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Abstract 
  
The Arctic tundra has warmed faster than any other part of the earth in the past 50 years. 

The respiration rate of plants is directly related to temperature, and so warming may 

create a positive feedback loop where increased plant respiration releases more CO2, 

trapping more heat. We studied how the respiration rates of two tundra species, a dwarf 

shrub, Betula nana nana, and a sedge, Eriophorum vaginatum, grown under control and 

greenhouse conditions, change during the first four weeks of the growing season. The 

basal respiration rate (R10) and the temperature sensitivity of respiration (Q10) were 

significantly different between species (p<0.0001 for R10 and Q10), but not treatment 

(p=0.77 for R10 and p=0.11 for Q10), and changed significantly throughout the experiment 

(p<0.0001 for R10 and Q10). The foliar carbon:nitrogen ratio of Betula and Eriophorum 

also were also significantly different between species (p<0.001) and changed 

significantly throughout the experiment (p<0.001)  but were not significantly affected by 

growth temperature (p=0.22). Overall, the respiration rate at 10°C over the first half of 

the growing season was significantly lower for Betula (14.7±0.7 µmol CO2 g-1 s-1) than 

for Eriophorum (24.±1.1 µmol CO2 g-1 s-1), regardless of growth temperature (p<0.0001 

for species and p=1.0 for growth temperature). The lack of acclimation to greenhouse 

conditions and the variability of R10, Q10, and nutrient composition suggest that the 

respiration rates of these two species were driven by phenology, not temperature. 

Understanding the seasonal dynamics of respiration will allow for more accurate 

predictions of the fate of these species and carbon balance in the Arctic in a warmer 

climate. 
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Introduction 
 
The global average temperature is expected to rise 1.1-6.4 °C by the end of the 21st 

century due to increasing concentrations of greenhouse gases in the atmosphere (IPCC 

2007).  Climate change is of particular concern in the Arctic, which is warming faster 

than most other parts of the globe (Comiso, 2003; Kaufman et al., 2009). Historically, the 

Arctic tundra has been a net sink of carbon dioxide: it is estimated that photosynthesis in 

the Arctic has accumulated as much as one-third of the earth’s global soil carbon, now 

stored in permafrost in Arctic tundra ecosystems (Gorham, 1991; Ping et al., 2008). 

However, warming may cause the ecosystem to become a net source of CO2 via an 

increase in plant respiration, which would release the carbon stored deep in the 

permafrost (Oechel et al., 1993).  

The rate of carbon storage and therefore the fate of Arctic ecosystems as a source 

or sink of carbon depends at least partially on the amount of carbon fixed by plant tissue 

through photosynthesis, and released through respiration. Prior to being stored in soil, 

carbon must be converted from the gaseous form in the atmosphere into solid organic 

matter through the process of photosynthesis. Conversely, plant respiration, which 

releases energy and gaseous carbon from organic matter, is a major source of CO2 to the 

atmosphere; for example, 30-80% of daily photosynthetic gain is re-released into the 

atmosphere as CO2 by respiration (Loveys et al., 2002). About 120 PgC yr-1 is 

sequestered from the atmosphere by photosynthesis, while about 60 PgC yr-1 is released 

into the atmosphere as CO2 by plant respiration (Houghton, 2007). By comparison, only 

about 8.4±0.5 PgC is released by fossil fuels each year (Friedlingstein et al., 2010). 
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The rates of respiration and photosynthesis in plants are positively related to 

temperature, since biochemical processes proceed more rapidly at higher temperatures. 

As the Arctic continues to warm, the rates of the two processes will change, and the 

balance of uptake and release of CO2 in plants may shift. If the rate of respiration 

increases relative to the rate of photosynthesis, the ecosystem may shift from a net sink to 

a net source of carbon.  

The warming climate has already altered Arctic ecosystems. In Alaska’s tundra, 

deciduous shrubs have been encroaching into higher latitudes, out-competing the tundra 

tussock-forming sedges traditionally found in the biome (Chapin et al., 1995). In order to 

accurately model climate change in the future, we must have a better understanding of 

how climate will alter the rates of photosynthesis and respiration in the dominant Arctic 

plant species (Sage et al, 2005; Atkin & Tjoelker, 2003). 

