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Abstract

Previous studies have shown that Arctic plants typically respond to warming
with increased growth and reproductive etffort and accelerated phenology, and
that the magnitude of these responses is likely to change over time. We
investigated the effects of long-term experimental warming on plant growth
(leaf length) and reproduction (inflorescence height, reproductive phenology
and reproductive effort) using 17—19 years of measurements collected as part of
the International Tundra Experiment (ITEX) at sites near Barrow and Atqasuk,
Alaska. During the study period, linear regressions indicated non-significant
tendencies towards warming air temperatures at our study sites. Results of our
meta-analyses on the effect size of experimental warming (calculated as Hedges’ d)
indicated species generally responded to warming by increasing inflorescence
height, increasing leaf length and flowering earlier, while reproductive effort did
not respond consistently. Using weighted least-squares regressions on effect
sizes, we found a significant trend towards dampened response to experimental
warming over time for reproductive phenology. This tendency was consistent,
though non-significant, across all traits. A separate analysis revealed significant
trends towards reduced responses to experimental warming during warmer
summers for all traits. We therefore propose that tendencies towards dampened
plant responses to experimental warming over time are the result of regional
warming. These results show that Arctic plants are capable of sustained
responses to warming over long periods of time but also suggest that, as the
region continues to warm, factors such as nutrient availability, competition and
herbivory will become more limiting to plant growth and reproduction than
temperature.

To access the supplementary material for this article, please see the
supplementary file under Article Tools, online.

In recent decades, climate change has been impacting
terrestrial ecosystems worldwide (Stocker etal. 2013). The
responses of Arctic ecosystems have been of particular
interest as the Arctic has been warming faster and with
greater magnitude than other regions (Symon et al. 2005;
Stocker et al. 2013). The impact of climate change on
the Arctic has been of particular interest owing to its
importance regulating energy balance and the global
carbon budget (Chapin et al. 2000; Symon et al. 2005;

Aerts 2006). As tundra plants play crucial roles in these
processes, understanding their response to warming is
critical to predicting how the Arctic will respond to climate
change. Experimental and observational studies have
shown that Arctic plants typically respond to warming
with increased growth and reproduction and accelerated
phenology (Chapin et al. 1995; Arft et al. 1999; Hollister
et al. 2005). Regional warming in the Arctic has also
been associated with shrub expansion, shifts in plant
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Abbreviations in this article

AD: Atgasuk Dry Site

AW: Atgasuk Wet Site

BD: Barrow Dry Site

BW: Barrow Wet Site

ITEX: International Tundra Experiment
TDD: thawing degree days from snowmelt

community composition, altered trophic interactions and
changes in energy balance (Chapin et al. 2005; Post et al.
2008).

In assessing the impacts of climate change on plant
species, one factor that remains unclear is how long
the response of plants to warming can be maintained.
Although ambient temperatures in the Arctic are typically
lower than those optimal for photosynthesis in tundra
species, it has been assumed that Arctic ecotypes are
poorly equipped to respond to long-term warming as a
result of their metabolic and photosynthetic adaptations
to life in cold climates (Billings & Mooney 1968; Bliss
1971; Chapin & Chapin 1981; Chapin & Shaver 1985a).
This idea has been supported by transplant studies, which
indicated that tundra species are likely to have difficulty
surviving, growing and reproducing in significantly
warmer conditions (Chapin & Chapin 1981; Shaver &
Kummerow 1992; Bennington et al. 2012). Hence, a
prevailing thought has been that, when subjected to
warmer temperatures, Arctic plants would exhibit short-
term gains in growth and reproduction, followed by a
diminished response as the plants exhausted their below-
ground carbohydrate and nutrient stores (Shaver &
Kummerow 1992; Chapin et al. 1995; Shaver & Jonasson
1999). Previous studies have seemingly supported this
hypothesis as initial plant responses to warming de-
creased after a few years of exposure to experimental
warming (Chapin & Chapin 1981; Arft et al. 1999).
However, this line of thought is not supported by long-
term field studies that have shown that Arctic plants
continue to respond to warming after two decades of
consistent exposure (Hudson & Henry 2009; Hudson et al.
2011; Elmendorf et al. 2012). While more studies have
focused on how long-term warming affects Arctic plant
community composition (Elmendorf et al. 2012; Hedenas
et al. 2012; Michelsen et al. 2012), less attention has been
given to the how growth, reproduction and phenological
responses of individual species are affected by long-term
warming (Hudson et al. 2011; Klady et al. 2011; Campioli
et al. 2013).

