe the seasonal
non-linear process and we calculated the residu-
als from these regressions. We then assessed pat-
terns of variation within these residuals relative
to year, spring thaw, and treatment effects. The
fact that we used residuals as our dependent
variable functionally linearized the data. The
interpretation of the effect size from these analy-
ses then becomes a deviation from the inherent
non-linear seasonal pattern.
In our study design, we used alterations of the

timing of spring thaw as well as temperature
treatments (i.e., greenhouse and shadehouse) to
simulate potential changes in climate conditions.
While our treatments are clearly defined and
applied consistently, the realized effect of a given
treatment is uncontrolled. For example, while the
greenhouse treatment generally raised the tem-
perature within the structure, the actual amount
of change was variable across sites, years, and
days. We used a two-stage modeling design to
analyze these data. First, we directly considered
the effects of our spring thaw and temperature
treatments on the residuals of percent nitrogen,
live biomass, and total nitrogen availability. If a
model with temperature treatment was sup-
ported, we then conducted a second stage of
modeling that replaced the temperature treat-
ment effect with an index of soil and/or air tem-
perature. Because the realized temperature
treatment effect was variable, there was potential
for the continuous temperature variable to
explain more variation than the treatment class
variable. That is, the temperature variable could
explain variation within and among treatment
classes. As our indices to temperature (both soil
and air), we calculated cumulative thaw degree
days (TDD; Van Wijk et al. 2012) for each plot’s
air and soil temperature with a threshold of 0°C
for plant growth along the Arctic coast (Dennis
et al. 1978, Miller et al. 1980). Because cumulative
TDD is a continuous summed quantity, there
was a non-linear exponential increase with date.
Therefore, we used polynomial regression with
date across all plots to estimate the overall func-
tion for soil and air TDD (separately) and calcu-
lated the residual TDD for each date and plot.
We used these residual air TDD and soil TDD as
our continuous indices to temperature.
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Temperature.—To assess the effectiveness of our
experimental treatments, we calculated the dif-
ference between the TDD for manipulation treat-
ments (i.e., greenhouse and shadehouse) and
exclosure plots for each sampling day. If we
assume that exclosures represent natural condi-
tions at each location and time, the difference
between greenhouses/shadehouses and exclo-
sures represents the realized effect size of each
manipulation treatment. We calculated the aver-
age of these metrics for each of the spring thaw
treatments (advanced, natural, delayed) for both
air and soil temperatures.

A small proportion of temperature sensors (11
of 204) logged sporadic erroneous readings, pre-
sumably caused by a poor connection between
the sensor cable and the data logger. In most
cases, erroneous readings were highly unrealistic
(e.g., <�10°C or >40°C), spanned an interval of
<3 h, and accounted for <10% of all temperature
measurements over the season for a given plot.
To rectify data containing erroneous readings,
we used temperature data from a plot within the
same site while matching spring thaw and treat-
ment as closely as possible. We filtered tempera-
ture records from the plot in question if a given
reading differed from the reference sensor by
>2°C, then filled in the datapoints between exist-
ing readings linearly. In rare cases where erro-
neous temperature readings spanned >12 h and
for sensors that failed entirely (n = 4), we substi-
tuted missing temperature data with those col-
lected from a nearby plot with comparable
spring thaw and treatment. All sensors with
complete failure occurred in 2011; one was from
a plot in the primary study, and three were from
multi-year plots.

Nutrient dynamics.—We examined variation in
vegetationmetrics (i.e., nitrogen concentration, bio-
mass, total nitrogen) using a linear mixed models
procedure in SAS with a maximum-likelihood
approach to fit models and assessed relative sup-
port for candidate models using Akaike’s informa-
tion criterion corrected for sample size (AICc;
Burnham andAnderson 2002). Plots within a given
site were likely not independent, so to control for
intra-plot correlation we included year-site as a
random effect in all models.

Temperature and spring thaw effects.—To quan-
tify the effects of temperature and spring thaw
on plant nutrient dynamics, we limited the data

set to plots that were ungrazed (i.e., exclosure,
greenhouse, and shadehouse plots). The depen-
dent variable was the deviation from the overall
non-linear regression. We conducted separate
analyses for each of three dependent variables:
percent nitrogen, live biomass (g), and total
available nitrogen. For live biomass and avail-
able nitrogen, we scaled data to g/m2. Available
nitrogen is the product of percent nitrogen and
live biomass, representing the amount of nitro-
gen in a square meter. To account for likely
sources of variation in nutrient dynamics and to
limit the number of models considered, we con-
ducted model selection in a two-stage approach.
In stage 1, we considered a suite of models
assessing support for variation in vegetation
metrics relative to treatment and spring thaw
manipulations. In stage 2, we replaced the class-
level treatment variables and directly assessed
the effect of soil and air temperature on vegeta-
tion metrics.
In stage 1, we sought to identify the top

