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ABSTRACT 

 

Climate change is impacting terrestrial ecosystems world-wide and the Arctic is particularly 

vulnerable as it is warming faster and with greater magnitude than other regions. Understanding 

the responses of arctic plants species to abiotic factors is crucial to predicting the impact climate 

change will have on the Arctic because plants play critical roles in carbon exchange, energy 

balance, and trophic interactions. Using data from long-term research sites in Barrow and 

Atqasuk, Alaska, the purpose of this thesis was to investigate how arctic plants respond to 17-19 

years of experimental warming, establish the relative strengths of various abiotic factors in 

predicting the response of plant traits over time, and examine evidence that climate change will 

significantly affect plants as the region continues to warm. Plants typically responded to long-

term experimental warming with increased inflorescence heights, increased leaf lengths, and 

accelerated reproductive phenologies, while reproductive efforts responded less consistently. 

Further analysis revealed that responses to experimental warming tended to dampen during 

warmer years. Though mostly non-significant, several abiotic factors showed trends over time 

consistent with regional warming patterns observed in the Barrow area including increasing air 

and soil temperatures, earlier snowmelts, delayed freeze-ups, drier soils, and increasing thaw 

depths. Several plant species showed significant trends toward increasing inflorescence heights 

and reproductive efforts over the same time period. Of the abiotic factors examined, air and soil 

temperatures yielded the greatest predictive capabilities as these factors were consistently 

correlated with the greatest number of traits across sites. Unlike other traits, the reproductive 

efforts of many species were best predicted using temperatures during the year prior to flower 

burst. When we compared experimental warming responses with trends in abiotic factors and 

traits over time we found strong evidence that climate change will likely cause significant shifts 
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in the growth and reproductive efforts of at least seven plant species at these sites. This study 

illustrates the value of long-term monitoring coupled with experimentation and lays the 

groundwork for future studies examining the ecosystem consequences of climate change on the 

Barrow region. 
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CHAPTER I: INTRODUCTION TO STUDY 

 

CLIMATE CHANGE IMPACTS ON TERRESTRIAL ECOSYSTEMS 

Global climate change has greatly impact ecosystems worldwide (IPCC, 2013). Several impacts 

of climate change have been observed in terrestrial ecosystems, including changes in plant 

developmental timing, growth, and range (Sherry et al. 2007; Penuelas et al. 2009; IPCC 2013). 

Arctic ecosystems are especially vulnerable to climate change as the Arctic is warming faster and 

with greater magnitude than other biomes (ACIA 2005; IPCC 2013). Over recent years, studies 

have shown increased temperatures, accelerated snowmelt, increased winter precipitation, 

permafrost degradation, and increased growing season length in several Arctic regions (ACIA 

2004). These changes have been associated with north-ward expansion of shrubs and trees, 

changes in plant robustness & developmental timing, and altered community compositions 

(ACIA 2004).  

It is anticipated that impacts of climate change in the Arctic will have global 

repercussions through positive feedback mechanisms. Warmer temperatures are expected to 

hasten decomposition rates, consequently releasing large amounts of CO2 and methane, in turn 

amplifying the greenhouse effect leading to further warming (Chapin et al. 2000; Aerts 2006). 

Warming is also likely to also reduce snow and ice cover leaving water, soil, and vegetation 

exposed. The corresponding reduction in albedo will likely accelerate warming and cause faster 

melting of snow and ice (Chapin et al. 2005). Because they play critical roles in both of these 

processes, understanding the effects of climate change on Arctic plants is critical to predicting 

how changing tundra will impact the globe. 
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Additionally, plant phenology, including leaf and flower burst, influences food quality for 

herbivores. For example, Post and Forchhammer (2008) found evidence that the accelerated 

development of plants in Greenland negatively impacted the reproductive fitness of a caribou 

herd. Along with changes in the phenology of individual species, shifts in plant community 

composition have been observed, including the north-ward expansion of shrubs and trees into 

areas previously dominated by forbs and graminoids (Tape et al. 2006). This process is generally 

associated with increased canopy height and complexity resulting in increased air temperatures 

(Chapin et al. 2005).  

 

ARCTIC PLANTS 

The Arctic is characterized by cold temperatures and consequently low levels of nutrient 

turnover and availability. Arctic plants utilize a variety of mechanisms to cope with these 

constraints. As temperatures are typically warmer near the ground than at canopy height, many 

plants maintain a low stature, keeping their growing and photosynthetic tissues warm, while 

simultaneously avoiding wind damage (Savile 1972). Additionally, many species grow in dense 

clusters, maintain dead tissues, and exhibit hairy stems and leaves (Savile 1972). Tundra plants 

also maintain high concentrations of fats and specialized sugars in their tissues that prevent them 

from freezing (Billings & Mooney 1968). Arctic plants are capable of growing at much lower 

temperatures than plants in warmer ecosystems (Bliss 1971). This is accomplished, in part, by 

maintaining high levels of enzymes in their tissues (Chapin & Shaver 1985a). Furthermore, it is 

believed that tundra plants have adapted to handle nutrient stress by being long-lived and 

keeping high levels of nutrients in their tissues (Billings & Mooney 1968; Chapin & Shaver 

1985a). Many store large amounts of carbohydrates in their roots, leaves, stems and draw on 
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these stores early in the growing season so as to maximize their opportunity to grow and 

reproduce (Billings & Mooney 1968).  

Other adaptations to the direct and indirect constraints of cold temperatures can be seen 

in arctic plant reproductive strategies. For instance, to bypass the expensive process of sexual 

reproduction many species reproduce vegetatively (Savile 1972). Also, most flowering plants 

produce buds one or more seasons in advance, allowing them to cope with short cold growing 

seasons (Sørensen 1941). It is apparent that temperature greatly affects Arctic plants as it has 

shaped their form and function and plays a critical role in determining the initiation of growing 

season, timing of flowering, seed dormancy, metabolic and photosynthetic rates, and onset of 

senescence (Billings & Mooney 1968; Bliss 1971).  

 

CLIMATE CHANGE IMPACTS ON ARCTIC PLANTS: OBSERVATIONS AND 

EXPERIMENTS 

Because low temperatures and nutrient availability constrain the morphology and physiology of 

arctic plants, it is widely believed that climate change will dramatically affect arctic species, in 

turn altering community interactions and ultimately community composition. In general, studies 

have shown that the impacts of warming on plants to vary greatly between species, location, and 

year (Hollister et al. 2005; Dunne et al. 2003). Effects of warming have primarily been assessed 

by examining responses to natural temperature variation and experimental warming 

(Thorhallsdottir 1998; Arft et al. 1999; Hollister et al. 2005a).  