Respiration is the process by which plants reduce the compounds synthesized 

during photosynthesis to yield energy for biosynthesis, cellular maintenance, and active 

transport in plants (Raven et al., 2007). Cellular respiration can be divided into two 

functional components: growth and maintenance (McCree, 1969; Amthor, 1984; 

Wullschlege et al., 1992). Growth respiration yields energy and carbon skeletons used to 

generate new biomass. Maintenance respiration takes place when energy is used for 

transport (phloem loading), to re-synthesize components of metabolic pathways, to 

maintain ion gradients, and to alter biosynthetic pathways to adapt to environmental 

stress (Amthor, 1984).  

As most of the nitrogen in leaves is incorporated into enzymes that drive 

maintenance activity, nitrogen content can serve as a proxy for maintenance respiration in 
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plants (Lexander, 1970; Ryan, 1995; Reich et al.,1996). More active plants are expected 

to have higher nitrogen content and to respire more (Amthor, 1984). Foliar carbon 

content is also positively associated with rates of respiration. Non-structural 

carbohydrates (sugars and starches) are composed primarily of carbon, and are the 

substrates for glycolysis and mitochondrial respiration (Azcón-Bieto et al., 1983; Azcón-

Bieto & Osmond, 1983; Tjoelker, 1999). Since respiration requires both enzymes and 

substrates, both of these can act as limiting factors in the biosynthetic pathway and 

thereby alter the respiration rate. Substrate availability determines respiration rate when 

carbohydrate content is limiting, and enzymatic capacity determines respiration rate when 

nitrogen in limiting (Noguchi & Terashima,1997, Vanderwef et al., 1993). Since foliar 

carbon and nitrogen content depends on species, phenological stage, and the nutrient 

content of the soil, these factors must be considered when predicting the respiratory 

capacity of a plant (Hooper & Vitousek, 1998, Lal et al., 2001). 

Temperature is also an important determinant of respiration rate (Atkin et al., 

2005). In the short-term, a rise in temperature increases the rate of respiration (R), 

releasing more CO2 into the atmosphere (Bunce, 2007). However, several studies provide 

evidence of plant respiration rates acclimating to temperature (Larigauderie & Korner, 

1995; Will, 2000; Atkin et al., 2005). During acclimation, the rate of increase of R with 

temperature is reduced in warm-acclimated plants and the rate of increase of R with 

temperature is increased in cold-acclimated plants in an attempt to achieve homeostasis, a 

state where similar respiration rates are exhibited across all temperatures (Figure 1, 

Mooney, 1963; Atkin & Tjoelker, 2003). Although complete homeostasis is not always 

achieved, even partial acclimation helps plants maintain stable carbon levels across a 



 7 

range of temperatures. Without acclimation, plants will respire at a faster rate at ambient 

temperatures and could lose biomass if global warming continues. Acclimation must be 

taken into account to understand how changes in temperature will affect CO2 flux into the 

atmosphere from plants, because ignoring this process may lead to an overestimation of 

the amount of CO2 respired at elevated temperatures.  

  
Figure 1. Conceptual figure of the respiration response to temperature. R10 is the 
respiration rate when temperature is 0°C. R10 is higher in cold acclimated plants and 
lower in warm acclimated plants. Q10 is the temperature sensitivity of the plant, and is the 
instantaneous slope of the curve of respiration vs. temperature. Cold acclimated plants 
have higher slopes than control plants at a given temperature, and so are more sensitive to 
increases in temperature. Warm acclimated plants have lower slopes than control plants 
at a given temperature, and so are less sensitive to increases in temperature.  
 

The mechanisms underlying respiratory acclimation to temperature are not 

entirely understood. The nutrient content of leaves at different temperatures may account 

for changes in respiration rates. In moderately cold-acclimated plants, a build-up of 

substrate from photosynthesis due to decreased R may later lead to increased R when the 
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plant experiences short-term warming (Atkin et al., 2000; Covey-Crump et al., 2002). In 

warm-acclimated plants, conversely, increases in respiration may be minimized at 

moderately high temperatures as substrate becomes limiting due to the high R in these 

plants, since respiration reactions proceed more rapidly at higher temperatures. 

Additionally, it has been suggested that respiration becomes enzyme-limited at extremely 

high and low temperatures, conditions in which proteins become damaged and denatured 

(Covey-Crump et al., 2000). The extent of acclimation varies widely between species, 

and the physiological mechanisms controlling respiration acclimation to temperature are 

still poorly understood (Atkin & Tjoelker, 2003; Laurigauderie & Korner, 1995; Loveys 

et al., 2003). 