To better understand how plant trait responses to
warming change over time, we examined the responses
of Arctic plants to 17-19 years of experimental warming
using four study sites that are part of ITEX. Data from
these sites have been used in previous analyses examining
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short-term community and species-level responses to
warming (Hollister, Webber & Bay 2005; Hollister,
Webber & Tweedie 2005; Oberbauer et al. 2007), and in
more recent studies examining longer term responses of
tundra plants to temperature (Elmendorf et al. 2012;
Oberbauer et al. 2013). By examining findings from
these long-term research sites, we sought to answer the
following questions: (1) How did plants at these sites
respond to long-term experimental warming and are
responses comparable to those found in other studies?
(2) How did responses to experimental warming vary
over time and with respect to summer temperature?

Materials and methods

Study sites and experimental design

This study took place at field sites near Barrow and
Atqasuk, Alaska. We collected data at two sites at each
location—one in dry heath tundra and the other in wet
meadow tundra. The BD and BW sites were established
in 1994 and 1995, respectively, while the AD and AW
sites were established in 1996. For this analysis, we used
plant trait data from the following years: 1994-2001,
2007-08 and 2010-12. Each site included 48 perma-
nently established plots of vegetation (ca. 1 m?), half
of which were randomly assigned to be experimentally
warmed using open-top chambers. For comprehensive
details on these sites, see Hollister (2003).

Temperature measures

We collected temperatures at each site using sensors—
Model 107 Temperature Probe (Campbell Scientific),
HOBO Temperature Logger (Onset Computer Corpora-
tion) or StowAway Temperature Logger (Onset Computer
Corporation)—placed in six-plate radiation shields at
10-15 cm above ground surface. Readings were taken
every 10-60 min, then averaged and recorded every
hour (Campbell Scientific CR10X Datalogger, HOBO or
StowAway Temperature Logger). As noted above, we used
a number of different sensors to measure canopy height
temperature in a plot. In 1998, data loggers were installed
at the sites which measured screen and canopy height
temperature as well as a host of other metrics. Prior
to 1998, screen height temperatures were estimated
from weather stations located within 3 km of the sites.
Snowmelt dates were determined through visual con-
firmation or, when researchers were not present for this
event, using the day of year that the average soil surface
temperatures remained above 0°C at the site. Soil tem-
perature at each site was measured with probes reported
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elsewhere (Hollister et al. 2006). In cases where tempera-
ture readings were not available because of instrument
malfunction, readings from the paired site or the nearby
weather station were substituted (Hollister et al. 2006).
These cases were less than 5% of all readings. The
resulting hourly temperature readings for the site were
used to calculate TDD by summing average temperatures
above 0°C daily from first snow-free date until August 15.

Plant traits

This study was designed to examine traits of many species
over many years. Therefore, only a few plant traits were
monitored annually based on the comparability across
species and the ease of measuring consistently. Traits were
chosen from those which other researchers agreed to
collect using a common protocol for ITEX study sites
(Molau 1993; Arft et al. 1999). The following traits were
examined: inflorescence height, leaf length, reproductive
effort and reproductive phenology. Intlorescence height
was measured as distance from ground to the tip of the
inflorescence in forbs and graminoids and as the length
from inflorescence base to tip in shrubs. Leaf lengths were
measured as the length from the base of a plant to the tip
of its longest leaf in graminoids and forbs, except Potentilla
hyparctica and Stellaria laeta, for which leaf length was
described as the distance from the base to the tip of the
longest leaf. This same method was used for shrubs,
except Cassiope tetragona, for which annual growth incre-
ments were used as leaf length. For both traits, we used
the average maximum size of an individual based on one
to six individuals per plot, depending on abundance (we
monitored up to three marked individuals per plot and
to ensure that we recorded reproductive traits we
measured the three largest flowering individuals per
plot). We defined reproductive effort as either the number
of flowers or number of inflorescences produced by a
species in a given plot, depending on the morphology of
the species. Similarly, reproductive phenology was de-
fined as either the first day of year an inflorescence
appeared or first day of year anthesis or stigma activation
was observed in a plot. Plants were monitored for each
trait multiple times per week in each plot, with the
exception of plots during 2001 when only 10 plots of each
treatment could be observed owing to logistical con-
straints. Detailed information on the plant trait measured
for each species is provided in Hollister (2003).