While studies of plant responses along natural temperature gradients are useful, they are 

unable to demonstrate causality. To address this, researchers have utilized artificial warming—

comparing plant traits in experimental warming treatments with those in ambient conditions 
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(Arft et al. 1999; Shaver & Jonasson 1999; Marchand et al. 2004). Commonly, open-top 

fiberglass chambers (OTC’s) are used to provide modest warming of 1-5˚C. Chambers have been 

used widely by researchers participating in a network of projects designed to forecast the 

responses of tundra vegetation to climate change, known as the International Tundra Experiment 

(ITEX).  By following standardized protocols and establishing long-term research sites, ITEX 

has provided a great deal of information on the impacts of climate change on Arctic and Alpine 

plants (Arft et al.  1999; Walker et al.  2006).  

Included as part of ITEX are four sites established in Northern Alaska established by 

Hollister and Webber in 1994-1996. Since their establishment, these sites have been used to 

examine the growth, developmental, and reproductive responses of Arctic plants to warming 

using OTC’s (Hollister et al.  2005a). Hollister et al. (2005a) found plant responses to vary 

greatly between year, site, and species. Typically, species that responded significantly to several 

years of experimental warming did so with accelerated flowering, increased growth, and 

increased reproductive effort (Arft et al.  1999; Hollister et al.  2005a). 

Warming manipulation has continued at the sites established by Hollister and Webber in 

1994 and subsequently large amounts of data have been collected describing plant responses to 

experimental warming and ambient conditions throughout this time period. Because of this, an 

assessment of long-term responses to temperature is now possible. By examining the 

developmental, growth, and reproductive responses of Arctic plants to warming over time at 

these sites, this study investigated the long-term effects of warming on Arctic plants.  

The objectives of this study (by chapter) were to:  
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1. Investigate abilities of plants to respond to experimental warming over a period of 17-19 

years.  This examination is detailed in Chapter II and is in press in the journal Polar 

Research (Barrett & Hollister in press).  

2. Determine if abiotic factors have shifted at these study sites and if these changes have 

potentially led to significant responses among the study species. This examination is 

detailed in Chapter III and is published in the American Journal of Botany (Barrett et al. 

2015).  

 

Methods 

STUDY SITES AND EXPERIMENTAL DESIGN 

This study takes place at four sites in Northern Alaska: two in Barrow (71 18' N, 156 40' W) and 

two in Atqasuk (70 29' N, 157 25' W).  Sites were established in dry heath and a wet meadow 

plant community types (Figs. 1 & 2). Dates of establishment are depicted in Fig. 1. At each site 

48 1m
2
 plots were established for vegetation monitoring. Of the 48 plots, 24 were randomly 

assigned to receive warming treatment while the other 24 were left as controls (Fig. 2). Warming 

was achieved using open-top chambers which increase ambient air temperatures ~2˚C. Chambers 

were placed on plots after snowmelt and removed in late august of each season. Additional plots 

of each treatment were established for collecting abiotic data at all sites.  
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Fig. 1 Photographs of study sites shown with years of establishment. 

 

  

Fig. 2 Summary diagram depicting the experimental design. Sites of 24 control and 24 

warmed plots OTC’s were established along a temperature gradient (from cool Barrow to 

warmer Atqasuk) and a moisture gradient (from wet meadow to dry heath communities). 
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ABIOTIC MEASURES 

At each site temperature, depth of soil thaw, light quantity, precipitation, and wind speed data 

were collected. These data were gathered using solar-powered meteorological stations at each 

site or manually in the case of soil thaw depth and each is discussed in further detail in the 

chapters that follow.  

 

PLANT TRAIT MEASURES 

Species present at each site are shown in Table 1. Growth, phenology, and reproductive effort 

were monitored for a large number of species at each site, but data were not collected for each 

species every year. Growth was observed by measuring leaf and inflorescence lengths. The 

phenological events recorded were date of leaf burst, bud appearance, inflorescence appearance, 

flower burst, flower wither, seed set, seed dispersal, and leaf senescence. Reproductive effort 

was monitored by counting the maximum number of inflorescences, buds, flowers, and fruits 

produced by a species.  

During some years the growth, phenology, and reproductive effort of marked individuals 

of each species were tracked to provide better estimates of variability within plots. In several 

years the phenological progression of marked individuals of most species were recorded weekly, 

as were leaf and inflorescence lengths of marked graminoid individuals. In addition to tracking 

the progression of individuals, peak flowering times were examined by counting the total number 

of inflorescences in flower each week for several species.  
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Table 1 List of species present by study site. Bolded species are abundant enough to make 

reasonable generalizations. 

Barrow Dry Barrow Wet Atqasuk Dry Atqasuk Wet 

Alopecurus alpinus 

Arctagrostis latifolia 

Carex stans 

Cassiope tetragona 
Draba lactea 

Draba micropetala 

Festuca  

     brachyphylla 

Juncus biglumis 

Luzula arctica 

Luzula confusa 
Oxyria digynia 

Papaver hultenii 
Papaver lapponicum 

Pedicularis kanei 

Poa arctica 
Poa malacantha 

Potentilla hyparctica 
Ranunculus nivalis 

Ranunculus  

     pygmaeus 

Salix rotundifolia 
Saxifraga caespitosa 

Saxifraga cernua 

Saxifraga flagellaris 

Saxifraga foliolosa 

Saxifraga nivalis 

Saxifraga punctata 

Senecio  

     atropurpureus 

Stellaria laeta 
Vaccinium vitis- 

     idaea 

Alopecurus alpinus 

Arctophila fulva 

Calamagrostis holmii 

Cardamine pratensis 

Carex stans 

Carex subspathacea 

Cerastium  

     beeringianum 

Chrysosplenium 

     tetrandrum 

Cochlearia officinalis 

Draba lactea 
Draba micropetala 

Dupontia fisheri 

Eriophorum  

      russeolum 
Eriophorum  

     scheuchzeri 

Eriophorum triste 

Hierochloe pauciflora 

Juncus biglumis 

Luzula arctica 

Luzula confusa 
Melandrium apetalum 

Pedicularis kanei 

Petasites frigidus 

Poa arctica 
Ranunculus nivalis 

Ranunculus pygmaeus 

Salix pulchra 

Salix rotundifolia 

Saxifraga caespitosa 

Saxifraga cernua 

Saxifraga foliolosa 

Saxifraga hieracifolia 

Saxifraga hirculus 

Stellaria humifusa 

Stellaria laeta  
 

Antennaria  

     friesiana 

Arctagrostis  

     latifolia 
Artemesia borealis 

Carex bigelowii 

Cassiope tetragona 

Diapensia  

      lapponica 

Hierachloe alpina 

Ledum palustre 

Luzula arctica 

Luzula confusa 

Minuartia  

      obtusiloba 

Pedicularis 

      lapponica 

Polygonum  

      bistorta 

Salix phlebophylla 

Trisetum spicatum 

Vaccinium vitis- 

     idaea  

 

Betula nana 

Carex aquatilis 

Carex rariflora 

Carex rotundata 

Dupontia 

     psilosantha 

Eriophorum 

     angustifolium 

Eriophorum 

     russeolum 

Juncus biglumis 
Luzula  

      wahlenbergii 

Pedicularis  

      sudetica 

Polygonum 

      viviparum 

Salix polaris 

Salix pulchra 

Saxifraga foliolosa 
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CHAPTER II: ARCTIC PLANTS ARE CAPABLE OF SUSTAINED RESPONSES TO LONG-

TERM WARMING. 