Foliar respiration, dependent on nutrient content and temperature, may change by 

alterations in the basal respiration rate (R10) or the sensitivity of plant respiration to 

changes in temperature (Q10) (Figure 1). Strictly defined, Q10 is the proportional change 

in R when temperature is raised. Q10 is usually assumed to be equal to 2, but this value 

varies proportionally with measurement temperature (Loveys et al., 2003).  The 

instantaneous Q10 is equal to the slope of the line tangent to the curve at a given 

temperature (Figure 1). It has been proposed that mature leaves acclimate their 

respiration through changes in Q10 only, while leaves alter their R10 based on the 

temperature at the time of initiation. (Atkin & Tjoelker, 2003).  

A comprehensive understanding of plant respiration in the tundra ecosystem is 

necessary to predict the role this critical environment will play in the global carbon cycle 

as climate change continues. The short growing season in the Arctic tundra provides an 
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excellent opportunity to understand how the respiration rates of the tundra plants change 

throughout the entire growth period.  

Previous studies at Toolik Lake, Alaska, an Arctic Long Term Ecological 

Research site, have found that that Betula nana nana, a common shrub species, respires 

less at warm temperatures than Eriophorum vaginatum, a common tussock-forming 

sedge (Greaves, 2009). Warm-grown Betula and Eriophorum also exhibited significant 

respiration acclimation to temperature (Griffin et al., 2009). Since the growing season in 

the Arctic is only about eight weeks, it is important for plant species to be able to 

efficiently use their carbon resources. I studied the extent of early-season respiratory 

acclimation to temperature of Betula and Eriophorum in both control and elevated-

temperature conditions at Toolik Lake in order to develop a more nuanced understanding 

of the carbon use of these plants at ambient and elevated temperatures during the first 

half of the growing season. I hypothesized that a shift in species composition could be 

attributed in part to the ability of Betula to acclimate its respiration rates more rapidly to 

elevated temperatures at the beginning of the growing season than Eriophorum. A better 

understanding of the temporal patterns of respiration and the ability to acclimate to 

climate change in these dominant Arctic species is essential to predict the effects of 

future warming. 
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Methods 

Sampling Site and Species Description 

Samples were taken from tussock tundra and shrub vegetation in moist acidic tundra from 

the Toolik Lake LTER site in the foothills of the Brooks Range, Alaska (68o38’N, 

149o43’W, elevation 720 m). The soil consists of a peaty organic layer, which is 

approximately 30-50 cm thick, over a silty mineral soil; permafrost underlies the soil.  

Experimental greenhouse and control treatments were established in June, 1989 at the site 

and are applied to vegetation plots annually in late May or early June. Temperature data 

were collected hourly by thermocouples mounted 3 meters above the soil in a control plot 

and 1 meter above the soil in a greenhouse plot. 

Leaf Sampling 

Leaves of Eriophorum and Betula were sampled on June 7-June 11, June 11-June 15, 

June 16-June 19, June 21-June 23, and June 24-June 29, the first half of the growing 

season. These sampling periods will be referred to using the date in the middle of each 

sampling period (e.g. June 9 for the first sampling period). Samples were taken from four 

plots of land, each containing a control and greenhouse treatment. Each sampling period, 

approximately seven Eriophorum tillers and two 10 cm long Betula shoots were sampled 

from both treatments in all plots. Collected shoots were immediately cut under water and 

transported back to the laboratory, where they were dark-acclimated for 20 minutes prior 

to gas analysis.  

Gas Analysis 

An instrument was built to measure the response of respiration to changing temperature. 

Leaves were placed in a darkened, temperature-controlled cuvette attached to a 
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circulating water bath. Dry air was passed through the cuvette at a rate of 0.45 L/hr and 

into an LI-800 infrared gas analyzer (LI-COR, Lincoln, Nebraska) which measured the 

flux of CO2 out of the leaf as it was heated from 5oC to 35oC. The Q10 for each leaf from 

5°C-35°C, the temperature range the plants normally experience in the wild, was 

modeled using the equation: 

€ 

Q10 = (R2 /R1)
[10(T2−T1 )] (Equation 1) 

Where R1 and R2 are the rates of respiration at temperatures T1 and T2, respectively. The 

temperature response of respiration was modeled using a modified Arhennius equation 

that assumes that reaction rate increases exponentially with temperature: (Ryan, 1991; 

Tjoelker, 1999): 

€ 

R = R10 ⋅ e
[(Q10 / g )(1/To−1/Ta )]  (Equation 2) 

Where Q10 is the temperature sensitivity at a reference temperature, g is the ideal gas 

constant, 8.314 J mol-1 K-1, To is the reference temperature, and Ta is the average ambient 

temperature on the day each leaf collected was collected. 10°C was used as the reference 

temperature in this model, as these plants often experience this temperature during the 

growing season. The average Q10 and R10 corresponding to each leaf’s species, treatment, 

and the Ta for each leaf was used to the average R of each species and treatment for the 

entire first half of the growing season, as well as for each individual sampling period. 