approximating model structure for spring thaw
manipulations. We started with a base model
that included year, day of year, treatment (treat-
ment represented the classes of greenhouse,
shadehouse, and exclosed from grazing), and
interactions between date, year, and treatment.
We then added spring thaw treatment as a three-
class factor (advanced, natural, and delayed)
with interactions. Because the goal of the spring
thaw manipulations was to simulate variation in
breakup timing, we added a model that substi-
tuted the continuous variable thaw date (thaw)
for the spring thaw factor. Thaw was the day of
year for which cumulative soil TDD exceeded
0.10. The goal of this phase was to assess support
for a spring thaw effect and assess if that effect
was functionally equivalent to alteration of
spring thaw date. Stage 1 considered three mod-
els, and the best supported structure for spring
thaw effect was used in stage 2.
Our objective in stage 2 was to quantify the

effects of temperature treatments on vegetation
characteristics (i.e., biomass and nitrogen concen-
tration). We considered three alterations of the
best model from stage 1. We first assessed the
best model from stage 1 without any treatment
effects. We then replaced the treatment effects in
the stage-1 best model with our index to airTDD
and soilTDD. We then considered models in
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which the effect of temperature varied with day
of year.

We then considered one final model designed
to demonstrate the degree of annual variation in
our data. All models run previously in stages 1
and 2 included year effects and interactions. We
took the best model from stage 2 and removed
all year effects. The goal was simply to demon-
strate the level of variation that was being
explained by the categorical year variable, even
after controlling for spring thaw and temperature
effects.

Grazing effects.—To quantify the effects of graz-
ing on plant nitrogen dynamics and to estimate
offtake of biomass, we conducted analyses using
only exclosure and control plots. Modeling was
conducted using the same approach and suite of
models as described above for the temperature-
effect analysis, the difference being that treat-
ment represented a grazing effect with two
classes: grazed and exclosed.

Multi-year effects.—Multi-year plots were sam-
pled on only three occasions per year, so we
assessed seasonal variation using a three-level
categorical variable (i.e., early, middle, and late).
Because date was categorical in this analysis, we
used the direct measurements as opposed to
residuals as the dependent variables. The goal of
the multi-year plots was to assess whether the
effect size of the treatments (greenhouse/shade-
house) changed through time. As such, we were
primarily interested in the interaction term of
treatment and year, or the treatment proxy of
TDD and year. There was no spring thaw manip-
ulation associated with the multi-year plots. We
modeled variation in forage nutrient dynamics
on multi-year plots using a set of six models
(three pairs, one with and one without interac-
tion term) to assess the support for the interac-
tion term.

Predicting effects of increased temperature.—To
demonstrate the effect size of temperature, we
calculated the difference between the model pre-
dicted values of percent nitrogen, biomass, and
total nitrogen using the best model with a 1°C
increase in temperature on each day from day 1
to day 50 as compared to a model with a zero
temperature deviation. Recall that our tempera-
ture index was calculated as a residual from the
overall temperature relationship. Therefore, the
estimate with no temperature effect would be the

predicted value in an average or normal year. We
then used a temperature index that deviated by
one degree for each day. This would be the
equivalent of a year where the temperature was
one degree above average every day of the year.
The difference between the two lines can be inter-
preted as the net effect of that temperature
change. The realized relationships are non-linear
because temperature was included in a 3-way
interaction with year and date.

RESULTS

Temperature variation
The patterns of temperature varied substan-

tially among years, spring thaw, and temperature
treatments (greenhouse, shadehouse). The initial
year of study (i.e., 2011) was relatively cold, par-
ticularly in the latter half of the season (Fig. 2).
The opposite pattern was seen in 2012, as tem-
peratures started relatively normal and then
were above average in the latter part of the sea-
son ending with the highest TDD total. The pat-
tern in 2013 showed a relatively consistent
increase in temperature that was higher early in
the season but ended between the previous
years. There were stronger manipulation effects
on relative temperature in 2013. The effect size of
the greenhouses relative to the exclosures was
greater than the shadehouses (Fig. 3). The spring
thaw manipulation was ineffective in 2012. While
the manipulations were applied in a consistent
fashion each year, the realized effects were
highly variable (Fig. 3).