 

Introduction 

In recent decades, climate change has been impacting terrestrial ecosystems world-wide (IPCC 

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 (ACIA 2005; IPCC 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; ACIA 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. 2005a). Regional warming in the Arctic has also been associated with shrub 

expansion, shifts in plant 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 
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& 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 decreased 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 arctic plants continue to respond to 

warming after two decades of consistent exposure (Hudson & Henry 2009; Hudson et al. 2011; 

Elmendorf et al. 2012a). While more studies have focused on how long-term warming affects 

arctic plant community composition (Elmendorf et al. 2012b; Hedenås 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).  

In order 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 the International Tundra Experiment (ITEX). Data from these sites have 

been used in previous analyses examining short-term community and species-level responses to 

warming (Hollister et al. 2005a, b; 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:  
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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?  

 

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 Barrow 

Dry (BD) and Barrow Wet (BW) sites were established in 1994 and 1995, respectively while the 

Atqasuk Dry (AD) and Atqasuk Wet (AW) sites were established in 1996. For this analysis we 

used plant trait data from the following years: 1994-2001, 2007-2008, and 2010-2012. Each site 

included 48 permanently established plots of vegetation (~1 m
2
), 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 (Campbell Model 107 Temperature Probe 

or HOBO Temperature Logger or StowAway Temperature Logger) placed in radiation shields 

(gill six plates) at 10 to 15 cm above ground surface. Readings were taken every 10-60 minutes, 

then averaged and recorded every hour (CR10X Datalogger, Campbell Scientific, Logan, UT, 

USA; or HOBO or StowAway Temperature Logger, Onset Computer Corporation, Pocasset, 

MA, USA). As noted above we used a number of different sensors to measure canopy height 
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temperature in a plot. In 1998 dataloggers 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 either through visual confirmation 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 temperature at each site was measured with probes reported elsewhere 

(Hollister et al. 2006). In cases where temperature readings were not available due to 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 thawing degree days from snowmelt 

(TDD) by summing average temperatures above 0 °C daily from first snow-free date until 

August 15.   

 

PLANT TRAIT MEASURES 

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 others 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. Inflorescence 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 where leaf length 
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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 where annual growth increments were used as leaf 

length. For both traits we used the average maximum size of an individual based on 1-6 

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 defined 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 

constraints. 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 investigate possible trends in ambient 

summer temperatures, 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 5 plots per treatment during a given year and met this criterion for at least 5 

years during the study period (see Appendix 1 in Barrett & Hollister in press for mean, standard 

deviation, and sample size of all plant traits included in the analysis organized by trait, site, 
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species and year). Response to experimental warming was determined for each species and trait 

using effect sizes calculated as Hedges’ d, which is the difference between the averages of the 

control ( ̅    and warmed ( ̅ ) traits for each species divided by their pooled SD ( ) and 

multiplied by a term to correct for small sample size. This test statistic is found as:   

  
( ̅    ̅  

 
   (   

 

 (          
) 

 where     and    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 v 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.  
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Results 

TEMPERATURE PATTERNS 

During the time of this study, temperatures in control plots showed non-significant warming 

tendencies over time at all four sites (Fig. 3; AD p = 0.50, AW p = 0.28, 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 (Table 2). 

 

 

  

Fig. 3 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. Lines represent results 

of linear regressions. The sample size was the number of years of the experiment (19 at Barrow 

Dry, 18 at Barrow Wet and 17 at both Atqasuk sites). 
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Table 2 Average snowmelt and daily summer temperature (°C) for years 1994-2012 at each 

study site. Temperatures were recorded at screen height (S, 2 m) and canopy height (10-15 cm) 

over control (C) and experimentally warmed (W) plots. Temperature differences between control 

and warmed plots at canopy height are also shown (W – C). Readings for screen height were 

made on one sensor only, canopy height readings were based on 1-12 plots that had sensors 

(when more than one plot was measured we calculated the average value to create one 

continuous record of hourly readings for the summer; from the one continuous reading we 

present the average value below). 

Site Dry Heath Wet Meadow 

Year Snowmelt S C W W-C Snowmelt S C W W-C 

Atqasuk           

1996 May 22 9.0 9.3 11.1 1.8 May 29 9.0 9.2 10.2 1.0 

1997 Jun 09 8.4 9.9 11.6 1.7 Jun 16 8.4 10.0 10.9 0.9 

1998 Jun 02 8.5 9.9 11.5 1.6 Jun 09 8.7 10.2 11.1 0.9 

1999 Jun 09 9.3 10.0 11.6 1.6 Jun 10 9.3 10.0 11.1 1.1 

2000 Jun 06 7.1 7.7 9.2 1.5 Jun 11 7.4 8.2 8.8 0.6 

2001 Jun 04 6.4 7.1 8.1 1.0 Jun 10 7.2 7.6 8.4 0.8 

2002 May 20 5.7 6.7 8.2 1.5 May 23 5.7 7.0 8.0 1.1 

2003 June 05 6.3 7.4 8.3 0.9 June 07 6.3 7.1 8.4 1.3 

2004 May 23 

 

8.4 

 

8.9 9.8 0.9 

 

June 5 9.7 10.6 11.6 1.0 

2005 June 08 7.4 7.8 8.9 1.1 

 
June 12 7.7 8.5 9.0 0.5 

2006 May 25 6.0 

 
6.5 7.6 1.1 June 05 6.8 7.6 8.1 0.5 

2007 June 02 9.4 10.1 11.5 1.5 June 03 9.4 10.3 11.2 0.9 

2008 May 24 6.4 7.1 8.3 1.2 June 03 7.0 8.3 8.7 0.4 

 2009 May 20 7.1 7.7 8.8 1.1 May 26 7.4 8.6 9.0 0.4 

 2010 June 05 7.8 8.3 9.4 1.1 June 11 8.0 8.7 9.5 0.9 

2011 May 22 7.1 7.3 8.3 1.0 May 30 7.6 7.8 8.5 0.6 

2012 May 26 8.7 9.0 10.2 1.3 June 05 9.6 10.1 11.1 1.1 

Average May 30 7.6 8.3 9.6 1.3 June 05 8.0 8.8 9.6 0.8 

           

Barrow           

1994 Jun 15 4.2 6.1 8.0 1.9 ·   . · . · . · . · . 

1995 Jun 14 3.1 3.1 4.9 1.8 Jun 19 3.5 3.4 5.4 2.0 

1996 May 30 3.7 4.3 6.1 1.8 Jun 10 3.8 4.8 6.2 1.4 

1997 Jun 08 3.2 4.0 5.9 1.9 Jun 25 4.1 5.1 7.3 2.2 

1998 Jun 03 3.9 5.2 6.9 1.7 Jun 20 4.8 6.3 7.8 1.5 

1999 Jun 16 4.1 4.9 6.9 2.0 Jun 27 4.7 5.5 7.4 1.9 
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Table 2 contd. 

 