Statistical analyses

We used simple linear regressions performed in R to investi-
gate the possible trends in ambient summer temperatures,
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represented as TDD, at each study site over time (R
Development Core Team 2005).

Not all measurements were made each year on each
plant species and only a few species were abundant
across a site. Thus, analysis was constrained to species for
which a given trait was measured in at least five plots per
treatment during a given year and met this criterion for
at least five years during the study period (see Supple-
mentary Table S1 for mean, SD and sample size of all
plant traits included in the analysis organized by trait,
site, species and year). Response to experimental warm-
ing was determined for each species and trait using effect
sizes calculated as Hedges’ d, which is the difference
between the averages of the control (YC) and warmed
(X'E) traits for each species divided by their pooled SD (S)
and multiplied by a term to correct for small sample size.
This test statistic is found as

B C
LEeX) (s )
S 4(n,+n,—2)—1

where 7. and n. are the sample sizes of the control and
warmed plants, respectively. This method treated each
species, trait and year as an individual study. The studies
were then also pooled by site and growth form within a
site. Performing analyses this way allowed us to directly
compare our findings to those of similar studies (Arft
et al. 1999; Rosenberg et al. 2000; Dormann & Woodin
2002). We performed two additional analyses; one to
assess whether effect sizes of experimental warming
were changing over time and another to discern if there
was a relationship between effect sizes of experimental
warming and summer temperature. Both analyses were
performed using effect sizes calculated as Hedges’ d as
described above, but here the average plant trait values
for each study site and year were treated as an individual
study (thus the sample size for each point was the number
of species that occurred at the site). We then used
weighted least-squares regressions to assess trends in effect
sizes for each site over time and with respect to summer
temperatures (TDD). Metawin version 2.1 was used for
these analyses (Rosenberg et al. 2000). Effect sizes were
considered significant when their 95% confidence interval
did not overlap with an effect size of zero.

Results

Temperature measurements

During the time of this study, temperatures in control
plots showed non-significant warming tendencies over
time at all four sites (Fig. 1, AD P=0.50, AW P=0.28,
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Fig. 1 Temperatures over time at the four study sites. Symbols
represent average thawing degree days totals (TDD) for the summer
at a given site in a given year. The sample size was the number of years
of the experiment (19 at Barrow dry, 18 at Barrow wet and 17 at both
Atgasuk sites).

BD P=0.31, BW P=0.15). The chambers warmed the
plots on average for the summer between 0.4 and
2.2°C depending on the site and year (see Supplementary
Table S2).

Plant responses to long-term experimental warming

Species generally responded to experimental warming
with increased inflorescence heights, earlier reproductive
phenology and increased leaf lengths, but responses of
reproductive effort were not consistent (Supplementary
Table S3). When experimentally warmed, 79% of the
species grew taller inflorescences and 51% grew longer
leaves. Fewer species responded to experimental warming
with a change in reproductive phenology (35%), but
significant responders always flowered earlier when
warmed. Even fewer species (29%) showed a significant
response to experimental warming with respect to repro-
ductive effort, and roughly equal numbers of species had
increased or decreased reproductive efforts when warmed.

Variation in response to experimental warming
over time and with summer temperature

Plant responses to experimental warming were mostly
consistent, with the exception of reproductive phenology,
which showed a significant (P=0.03) trend towards
decreasing effect sizes over time (Fig. 2c). However, we
also note that inflorescence height, leaf length and repro-
ductive effort each showed non-significant tendencies
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towards reduced effect sizes over time (Fig. 2). For
all four traits, we found significant trends towards re-
duced response to experimental warming during warmer
summers (Fig. 3).