Carbon and Nitrogen Content 

Samples were dried for 48 hours at 40°C after gas analysis and ground to measure carbon 

and nitrogen content. A 2400 CHN/O Analyzer (PerkinElmer, Waltham, Massachusetts) 

was used to measure carbon and nitrogen percent dry mass of the leaves for the June 9, 
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June 13, June 18, and June 26 sampling periods. Leaf material from June 22 was lost 

during processing. 

Data Analysis 
 
The R10 and Q10 of each leaf were calculated from the respiration vs. temperature curve 

obtained through gas analysis by fitting the data to Equation 2 using Sigmaplot (Version 

8.0, SPSS Inc.). The respiration data were log transformed for a three-way ANOVA 

comparing R10 or Q10 across species, treatment, and period. Foliar carbon content, foliar 

nitrogen content, and foliar carbon:nitrogen ratio (C:N) were also compared across 

species, treatment, and period with a three-way ANOVA. A Tukey Multiple Comparisons 

of Means Analysis (95% family-wise confidence level) was performed on the R10 and Q10 

at 10°C to compare the means across sampling periods. The average R at 10°C from for 

the entire experiment was compared across species and treatment with a two-way 

ANOVA. Linear regression analyses were used to correlate temperature with R10, Q10, 

and nutrients, and nutrients with R10 and Q10. A three-way repeated measures ANOVA 

was used to compare R at 10°C at each sampling period across species, treatment, and 

sampling period; species and treatment were considered as between subject factors, and 

sampling period was treated as a within subject factor. Linear regressions and two-way 

ANOVA analyses were carried out on Microsoft Excel (2004). ANOVA and Tukey 

Multiple Comparisons of Means analyses for R10, Q10, and nutrients were carried out on 

R (Version 2.12, R Development Core Team 2010). Three-way repeated measures 

analyses were carried out on PASW Statistics 18 (Version 18.0.3, SPSS Inc.). 
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Results 

There were no clear trends in the temperature at the Toolik LTER from June 7th to June 

29th.  The average ambient temperature was 13.2±0.6°C in the control treatments and 

17.9±1.0°C in the greenhouse treatments, representing a 5±3°C difference in average 

ambient temperature (Figure 2). 

  
Figure 2. Average temperature on sampling days in the control (black triangles) and 
greenhouse (grey circles) treatments (mean±1 s.e.). 

 

Although the temperature did not show a temporal trend, in the three-way 

ANOVA the respiratory responses of Betula and Eriophorum did change as the season 

progressed (Figures 3 and 5). R10 did not vary significantly with treatment, but did vary 

significantly with species and sampling period (Table 1). Most notably, the Eriophorum 

R10 dropped dramatically during the last sampling period (Figure 3). For both Betula 

treatments, the June 18 and June 26 sampling period were significantly different from one 

another, but not from the other sampling periods (Figure 4). Only the June 26 R10 of the 

Eriophorum treatments was significantly lower than the prior sampling periods (Figure 
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4). No correlation was found between R10 and average temperature on the day each leaf 

was sampled. 

  R10 Q10 

Foliar 
Carbon 
Content 

Foliar 
Nitrogen 
Content C:N 

R at 
10°C 

Species <0.0001 <0.0001 <0.0001 <0.0001 <0.001 <0.001 
Sampling 
Period <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.01 
Treatment 0.77 0.11 0.61 0.19 0.22 0.08 

 
Table 1. Results of three-way ANOVA for R10, Q10, foliar carbon content, foliar nitrogen 
content, and C:N ratio. Results of three-way repeated measures ANOVA for R at 10°C 
during each sampling period; sampling was considered as a within subject factor, and 
species and treatment were considered as between subject factors. Values shown are p. 
Bold indicates statistically significant results. 
 