 

 Site Dry Heath Wet Meadow 

Year Snowmelt S C W W-C Snowmelt S C W W-C 

2000 Jun 12 3.3 4.2 5.3 1.1 Jun 18 3.6 4.4 5.7 1.3 

2001 Jun 12 2.5 3.2 4.7 1.5 Jun 21 2.7 3.5 5.4 1.9 

2002 May 23 1.7 2.7 3.5 0.8 Jun 08 3.9 4.7 6.5 1.8 

2003 June 08 2.6 3.3 4.8 1.5 June 23 3.2 4.1 5.5 1.3 

2004 June 11 6.1 5.8 7.3 1.5 June 17 6.4 6.3 7.8 1.5 

2005 June 10 4.0 4.1 5.5 1.4 June 24 4.7 4.8 6.9 2.1 

2006 June 08 3.5 3.7 5.6 1.9 June 17 3.7 3.8 5.5 1.7 

2007 June 07 5.7 5.9 8.0 2.1 June 15 6.1 6.3 8.8 2.5 

2008 May 29 3.3 3.4 5.3 1.8 June 15 3.8 3.9 5.6 1.7 

2009 May 29 4.1 4.1 5.4 1.3 June 14 4.7 4.8 6.2 1.4 

2010 June 18 5.4 5.3 6.8 1.5 June 30 6.1 5.9 7.3 1.4 

2011 May 27 4.1 4.1 5.5 1.4 June 18 5.2 5.2 7.0 1.8 

2012 June 07 6.3 6.2 8.0 1.8 June 17 6.8 6.7 9.0 2.2 

Average June 07 3.9 4.4 6.0 1.6 June 18 4.5 5.0 6.7 1.8 

 

 

PLANT TRAIT 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 (Table 3). When experimentally warmed, 79% percent 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 reproductive 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 (THAWING DEGREE DAYS) 
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Plant responses to experimental warming were mostly consistent, with the exception of 

reproductive phenology which showed a significant (p = 0.03) trend toward decreasing effect 

sizes over time (Fig. 4D). However, we also note that inflorescence height, leaf length, and 

reproductive effort each showed non-significant tendencies toward reduced effect sizes over time 

(Fig. 4). For all four traits we found significant trends toward reduced response to experimental 

warming during warmer summers (Fig. 5).  

 

Table 3 Effects of warming treatment on plant traits by site, growth form (GF), and 

species. The effect size from meta-analysis (Hedges’ d) is reported when significant.  

   Inflorescence Reproductive Leaf Reproductive  

Site GF Species height phenology length effort 

Atqasuk Dry Site  

 All All  0.33 -0.47 0.26 -0.18 

       

 Forb All  0.57 ns ns ns 
  Polygonum bistorta 0.57 ns ns ns 

       

 Gram. All  0.34 ns 0.39 ns 

  Carex bigelowii . . ns . 

  Hierachloë alpina 0.90 ns 0.48 ns 

  Luzula arctica ns . ns ns 

  Luzula confusa ns ns 0.33 ns 

  Trisetum spicatum . . 0.74 . 

       

 E. shrub All  ns ns 0.14 -0.38 

  Cassiope tetragona . ns ns -0.43 

  Diapensia lapponica ns ns ns -0.41 

  Ledum palustre . ns 0.37 ns 

  Vaccinium vitis-idaea . ns ns -0.70 

       

Atqasuk Wet Site  

 All All  0.64 ns 0.46 ns 

       

 Gram. All  0.64 ns 0.48 ns 

  Carex aquatilis 0.58 ns 0.55 ns 

  Dupontia psilosantha . . 0.49 . 

  Eriophorum angustifolium 0.59 ns 0.50 ns 

  Eriophorum russeolum 0.95 . 0.38 0.50 

       

 Forb All  . . ns . 
  Pedicularis sudetica . . ns . 
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Table 3 contd.  

   Inflorescence Reproductive Leaf Reproductive  

Site GF Species height phenology length effort 

 

Barrow Dry Site  

 All All  1.13 -3.57 0.43 0.18 

       

 Forb All  1.14 -5.18 0.24 0.24 

 

  Papaver hultenii 0.87 -5.62 . ns 

  Pedicularis kanei . . ns . 

  Potentilla hyparctica 1.65 -7.55 ns ns 

  Senecio atropurpureus ns ns ns . 

  Stellaria laeta . -5.42 ns 0.67 

  Saxifraga punctata 0.91 ns 0.58 ns 

       

 Gram. All  1.13 -1.91 0.72 0.14 

  Arctagrostis latifolia 1.15 -3.21 0.61 ns 

  Luzula arctica 1.00 ns 0.39 ns 

  Luzula confusa 1.00 -2.39 0.95 ns 

  Poa arctica 1.33 -2.32 0.81 0.37 

       

 D. Shrub All  . -1.71 0.26 -0.40 

  Salix rotundifolia ♀ . ns ns -0.40 

  Salix rotundifolia ♂ . ns ns . 

       

 E. Shrub Cassiope tetragona . -6.30 ns 0.84 

       

Barrow Wet Site  

 All All  0.92 -1.56 0.44 ns 

       

 Forb All  1.09 -1.51 0.21 ns 

  Cardamine pratensis 1.87 ns 0.48 0.53 

  Cerastium beeringianum . . ns . 

  Draba lactea 1.39 . . ns 

  Saxifraga cernua 1.10 ns ns ns 

  Saxifraga foliolosa 0.88 ns ns ns 

  Saxifraga hieracifolia 0.59 ns ns ns 

  Saxifraga hirculus . -5.13 . ns 

  Stellaria laeta . -4.21 0.46 ns 

       

 Gram. All  0.83 -1.60 0.59 ns 

  Carex stans 1.12 -2.43 1.08 ns 

  Dupontia fisheri 0.88 ns 0.65 -0.44 

  Eriophorum russeolum . . 0.36 . 

  Eriophorum triste 0.97 -4.09 0.41 ns 

  Hierachloë pauciflora ns ns 0.62 -0.42 

  Juncus biglumis ns ns . ns 

  Luzula arctica 0.67 -2.17 ns ns 

  Luzula confusa 0.79 -4.34 . ns 

  Poa arctica 1.42 ns ns ns 

 

Bolded = mean effect size for all species within a given growth form or site 

 ns = not statistically significant 

.    = not enough data to analyze 
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Fig. 4 Relationship between year and effect sizes of experimental warming on plant traits. 

Traits included: inflorescence height (A), leaf length (B), reproductive effort (C), and 

reproductive phenology (D). 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 

reproductive phenology (D) N = 43; for other traits N = 39.   
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Fig. 5 Relationship between seasonal temperature (TDD) and effect size of experimental 

warming on plant traits. Traits included: inflorescence height (A), leaf length (B), reproductive 

effort (C), and reproductive phenology (D). See Fig. 4 for an explanation of the graphs and 

sample sizes.  