Discussion

The results of this study are generally consistent with, or
confirm, previous studies. What makes this study unique
and of interest is not that the findings are novel, but rather
that they are consistent with earlier studies despite the
fact that this study has now examined response over 17—
19 years of experimental treatment. This study suggests
that the overall response of tundra plants to experimental
warming is relatively constant. Like previous studies,
the most consistent response to experimental warming
observed was an increase in inflorescence heights; this
has been observed in earlier studies on the same plots
(Hollister, Webber & Bay 2005; Hollister, Webber &
Tweedie 2005) and in previous short-term studies on
tundra plants (Arft et al. 1999; Gugerli & Bauert 2001).
While few long-term studies report the effects of experi-
mental warming on the inflorescence heights of individual
species, other data from long-term studies are consistent
with our results, showing that overall plant height
increases with warming (Hudson et al. 2011) and that
reproductive biomass typically increases with warming
(Klady et al. 2011; Campioli et al. 2013).

Experimental warming significantly increased the
leaf lengths of many of our plant species equating to an
average increase of 9% in total leaf length. Similarly,
Dormann & Woodin (2002) found that warming increased
plant leaf traits (e.g., size and length) by approximately
15% over a shorter period of time as the studies they
included in their analysis had been warmed for typically
fewer than five years. The overall effect size we report
for warming on leaf length over 17—-19 years of treatment
was also similar to that reported in the earlier short-term
study by Arft et al. (1999), which found an etfect size of
approximately 0.4 during the second and third years
of warming treatment. Hudson et al. (2011) reported
significant increases in leaf length and size over 16 years of
warming in Arctic Canada. Other studies have also noted
an increase in photosynthetic biomass and productivity
over extended periods of warming (Boelman et al. 2003;
Michelsen et al. 2012; Natali et al. 2012). These results,
combined with those of our study, suggest that vegetative
growth is capable of responding to warming over ex-
tended periods of time until temperatures are no longer a
limiting factor.

Reproductive phenology typically accelerated with
warming, significantly so for 35% of species at our sites.
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Fig. 2 Relationship between year and effect size of experimental warming on plant traits (a) inflorescence height, (b) leaf length, (c) reproductive

phenology and (d) reproductive effort. Each point represents the effect size (

calculated as Hedges’ d) of experimental warming on one plant trait at one

study site for a given year. Equations and P values are given for significant weighted least-squares regressions (shown with solid line). For (c),

reproductive phenology N =43; for other traits N =39.

Arft et al. (1999) also found that warming over a short
period of time significantly accelerated flowering for many
species, resulting in relatively large effect sizes, especially
after the first year of treatment. Similar results have been
found in earlier studies where warming led to earlier
flowering (Dunne et al. 2003; Hollister, Webber & Bay
2005) and in numerous observational studies where
warmer air temperatures were associated with earlier
flowering (Thérhallsdéttir 1998; Post & Forchhammer
2008). However, some studies have also found a delay
in flowering date under warmer conditions (Dorji et al.
2013). It should also be noted that some species appear to
be reaching a threshold whereby flower timing cannot
accelerate further, as has been suggested by Iler & Inouye
(2013).

Reproductive effort was not typically affected by
warming treatment at our sites. Arft et al. (1999) also
found that overall reproductive effort was not signifi-
cantly impacted by warming across a variety of sites over
four years of warming. Similar results have been observed

in other short-term studies on tundra and sub-alpine
plants where effects of warming on reproductive effort
showed a high degree of variability between species
and years (Lambrecht et al. 2007; Dorji et al. 2013). In
contrast to our findings, a long-term study in Arctic
Canada (Klady et al. 2011) found that plants exposed to
12 years of warming had significant increases in repro-
ductive effort. Conflicting results between these studies
could be explained by the differences in geographic
location. Arft et al. (1999) proposed that it would be
more beneficial for plants in the High Arctic to respond
to warming with increased reproductive efforts as they
presumably faced less competition over resources from
their neighbours, reducing the advantage to producing
ataller canopy whereas Low Arctic plants would face such
competition and be in need of a more immediate growth
response to outcompete neighbouring species. Our study
was consistent with this hypothesis as our colder sites
in Barrow showed significant effect sizes for warming on
average inflorescence heights (BD =0.98, BW =0.69) and
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Fig. 3 Relationship between seasonal temperature (TDD) and effect size of experimental warming on plant traits (a) inflorescence height, (b) leaf length,

(c) reproductive phenology and (d) reproductive effort. See Fig. 2.

average flowering dates (BD= —3.84, BW = —1.48)
while our relatively warmer sites in Atqasuk did
not. Compared to our sites, those examined in Klady
et al. (2011) are much farther north and future studies
could help discern whether these differences are plastic
responses to environmental factors or genetic adaptations
within different ecotypes.