Temperature effect
Percent nitrogen, biomass, and total nitrogen

all showed non-linear patterns with date (Fig. 4).
Percent nitrogen peaked about 18 d after initia-
tion of sampling, then declined gradually for the
remainder of the season. Biomass increased
rapidly, then growth appeared to slow during
the latter half of the season. Because total nitro-
gen availability is the product of percent nitrogen
and biomass, total nitrogen increased to a peak
at about 35 d followed by a gradual decline
thereafter.
In the primary spring thaw and temperature

analyses, the best models to describe the residual
variation in all three metrics (i.e., percent nitro-
gen, biomass, and total nitrogen) showed similar
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structure (Table 1). All three metrics varied by
year, spring thaw treatment, day of year, and
temperature index. Only percent nitrogen sup-
ported substituting date of thaw for our spring
thaw treatment. In all cases, the net effect of
increased temperature was a decline in percent
nitrogen (Fig. 5). In some cases, the decline was
nearly linear throughout the season; in other
cases, the nitrogen concentration declined ini-
tially, then stabilized. For biomass, the net effect
of increased temperature was an increase in bio-
mass (Fig. 6) that primarily occurred early in the
season and peaked between 20 and 30 d after ini-
tiation of sampling. The net effect of increased
temperature on total nitrogen availability was
similar to that for biomass (Fig. 7) with an initial
increase in total nitrogen availability that peaked
about 20 d after initiation of sampling. In most
years, this increase in nitrogen availability was
diminished by day 40, after which increased tem-
perature had a negative effect on nitrogen avail-
ability.

Grazing effect
We detected no effect of grazing on percent

nitrogen after controlling for year and date
effects (Table 2). Thus, percent nitrogen followed
the same pattern regardless of grazing treatment.
For biomass, the best supported model included
a treatment effect which was realized as a grad-
ual offtake of biomass with date. Biomass

increased as the season progressed, but the effect
size of grazing was the removal of 0.46 (95% CI
0.65, 0.28) grams of dry mass per square meter
per day in the grazed plots. Thus, the grazed
plots increased in biomass more slowly than the
exclosed plots. The total nitrogen availability
results mirrored those for biomass.

Multi-year treatments
There was little change in percent nitrogen,

biomass, and total nitrogen as measured across
three years with consistent temperature manipu-
lations (Fig. 8). There was only marginal evi-
dence that the effect of our treatments varied

Fig. 2. Cumulative thaw degree days calculated
from air temperature from all spring thaw and temper-
ature treatment plots by year in the Smith River drai-
nage on the Arctic Coastal Plain of northern Alaska.
Colors represent different years: black = 2011,
red = 2012, blue = 2013.

Fig. 3. Realized treatment and spring thaw effects
as measured for each sample plot in the Smith River
drainage on the Arctic Coastal Plain of northern
Alaska. Bars represent the average difference (error
bar SE) in cumulative air and soil thaw degree days
(TDD) between greenhouse and exclosed plots (green
bars), and shadehouse and exclosed plots (blue bars),
as sampled on the same date. The greenhouse treat-
ment warmed plots more than the shadehouse cooled
plots. The advanced spring thaw treatment tended to
warm plots, but there was little difference between
delayed and natural plots.
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across years for the multi-year plots. For all three
vegetation metrics, models containing an interac-
tion between year and temperature index
received minor support (Table 3). These models
indicated that the net effect of temperature on
biomass and total nitrogen increased between
the first and second years and remained elevated
in the third year (Fig. 9).

DISCUSSION

Our study showed that predicted increases in
temperature and growing season length in the
Arctic are likely to result in increased biomass
and a reduction in nitrogen concentration in

goose forage plants. Our results showing
increases in biomass and reductions in nitrogen
concentration with increases in temperature
match the results from previous work on other
plant species in the Arctic (Chapin et al. 1995,
Arft et al. 1999, Doiron et al. 2014, Lameris et al.
2017); however, we found that the increase in
biomass was stronger than the reduction in nitro-
gen concentration such that total nitrogen avail-
ability on an area basis increased. The patterns
were not consistent with date such that
temperature-derived increases in biomass
occurred early in the growing season, but then
peaked and biomass at the end of the season was
only marginally increased due to temperature.
This pattern matches the results of Livensperger
et al. (2016) who showed that advanced spring
thaw and warming advanced the timing of pri-
mary productivity but did not necessarily
increase total annual production. Total nitrogen
availability was initially increased by warmer
temperature, but then peaked and declined
quickly. The initial increase in total nitrogen was
driven by the increase in biomass, whereas the
subsequent decline in total nitrogen was driven
by the late season decline in nitrogen concentra-
tion. The net result was that total nitrogen avail-
ability was increased by warming for the first
35–40 d of the season, but warming had a nega-
tive effect on nitrogen availability for the remain-
der of the season. Thus, while warming
increased nitrogen availability early in the sea-
son, it appeared to increase the rate of seasonal
senescence such that aboveground nitrogen con-
centration declined below levels from unmanipu-
lated plots late in the season. The patterns we
observed in total nitrogen availability fit with
results of experimental warming of other plant
species in the Arctic (Chapin et al. 1995, Doiron
et al. 2014, Lameris et al. 2017).