 

Figure 3. Average R10 of each species and treatment (mean±1 s.e., n=4) at each sampling 
period (Betula, control, black open square; Betula, greenhouse, black solid square; 
Eriophorum, control, grey open triangle; Eriophorum, greenhouse, grey solid triangle). 
Species (Three-way ANOVA, p<0.0001) and sampling period (Three-way ANOVA,  
p<0.0001), but not treatment (Three-way ANOVA, p=0.77) had a significant effect of 
R10. 
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Figure 4. R10 boxplots across sampling periods (Tukey Multiple Comparisions of Means, 
95% family-wise confidence level, n=4). There was no significant difference found 
between periods labeled with the same letter, but a significant difference was found 
between periods labeled with different letters. For both Betula treatments, the June 18 
and June 26 sampling period were significantly different from one another, but not 
significantly different from the other sampling periods. The June 26 sampling period was 
significantly different from prior sampling periods in both Eriophorum treatments. 

 

 

e,f,g 

 e,f,g 
e,f 

e,f,g 

   e,g 
e,f,g 

 e,f,g 
e,f 

      
e,f,g 

   e,g 

  h 
  h 

    h 

    h 

    i 

   h 
  h 

      h 
    h 

      i 

   6/9            6/13         6/18         6/22          6/26 

 6/9          6/13         6/18       6/22          6/26    6/9         6/13      6/18       6/22       6/26 

   6/9            6/13         6/18         6/22          6/26 

R
10

 (µ
m

ol
 C

O
2 g

-1
 s-1

) 
 

R
10

 (µ
m

ol
 C

O
2 g

-1
 s-1

) 
 

Betula, control Betula, greenhouse 

Eriophorum, control Eriophorum, greenhouse 



 16 

 Similarly, the Q10 at 10°C of both species did not vary significantly with 

treatment, but did vary significantly with species and sampling period and (Table 1). 

Betula exhibited no significant difference in the mean Q10 at 10°C across all sampling 

periods, but the Eriophorum Q10 at 10°C was significantly higher during the June 26 

sampling period than the prior sampling periods (Figures 5 and 6). Interestingly, the Q10 

at 10°C for both Betula and Eriophorum exhibited a response opposite to R10, decreasing 

with increasing R10 and increasing with decreasing R10. No correlation was found 

between Q10 at 10°C and average temperature on the day each leaf was sampled. 

 

Figure 5. Average Q10 at 10°C of each species and treatment (mean±1 s.e., n=4) at each 
sampling period (Betula, control, black open square; Betula, greenhouse, black solid 
square; Eriophorum, control, grey open triangle; Eriophorum, greenhouse, grey solid 
triangle). Species (Three-way ANOVA, p<0.0001) and sampling period (Three-way 
ANOVA, p<0.0001), but not treatment (Three-way ANOVA, p=0.11) had a significant 
effect on Q10. Note that some of the error bars are too small to see. 
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Figure 6. Q10 boxplots across period (Tukey Multiple Comparisions of Means, 95% 
family-wise confidence level). There was no significant difference found between periods 
labeled with the same letter, but a significant difference was found between periods 
labeled with different letters. No significant change was seen between sampling period in 
either Betula treatment. The June 26 sampling period was significantly different from 
prior sampling periods in both Eriophorum treatments. 
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than that of Eriophorum at lower temperatures, and the R of Eriophorum is lower at 

higher temperatures. In addition, except for the June 13 sampling period, the R of Betula 

appears to increase exponentially with temperature, while the R of Eriophorum increases 

linearly with temperature.  

The average respiration rate at 10°C for each species and treatment was modeled 

for the first half of the growing season as well as for each individual sampling period, 

using the average Q10 and R10 from the sampling period in which each leaf was sampled 

and the average ambient growth temperature on the day of sampling (Figure 8). The 

seasonal pattern of R is similar to that of R10. Sampling period and species, but not 

treatment, had a significant effect on R at 10°C (Table 1). The average respiration rate at 

10°C over the first half of the growing season was significantly lower for Betula 

