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A M E R I C A N  J O U R N A L  O F  B O T A N Y

R E S E A R C H  A R T I C L E

                    Climate change is impacting terrestrial ecosystems worldwide, and 
the Arctic has been warming faster and with greater magnitude 
than other regions ( ACIA, 2005 ;  IPCC, 2013 ). Recent changes in 
the Arctic include earlier snowmelts, longer growing seasons, 
warmer temperatures, and increasing thaw depths ( ACIA, 2005 ). 
Tundra vegetation has begun responding to these shift s through al-
tered plant growth and phenology, northward expansion of shrubs 

and trees, and altered community compositions ( ACIA, 2005 ;  Tape 
et al., 2006 ;  Elmendorf et al., 2012a ). As arctic plants continue re-
sponding to climate change, the eff ects could have repercussions on 
ecosystem energy balance, carbon and nutrient cycling, and trophic 
interactions ( Chapin et al., 2005 ;  Aerts, 2006 ;  Post and Forchhammer, 
2008 ). Because arctic plants play critical roles in regulating these 
systems, understanding their responses to warming is crucial for 
predicting the eff ects of climate change on the Arctic. 

 While large-scale studies using satellite data and repeat photog-
raphy have been useful in detecting vegetation change, small-scale 
studies are easier to experimentally manipulate to examine poten-
tial causes ( Fraser et al., 2013 ). Since the 1980s, several long-term 
research sites have been established in tundra ecosystems making 
this type of analysis now possible ( Chapin et al., 1995 ;  Arft  et al., 
1999 ;  Dunne et al., 2003 ;  Molau et al., 2005 ). Such studies have 
demonstrated that arctic plants respond to both the direct and in-
direct eff ects of warming, including accelerated snowmelt, ex-
tended growing season, warmer soils, increased nutrient availability, 
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  PREMISE OF THE STUDY:  Understanding the relationship between plants and changing abiotic factors is necessary to document and anticipate the impacts 

of climate change. 

  METHODS:  We used data from long-term research sites at Barrow and Atqasuk, Alaska, to investigate trends in abiotic factors (snow melt and freeze-up 

dates, air and soil temperature, thaw depth, and soil moisture) and their relationships with plant traits (infl orescence height, leaf length, reproductive ef-

fort, and reproductive phenology) over time. 

  KEY RESULTS:  Several abiotic factors, including increasing air and soil temperatures, earlier snowmelt, delayed freeze-up, drier soils, and increasing thaw 

depths, showed nonsignifi cant tendencies over time that were consistent with the regional warming pattern observed in the Barrow area. Over the same 

period, plants showed consistent, although typically nonsignifi cant tendencies toward increasing infl orescence heights and reproductive eff orts. Air and 

soil temperatures, measured as degree days, were consistently correlated with plant growth and reproductive eff ort. Reproductive eff ort was best pre-

dicted using abiotic conditions from the previous year. We also found that varying the base temperature used to calculate degree days changed the 

number of signifi cant relationships between temperature and the trait: in general, reproductive phenologies in colder sites were better predicted using 

lower base temperatures, but the opposite held for those in warmer sites. 

  CONCLUSIONS:  Plant response to changing abiotic factors is complex and varies by species, site, and trait; however, for six plant species, we have strong evi-

dence that climate change will cause signifi cant shifts in their growth and reproductive eff ort as the region continues to warm. 

    KEY WORDS      abiotic factors; climate change; ITEX; LMM; northern Alaska; phenology; tundra plants 
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and increased thaw depth. In general, these eff ects tend to increase 
plant growth and accelerate phenology, but responses are oft en 
species and site-specifi c, making accurate predictions diffi  cult 
( Walker et al., 1994 ;  Arft  et al., 1999 ;  Shaver and Jonasson, 1999 ; 
 Hollister et al., 2005a ;  Oberbauer et al., 2013 ). Th us, further work is 
needed to characterize the relationships between arctic plants and 
abiotic factors if we are to improve our ability to predict how cli-
mate change will aff ect the Arctic. 

 Using data from long-term research sites in northern Alaska, we 
investigated the following questions: (1) How have abiotic factors 
and plant traits changed over time at these sites? (2) Is there evi-
dence that shift s in abiotic factors could be driving changes in plant 
traits? 