Multi-year effects
Our multi-year plots maintained consistent

treatments across three growing seasons. It
appears that the patterns we observed in single-
year treatments were maintained in the multi-
year plots. There was some evidence that the
effects of temperature may be stronger after the
first year but the support for a treatment by year
interaction was equivocal. If there is a cumulative
multi-year effect of warming, it appears to be

Fig. 4. Data for percent nitrogen (top), aboveground
biomass (middle), and total nitrogen (bottom) avail-
ability of Carex subspathacea in the Smith River drai-
nage on the Arctic Coastal Plain of northern Alaska for
all samples plotted by date of sampling. Line repre-
sents polynomial regression through all data. Residu-
als from this regression line were used in subsequent
analyses to remove the overall non-linear trends with
date.
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primarily manifested as an increase in the effect
of temperature on biomass. Other long-term
warming studies found that positive warming
effects on biomass only lasted for the first four

years of treatment, possibly due to soil nutrient
depletion (Arft et al. 1999). The relatively short
duration of our experiment would not have the
ability to detect such effects. Nitrogen

Table 1. Model selection results for percent nitrogen, aboveground biomass, and total nitrogen availability for
the primary temperature and spring thaw manipulation experiment.

Model structure† �2 LL‡ No. parameters§ AICc¶

Percent nitrogen
yr, treat, day, day 9 yr, day 9 treat, yr 9 treat 390.4 16 422.4
yr, spring, treat, day, day 9 yr, day 9 spring, day 9 treat, yr 9 spring 9 treat 340.4 36 412.4
yr, thaw, treat, day, day 9 yr, day 9 thaw, day 9 treat, thaw 9 yr 9 treat 365.2 22 409.2
yr, thaw, day, day 9 yr, day 9 thaw, thaw 9 yr 457.7 12 481.7
yr, thaw, treat, day, day 9 yr, day 9 thaw, day 9 treat, yr 9 thaw 9 treat 365.2 22 409.2
yr, thaw, air, day, day 9 yr, day 9 thaw, day 9 air, thaw 9 air 9 yr 376.2 15 406.2
yr, thaw, soil, day, day 9 yr, day 9 thaw, day 9 soil, thaw 9 soil 9 yr 387.6 15 417.6
yr, thaw, air, day, day 9 yr, day 9 thaw, day 9 air 9 yr, thaw 9 air 9 yr 375.6 17 409.6
yr, thaw, soil, day, day 9 yr, day 9 thaw, day 9 soil 9 yr, thaw 9 soil 9 yr 384.6 17 418.6
thaw, air, day, day 9 thaw, day 9 air, thaw 9 air 474.4 12 498.4

Biomass
yr, treat, day, day 9 yr, day 9 treat, yr 9 treat 4706.7 16 4738.7
yr, spring, treat, day, day 9 yr, day 9 spring, day 9 treat, yr 9 spring 9 treat 4601.0 36 4673.0
yr, thaw, treat, day, day 9 yr, day 9 thaw, day 9 treat, thaw 9 yr 9 treat 4671.2 22 4715.2
yr, spring, day, day 9 yr, day 9 spring, spring 9 yr 4685.6 16 4717.6
yr, spring, treat, day, day 9 yr, spring 9 day, day 9 treat, spring 9 yr 9 treat 4601.0 36 4673.0
yr, spring, air, day, day 9 yr, day 9 spring, day 9 air, spring 9 air 9 yr 4563.2 22 4607.2
yr, spring, soil, day, day 9 yr, day 9 spring, day 9 soil, spring 9 soil 9 yr 4589.0 22 4633.0
yr, spring, air, day, day 3 yr, day 3 spring, day 3 air 3 yr, spring 3 air 3 yr 4557.0 24 4605.0
yr, spring, soil, day, day 9 yr, day 9 spring, day 9 soil 9 yr, spring 9 soil 9 yr 4588.5 24 4636.5
spring, air, day, day 9 spring, day 9 air, spring 9 air 4617.3 16 4649.3