  

Discussion 

The results of this study are generally consistent or confirmatory of 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. Thus, this study suggests that the overall response of 
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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 et al. 2005a, b) 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 experimental 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 5 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 effect 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 extended 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. Arft et al. (1999) also found that warming over a short period of time 
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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 et al. 2005b) and in 

numerous observational studies where warmer air temperatures were associated with earlier 

flowering (Thórhallsdóttir 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 significantly 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 

reproductive 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 neighbors, reducing the advantage 

to producing a taller canopy whereas Low-Arctic plants would face such competition and be in 

need of a more immediate growth response to out-compete neighboring 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 average flowering dates 
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(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 toward reduced responses to warming over 

time and we noted that, although non-significant, regression analyses of our other plant traits 

were consistent with a diminishing experimental warming response over time (Fig. 4). The 

general warming trend of the region is the likely explanation for this trend toward 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 evidence of, transient 

warming responses whereby plants initially responded to warming through an increase in growth 

and reproduction followed by a greatly diminished 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 inter-annual 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.  
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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 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; Bokhurst et al. 2008). Previous studies from 

other regions in the Arctic indicate 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 

favorable 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.  
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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 composition 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). Thus future work to link the 

results of studies on the traits of individual species to shifts in community composition will 

prove highly useful in better forecasting and understanding changes in the Arctic due to climate 

change.   
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CHAPTER III: ARCTIC PLANT RESPONSES TO CHANGING ABIOTIC FACTORS IN 

NORTHERN ALASKA 

 

Introduction 

Climate change is impacting terrestrial ecosystems worldwide and the Arctic has been warming 

faster and with greater magnitude than other regions (ACIA 2004; IPCC 2013). Recent changes 

in the Arctic include earlier snowmelts, longer growing seasons, warmer temperatures, and 

increasing thaw depths (ACIA 2004). Tundra vegetation has begun responding to these shifts 

through altered plant growth and phenology, north-ward expansion of shrubs and trees, and 

altered community compositions (ACIA 2004; Tape et al. 2006; Elmendorf et al. 2012a). As 

arctic plants continue responding to climate change, the effects could have repercussions on 

ecosystem energy balance, carbon and nutrient cycling, and trophic interactions (Chapin et al. 

2005; Aerts 2006; Post & Forchhammer 2008). Because arctic plants play critical roles in 

regulating these systems, understanding their responses to warming is crucial for predicting the 

effects of climate change on the Arctic. 

While large-scale studies using satellite data and repeat photography have been useful in 

detecting vegetation change, small-scale studies are easier to experimentally manipulate to 

examine potential causes (Fraser et al. 2013). Since the 1980’s 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 indirect effects of warming, including accelerated 

snowmelt, extended growing season length, warmer soils, increased nutrient availability, and 

increased thaw depth. In general, these effects tend to increase plant growth and accelerate 

phenology, but responses are often species and site-specific, making accurate predictions 
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difficult (Walker et al. 1994; Arft et al. 1999; Shaver & Jonasson 1999; Hollister et al. 2005a; 

Oberbauer et al. 2013). Thus, further work is needed to characterize the relationships between 

arctic plants and abiotic factors if we are to improve our ability to predict how climate change 

will affect 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 evidence that shifts in abiotic factors could be driving changes in plant traits?  

 

Methods 

STUDY SITES AND EXPERIMENTAL DESIGN 

This study took place at field sites near Barrow (71°18' N, 156°40' W) and Atqasuk (70°29' N, 

157°25' W), Alaska. We collected data from two sites at each location—one in dry heath tundra 

and the other in wet meadow tundra. The 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 1999-2010 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 Chambers (OTC’s, Marion et al. 1997). For this study we exclusively focused on plant data 

from control plots to establish models, referring only to the experimentally warmed plots in order 

to compare our results in this study with those presented in a separate study at the same sites 

(Barrett & Hollister in press). The sites used for this study are part of the International Tundra 
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Experiment (ITEX) and have been previously described in more detail in Hollister et al. (2005a, 

b). Both locations have a deep heritage of research; Barrow was an International Biological 

Tundra Biome site in the early 1970’s (Brown et al. 1980) and Atqasuk was the focus of the 

Research on Arctic Tundra Environments (Batzli 1980).   

 

ABIOTIC FACTOR MEASUREMENTS 

At each site we collected information on the following abiotic factors: thaw depth, snowmelt 

date, freeze-up date, growing season length, and air and soil temperatures. Thaw 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 defined snowmelt date as the average date at which each plot was free of 

snow. When researchers were not present to witness the date of snowmelt, 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; unpublished data). Freeze-up 

date was defined as the day of year soil temperatures at 10 cm depth dropped and remained 

below 0 ºC. Growing season length was calculated as the number of days between 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, VA). 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 Corporation, Pocasset, MA; Model 107 Temperature Probe – Campbell 

Scientific Inc., Logan, UT; and MRC TP101M Temperature Probes - Measurement Research 

Corporation, Gig Harbor, WA). During the 1999-2001 field seasons, early season air 

temperatures were missing from snowmelt until loggers were placed (up to 9 days after 
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snowmelt but typically fewer than 5 days). These missing temperatures were estimated using 

climate tower readings from the dry sites (Barrett & Hollister in press). We expressed 

temperatures as degree days from snowmelt, which were calculated using the following method: 

subtracting 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. This period varied 

depending on the plant trait examined. For comparison with leaf lengths, inflorescence heights, 

and reproductive efforts, degree day sums were calculated above and below ground for the 

duration of the summer (snowmelt date through August 15) or fall (August 15 through freeze-up 

date). For comparison with reproductive phenology, we determined the average day of flower or 

inflorescence burst for each species across all years and then summed degree days from 

snowmelt until this day of year.  

 

PLANT TRAIT MEASUREMENTS 

Within each plot we measured the following plant traits for most species: inflorescence height, 

leaf length, reproductive effort, and reproductive phenology. These traits were chosen based on 

their reproducibility across species with minimal effort so that measurements could be sustained 

over many years. They were chosen as proxies designed to inform us about changes in plant 

reproductive effort, plant growth, and phenology; they also conform with protocols used for 

cross biome synthesis (Arft et al. 1999). We measured inflorescence height from the ground to 

the top of an inflorescence in forbs and graminoids and the distance from the inflorescence 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, where we used the distance from the base of the longest leaf to the tip of that leaf. This 
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method was also used for shrubs. Leaf length for Cassiope tetragona refers to length of its most 

recent annual growth increment (Callaghan et al. 1989; Johnstone & Henry 1997). For 

inflorescence height and leaf length we used maximum size reached by an individual plant 

during the summer growing period (snowmelt to August 15). Inflorescence 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. Measurements were made on up to three 

permanently marked individuals per plot. In many cases markers were lost between years and 

new individuals were randomly chosen. Measurements were also made on the three largest 

reproductive individuals within a plot. The morphology of a species determined whether we used 

flower or inflorescence measurements to represent the reproductive effort and flowering date of 

that species. Reproductive effort was defined as either the total number of inflorescences or 

flowers produced by a species over the season. Reproductive phenology was determined as either 

the first day of year an inflorescence appeared in a plot or as the first day of year when anthers or 

stigmas became clearly visible in a plot. We observed flowering date, inflorescence number, and 

flower number in each plot one to three times per week, the only exception being in 2001 when 

only ten plots of each treatment type were observed for all plant traits due to logistical 

constraints.  

