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leaf nitrogen concentration did not lead to higher rates of net 
photosynthesis. At the ecosystem level, we observed higher 
GPP and NEE in response to summer warming. Our results 
suggest that deeper snow has a cascading set of biophysical 
consequences that include a deeper active layer that leads to 
altered species composition, greater leaf nitrogen concentra-
tion, and higher ecosystem-level carbon uptake.
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Introduction

Arctic climate is rapidly changing (Hinzman et  al. 2013). 
The Arctic is expected to warm by 2–9 °C by 2100 with a 
concomitant increase in precipitation (Held and Soden 2006; 
IPCC 2013). The Arctic is 1.6 °C warmer than it was during 
the 1960s (McBean et al. 2005; Bekryaev et al. 2010), and 
ground temperatures at many sites have increased 1–2  °C 
since the mid-1970s (Romanovsky et  al. 2010). Addition-
ally, the transport of atmospheric moisture toward the Arc-
tic (Zhang et al. 2013), Arctic snowfall (Kohler et al. 2006; 
Min et al. 2008), and the discharge of fresh water into the 
Arctic Basin have increased (Peterson et al. 2002).

Changes in temperature and precipitation are likely to 
have independent and synergistic consequences for Arc-
tic ecosystems. Arctic warming is directly causing earlier 
spring, later senescence, and consequently a longer growing 
season (Goetz et al. 2005; Euskirchen et al. 2006; Cooper 
2014). Deeper snow leads to soils up to 10 °C warmer in 
the winter (Liston et al. 2002; Schimel et al. 2004; Leffler 
and Welker 2013; Pattison and Welker 2014) and increas-
ing winter CO2 emissions (Fahnestock et al. 1999; Sullivan 
et  al. 2010). Warmer soils also enhance N mineralization 
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(Schimel et al. 2004; Buckeridge and Grogan 2008) leading 
to higher leaf nitrogen concentration (Welker et  al. 2005; 
Leffler and Welker 2013; Pattison et al. 2015). A synergis-
tic result of greater precipitation and warmer conditions 
may be the transport of labile C and N deeper into the soil, 
altering biogeochemical processes throughout the active 
layer (Schaeffer et  al. 2013) and promoting the establish-
ment of deep-rooted species.

Warmer and wetter conditions are likely driving Arc-
tic greening (Jia et  al. 2003; Tape et  al. 2006), increased 
vegetation cover (Hudson and Henry 2009), and a transi-
tion toward shrub-dominated plant communities (Sturm 
et al. 2001; Wipf and Rixen 2010; Elmendorf et al. 2012; 
Tape et  al. 2012) that are functionally distinct from other 
tundra. Shrubs trap considerable snow (Liston et al. 2002), 
alter melt rate and albedo (Liston et al. 2002; Cohen et al. 
2013; Loranty et al. 2014), and can influence hydrology of 
the system by promoting run-off or run-on of melt water 
depending on topography (Tape et al. 2011). Furthermore, 
shrubs deposit litter that decomposes more slowly than that 
of graminoids (Chapin et al. 1986) potentially altering soil 
C and N processes.

Concomitant changes in winter and summer climates 
are occurring and our ability to examine the independent 
and or synergistic consequences of them is enhanced with 
long-term experiments. One long-term ITEX (Interna-
tional Tundra Experiment) experiment (Henry and Molau 
1997; Welker et al. 1997; Jones et al. 1998) has examined 
the independent and combined effects of deeper snow in 
winter and warmer summers since 1994. Researchers have 
measured growth and phenology; soil carbon, nitrogen, and 
microbial dynamics; gas fluxes; and growth and physiolog-
ical responses of woody and herbaceous species in moist 
and dry tundra.

The influence of these climate scenarios on plant com-
munities, plant function, and ecosystem processes has 
changed over time. Initially, winter soil respiration was 
significantly greater under deep snow in the dry tundra 
site, a result observed later in moist tundra (Schimel et al. 
2004); plant community change was not observed despite 
advanced phenology (Walker et al. 1999). Three years fol-
lowing initiation, greater carbon loss through autotrophic 
and heterotrophic respiration was observed in warmed 
compared to ambient temperature plots in dry tundra (Wel-
ker et al. 1999). In a similar timeframe, the combined influ-
ence of enhanced snow and warming increased net annual 
carbon loss by nearly 50  % in the moist-tussock tundra 
site (Welker et  al. 2000). Warming and additional snow 
enhanced leaf nitrogen concentration, but the effects were 
not uniform among species: nitrogen concentration of 
Betula nana and Salix pulchra responded to deep snow in 
combination with warming, but only deep snow increased 
leaf nitrogen concentration in Ledum palustre (Welker 