 MATERIALS AND METHODS 

 Study sites —   Th is study took place at fi eld sites near Barrow 
(71 ° 18 ′ N, 156 ° 40 ′ W) and Atqasuk (70 ° 29 ′ N, 157 ° 25 ′ W), Alaska, 
United States. We collected data from two sites at each location—
one in dry heath tundra and the other in wet meadow tundra. Th e 
Barrow Dry (BD) and Barrow Wet (BW) sites were established in 
1994 and 1995, respectively, while both the Atqasuk Dry (AD) and 
Atqasuk Wet (AW) sites were established in 1996. For this analysis, 
we focused on abiotic factors collected from 1999 to 2010 and plant 
traits collected from 1999, 2000, 2001, 2007, 2008, and 2010 as these 
were years when all measures of interest were collected. Each site 
included 48 permanently established plots of vegetation (~1 m 2 ), 
half of which were experimentally warmed using Open Top Cham-
bers (OTCs,  Marion et al., 1997 ). For this study, we exclusively fo-
cused on plant data from control plots to establish models, referring 
only to the experimentally warmed plots to compare our results in 
this study with those presented in a separate study at the same sites 
( Barrett and Hollister, in press ). Th e sites used for this study are 
part of the International Tundra Experiment (ITEX) and have been 
previously described in more detail by  Hollister et al. (2005a ,  b ). 
Both locations have a deep heritage of research; Barrow was an In-
ternational Biological Tundra Biome site in the early 1970s ( Brown 
et al., 1980 ), and Atqasuk was the focus of the Research on Arctic 
Tundra Environments ( Batzli, 1980 ). 

 Abiotic factors —   At each site, we collected information on the fol-
lowing abiotic factors: thaw depth, snowmelt date, freeze-up date, 
growing season length, and air and soil temperatures. Th aw depth 
values were collected at the end of the summer in each plot within 
a study site, then averaged for that site each year. We defi ned snow-
melt date as the average date at which each plot was free of snow. 
When researchers were not present to witness the date of snow-
melt, we used the day average soil surface temperatures rose above 
0 ° C at the site. (In most years, the numbers were within a few days 
because snow melt occurs quickly at the site [R. D. Hollister, un-
published data].) Freeze-up date was defi ned as the day of year soil 
temperatures at 10 cm depth dropped and remained below 0 ° C. 
Growing season length was calculated as the number of days be-
tween snowmelt and freeze-up. Soil moisture was measured hourly 
at approximately 10 cm below surface (Vitel HYD-10-A, Stevens 
Vitel Hydrological and Meteorological Systems, Chantilly, Vir-
ginia, USA). All temperatures were recorded hourly with sensors 
placed approximately 10 cm above ground level and 10 cm below 
soil surface (recordings varied between the following probes: Hobo 

H8 Pro, Onset Computer Corp., Pocasset, Massachusetts, USA; 
Model 107 Temperature Probe, Campbell Scientifi c, Logan, Utah, 
USA; and MRC TP101M Temperature Probes, Measurement Re-
search Corp., Gig Harbor, Washington, USA). During the 1999–
2001 fi eld seasons, early season air temperatures were missing from 
snowmelt until loggers were placed (up to 9 d aft er snowmelt but 
typically fewer than 5 d). Th ese missing temperatures were esti-
mated using climate tower readings from the dry sites ( Barrett and 
Hollister, in press ). We expressed temperatures as degree days from 
snowmelt, which were calculated using the following method: sub-
tracting a base temperature (either −7 ° C, −5 ° C, −2 ° C, 0 ° C, 2 ° C, or 
5 ° C) from an average daily temperature, then summing positive 
values over the period of interest. Th is period varied depending on 
the plant trait examined. For comparison with leaf lengths, infl o-
rescence heights, and reproductive eff orts, degree day sums were 
calculated above- and belowground for the duration of the summer 
(snowmelt date through 15 August) or fall (15 August through 
freeze-up date). For comparison with reproductive phenology, we 
determined the average day of fl ower or infl orescence burst for 
each species across all years and then summed degree days from 
snowmelt until this day of year. 