(14.7±0.7 µmol CO2 g-1 s-1) than for Eriophorum (24.±1.1 µmol CO2 g-1 s-1), regardless of 

growth temperature (Two-way ANOVA, p<0.0001 for species and p=1.0 for growth 

temperature). The R of Betula was lower on every individual sampling period except 

during the June 26 sampling period. 
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Figure 7. Respiration response to temperature curves for each sampling period (mean±1 
s.e., n=4) (Betula, control, black open square; Betula, greenhouse, black solid square; 
Eriophorum, control, grey open triangle; Eriophorum, greenhouse, grey solid triangle). 
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Figure 8.  Average R at 10°C from June 9-June 26, and for each sampling period 
(mean±1 s.e., n=20 for the entire season and n=4 for each sampling period) for each 
species and treatment (Betula. control, black; Betula, greenhouse, black dashed; 
Eriophorum, control, grey; Eriophorum, greenhouse, grey striped). The R value from 
June 9-26 represents the average respiration rate at 10°C for each species and treatment 
over the first half the growing season. The R for each sampling period is the average 
respiration rate at 10°C for each species and treatment during each sampling period. The 
ambient temperature of each leaf was used to measure respiration. Note that some of the 
error bars are too small to see. 
 
 The foliar carbon content, nitrogen content, and C:N ratio all exhibited a 

significant species and sampling period effect, but no treatment effect (Table 1). The 

carbon content was higher for Betula than for Eriophorum during all sampling periods 

(Figure 9). The Betula carbon content started at 52.3±0.5% dry mass on June 9, and 

decreased to 48.2±0.5% dry mass on June 26. The Eriophorum carbon content was fairly 
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mass on June 26. In addition, the nitrogen content of Betula was higher than that of 

Eriophorum until June 26, when Eriophorum exhibited higher nitrogen content (Figure 

10). The Betula nitrogen content decreased throughout the growing season, from 

4.7±0.3% dry mass on June 9 to 2.4±0.1% dry mass on June 26, while Eriophorum’s 
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nitrogen content increased slightly from 2.5±0.1% dry mass on June 9 to 2.8±0.2% dry 

mass on June 26. The C:N ratio was higher for Eriophorum until June 26, when the C:N 

ratio of Betula was higher (Figure 11). The C:N ratio of Eriophorum decreased from 

18.8±1.0 on June 9 to 14.0±1.7 on June 13, and then increased to 16.2±1.1 by June 26, 

while the C:N ratio of Betula increased steadily throughout the first half of the season, 

from 11.3±0.7 on June 9 to 19.9±1.1 on June 26. No significant relationship was found 

between nutrients and temperature, between nutrients and R10, or between nutrients and 

Q10. 

 

 
 
Figure 9. Foliar carbon content (mean±1 s.e., n=4) of each species and treatment on June 
9, June 13, June 18, and June 26 (Betula, control, open square; Betula, greenhouse, solid 
square; Eriophorum, control, open triangle; Eriophorum, greenhouse, solid triangle). 
Species (Three-way ANOVA, p<0.0001) and sampling period (Three-way ANOVA, 
p<0.0001) had a significant effect on foliar carbon content, but not treatment (Three-way 
ANOVA, p=0.61). 
 
 

6/9                        6/13                                  6/18                                                       6/26 

C
ar

bo
n 

C
on

te
nt

 (%
 d

ry
 m

as
s)

 



 22 

 
 
Figure 10. Foliar nitrogen content (mean±1 s.e., n=4) of each species and treatment on 
June 9, June 13, June 18, and June 26 (Betula, control, open square; Betula, greenhouse, 
solid square; Eriophorum, control, open triangle; Eriophorum, greenhouse, solid 
triangle). Species (Three-way ANOVA, p<0.0001) and sampling period (Three-way 
ANOVA, p<0.0001) had a significant effect on foliar nitrogen content, but not treatment 
(Three-way ANOVA, p=0.19). 
 

 

Figure 11. Foliar carbon to nitrogen ratio (mean±1 s.e., n=4) of the leave of each species 
and treatment on June 9, June 13, June 18, and June 26 (Betula, control, open square; 
Betula, greenhouse, solid square; Eriophorum, control, open triangle; Eriophorum, 
greenhouse, solid triangle). Species (Three-way ANOVA, p<0.001) and sampling period 
(Three-way ANOVA, p<0.0001), had a significant effect on C:N, but not treatment 
(Three-way ANOVA, p=0.22). 
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Discussion  

Although there was little difference between the greenhouse and control treatments, the 

interspecific variation in respiration and nutrient content of Betula and Eriophorum may 

account for the observed replacement of the tussocks by the shrubs. This finding suggests 

that phenology, not temperature, primarily determined the respiration rates of these 

species over the first half of the growing season. Since the temperature at which each leaf 

was grown did not affect R10, Q10, and R, neither Betula nor Eriophorum exhibited 

significant respiratory acclimation to temperature, suggesting that both species may be 

unable to maintain respiratory homeostasis. In a warmer climate, these species may not 

down-regulate respiration, but may instead exponentially increase respiration with 

temperature until either substrate or enzymatic capacity becomes limiting. This may 

produce a positive-feedback loop and contribute the shift of the Arctic ecosystem from a 

carbon sink to a carbon source.  