et al. 2005). Following 8 years of the experiment, changes 
in plant community composition were observed: canopy 
height and cover by the shrub Betula nana increased, and 
lichen cover decreased (Wahren et  al. 2005). Vegetation 
changes were largely confined to the deeper snow areas 
while warmer temperatures had little effect (Wahren et al. 
2005). Deep snow stimulated nitrogen mineralization dur-
ing winter (Schimel et  al. 2004) and net nitrogen miner-
alization occurred earlier in the year (Borner et al. 2008). 
Finally, Pattison and Welker (2014) observed net photo-
synthesis, transpiration, and stomatal conductance in Erio-
phorum vaginatum to be higher in ambient and deep snow 
compared to the reduced snow in moist tussock tundra; for 
Salix pulchra, only transpiration and stomatal conductance 
were influenced, while snow depth did not significantly 
alter gas exchange in B. nana.

In 2014, we sampled species composition, leaf gas 
exchange, leaf nitrogen concentration of S. pulchra and B. 
nana, surface spectral properties (NDVI), and ecosystem 
carbon flux to assess the influence of enhanced snow and 
higher summer temperature following 20  years of experi-
mental climate scenarios in the ITEX moist tussock tundra 
system. Since numerous studies have documented shrub 
expansion in northern Alaska (Sturm et al. 2001; Wipf and 
Rixen 2010; Elmendorf et al. 2012; Tape et al. 2012), we 
predict these treatments will (1) force plant communities 
toward greater shrub cover by (2) enhancing shrub leaf 
nitrogen concentration and net photosynthesis, which will 
(3) ultimately lead to greater carbon uptake at the ecosys-
tem level due to higher biomass of shrubs. Furthermore, 
we predict (4) that altering winter conditions will have a 
greater influence on these processes because of the length 
of the Arctic winter and the consequences of deep snow on 
soil temperature and active layer depth (Liston et al. 2002; 
Schimel et al. 2004; Nowinski et al. 2010; Leffler and Wel-
ker 2013; Pattison and Welker 2014).

Materials and methods

Study site and experiment

We conducted this study at the Toolik Lake Field Station 
in northern Alaska, USA (68.6°N, 149.6°W, 760  m asl), 
a Low Arctic ecosystem in the northern foothills of the 
Brooks Range. Mean temperatures in winter are below 
−30  °C and mean summer temperatures are above 10  °C 
(Cherry et al. 2014). The growing season is typically ca. 15 
May until ca. 15 September (Cherry et al. 2014). The plant 
community is predominately tussock tundra (Walker et al. 
1994) dominated by dwarf shrubs including Betula nana, 
Salix pulchra, Ledum palustre, Vaccinium vitis-idaea, Vac-
cinium uliginosum, and the sedge Eriophorum vaginatum.
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This ITEX experiment was established in 1994 (Henry 
and Molau 1997; Welker et al. 1997; Jones et al. 1998) to 
examine the interacting effects of enhanced winter snow-
pack and elevated summer temperature on tundra struc-
tural and functional traits, including species composition, 
plant physiological traits, soil properties, and ecosystem 
processes. Snowpack is enhanced with a wooden snow 
fence 2.8 m tall and 60 m long, which produces a drift ca. 
3  m deep at the fence (Walker et  al. 1999; Pattison and 
Welker 2014). Snow accumulates earlier and melts later 
(ca. 2–3  weeks) in the deepest snow zone (Walker et  al. 
1999). The study site has a slight slope and melting snow 
from the snow fence does not result in additional standing 
water. Permanent plots for summer warming and ambient 
treatments were established ca. 25 m from the fence where 
snow depth is typically ca. 2 m deep. Warming was accom-
plished using hexagonal passive-solar open-top chambers 
(Jones et  al. 1998; Walker et  al. 1999) 50  cm tall × 2 m 
base with sides at 60°. Chambers are made of Sun-Lite HP 
fiberglass (Solar Components, Manchester, NH, USA) and 
are in place between early June and late August. Chambers 
warm the air 2–5  °C and warm the soil 1–2  °C (Walker 
et al. 1999; Welker et al. 2005). A similar arrangement of 
warming and ambient temperature plots were established 
nearby but in an area not influenced by the snow fence. 
Ambient snow depth is typically between 0.5 and 1.0  m 
deep (Walker et  al. 1999). In 2014, we collected data in 
four experimental plot types replicated five times: typical 
snow/no warming (+O), enhanced snow/no warming (+S), 
typical snow/warming (+T), and enhanced snow/warming 
(+S+T).