 Plant traits —   Within each plot, we measured the following plant 
traits for most species: infl orescence height, leaf length, reproduc-
tive eff ort, and reproductive phenology. Th ese traits were chosen 
based on their reproducibility across species with minimal eff ort so 
that measurements could be sustained over many years. Th ey were 
chosen as proxies designed to inform us about changes in plant re-
productive eff ort, plant growth, and phenology; they also conform 
with protocols used for cross biome synthesis ( Arft  et al., 1999 ). We 
measured infl orescence height from the ground to the top of an 
infl orescence in forbs and graminoids and the distance from the 
infl orescence base to tip in shrubs. Similarly, we measured leaf 
lengths from the base of a plant to the tip of its tallest leaf in graminoids 
and forbs, with the exception of  Potentilla hyparctica  and  Stellaria 
laeta , for which we used the distance from the base of the longest 
leaf to the tip of that leaf. Th is method was also used for shrubs. 
Leaf length for  Cassiope tetragona  refers to the length of its most 
recent annual growth increment ( Callaghan et al., 1989 ;  Johnstone 
and Henry, 1997 ). For infl orescence height and leaf length, we used 
maximum size reached by an individual plant during the summer 
growing period (snowmelt to 15 August). Infl orescence heights and 
leaf lengths were averaged for each plot using one to six individuals 
(typically fewer than three), depending on the abundance of the 
species in that plot. Up to three permanently marked individuals 
were measured per plot. In many cases, markers were lost between 
years, and new individuals were randomly chosen. Th e three largest 
reproductive individuals within a plot were also measured. Th e 
morphology of a species determined whether we used fl ower or in-
fl orescence measurements to represent the reproductive eff ort and 
fl owering date of that species. Reproductive eff ort was defi ned as 
either the total number of infl orescences or fl owers produced by a 
species over the season. Reproductive phenology (fl owering date) 
was determined as either the fi rst day of year an infl orescence ap-
peared in a plot or as the fi rst day of year when anthers or stigmas 
became clearly visible in a plot. We observed fl owering date, infl o-
rescence number, and fl ower number in each plot one to three 
times per week, the only exception being in 2001 when only 10 
plots of each treatment type were observed for all plant traits due to 
logistical constraints. 
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 Statistical analysis —   Trends in abiotic factors over time were ex-
amined using linear regressions in the program R ( R Development 
Core Team, 2005 ). To determine whether the traits of individual 
species had changed over time, we used linear mixed models 
(LMMs) using a Gaussian error distribution in which we treated 
year as a fi xed eff ect and plot and year as random eff ects. Th ese tests 
were performed using the lme4 package in R ( Bates et al., 2015 ). To 
determine whether a trait showed a signifi cant trend over time, a  χ  2  
likelihood ratio test was performed between models with and with-
out time as an explanatory variable ( α  = 0.05) in R ( R Development 
Core Team, 2005 ). To relate traits of a species to each abiotic factor 
of interest, we also used LMMs with the abiotic factor of interest as 
a fi xed eff ect and plot and year as random eff ects. We then used a  χ  2  
likelihood ratio test to compare models with and without time as an 
explanatory variable and applied the Benjamini–Hochberg proce-
dure to control the false discovery rate at 5% for each species. To be 
included in the analysis, a species had to be present in at least fi ve 
plots of each treatment at a site and at least 4 years of study; 10 spe-
cies met this criteria at the AD site, six at the AW site, 14 at the BD 
site, and 17 at the BW site. For simplicity, we counted male and fe-
male populations of  Salix  as separate species ( Salix  was only abun-
dant at the BD site). We considered abiotic factors during the year 
plant traits were collected as well as the year previous to collection. 

 RESULTS 

 Trends in abiotic factors and plant traits in our sites —   Th e only sig-
nifi cant trends were toward deeper thaw depths and longer grow-
ing seasons over time at the AD site ( Fig. 1 ;  Appendices S1 and S2, 
see Supplemental Data with the online version of this article). How-
ever, most abiotic factors showed nonsignifi cant tendencies consis-
tent with a warming Arctic ( Fig. 1 ); these included nonsignifi cant 
tendencies toward earlier snowmelt, later freeze-up, longer grow-
ing season, greater thawing degree day accumulations of air and 
soils, drier soils, and deeper thaw at all sites where recordings were 
made except at the BW site where soil thawing degree days and 
thaw depth showed a nonsignifi cant decrease over time. At the AW 
site, there was an instrument malfunction, and as a result, the fol-
lowing are not reported: freeze-up date, growing season length, soil 
thawing degree days, and fall soil thawing degree days. 