Total N
yr, treat, day, day 9 yr, day 9 treat, yr 9 treat 877.6 16 909.6
yr, spring, treat, day, day 9 yr, day 9 spring, day 9 treat, yr 9 spring 9 treat 777.8 36 849.8
yr, thaw, treat, day, day 9 yr, day 9 thaw, day 9 treat, thaw 9 yr 9 treat 839.3 22 883.3
yr, spring, day, day 9 yr, day 9 spring, spring 9 yr 853.8 16 885.8
yr, spring, treat, day, day 9 yr, day 9 spring, day 9 treat, yr 9 spring 9 treat 777.8 36 849.8
yr, spring, air, day, day 9 yr, day 9 spring, day 9 air, spring 9 air 9 yr 767.5 22 811.5
yr, spring, soil, day, day 9 yr, day 9 spring, day 9 soil, spring 9 soil 9 yr 781.2 22 825.2
yr, spring, air, day, day 3 yr, day 3 spring, day 3 air 3 yr, spring 3 air 3 yr 751.7 24 799.7
yr, spring, soil, day, day 9 yr, day 9 spring, day 9 soil 9 yr, spring 9 soil 9 yr 775.5 24 823.5
spring, air, day, day 9 spring, day 9 air spring 9 air 825.7 12 849.7

Notes: All models contained the random effect of site-year. The dependent variables were the residual from a polynomial
regression of each sample measurement against day of year. These dependent variables can be interpreted as the deviance of a
given sample from the overall average, controlled for date. The model with the lowest AICc value for each dependent variable
is noted in bold.

† Yr = year of study with three classes: 2011, 2012, and 2013. Spring = spring thaw treatment where we attempted to alter
timing of initiation of plant growth; this variable has three classes: advanced, natural, and delayed. Day = day of year of sam-
pling. Treat = temperature treatment; this variable has three classes: greenhouse, shadehouse, and exclosed from grazing.
Thaw = date when cumulative soil thaw degree days (TDD) exceeded 0.1. Air = residual from a polynomial regression of air
TDD measured against day of year for all samples; this metric can be interpreted as the deviance of TDD for a given sample
from the overall average, controlled for date. Soil = residual from a polynomial regression of soil TDD measured against day of
year for all samples; this metric can be interpreted as the deviance of TDD for a given sample from the overall average, con-
trolled for date.

‡ �2 log-likelihood of the model.
§ Number of parameters in the model including two parameters for the variance and the random effect.
¶ Small sample corrected Akaike information criterion.
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concentration was relatively consistent across the
three years, whereas biomass and total nitrogen
tended to increase through time. There was an
increase in the effect size of 1°C temperature
increase after the first year. It is unclear whether
this effect size increase represents a true multi-
year effect or simply annual variation in effect
size. That is, the observed increase may have
been a function of the relatively lower tempera-
ture in 2011 compared with subsequent years.
Ruess et al. (1997) concluded that nitrogen avail-
ability was ultimately regulated by belowground
processes and the multi-year decline observed in
other studies is likely a realization of below-
ground depletion. Our plots occurred on highly
water-saturated soils, and as such, our manipula-
tion of relatively small plots may not have influ-
enced subsurface processes independent of the
surrounding habitats as a result of lateral water
and nutrient flow. As such, our plots may not
reflect the true multi-year effect as would be
applied to the entire area.

Grazing effects
We did not detect a positive feedback grazing

effect as was demonstrated by Person et al.
(1998) where grazing resulted in a net increase in
nitrogen concentration of subspathacea compared
with ungrazed plants on the same date. This was

likely a consequence of the fact that we detected
very little grazing pressure. In the study by Per-
son et al. (1998), a high proportion of above-
ground biomass was removed by grazing and
this may have facilitated the response they
observed. In our case, we did not detect substan-
tial grazing pressure and most grazing appeared
to occur late in the season after nitrogen content

Fig. 6. Predicted effect of a 1°C increase in air tem-
perature on each day of the growing season on the
aboveground biomass (g/m2) of Carex subspathacea in
the Smith River drainage on the Arctic Coastal Plain of
northern Alaska. The lines plotted here represent the
deviation from the overall relationship shown in
Fig. 4.

Fig. 7. Predicted effect of a 1°C increase in air tem-
perature on each day of the growing season on the
residual total nitrogen availability (g/m2) of Carex sub-
spathacea in the Smith River drainage on the Arctic
Coastal Plain of northern Alaska. The lines plotted
here represent the deviation from the overall relation-
ship shown in Fig. 4.

Fig. 5. Predicted effect of a 1°C increase in air tem-
perature on each day of the growing season on the
residual nitrogen concentration (%) of Carex sub-
spathacea in the Smith River drainage on the Arctic
Coastal Plain of northern Alaska. The lines plotted
here represent the deviation from the overall relation-
ship shown in Fig. 4.
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had already peaked. At the Colville River Delta,
Alaska, USA (150 km east of our study area),
Sedinger et al. (2001) and Hupp et al. (2017)
found very little grazing offtake, similar to what
we measured at the Smith River. Person et al.
(1998) and Beard et al. (2019) argued that grazing
response delayed senescence and maintained
peak nitrogen content longer into the season than
for ungrazed plots. It may be that a similar
response does not occur after the peak and dur-
ing the seasonal decline in nitrogen content
(Beard et al. 2019). Alternatively, we may not
have had sufficient grazing pressure to stimulate
a detectable response in the plants. In our sam-
ple, we showed similar aboveground biomass in
our grazed plots to what Person et al. (1998)
observed in their ungrazed exclosures, further
supporting that grazing pressure in our sample
was minimal.