We collected data between 20 June and 12 August 2014. 
Summer 2014 was cool and wet (Fig. S1; Toolik Environ-
mental Data Center). Mean temperatures in June, July, and 
August were 6.7, 9.6, and 7.7 °C, respectively, compared to 
mean monthly temperatures (1989–2010) of 8.9, 11.4, and 
9.1 °C, respectively (Cherry et al. 2014). Total precipitation 
for June, July, and August was 72, 106, and 53 mm, respec-
tively, compared to mean precipitation (1989–2010) of 44, 
84, and 62 mm, respectively (Cherry et al. 2014). Summer 
2014 was in the 14th percentile for temperature and the 
82nd percentile for precipitation; precipitation occurred 
nearly every day from mid-June through late July (Fig. S1).

Measurements

Air and soil temperatures in experimental plots were 
recorded every 2 h using microloggers (iButton model 
1921; Maxim Integrated, San Jose, CA, USA). Below-
ground, we installed iButtons at 5  cm depth in the 20 
study plots. Aboveground, we installed iButtons in all +T 
and +S+T plots (i.e., the plots with OTCs), and two each 
of the +O and +S plots (i.e., the plots without OTCs). 

Air temperature iButton loggers were installed at 30  cm 
above the soil surface and shielded from solar radiation. 
Active layer depth was measured weekly in each plot by 
twice driving a metal rod into the soil until it contacted 
permafrost.

We measured species composition in each plot by esti-
mating cover using a point-frame. The quadrat (1 m2) had 
100 intersections in a 10 × 10 grid. We made measure-
ments by lowering a pin at each intersection and recording 
the first and second species touching the pin. We calculate 
cover as the proportion of pin hits by each species (i.e., 
repeated cover; Wilson 2011). Species composition was 
measured mid-July.

Leaf gas exchange was quantified on two common shrub 
species, B. nana and S. pulchra, between 7 and 23 July. 
These species were present in all experimental plots. One 
fully expanded leaf of each species per plot was used in 
a 2 × 3  cm chamber of a portable photosynthesis system 
(model 6400XT; Licor, Lincoln, NE, USA). Gas exchange 
data were collected as ‘light curves’ where the photosyn-
thetic response was measured as light was decreased from 
saturating photon flux (i.e., 1600 µmol m−2 s−1) to darkness 
using an onboard light source. Here, however, we report 
gas exchange parameters only at saturating irradiance. Dur-
ing measurements, inlet [CO2] and chamber humidity were 
maintained at 400 µL L−1 and 50  %, respectively. Data 
were collected between 1000 and 1900 hours AKDT. Area 
of the measured leaf was determined using a flatbed scan-
ner (Perfection V700; Epson America, Long Beach, CA, 
USA) and image analysis software (Winfolia 2011a; Rea-
gent Instruments, Ste-Foy, Quebec, Canada).

Leaf tissue was collected from B. nana and S. pulchra 
species every 2 weeks. Several fully expanded, terminal 
leaves were collected and oven dried at 70 °C. Leaves were 
ground to a fine powder in a mechanical shaker (Mini-
Beadbeater-16; Biospec Products, Bartlesville, OK, USA) 
with 3.2 mm steel ball bearings. Leaf nitrogen concentra-
tion was determined with an elemental analyzer (model 
4010; Costech, Valencia, CA, USA). Standard deviation for 
N measurements was 0.02 µg g−1.