 Traits of a few species showed signifi cant trends over time 
( Fig. 2 ;  Appendices S3 and S4, see online Supplemental Data). For 
9% of the plant species, we found trends toward taller infl ores-
cences over time, while 6% trended toward shorter infl orescences 
over time (percentages were calculated by counting all the species 
at a site that showed a signifi cant relationship aft er applying the 
Benjamini–Hochberg procedure and dividing by the total). Two 
percent of plant species trended toward increasing reproductive ef-
forts over time, while 2% had the opposite trend. Leaf lengths 
trended toward shorter leaves in 18% of our plant species, with 2% 
trending in the opposite direction. We found no signifi cant trends 
in reproductive phenology over time. 

 Relationships between abiotic factors and plant traits at our 

sites —   Several abiotic factors showed strong relationships with 
plant traits at our sites, but air and soil temperatures were corre-
lated with the greatest number of species across all traits ( Fig. 3 ,  
online Appendices S5 and S6). Generally, warmer temperatures 
were associated with taller infl orescences, increased reproductive 

eff orts, earlier fl owering, and longer leaves. Th e same plant trait 
characteristics were also typically associated with greater thaw 
depths, earlier snowmelts, and longer previous-year growing sea-
sons. Drier soils were associated with earlier fl owering, shorter 
leaves and infl orescences, and decreased reproductive eff orts. 

 Abiotic factors from the current year were typically able to pre-
dict a greater number of species responses (and with higher  R  2  val-
ues) than abiotic factors from the previous year. However, for 
several species, the conditions during the previous season were just 
as predictive, if not more predictive, than those during the current 
season. For example, at the BD site, reproductive eff ort for  Cassiope 
tetragona  could not be predicted using air temperatures from the 
current season, but could be instead using air temperatures from 
the previous season ( Fig. 4 ).  Similarly, abiotic factors from the 
previous year were the best predictors for reproductive eff orts in 
 Stellaria laeta ,  Arctagrostis latifolia , and  Poa arctica  at the BD site 
and  Hierochloe alpina  at the AD site. 

 Varying the degree day base temperature also altered which spe-
cies were signifi cantly predicted and the strength of the correlation 
for each trait we examined ( Fig. 5 ).  For example, infl orescence 
height of  Poa arctica  was best predicted with a degree day base of 
+2 ° C, as opposed to the more common threshold used in tundra 
vegetation studies of 0 ° C ( Fig. 6 ).  Generally, the traits of species in 
the cooler Barrow sites were better predicted using degree days 
with lower base temperatures, while the opposite was true of spe-
cies in the warmer Atqasuk sites. For example, at Barrow, 55% of 
the species that showed signifi cant relationships with air tempera-
tures showed their highest  R  2  values using degree days with a base 
below zero, while no plants in Atqasuk showed this relationship. 
Furthermore, 60% of Atqasuk species showed the highest  R  2  values 
for degree days with bases above 0 ° C, while the same was true for 
only 11% of species in Barrow. In examining traits across sites, we 
observed that generally degree days with lower base temperatures 
better predicted the leaf lengths of species, while the opposite was 
true for infl orescence heights. 

 DISCUSSION 

 Abiotic factors at our sites are changing in a manner consistent 

with climate change projections —   Recent studies on the impacts of 
climate change on the Arctic have documented warming air and 
soil temperatures, increasing thaw depths, changing soil hydrology, 
and accelerating snowmelt along with delaying freeze-ups resulting 
in longer growing season lengths ( Serreze et al., 2000 ;  ACIA, 2005 ; 
 Hinzman et al., 2005 ). While the fi ndings from this study represent 
a relatively short time period, tendencies at our sites are compara-
ble to recent climate trends throughout the Arctic. Moreover, they 
align with local patterns in the North Slope of Alaska ( Kittel et al., 
2010 ) and in the Barrow area ( Stone et al., 2002 ;  Wendler et al., 
2014 ). At the AD site, growing season length showed a signifi cant 
trend toward longer summers over time, and the active layer 
trended toward deeper depths over time. Although at the other 
three sites the tendencies were nonsignifi cant, they were all in the 
same direction ( Fig. 1C, F ). Th e growing season length has been 
increasing through a combination of earlier snowmelt and delayed 
freeze-up ( Fig. 1A, B ). Th ese fi ndings are consistent with those of 
several larger-scale studies using satellite observations, which 
showed a pattern of increased growing season lengths throughout 
the Arctic, resulting in greener summers for tundra biomes ( Stow 
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  FIGURE 1  Trends in (A) snow free date, (B) freeze-up date, (C) growing season length, (D) air thawing degree days, (E) soil thawing degree days, (F) fall 

soil thawing degree days, (G) soil moisture, and (H) thaw depth over time at each site. Each point represents the percentage departure each year from 

the average during the study. Signifi cant trends from linear regressions are shown as solid lines; nonsignifi cant tendencies are shown as dashed lines. 