Annual variation
Considerable annual variation in all three

plant metrics remained in our data even after
controlling for temperature and spring thaw
effects (Table 1). It is not clear what the source of
this variation might be but there are a number of
factors that likely play some role. Ruess et al.
(2019) demonstrated that belowground processes
are directly related to aboveground nutrient met-
rics for subspathacea. These belowground effects
may be related to immediate conditions as well
as carryover from previous years (Ruess et al.
2019). The soils beneath our plots were highly
water saturated, which likely influences soil res-
piration and mineralization rates, but it is
unknown if soil water content varied among
years. Periodic storm surges likely altered soil
salinity among years. Precipitation may have
played some role, but our plots were within

Table 2. Model selection results for percent nitrogen, aboveground biomass, and total nitrogen availability for
the multi-year temperature manipulation experiment.

Model structure† �2 LL‡ No. parameters§ AICc¶

Percent nitrogen
yr, date, treat, yr 9 date, yr 9 treat 48.3 17 86.6
yr, date, treat, yr 3 date 49.4 13 77.8
yr, date, air, yr 9 date, yr 9 air 47.9 14 78.8
yr, date, air, yr 9 date 52 12 78.1
yr, date, soil, yr 9 date, yr 9 soil 52.2 14 83
yr, date, soil, yr 9 date 56.4 12 82.5

Biomass
yr, date, treat, yr 9 date, yr 9 treat 1431.3 17 1469.6
yr, date, treat, yr 3 date 1432.5 13 1460.9
yr, date, air, yr 9 date, yr 9 air 1431.3 14 1462.1
yr, date, air, yr 9 date 1435.7 12 1461.8
yr, date, soil, yr 9 date, yr 9 soil 1434.8 14 1465.7
yr, date, soil, yr 9 date 1439.8 12 1465.9

Total N
yr, date, treat, yr 9 date, yr 9 treat 290.9 17 329.2
yr, date, treat, yr 9 date 291.8 13 320.3
yr, date, air, yr 3 date, yr 3 air 286.9 14 317.8
yr, date, air, yr 9 date 293.2 12 319.3
yr, date, soil, yr 9 date, yr 9 soil 29.7 14 322.6
yr, date, soil, yr 9 date 294.5 12 320.6

Note: The model with the lowest AICc value for each dependent variable is noted in bold.
† Yr = year of study with three classes: 2011, 2012, and 2013. Treat = temperature treatment; this variable has three classes:

greenhouse, shadehouse, and exclosed from grazing. Date = plots were sampled three time per year, this variable describes
timing of sampling as a class with three categories: early, middle, and late. Air = residual from a polynomial regression of air
thaw degree days (TDD) measured against day of year for all samples; this metric can be interpreted as the deviance of TDD
for a given sample from the overall average, controlled for date. Soil = residual from a polynomial regression of soil TDD mea-
sured against day of year for all samples; this metric can be interpreted as the deviance of TDD for a given sample from the
overall average, controlled for date.

‡ �2 log-likelihood of the model.
§ Number of parameters in the model including two parameters for the variance and the random effect.
¶ Small sample corrected Akaike information criterion.
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0.5 m of sea level such that immediate precipita-
tion appeared to have little direct effect on soil
water content observed during sampling. Over-
winter precipitation may have played a role
through its influence on spring flooding which
inundated our plots each spring. The high water
saturation we observed also suggests that
hydraulic connectivity with the surrounding area
potentially reduced the effect of our relatively
small manipulations on belowground processes
associated with a specific treatment.

The use of greenhouse and shadehouse to alter
temperatures was highly dependent on weather
conditions. That is, clear days tended to increase
the effect size of the treatments, particularly the
greenhouses. There was substantial annual varia-
tion in temperature and weather patterns among
years which likely influenced our results. The
first two years of the study showed opposing
patterns in terms of relative temperature trends
within seasons with temperature decreasing in
2011 relative to the three-year average and
increasing in 2012 relative to average (Fig. 2).
Given that tissue nitrogen concentration peaks
early in the season, the actual timing of tempera-
ture variation likely affects realized outcomes
such that not all temperature increases may be
equivalent in terms of their effects on plant nutri-
ent dynamics. We conclude that factors beyond
temperature and timing of spring thaw have a
substantial influence on annual variation in plant
biomass and nutrient content, but it is unknown
what these processes may be.