 

STATISTICAL ANALYSES 

Trends in abiotic factors over time were examined using linear regressions in Program R (R 

Development Core Team 2005). To determine if the traits of individual species had changed over 

time we used linear mixed models (LMM’s) using a Gaussian error distribution where we treated 

year as a fixed effect and plot and year as random effects. These tests were performed using the 
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lme4 package in Program R (Bates et al. 2015). To determine whether a trait showed a 

significant trend over time, a chi-squared likelihood ratio test was performed between models 

with and without time as an explanatory variable (α = 0.05) in the Program R (R Development 

Core Team  2005). To relate traits of a species to each abiotic factor of interest we also used 

LMM’s with the abiotic factor of interest as a fixed effect and plot and year as random effects. 

We then used a chi-squared likelihood ratio test to compare models with and without time as an 

explanatory variable and applied the Benjamini-Hochberg procedure 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 five plots of each treatment at a site and at least four years of study; ten species met 

this criteria at the AD site, six at the AW site, fourteen at the BD site, and seventeen at the BW 

site. For simplicity we counted male and female populations of Salix as separate species (Salix 

was only abundant 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 

The only significant trends were toward deeper thaw depths and longer growing seasons over 

time at the AD site (Fig. 6). However, most abiotic factors showed non-significant tendencies 

consistent with a warming Arctic (Fig. 6); these included non-significant tendencies toward 

earlier snowmelt, later freeze up, longer growing 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 non-
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significant decrease over time. At the AW site there was an instrument malfunction and as a 

result the following 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 significant trends over time (Fig. 7). For 9% of the plant 

species we found trends toward taller inflorescences over time while 6% trended toward shorter 

inflorescences over time (percentages were calculated by counting all the species at a site that 

showed a significant relationship after applying the Benjamini-Hochberg procedure and dividing 

by the total). 2% of plant species trended toward increasing reproductive efforts over time while 

2% the opposite. Leaf lengths trended toward shorter leaves in 18% of our plant species, with 2% 

trending in the opposite direction. We found no significant trends in reproductive phenology over 

time. 
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 Fig. 6 Trends in abiotic factors at each study site over time including (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. Each point represents the percent departure each year from the average over the course of 

the study. Significant trends from linear regressions are shown as solid lines while non-

significant tendencies are shown as dashed lines. Further details for each abiotic factor are 

discussed in Methods section. See Appendix 1 in Barrett et al. 2015 for the mean values of all 

factors and Appendix 2 in Barrett et al. 2015 for details on each analysis. 
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Fig. 7 contd. 
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Fig. 7 Trends in plant traits as each study site over time including (A) Inflorescence height, 

(B) Leaf length, (C) Reproductive effort, and (D) Reproductive phenology.  Each point 

represents the percent departure each year for a species from its average value over the course of 

the study. Significant trends from linear mixed model (LMM) are shown as solid lines while 

non-significant tendencies are shown as dashed lines. Further details for each plant trait and 

statistical procedures are discussed in Methods section. See Appendix 3 in Barrett et al. 2015 for 

the mean values of all plant traits and Appendix 4 in Barrett et al. 2015 for details on each 

analysis. 

 

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 correlated with the greatest number of species across all traits (Fig. 8). 

Generally, warmer temperatures were associated with taller inflorescences, increased 

reproductive efforts, earlier flowering, and longer leaves. The same plant trait characteristics 

were also typically associated with greater thaw depths, earlier snowmelts, and longer previous 

year growing seasons. Drier soils were associated with earlier flowering, shorter leaves and 

inflorescences, and decreased reproductive efforts.  

While abiotic factors from the current year were typically able to predict a greater 

number of species responses (and with higher R
2
 values) than abiotic factors from the previous 

year, this was not always the case. 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 effort for Cassiope tetragona could not be predicted using air 

temperatures from the current season, but could be instead using air temperatures from the 
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previous season (Fig. 9). Similarly, abiotic factors from the previous year were the best 

predictors for reproductive efforts 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 species were significantly 

predicted and the strength of the correlation for each trait we examined (Fig. 10). For example, 

inflorescence 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. 11). 

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 species in the warmer Atqasuk sites.  

For example, at Barrow, 55% of the species that showed significant relationships with air 

temperatures 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 inflorescence heights.  
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Fig. 8 Relationships between plant traits and abiotic factors. The following plant traits were 

included: (A) Inflorescence height, (B) Leaf length, (C) Reproductive effort, and (D) 

Reproductive phenology. Each bar represents a species from a site that showed a significant 

LMM where abiotic factors were considered fixed effects while plot and year were treated as 

random effects. The number of species for which models were run was between 35-40 unless 

denoted (± represents 27-34). Significance levels were independently determined for each 

species using the Benjamini-Hochberg procedure with a 5% false discovery rate following a 

Pearson chi-square likelihood test. For a description of the abiotic factors see Fig. 6 and for the 

species codes see Fig. 7. Site abbreviations are as follows: Atqasuk Dry (AD), Atqasuk Wet 

(AW), Barrow Dry (BD) and Barrow Wet (BW). For further details regarding LMM’s results 

refer to Appendices 8 and 9 in Barrett et al. 2015.  
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Fig. 9 Comparative ability of thawing degree days to predict reproductive effort in 

Cassiope tetragona using temperature records from the (A) Current and (B) Prior year. 

Each point represents the total number of flowers in a plot at the BD site. There was a significant 

relationship between the number of flowers produced and thawing degree days when using 

temperature records from the prior field season (denoted with a solid line) but the relationship 

was not significant when using temperature records of the current year (denoted with a dashed 

line). For further details regarding LMM results refer to Appendices 8 and 9 in Barrett et al. 