Further details for each abiotic factor are discussed in the Materials and Methods. See Appendix S1 for the mean values of all factors and Appendix S2 

for details on each analysis.   
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  FIGURE 2  Trends in (A) infl orescence height, (B) leaf length, (C) reproductive eff ort, and (D) reproductive phenology over time for each plant species at each 

site. Each point represents the percentage departure each year for a species from its average value during the study. Signifi cant trends from a linear 

mixed model are shown as solid lines; nonsignifi cant tendencies are shown as dashed lines. Further details for each plant trait and statistical procedures 

are discussed in the Materials and Methods. See Appendix S3 for the mean values of all plant traits and Appendix S4 for details on each analysis.   
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  FIGURE 3  Relationships between plant traits and abiotic factors. The following plant traits were included: (A) infl orescence height, (B) leaf length, (C) 

reproductive eff ort, and (D) reproductive phenology. Each bar represents a species from a site that showed a signifi cant linear mixed model where 

abiotic factors were considered fi xed eff ects, while plot and year were treated as random eff ects. The number of species at a site combinations for 

which models were run was between 35 and 40 unless denoted ( ±  represents 27–34). Signifi cance levels were independently determined for each 

species using the Benjamini–Hochberg procedure with a 5% false discovery rate following a Pearson  χ  2  likelihood test. For a description of the abiotic 

factors, see  Fig. 1 ; for species codes, see  Fig. 2 . Site abbreviations: Atqasuk Dry (AD), Atqasuk Wet (AW), Barrow Dry (BD), and Barrow Wet (BW). For 

further details regarding LMM results, refer to Appendices S5 and S6.   
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et al., 2004 ;  Verbyla, 2008 ). In addition to the direct impact of lon-
ger summers on tundra fl ora and fauna ( Post et al., 2009 ), longer 
growing seasons are driving warming trends throughout the Arctic, 
including the North Slope of Alaska ( Euskirchen et al., 2007 ;  Kittel 
et al., 2010 ). Th aw depth is controlled by the complex interactions 
of soil type, moisture content, and temperature and can show large 
variation even over short distances and between years ( Hinkel and 
Nelson, 2003 ;  Shiklomanov et al., 2010 ). For these reasons, we had 
not expected to fi nd signifi cant trends in the active layer depth at 
any of our sites. Th e general increase in thaw depth at our sites is 
likely being caused by increasing air temperatures and earlier 
snowmelts, which have acted to drain and warm the soils through-
out the region ( Jorgenson et al., 2006 ;  Akerman and Johansson, 
2008 ;  Park et al., 2012 ). Th e AD site may have demonstrated a 
stronger trend toward a deeper active layer than the other sites 

because this site has much warmer soil temperatures and drier soils 
than our other sites (Appendix S1). We also observed tendencies 
toward warmer summer air and soil temperatures, warmer fall soil 
temperatures, and drier soils over time at all fours sites; although 
there was great variability from year to year and none of these ten-
dencies were statistically signifi cant. 

 Plant traits at our sites show consistent, although typically nonsig-

nifi cant, tendencies parallel to those anticipated with climate 

change —   Th e majority of our species showed nonsignifi cant ten-
dencies toward increasing infl orescence heights and reproductive 
eff orts over time ( Fig. 2 ), which is consistent with general observa-
tions and predictions regarding arctic plant responses to climate 
change ( Arft  et al., 1999 ;  Dormann and Woodin, 2002 ;  ACIA, 2005 ; 
 Hudson and Henry, 2009 ). Interestingly, 18% of the species at these 
sites showed signifi cant trends toward decreasing leaf lengths over 
time, opposite of what was predicted given the overall tendency to-
ward warmer conditions over time at these sites. Th e trends toward 
decreasing leaf length could be related to the cumulative and con-
sistent, yet nonsignifi cant, tendencies toward increased reproduc-
tive eff orts and larger infl orescences over time as species shift  more 
resources into reproduction. For example,  Diapensia lapponica  at 
the Atqasuk Dry site showed signifi cant trends toward taller infl o-
rescences and shorter leaves over time. However, further study 
would be needed to test this explanation and could examine how 
species shift  their resources given warmer conditions. Th is fi nding 
suggests that despite a well-documented tendency for warming to 
cause tundra plants to grow taller, fl ower earlier, and produce more 
fl owers ( Arft  et al., 1999 ;  Dormann and Woodin, 2002 ;  Hollister et 
al., 2005a ), other factors such as resource allocation strategies and 
responses to soil moisture need to be accounted for to develop ac-
curate predictions for vegetation change. 