Plant responses to warming remained largely consistent
over the study period. However, reproductive phenology
showed a significant trend towards reduced responses to
warming over time. Although the results of regression
analyses on other plant traits were non-significant, they
were consistent with a diminishing experimental warm-
ing response over time (Fig. 2). The general warming
trend of the region is the likely explanation for this trend
towards a diminished magnitude of response over time
given the strong evidence that the effect of warming on
plant traits decreases with warming ambient conditions.
In other words, plants respond less to experimental
warming in warmer years, and the later years of the
study were generally warmer. Earlier studies (Chapin
et al. 1995; Arft et al. 1999) anticipated, and found
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evidence of, transient warming responses whereby plants
initially responded to warming through an increase in
growth and reproduction followed by a greatly dimin-
ished response. This pattern was expected because Arctic
plants are adapted to respond to improved summer
conditions through accelerated growth and reproduction,
at the cost of resources in underground storage (Shaver
& Kummerow 1992). However, warmed plants at sites
with low average temperatures and high interannual
variability could still be receiving the recovery time
necessary to replenish their nutrient and carbohydrate
stores during cooler years, utilizing these stores during
warmer years. This could explain discrepancies between
our results and those of transplant studies where plants
in drastically and consistently warmer conditions may not
have adequate time to replenish resources.

Given that the magnitude of warming response showed
a much stronger trend with seasonal temperature than
the duration of experimental warming, we conclude that
plants are able to sustain their responses to warming for
longer periods of time than previously suggested. Yet, we
also note that temperatures are nearing thresholds where
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other factors will become limiting. Therefore, we forecast
that plants at our sites will shift from being temperature-
limited to being constrained by other abiotic factors as the
region warms due to climate change. This may already
be the case for reproductive phenology at our sites and
suggests that some plant species are reaching a threshold
in warm years where they are incapable of flowering
earlier, as Iler & Inouye (2013) have proposed.

While we present evidence that summer growing
temperatures will become less limiting for plant growth
and reproduction over time, we have yet to quantify
the impacts of abiotic conditions during the winter and
spring seasons, both of which can dramatically affect
plant species during the growing season (Starr et al. 2000;
Bokhorst et al. 2008). Previous studies from other regions
in the Arcticindicate that plants at our sites will likely shift
from being temperature-limited to being more nutrient and
competition-limited (Chapin & Shaver 1985b; Dormann
& Woodin 2002). Beyond seasonal weather, nutrient
availability, and competition, we recognize that many
Arctic ecotypes are likely to face limitations brought on
by genetic constraints making them less able to respond to
what would otherwise be considered more favourable
growing conditions (Starr et al. 2000; Mazer et al. 2013).
Future studies across a greater range of time, latitudes and
experimental treatments would help establish the relative
importance each of these biotic and abiotic factors has on
plant species, ultimately improving our ability to predict
and understand the impacts of climate change in tundra
ecosystems.

The response of plants documented here has complex
implications for energy balance, community compositions
and trophic interactions. For example, as plants grow
taller and increase canopy complexity they absorb more
energy, which will further accelerate warming (Chapin
et al. 2000). However, increasing canopy complexity may
also enhance the insulating effect of the vegetation layer,
in some cases cooling soils, and may stabilize permafrost
(Hollister et al. 2008). Changes in plant species composi-
tion will subsequently influence decomposition rates, in
turn affecting carbon and nutrient cycling (Aerts 2006).
Changes in plant phenology, growth and community
compositions will affect quality and availability of food
for herbivores and pollinators, a phenomenon that has
already been documented in some parts of the Arctic (Post
& Forchhammer 2008; Gilg et al. 2009; Gauthier et al.
2013). Future work to link the results of studies on the
traits of individual species to shifts in community compo-
sition will prove highly useful in better forecasting
and understanding changes in the Arctic due to climate
change.
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