2015.  
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Fig.10 Comparative abilities of degree days calculated with different base temperatures to 

predict plant traits. Plant traits include (A) Inflorescence length, (B) Leaf length, (C) 

Reproductive effort, and (D) Reproductive phenology. Each bar represents one species showing 

a significant relationship with a given abiotic factor determined using LMM’s. Formatting 

follows Fig. 8 except slope sign is not indicated. Degree day base temperatures are indicated as 

―Base = X ⁰C‖, with varying ―X‖ values; for simplicity we only present a subset of the base 

values, for the complete results see Appendix 6 in Barrett et al. 2015. Significance levels were 

independently determined for each species using the Benjamini-Hochberg method with a 5% 

false discovery rate. For further details regarding LMM results refer to Appendices 5 and 6 in 

Barrett et al. 2015. 
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Fig. 11 Predicting Poa arctica inflorescence heights using different degree day base 

temperatures. Shown are the results of LMM’s comparing inflorescence height to degree days 

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

height within a plot at the Barrow Dry site. There was a significant relationship between degree 

days and inflorescence height when using a base temperature of 2 °C (denoted with a solid line) 

but the relationship was not significant when using a base temperature of -7 °C (denoted with a 
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dashed line). For further details regarding LMM results refer to Appendices 8 and 9 in Barrett et 

al. 2015. 

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 findings from this study represent a relatively short 

time period, tendencies at our sites are comparable to recent climate trends throughout the Arctic. 

Moreover, they align with local patterns in the North Slope of Alaska (Kittel et al. 2011) and in 

the Barrow area (Stone et al. 2002; Wendler et al. 2014). At the AD site, growing season length 

showed a significant 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 non-significant, 

they were all in the same direction (Fig. 6C, F). The increase in growing season length has been 

occurring through a combination of earlier snow-melt and delayed freeze-up (Fig. 6A, B). These 

findings are consistent with those of several larger-scale studies using satellite observations, 

which show a pattern of increased growing season lengths throughout the Arctic, resulting in 

greener summers for tundra biomes (Stow et al. 2004; Verbyla 2008). In addition to the direct 

impact of longer summers on tundra flora 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. 2011). Thaw depth is controlled by the complex interactions 

of soil type, moisture content, and temperature and can show large variation even over short 
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distances and between years (Hinkel & Nelson 2003; Shiklomanov et al. 2010). For these 

reasons, we had not expected to find significant trends in the active layer depth at any of our 

sites. The 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 throughout the 

region (Jorgenson et al. 2006; Akerman & Johansson 2008; Park et al. 2012). The 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 1 in Barrett 

et al. 2015). 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 tendencies were statistically significant.  

  

PLANT TRAITS AT OUR SITES SHOW CONSISTENT, ALTHOUGH TYPICALLY NON-

SIGNIFICANT TENDENCIES PARALLEL TO THOSE ANTICIPATED WITH CLIMATE 

CHANGE  

The majority of our species showed non-significant tendencies toward increasing inflorescence 

heights and reproductive efforts over time (Fig. 7) which is consistent with general observations 

and predictions regarding arctic plant responses to climate change (Arft et al. 1999; Dormann & 

Woodin 2002; ACIA 2004; Hudson & Henry 2009). Interestingly, 18% of the species at these 

sites showed significant trends toward decreasing leaf lengths over time, opposite of what was 

predicted given the overall tendency toward warmer conditions over time at these sites. The 

trends toward decreasing leaf length could be related to the cumulative and consistent, yet non-

significant, tendencies toward increased reproductive efforts and larger inflorescences over time 

as species shift more resources into reproduction. For example, Diapensia lapponica at the 
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Atqasuk Dry site showed significant trends toward taller inflorescences 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. This suggests that despite a well-

documented tendency for warming to cause tundra plants to grow taller, flower earlier, and 

produce more flowers (Arft et al. 1999; Dormann & Woodin 2002; Hollister et al. 2005a), other 

abiotic factors such as resource allocation strategies and responses to soil moisture need to be 

accounted for in order to develop accurate predictions for vegetation change.  

 

MANY PLANT TRAITS ARE CORRELATED WITH AIR AND SOIL TEMPERATURES 

In agreement with previous studies, we found that degree days can provide useful predictions of 

flowering, growth, and reproduction in arctic plants (Chapin et al. 1995; Thorhallsdottir 1998; 

Molau et al. 2005; Hoffmann et al. 2010). It is well-documented that warmer temperatures 

(higher degree days) are often associated with taller inflorescences, longer leaves, earlier 

flowering dates, and increased reproductive effort in plants (Thorhallsdottir 1998; Arft et al. 

1999; Hollister et al. 2005a). Furthermore, experimental warming studies have confirmed 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. 2011). The low number of species showing significant trends in their traits over time can 

likely be explained by the high degree of variability in abiotic factors over the course of the 

study and that these traits tend to be strongly influenced by these factors. Beyond year to year 

variability in abiotic factors and plant traits, it appears that other biotic and abiotic factors may 

be placing stronger limitations on some plant traits, warranting further investigation (Fig. 8). 

Studies from low Arctic regions provide strong evidence that nutrient limitation is of greater 
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importance than temperature and that there is a synergism between the two (Chapin et al. 1995; 

Shaver & Jonasson 1999).  

MODIFYING DEGREE DAY BASE TEMPERATURES IMPROVED OUR ABILITY TO 

PREDICT PLANT RESPONSES TO TEMPERATURE 

Arctic plants are notorious for their phenotypic plasticity and sometimes demonstrate a greater 

range of responses between conspecifics at different geographic locations than with other species 

located in the same area (Stenström et al. 2002; Hollister, et al. 2005a). Thus, we expected to 

find that varying the base temperature used to calculate degree days would improve predictions 

more by site and trait than by species. 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. This 

could be further examined by comparing relative abilities of degree days with varying base 

temperature between species that occur across multiple sites. While our data offer a limited 

opportunity to examine this due to the low number of species occurring in multiple sites and 

showing significant 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 predictions of 
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leaf lengths, potentially reflecting the fact that arctic plants are pre-adapted to grow at cold 

temperatures and that accounting for this by decreasing their presumed growth threshold 

increases predictability for this trait. The opposite trend was true for reproductive phenology and 

inflorescence 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. This idea could be tested by first 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 degree day base temperature adjustments 

may be reflecting the fact that inflorescence heights would be affected more by late-season 

temperatures than early-season temperatures and a degree day with a high base temperature 

would artificially take this into account as 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 significantly warmer than ambient air 

temperatures (Bliss 1971; Savile 1972) and found 3 cases where 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 example, 

shifting the base temperature from -7 °C to 2 °C yielded a 25% improvement in R
2
 value for 

inflorescence height in Poa arctica at the Barrow Dry site (Fig. 11). Future studies could 

compare actual tissue temperatures to conditions at canopy height (10 cm) during different light 

and wind regimes allowing researchers to more accurately assess the true conditions experienced 

by plants and ultimately improve trait predictability. Future work could also look at the role of 

freezing degree days in plant phenology as it has been demonstrated that some tundra plant 

species rely on cooling events to time flowering (Iler & Inouye 2013; Wheeler et al. 2015). 
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TRACKING ABIOTIC CONDITIONS OVER MULTIPLE YEARS IMPROVED MODELS OF 

PLANT TRAITS DURING THE CURRENT YEAR 

At our sites, leaf length, inflorescence height, and reproductive phenology were more often 

predicted by factors from the current year while reproductive effort was more often predicted 

using factors from the previous year (Fig. 8). Reproductive effort responses may be more 

constrained by abiotic factors during the previous year than those experienced during the current 

year (Sørensen 1941; Bliss 1971; Meloche & Diggle 2001). Sexual reproduction represents an 

enormous caloric investment compared to 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 

flowers during previous seasons in order to ensure pollination and seed set in a following 

summer (Sørensen 1941). The fact that reproductive efforts in our species could be predicted 

using conditions during the current year, previous year, or both is likely reflecting this process. 