In addition, no direct correlation was found between temperature and leaf 

nutrients, R10, or Q10, or between nutrients and R10 and Q10. . This finding agrees with 

studies that found no correlation between foliar nitrogen content and acclimation of R10 

and Q10 to temperature in Pinus radiata (Ow et al., 2008). However, a positive 

relationship between leaf dark respiration and foliar nitrogen content and non-structural 

carbohydrates has been found in other species (Azcón-Bieto et al., 1983, Reich et al., 

1998, Tjoelker et al., 2009). These contradictory findings may suggest that respiration 

may not have been limited by substrate availability or by enzymatic capacity in 

Eriophorum or Betula, and demonstrates the variability of respiration between species. 
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 The R10, Q10, R, and nutrient data changed significantly throughout the season, 

regardless of growth temperature, suggesting that the phenologies of these two species 

may explain the observed differences seen in their respiration rates. Betula, a deciduous 

shrub, loses its leaves over the winter, growing new leaves each year (Pop et al., 2000). 

Eriophorum, however, overwinters its tillers, and grows new tillers on top of old tillers 

each growing season to form a tussock (Shaver & Laundre, 1997). These two 

phenological patterns led to very different uses of sequestered carbon, especially in the 

early growing season. The rapid spike in the Q10 at 10°C values and drop in R10 values 

observed in Eriophorum at the end of the experiment may have occurred because this was 

when the majority of the new tillers appeared (Figures 4 and 6). If this is the case, only 

the June 26 data reflect the respiration values of the new tillers. These tillers were more 

sensitive to temperature change but had a lower basal respiration rate than the last year’s 

tillers, which agrees with other findings that new leaves are more temperature-sensitive 

than mature leaves (Armstrong et al., 2006; Covey-Crump et al., 2002, Loveys et al., 

2002). 

Interestingly, the R10 of Betula increases from June 9-June 18, and decreases from 

June 18-June 26. Most studies observe a very high R10 at the beginning of the growing 

season, which steadily decreases as tissues expand (Armstrong et al., 2006; Evans et al., 

2000). The ability of Betula to keep its R10 low early in the season when its leaves are 

growing may be an advantage in maintaining its carbon stores. As we were only able to 

measure one R10 value for the new Eriophorum tillers, we cannot speculate as to the R10 

dynamics of new leaves in this species. 



 25 

The variations in the nutrient concentrations of the two species also reflect the 

differences in their phenologies. At the end of the growing season, plants reabsorb 

nitrogen from their leaves before dropping them to conserve nitrogen, as Arctic plants are 

limited by low levels of soil nitrogen (Atkin, 1996). Betula puts the absorbed nitrogen 

into new leaves at the beginning of each season. This is evident in the nitrogen-rich 

Betula leaves, whose nitrogen stores decreased linearly throughout the first half of the 

growing season, perhaps as biosynthetic processes used the nitrogen. Eriophorum also 

reabsorbs foliar nitrogen at the end of the growing season, but the nitrogen-deficient 

tillers are still present the following season. Nitrogen levels were low in the tillers 

sampled early in the season, but rose throughout the experiment, as the percentage of new 

tillers that were sampled increased (Figure 10). This pattern is even more evident in the 

C:N ratio. At the beginning of the season, Eriophorum has a higher C:N content than 

Betula (Figure 11). During the June 13 and June 18 sampling periods, the two species had 

similar foliar C:N content, as nitrogen-enriched Eriophorum tillers began to appear, and 

as the Betula leaves lost foliar nitrogen content. By the June 26 sampling period, 

Eriophorum had a lower C:N content than Betula, most likely because the majority of 

nitrogen-rich new tillers had come out and most of the sampled tillers were new, which 

likely corresponded to the decrease in R10 increase in Q10. 