 Many plant traits are correlated with air and soil temperatures —

   In agreement with previous studies, our study found that degree 
days can provide useful predictions of fl owering, growth, and re-
production in arctic plants ( Chapin et al., 1995 ;  Th orhallsdottir, 
1998 ;  Molau et al., 2005 ;  Hoff mann et al., 2010 ). It is well docu-
mented that warmer temperatures (higher degree days) are oft en 
associated with taller infl orescences, longer leaves, earlier fl owering 
dates, and increased reproductive eff ort in plants ( Th orhallsdottir, 
1998 ;  Arft  et al., 1999 ;  Hollister et al., 2005a ). Furthermore, experi-
mental warming studies have confi rmed that temperature is at least 
a partial driver of these responses ( Arft  et al., 1999 ;  Dunne et al., 
2003 ;  Marchand et al., 2004 ;  Hollister et al., 2005a ;  Hudson et al., 
2011 ;  Elmendorf et al., 2012b ;  Klady et al., 2010 ). Th e low number 
of species showing signifi cant trends in their traits over time can 
likely be explained by the high degree of variability in abiotic fac-
tors during the study and that these traits tend to be strongly infl u-
enced by these factors. Beyond year to year variability in abiotic 
factors and plant traits, it appears that other biotic and abiotic fac-
tors may be placing stronger limitations on some plant traits, war-
ranting further investigation ( Fig. 3 ). Studies from low Arctic 
regions provide strong evidence that nutrient limitation is of 
greater importance than temperature and that there is a synergism 
between the two ( Chapin et al., 1995 ;  Shaver and Jonasson, 1999 ). 

 Modifying degree day base temperatures improved our ability to 

predict plant responses to temperature —   Arctic plants are well 
known for their phenotypic plasticity and sometimes demonstrate 

  

  FIGURE 4  Comparative ability of thawing degree days to predict reproduc-

tive eff ort in  Cassiope tetragona  using temperature records from the (A) cur-

rent and (B) previous year. Each point represents the total number of fl owers 

in a plot at the BD site. The number of fl owers produced and thawing degree 

days were signifi cantly related when using temperature records from the 

previous fi eld season (denoted with a solid line) but not when using tem-

perature records of the current year (denoted with a dashed line). For further 

details regarding linear mixed model results, refer to Appendices S5 and S6.   
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a greater range of responses between conspecifi cs at diff erent geo-
graphic locations than with other species located in the same area 
( Stenström et al., 2002 ;  Hollister, et al., 2005a ). Th us, we expected 
to fi nd that varying the base temperature used to calculate degree 
days would improve predictions more by site and trait than by spe-
cies. Presumably, plants in the Barrow sites are better suited to 
growth in lower temperatures than are those in Atqasuk as these 
sites are generally cooler. Generally, zero is used as the basis for 
degree day predictions in the tundra; however, we found that the 
best base temperature to calculate degree days was not always zero. 
Most traits of species in Barrow were best predicted with a degree 
day base below zero, while at Atqasuk most traits of species were 
best predicted with a degree day base above zero. In the future, site-
based degree days could become a useful tool for predicting plant 
responses to climate change. Th is approach could be further exam-
ined by comparing relative abilities of degree days with varying 
base temperature between species that occur across multiple sites. 

While our data off er a limited opportunity to examine the approach 
described above due to the low number of species that occurred in 
multiple sites and showed signifi cant relationships with air and soil 
temperatures, we do note that the general pattern we observed held 
true for both  Cassiope tetragona  and  Luzula confusa . 