For instance: Cassiope tetragona is known to increase vegetative growth during favorable 

growing conditions and then utilize those resources during the consecutive year(s) for 

reproduction (Johnstone & Henry 1997). Correspondingly, leaf lengths for C. tetragona were 

able to be predicted using abiotic factors during the current year while reproductive efforts could 

be predicted using those during the previous year. Another illustrative example comes from 

Dupontia fisheri, whose inflorescences are largely self-sustaining, relying fairly little on 

carbohydrates stored in rhizomes for inflorescence production and growth (Chapin et al. 1980). 

Correspondingly, abiotic factors during the current year could be used to predict its inflorescence 

height, whereas those experienced during the previous year could not. Our findings regarding C. 

tetragona and D. fisheri indicate that the physiological behaviors of each plant species is an 
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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 & 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 Barrow area will cause shifts in local plant traits and 

that such processes are likely to persist as the area continues to warm. While we recognize that 

significant correlations between abiotic factors and plant traits are insufficient to confirm causal 

linkages, we do have strong evidence that this is the case for at least six of the species we studied 

as their responses to experimental warming at the same study sites yielded congruent results 

(Barrett and Hollister, in press; Table 4). Interestingly, two of the species with traits that may be 

responding to climate change (Cassiope tetragona and Poa arctica) also showed an increase in 

percent 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 studies looked for evidence that arctic plant responses to climate change could be 

generalized to growth form (Arft et al. 1999; Dormann & Woodin 2002), others have confirmed 

there is a great deal of variability when it comes to predicting how warming will affect a species 

(Hollister et al. 2005a; Elmendorf et al. 2012b; Høye 2014). This may, in part, be explained by 
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niche differentiation. For example, previous studies have demonstrated that tundra plants avoid 

interspecific 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 responses to climate change more 

predictable (Kattge et al. 2011; Soudzilovskaia et al. 2013).  

While our study focused almost exclusively on the interactions 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 

multi-level trophic interactions. Additionally, Lamb (2011) showed that ecosystem interactions 

in the Arctic can be altered through poorly-understood mechanisms as soil microbe communities 

respond to environmental shifts differently than plants. Furthermore, the addition of other abiotic 

factors (e.g. PAR, nitrogen availability) may enable a better understanding of how arctic plants 

respond to climate change.  

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 evidence that climate change is likely to drive change in the growth and 

reproduction of plants in the Arctic. Recent studies have found increasing plant biomass at 

several sites since the early 1980’s (Hudson et al. 2011; Elmendorf et al. 2012a) and there are 

several studies showing changes in phenology (Høye et al. 2007; Zeng et al. 2011; Oberbauer et 

al. 2013). These results are largely consistent with previous predictions that warming will 

increase plant reproduction and vigor (Arft et al. 1999; Hollister et al. 2005a). The changes we 

observed are likely to continue as the Arctic continues to warm. Future research should include 
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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 affecting tundra plant species. 
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Table 4 Species likely to respond to climate change in the Barrow Area. The species 

presented showed changes in traits that were significantly explained by air temperature using 

linear mixed models (LMM’s) with air degree days as fixed effects and plot and year as random 

effects. Significant models were identified using a chi-squared likelihood ratio test with and 

without air degree days as an explanatory variable. Values were then subjected to a Benjamini-

Hochberg procedure with a 5% false discovery rate (see Methods section). Additionally, species 

were only included in this table if they also showed significant responses to a treatment of 

experimental warming at the same study sites as detailed in Barrett & Hollister (in press). Here 

we present the effect sizes (Hedges’ d) of the significant warming responses from that study in 

comparison to the marginal R
2
 values determined through the LMM’s presented in this study. 

Positive effect sizes signify increased inflorescence height, increased reproductive effort or 

delayed reproductive phenology. 

Trait & Site Species 

Effect size 

(Hedges' d) 

LMM 

Marginal R
2
 

Inflorescence height   

     Barrow Dry   

  Luzula confusa 1.00 0.15 

  Poa arctica 1.33 0.29 

  Potentilla hyparctica 1.65 0.30 
      

Reproductive effort   

     Barrow Dry   

  Cassiope tetragona 0.84 0.53* 

  Poa arctica 0.37 0.25* 
  

 

Reproductive phenology   

     Barrow Dry   

  Cassiope tetragona -6.30 0.55 

  Luzula confusa -2.39 0.46 

  Papaver hultenii -5.62 0.58 

  Poa arctica -2.32 0.60 

  Potentilla hyparctica -7.55 0.44 
     

 

     Barrow Wet   

  Luzula arctica -2.17 0.45 

*R
2
 corresponds to LMM using degree days during previous year 
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CHAPTER IV: CONCLUSIONS 

 

The results of our work indicate that the growth and reproduction of many arctic plant species 

are still limited by growing season temperatures despite suggestions of earlier experimental field 

studies which predicted that such responses would dampen after short-term exposure to 

warming. In contrast, this study supports the idea that inter-annual variability and other factors 

will buffer arctic species from experiencing a resource burn-out, effectively allowing them to 

sustain their responses to climate change in the Arctic over a multi-decadal time scale. However, 

our results also illustrate that such responses will not continue indefinitely as we revealed that 

experimental warming may already be having less effect on reproductive phenology as the 

region has warmed in recent years. It is likely and that this will happen with other plant traits as 

well. Our study also shows that many abiotic factors influence plant performance in addition to 

air temperature and that arctic plant responses to warming vary greatly by species and site. 

However, we have demonstrated that continuously monitoring air and soil temperatures as well 

as other abiotic factors can provide valuable predictive power when it comes to forecasting how 

plant traits will respond to climate change. This is especially true for reproductive effort which is 

greatly affected by conditions during the years leading up to flower burst. The fact that multiple 

species showed significant changes over time at these study sites while few of the abiotic factors 

did speaks both to the fact that more work is needed to understand how and why arctic plants 

respond to climate change and to the idea that studies are unlikely to be successful in predicting 

these relationships without a broad range of measures when it comes to abiotic and biotic factors 

in the area.  

It is clear that tundra plants at these study sites are responsive to changes in temperature 

and capable of maintaining their responses over multi-decadal periods of time. However, future 
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research is needed in order to ascertain how the trait-level responses of individual species will 

alter energy balance, trophic interactions, and community compositions. One such study could 

focus on changes in community structure at these study sites and compare shifts in abundance 

and diversity with the findings of this study to elucidate potential drivers for changes in 

community composition. Such relationships could provide invaluable clues in predicting how the 

Arctic will continue responding to climate change.    
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