It is also possible that the increasing C:N ratio, particularly in Betula, is due to the 

allocation of nitrogen to the leaves at the beginning of the season, which is not lost 

throughout the season, but diluted by carbohydrates as leaves expand. A dilution of 

nitrogen by carbohydrates, however, does not explain the initial drop in C:N in 

Eriophorum from June 9 to June 13 (Figure 13). The leaf mass per area ratio of both 
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species must be measured across the season to clarify what caused the observed seasonal 

nutrient patterns. 

 The finding that R10 and Q10 vary inversely for both species has also been 

reported in other studies (Xu & Griffin, 2006, Searle et al., unpublished data). If this 

pattern is found to be widespread, it may be a useful tool in modeling respiration, as R10 

could be used to predict Q10, and vice versa. Further, R seems to follow the seasonal 

pattern of R10, not Q10, suggesting that R10 is a better predictor of R than Q10 for these 

species. 

 The respiration responses to temperature demonstrate how Betula and 

Eriophorum responded to short-term increases in temperature differently (Figure 10). For 

all of the sampling periods, Betula exhibited the expected exponential response to 

temperature, but Eriophorum exhibited a linear response to temperature, except during 

the June 13 sampling period. A linear response may indicate that Eriophorum was 

insensitive to short-term increases in temperature. In addition, the R of Betula was lower 

than that of Eriophorum at lower temperatures, while the R of Eriophorum was lower 

than that of Betula at higher temperatures. Since the average ambient temperature during 

the first half of the season was 13.2±0.6°C, and never rose above 19.7°C, Betula respired 

at a lower rate in the conditions these plants usually experience. 

 A comparison of R for the entire season clearly shows that Betula respired at a 

much lower rate than Eriophorum during the first half of the growing season, regardless 

of growth temperature. This indicates that Eriophorum may lose more carbon to the 

atmosphere, potentially giving Betula a competitive advantage, at least during the first 

half of the growing season. The interspecific and intraspecific changes in R for each 



 27 

sampling period make the seasonal component of respiration extremely evident. It is 

insufficient to use a single measurement of R10 and Q10 to accurately model the flux of 

carbon through these two common Arctic species. The seasonal variability of R of the 

two species must be taken into account to accurately model the atmospheric CO2 output 

of the ecosystem. 

 

Conclusions 

Although Betula did not acclimate its respiration more efficiently than Eriophorum when 

grown at elevated temperatures as we hypothesized, this experiment demonstrates the 

very different early-season respiration dynamics of the two species. It is evident that the 

phenology of the different species affected the total carbon they released through foliar 

respiration. Overall, the lower R of Betula allowed it to retain more carbon than 

Eriophorum, which may give it a competitive advantage. The observed encroachment of 

the shrubs on the tussock-forming sedge may also be due to the ability of Betula to keep 

its R10 low as it initiated growth, though more research must be done on the growth of 

new Eriophorum tillers to verify this. As the climate warms, growing seasons may begin 

earlier and last longer, and so understanding how these plants respire as they begin 

growing will become increasingly important. Assuming the respiration rates of these 

species is constant throughout the growing season is a gross oversimplification, and a 

nuanced knowledge of how respiration changes throughout the season is necessary to 

model climate change in the future. The findings of this study suggest that respiration rate 

is primarily determined by the phenology of the plant, not by its growth temperature. In 

addition, the inability of either species to acclimate to warmer growth temperatures 
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suggests that the respiration of these species will form a positive feedback loop with 

global warming, as more and more carbon is released from the permafrost into the 

atmosphere as CO2. Understanding the respiration response to temperature of Arctic 

species will help predict whether the Arctic will be a net sink or source of carbon in the 

future.  

 

Recommendations 

 More research needs to be done to understand the seasonal effect of respiration 

over the remainder of the growing season to have a complete understanding of the 

respiration response to temperature of Betula and Eriophorum. Specifically, since the 

new Eriophorum tillers were sampled only once, more work must be done to understand 

how the new tillers respire in response to temperature change. The leaf mass per area 

ratio of the leaves of both species across the growing season must be found to understand 

what mediates the observed nutrient patterns. Additionally, repeating this experiment on 

plants that have been grown in nitrogen and phosphorous-fertilized plots, mimicking the 

increased nutrient availability predicted in the future environment, will help us 

understand more accurately how the respiration rates of Betula and Eriophorum will 

change in the future. Finally, measuring the photosynthetic temperature response at 

ambient and elevated growth temperature throughout the season is necessary to 

understand the net carbon released from the permafrost each season. 
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