We quantified net ecosystem exchange (NEE), auto-
trophic and heterotrophic dark ecosystem respiration (Re), 
and gross primary production (GPP) in each experimen-
tal plot during July and August. We used a clear acrylic 
chamber, 70 × 70  cm wide × 40  cm tall with an addi-
tional 40  cm extension when necessary to accommodate 
larger shrubs, connected to a second photosynthesis system 
(model 6400; Licor). We measured NEE under six succes-
sively lower light levels (i.e., a light curve) using shade 
cloth of increasing opacity. Chamber PAR was typically 
between 0 and 1200 µmol m−2 s−1 during measurements. 
The chamber was sealed to the ground using a rubber and 
plastic ‘skirt’ and heavy chain. When closed, fans inside 
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the chamber maintained air circulation. The chamber was 
vented to the atmosphere between each successive meas-
urement. Upon completion of each light curve, we fit a 
hyperbolic model to the data:

where Re is dark ecosystem respiration, Amax is maximum 
CO2 uptake, PAR is incident photosynthetically active 
radiation, and k is PAR at 0.5 Amax (Williams et al. 2006). 
Model fitting was performed using function NLMER 
within package LME4 in the statistical computing envi-
ronment R (R Core Development Team 2013). From the 
model fit for each curve, we calculated NEE standard-
ized to PAR  =  600  µmol  m−2 s−1 (NEE600) and deter-
mined GPP600 as the sum of NEE600 and Re (Chapin et al. 
2002); our estimate of GPP therefore includes autotrophic 
and heterotrophic respiration. Volumetric water content in 
each plot was determined with a 12-cm TDR probe (Model 
Hydrosense II; Campbell Scientific, Logan, UT, USA) each 
time measurements of carbon flux were performed (ca. 
every 1–2 weeks).

Multispectral reflectance above the canopy of each plot 
was measured to calculate the normalized difference veg-
etation index (NDVI) as a measurement of canopy cover. 
We used a spectrophotometer (Unispec-DC; PP Systems, 
Amesbury, MA, USA) for reflectance measures between 
300 and 1100 nm (3 nm bandwidth) with an upward-facing 
optic covered by a diffuser and a downward-facing optic 
with an angle-of-view of 20°. The two optics were “cross-
calibrated” each use with a reflectance standard. Weekly 
measurements were made within 3  h of solar noon at ca. 
2 m above a plot. We calculated NDVI using 620–670 nm 
for the red band and 841–876 nm for the infrared band.

Data analysis

Data were analyzed in the R statistical computing environ-
ment (R Core Team 2013). All analyses except for spe-
cies cover were mixed models with random time or day of 
year effects to account for repeated measures on the same 
study plots. Fixed effects included “snow”, “temperature”, 
and “snow ×  temperature” interaction. We examined sig-
nificance of these effects for response variables by fitting 
full models of main effects and the interaction and reduced 
models with the effect of interest removed and compared 
full and reduced models with a likelihood ratio test (Zurr 
et al. 2009). All models were examined for normal distri-
bution of residuals; tissue nitrogen concentration was log 
transformed to satisfy this assumption. All confidence 
intervals are derived from bootstrapping (1000 iterations) 
parameter estimates in the mixed models and computing 
the 2.5 and 97.5  % quantiles. All models were fit using 

(1)A = Re −
(Amax × PAR)

k + PAR

function LMER within package LME4. Analysis of NDVI 
data was restricted to dates following 1 July (i.e., NDVImax).  
The dependence of NEE and GPP on NDVI was estimated 
using ranged major axis (model II) regression (package 
LMODEL2). We consider P < 0.05 to be significant.

Analysis of soil and air temperature and thaw depth 
required a slightly different approach. Since temperature 
was measured every 2 h, we used a random fractional 
day effect to account for repeated measures of multiple 
plots. For thaw depth, we used rate of thaw (i.e., depth/
time) as our response. To accomplish this, we included 
a day ×  site ×  temperature fixed effect in the full model 
and deleted this term from the reduced model; a significant 
result in this analysis indicates the slope of the line describ-
ing thaw depth over time differed among experimental 
treatments.