Effect of vegetation changes relative to goose
foraging
Under a climate warming scenario, our data

suggest that goose forage plants will increase in
biomass and decrease in nitrogen content. This
largely agrees with previous temperature manip-
ulation studies on other plant species in the Arc-
tic (Chapin et al. 1995, Arft et al. 1999, Doiron
et al. 2014, Lameris et al. 2017). In our study, the
increase in biomass was stronger than the
decrease in nitrogen concentration and this
resulted in a net increase in total available nitro-
gen. Doiron et al. (2014) argued that an increase
in available nitrogen would not compensate for
reduction in percent nitrogen because goslings
were already consuming as much as possible,
and therefore, any reductions in nitrogen concen-
tration should result in decreased rates of gosling
growth. However, Sedinger et al. (2001) showed
that black brant goslings on the ACP with access
to forage of higher biomass, but lower nitrogen
concentration, grew more quickly than goslings
on the Yukon–Kuskokwim Delta. Our data,
when compared to data from Person et al. (1998)
collected on the same putative species on Yukon–
Kuskokwim Delta, suggest little difference in
nitrogen concentration, but a substantially higher
biomass and total nitrogen availability in the
Arctic. This pattern of higher forage availability
in the Arctic agrees with a recent study that has
continued to validate high gosling growth rates
on the ACP (Hupp et al. 2017). The projected
decline in nitrogen concentration resulting from
a 1°C increase in temperature would still have
our values for nitrogen concentration above the
2.7% that Sedinger et al. (2001) reported from
areas further east on the ACP. As such, we sus-
pect that predicted decreases in nitrogen concen-
tration resulting from small increases in
temperature are not likely to reduce gosling
growth. Compared to Person et al. (1998), we
found minimal offtake from foraging, implying
that forage availability on the ACP is not limit-
ing. Similarly, Sedinger et al. (2001) found high
biomass availability and minimal offtake on the
Colville River Delta in the mid-1990s and Hupp
et al. (2017) showed that while goose abundance
in the same area increased considerably since the
Sedinger et al. (2001) study, forage availability
and rates of gosling growth remained
unchanged.

Fig. 8. Measurement of Carex subspathacea nitrogen
concentration, plant biomass, and total nitrogen con-
tent as measured in the mid-season clipping from the
multi-year plots in the Smith River drainage on the
Arctic Coastal Plain of northern Alaska. Error bars
indicate 95% CI.
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It is unknown what the lower threshold for
nitrogen concentration is before a potential for-
age is functionally unavailable to geese, particu-
larly goslings. On the Yukon–Kuskokwim Delta
where black brant gosling growth is apparently
limited by availability of subspathacea, there is an
abundance of Carex ramenskii (Ruess et al. 1997,

Person et al. 2003). Ruess et al. (1997) measured
biomass of Carex ramenskii at >500 g/m2 and
nitrogen concentration of about 1.25%. Given
that black brant on the YKD show low rates of
gosling growth as a result of forage limitation,
we can assume that the abundant Carex ramenskii
is below the nitrogen concentration threshold

Table 3. Model selection results for percent nitrogen, aboveground biomass, and total nitrogen availability for
the grazing manipulation experiment.

Model structure† �2 LL‡ No. parameters§ AICc¶

Percent nitrogen
yr, day, day 3 yr 222.5 8 238.5
yr, graze, day, day 9 yr, day 9 graze, yr 9 graze 220.7 12 244.7
yr, spring, graze, day, day 9 yr, day 9 spring,
day 9 graze, spring 9 yr 9 graze

194.2 26 246.2

yr, thaw, graze, day, day 9 yr, day 9 thaw, day 9 graze, thaw 9 yr 9 graze 213.1 17 247.1
yr, spring, graze, air, day, day 9 yr, spring 9 day, day 9 graze,
air 9 day, air 9 graze, spring 9 yr 9 graze

179.3 29 237.3

yr, spring, graze, soil, day, day 9 yr, day 9 spring, day 9 graze,
soil 9 day, soil 9 graze, spring 9 yr 9 graze

183.7 29 241.7

spring, graze, air, day, day 9 spring, day 9 graze, air 9 day,
air 9 graze, spring 9 graze

255.9 15 285.9

Biomass
yr, day, day 9 yr 787.7 8 803.7
yr, graze, day, day 9 yr, day 9 graze, yr 9 graze 766.4 12 790.4
yr, spring, graze, day, day 9 yr, day 9 spring, day 9 graze, spring 9 yr 9 graze 724.3 26 776.3
yr, thaw, graze, day, day 9 yr, day 9 thaw, day 9 graze, thaw 9 yr, 9 graze 760.4 17 794.4
yr, spring, graze, air, day, day 3 yr, day 3 spring, day 3 graze,
air 3 day, air 3 graze, spring 3 yr 3 graze