 Selecting the optimal base temperature for predicting a plant 
trait in response to temperature may also depend on whether the 
plant trait relates to reproductive or vegetative behavior. Generally, 
using degree days with lower base temperatures improved predic-
tions of leaf lengths, potentially refl ecting the fact that arctic plants 
are preadapted to grow at cold temperatures and that accounting 
for this ability by decreasing their presumed growth threshold in-
creases predictability for this trait. Th e opposite trend was true for 
reproductive phenology and infl orescence heights, which could be 
attributed to the fact that sexual reproduction represents a higher 
caloric cost than vegetative growth and therefore may be less likely 
to proceed under cooler temperatures. Th is idea could be tested by 

  FIGURE 5  Comparative abilities of degree days calculated with diff erent base temperatures to predict plant traits. Plant traits include (A) infl orescence 

length, (B) leaf length, (C) reproductive eff ort, and (D) reproductive phenology. Each bar represents one species showing a signifi cant relationship with 

a given abiotic factor determined using linear mixed models (LMMs). Formatting follows  Fig. 3 , except slope sign is not indicated. Degree day base 

temperatures are indicated as “Base =  X  ° C”, with varying “ X ” values; for simplicity, we only present a subset of the base values; for the complete results, 

see Appendix S6. Signifi cance levels were independently determined for each species using the Benjamini–Hochberg method with a 5% false discov-

ery rate. For further details regarding LMM results, refer to Appendices S5 and S6.   
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fi rst establishing optimal growth conditions for each species within 
a site and then using a degree day based on this physiological trait 
to predict how plants will respond to warming. Alternatively, our 
adjustments to the degree day base temperature may refl ect the fact 
that infl orescence heights would be aff ected more by late-season 
temperatures than early-season temperatures and a degree day with 
a high base temperature would artifi cially take this eff ect into ac-
count because late season temperatures are typically higher. 

 We tested degree days with base temperatures below 0 ° C under 
the assumption that temperatures in the tissues of arctic plants 
can be signifi cantly warmer than ambient air temperatures ( Bliss, 
1971 ;  Savile, 1972 ) and found three cases for which using a base 

temperature of −7 ° C improved  R  2  values by at least 0.10 over the 
traditional base temperature of 0 ° C. In other cases, a higher base 
temperature provided a noticeable increase in  R  2  value. For exam-
ple, shift ing the base temperature from −7 ° C to 2 ° C yielded a 25% 
improvement in  R  2  value for infl orescence height in  Poa arctica  at 
the Barrow Dry site ( Fig. 6 ). Future studies could compare actual 
tissue temperatures with conditions at canopy height (10 cm) dur-
ing diff erent light and wind regimes, allowing researchers to more 
accurately assess the true conditions experienced by plants and ul-
timately improve trait predictability. Future work could also look at 
the role of freezing degree days in plant phenology because some 
tundra plant species rely on cooling events to time fl owering ( Iler 
and Inouye, 2013 ;  Wheeler et al., 2015 ). 

 Tracking abiotic conditions over multiple years improved models 

of plant traits during the current year —   At our sites, leaf length, in-
fl orescence height, and reproductive phenology were more oft en 
predicted by factors from the current year, while reproductive eff ort 
was more oft en predicted using factors from the previous year ( Fig. 
3 ). Reproductive eff ort responses may be more constrained by abi-
otic factors during the previous year than those experienced during 
the current year ( Sørensen, 1941 ;  Bliss, 1971 ;  Meloche and Diggle, 
2001 ). Sexual reproduction represents an enormous caloric invest-
ment compared with vegetative reproduction ( Chapin et al., 1980 ), 
and due to the short duration of the growing season in the Arctic, 
plants must prepare and initiate their fl owers during previous sea-
sons to ensure pollination and seed set in a following summer 
( Sørensen, 1941 ). Th e fact that reproductive eff orts in our species 
could be predicted using conditions during the current year, previ-
ous year, or both is likely refl ecting this process. For instance:  Cassiope 
tetragona  is known to increase vegetative growth during favorable 
growing conditions and then use those resources during the con-
secutive year(s) for reproduction ( Johnstone and Henry, 1997 ). 
Correspondingly, leaf lengths for  C. tetragona  were able to be pre-
dicted using abiotic factors during the current year, while reproduc-
tive eff orts could be predicted using those during the previous year. 
Another illustrative example comes from  Dupontia fi sheri , whose 
infl orescences are largely self-sustaining, relying fairly little on car-
bohydrates stored in rhizomes for infl orescence production and 
growth ( Chapin et al., 1980 ). Correspondingly, abiotic factors dur-
ing the current year could be used to predict its infl orescence height, 
whereas those experienced during the previous year could not. Our 
fi ndings regarding  C. tetragona  and  D. fi sheri  indicate that the phys-
iological behaviors of each plant species is an important factor to 
consider when predicting the impacts of climate change on arctic 
plants. Considering that many tundra plant species initiate tissue 
growth two or more years before the plant uses the organs ( Meloche 
and Diggle, 2001 ), it is likely that integrating abiotic factors over a 
number of years will increase predictability. 