678 29 736

yr, spring, graze, soil, day, day 9 yr, day 9 spring, day 9 graze,
day 9 soil, soil 9 graze, spring 9 yr 9 graze

691.8 29 749.8

spring, graze, air, day, day 9 spring, day 9 graze, day 9 air,
air 9 graze, spring 9 graze

742.6 15 772.6

Total N
yr, day, day 9 yr 1586.1 8 1602.1
yr, graze, day, day 9 yr, day 9 graze, yr 9 graze 1565.2 12 1589.2
yr, spring, graze, day, day 9 yr, day 9 spring, day 9 graze, spring 9 yr 9 graze 1508.0 26 1560.0
yr, thaw, graze, day, day 9 yr, day 9 thaw, day 9 graze, thaw 9 yr 9 graze 1553.6 17 1587.6
yr, spring, graze, air, day, day 3 yr, day 3 spring, day 3 graze,
air 3 day, air 3 graze, spring 3 yr 3 graze

1470.6 29 1528.6

yr, spring, graze, soil, day, day 9 yr, day 9 spring, day 9 graze,
soil 9 day, soil 9 graze, spring 9 yr 9 graze

1487.5 29 1545.5

spring, graze, air, day, day 9 spring, day 9 graze, air 9 day,
air 9 graze, spring 9 graze

1530.4 15 1560.4

Notes: The dependent variables were the residual from a polynomial regression of each sample measurement against day of
year. These dependent variables can be interpreted as the deviance of a given sample from the overall average, controlled for
date. The model with the lowest AICc value for each dependent variable is noted in bold.

† Yr = year of study with three classes: 2011, 2012, and 2013. Spring = spring thaw treatment where we attempted to alter
timing of initiation of plant growth; this variable has three classes: advanced, natural, and delayed. Day = day of year of sam-
pling. Graze = grazing treatment; this variable has two classes: available for grazing and exclosed from grazing. Thaw = date
when soil thaw degree days exceeded 0.1. Air = residual from a polynomial regression of air thaw degree days (TDD) mea-
sured against day of year for all samples; this metric can be interpreted as the deviance of TDD for a given sample from the
overall average, controlled for date. Soil = residual from a polynomial regression of soil TDD measured against day of year for
all samples; this metric can be interpreted as the deviance of TDD for a given sample from the overall average, controlled for
date.

‡ �2 log-likelihood of the model.
§ Number of parameters in the model including two parameters for the variance and the random effect.
¶ Small sample corrected Akaike information criterion.
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required by goslings. Sedinger et al. (2001)
showed high gosling growth rates in the Arctic
where subspathacea was present at 80–100 g/m2

and nitrogen content of 2–3% was available.
Therefore, we conclude that the minimum
threshold for nitrogen content occurs somewhere
in the 1.25–2.00% range. Our overall average
peak nitrogen concentration was 3.2%, and our
manipulations suggest a decline of about 0.3%
resulting from a 1°C increase in temperature.
Thus, we predict that under a climate warming
scenario of <4°C, forage quality will remain ade-
quate for geese while biomass will increase. As
such, forage availability would seem to able to
support a larger goose population on the ACP
than currently exists.

Multi-year projections
Our study area was located in the TLSA,

which was given special area designation, in
part, because of the high concentrations of molt-
ing geese (Flint et al. 2008). This area also has
some of the highest breeding densities for geese
across the ACP (Amundson et al. 2019). Thus,
our study area was located in a region with rela-
tively high numbers of geese, yet we measured
minimal offtake due to grazing. Further, Tape
et al. (2013) concluded that permafrost degrada-
tion and subsidence were likely increasing the
areal extent of subspathacea grazing lawns along
the coast of the ACP. Whereas plots of sub-
spathacea that were exclosed from grazing on the

Yukon–Kuskokwim Delta showed a 25-fold
increase in biomass and 50% reduction in percent
nitrogen after three years (Person et al. 2003), we
found little change in biomass or nitrogen con-
centration following three years of grazing exclu-
sion, even when combined with continuous
greenhouse treatments. Thus, we did not find
any evidence of conversion of subspathacea to a
growth form similar to Carex ramenskii, as occurs
on the Yukon–Kuskokwim Delta in western
Alaska (Person et al. 2003). As such, the grazing
system along the ACP appears to be far more
stable than on the Yukon–Kuskokwim Delta and
frequent grazing is not required to maintain the
areal extent of forage. Our data indicate that
under warming conditions, the initial response is
likely that available forage biomass will increase
without a substantial loss of nitrogen content.
Therefore, we suggest that goose populations are
not constrained by bottom-up process in Arctic
Alaska and we expect further increases in avail-
able forage under projected levels of warming
for the near future.
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