 Several species appear to be capable of responding to climate 

change at our sites —   Our results suggest climate change in the Bar-
row area will cause shift s in local plant traits and that such pro-
cesses are likely to persist as the area continues to warm. While we 
recognize that signifi cant correlations between abiotic factors and 
plant traits are insuffi  cient to confi rm causal linkages, we do have 
strong evidence that plant traits will respond to climate change for 
at least six of the species we studied as their responses to experi-
mental warming at the same study sites yielded congruent results 
( Barrett and Hollister, in press ;  Table 1 ).  Interestingly, two of the 

  

  FIGURE 6  Predicting infl orescence heights for  Poa arctica  using diff erent 

degree day base temperatures. Shown are the results of linear mixed 

models (LMMs) comparing infl orescence height to degree days of base 

temperatures of (A) −7 ° C and (B) 2 ° C. Each point represents average in-

fl orescence height within a plot at the Barrow Dry site. Degree days and 

infl orescence height were signifi cantly related when using a base tem-

perature of 2 ° C (denoted with a solid line), but not when using a base 

temperature of −7 ° C (denoted with a dashed line). For further details 

regarding LMM results refer to Appendices S5 and S6.   
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species with traits that may be responding to climate change ( Cas-
siope tetragona  and  Poa arctica ) also showed an increase in per-
centage cover in these sites under experimental warming conditions 
( Hollister et al., 2005b ;  Hollister et al., 2015 ). Future work could 
help determine whether the plant traits we monitored in this study 
help explain why their presence in the community has increased 
( Cleland et al., 2012 ). 

 Making plants more predictable: Future work —   While earlier stud-
ies looked for evidence that arctic plant responses to climate change 
could be generalized to growth form ( Arft  et al., 1999 ;  Dormann 
and Woodin, 2002 ), others have confi rmed there is a great deal of 
variability when it comes to predicting how warming will aff ect a 
species ( Hollister et al., 2005a ;  Elmendorf et al., 2012b ;  Høye, 2014 ). 
Th is variability may, in part, be explained by niche diff erentiation. 
For example, previous studies have demonstrated that tundra 
plants avoid interspecifi c competition by partitioning the rooting 
depth and timing of nutrient uptake ( McKane et al., 2002 ;  Pornon 
et al., 2007 ), suggesting that further work to understand the habits 
of these species may lead to valuable methods for making their re-
sponses to climate change more predictable ( Kattge et al., 2011 ; 
 Soudzilovskaia et al., 2013 ). 

 While our study focused almost exclusively on the interac-
tions of abiotic factors with individual plant species, further work 
must integrate biotic and abiotic factors if we want to gain a better 

understanding of how the Arctic will function under a changing 
climate. For instance,  Becklin et al. (2011)  recently demonstrated 
that climate change impacts arctic plants through multilevel trophic 
interactions. Additionally,  Lamb et al. (2011 ) showed that ecosys-
tem interactions in the Arctic can be altered through poorly under-
stood mechanisms because soil microbe communities respond to 
environmental shift s diff erently than plants. Furthermore, the addi-
tion of other abiotic factors (e.g., photosynthetically active radia-
tion, nitrogen availability) may enable a better understanding of 
how arctic plants respond to climate change. 

 CONCLUSIONS 

 Ours is one of few long-term plot-level studies that has examined 
plant response to a wide array of changing abiotic factors. We found 
that responses are complex; however, we do show compelling evi-
dence that climate change is likely to drive change in the growth and 
reproduction of plants in the Arctic. Recent studies have found in-
creasing plant biomass at several sites since the early 1980s ( Hudson 
et al., 2011 ;  Elmendorf et al., 2012a ), and several studies show 
changes in phenology ( Høye et al., 2007 ;  Zeng et al., 2011 ;  Ober-
bauer et al., 2013 ). Th ese results are largely consistent with previous 
predictions that warming will increase plant reproduction and 
vigor ( Arft  et al., 1999 ;  Hollister et al., 2005a ). Th e changes we ob-
served are likely to continue as the Arctic continues to warm. Fu-
ture research should include more long-term studies and 
examination of multiple biotic and abiotic factors to obtain a clearer 
picture of how sites are changing over time and how this may be 
aff ecting tundra plant species. 
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