We analyzed species cover data with non-metric multi-
dimensional scaling (NMDS) and permutational MANOVA 
(perMANOVA) using functions metaMDS and ADONIS 
within package VEGAN and with a Poisson GLM for 
cover of three common species. NMDS is an unconstrained 
iterative community ordination technique based on relative 
rather than absolute differences among samples (Kruskal 
1964; Fasham 1977; Clarke 1993; McCune and Grace 
2002). Our NMDS used a Bray–Curtis plot × species dis-
tance matrix. We computed centroids and 2-D 95 % con-
fidence intervals for each treatment (function ORDIEL-
LIPSE). We used PERMANOVA to partition variation 
in the plot  ×  species distance matrix among the differ-
ent treatments and to test the significance of these factors 
(Anderson 2001). The model was iterated 1000 times. The 
ADONIS formulation of perMANOVA is based on sequen-
tial sums-of-squares (type I). Significance is determined 
with a pseudo-F ratio and partial r2 indicates the frac-
tion of variation in the distance matrix explained by each 
effect. Median cover by three common species (Eriphorum 
vaginatum, Salix pulchra, and Vaccinium uliginosum) was 
examined with a Poisson GLM testing a full model with 
snow and temperature main effects and interactions against 
reduced models with terms deleted. All factors in the model 
were treated as fixed since cover was measured only once.

Results

Treatments influenced air and soil temperature (Table  1). 
Although significant at P < 0.05, median air temperature of 
+O and +S plots were within 0.5 °C of each other, approx-
imately the resolution of the iButton sensor. Conversely, the 
+T treatment raised the median air temperature throughout 
the summer by ca. 1.1 °C (Fig. 1). Soil temperature at 5 cm 
depth was significantly altered by deeper snow and passive 
warming. Soils in +T, +S, and +S+T plots were 1.0, 1.8, 
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and 2.5 °C warmer than soils in the +O plots, respectively. 
The warming effect on air temperature was most evident 
near solar noon; +T and +S+T treatments were 2–3  °C 
warmer than +O treatments near mid-day and differences 
among treatments were negligible near solar midnight 
(Fig. 1).

Temperature and snow depth interacted to influ-
ence rate of soil thaw and soil moisture (Table  1). Rate 
of thaw (Fig. 2) was lowest in +O plots (0.83 cm day−1) 
and accordingly higher in +S, +T, and +S+T plots 

(1.1–1.3 cm day−1). Volumetric soil moisture (Fig. 2) was 
ca. 64 % in the +O plots and ca. 48 % in others.

Species composition differed among treatments (Fig. 3). 
The perMANOVA following NMDS suggests the snow 
depth effect accounted for 26  % (F =  6.45, P  <  0.001) 
of the variation in species composition while tempera-
ture accounted for <1  %. Neither warming (F  =  1.73, 
P = 0.112) nor the interaction between snow and warming 
(F =  1.08, P =  0.362) significantly altered species com-
position. Three species were most heavily weighted on the 
first NMDS axis (E. vaginatum, S. pulchra, and V. uligino-
sum). On an individual species basis, in the +O and +T 
plots, E. vaginatum repeated cover averaged ca. 50 %; in 
the +S and +S+T plots, E. vaginatum repeated cover aver-
aged only 16  %. Temperature and snow depth were both 
significant effects (χ2 = 186 and 22.8, P < 0.001, respec-
tively). Concomitantly, in the +S and +S+T plots, Salix 
pulchra repeated cover was ca. 38 %; in the +O and +T 
plots, S. pulchra repeated cover was ca. 18 %. Temperature 
and snow depth were both significant effects (χ2 =  76.3 
and 44.0, P < 0.001, respectively). Significant differences 
in repeated cover among treatments were also observed for 
the shrub Vaccinium uliginosum (P < 0.001), but high cover 
was not necessarily linked to either warmer or deeper snow 
conditions.

Leaf-level gas exchange data reveal differences in sto-
matal conductance by S. pulchra among the temperature 
and snow depth treatments that are borderline significant 
(Table  2). Stomatal conductance of S. pulchra was great-
est in +O plots and nearly 50 % lower in the +S+T plots; 
other +S and +T treatments were intermediate. In contrast, 
stomatal conductance by B. nana was not affected by either 

Table 1   Results from likelihood ratio test of temperature, soil mois-
ture, and rate of thaw in experimental treatments to alter summer 
temperature (temp) and winter snow depth (snow)

Full model df = 6 except for thaw rate where df = 10; reported df is 
the difference between full and reduced models

* Significant at P ≲ 0.05 for soil moisture and rate of thaw

Response Effect df χ2 P

Air temperature Temp 2 1510 <0.001*

Snow 2 136 <0.001

Temp × snow 1 121 <0.001

Soil temperature Temp 2 636 <0.001*

Snow 2 2440 <0.001*

Temp × snow 1 17.8 <0.001*

Soil moisture Temp 2 10.8 0.005

Snow 2 17.6 <0.001*

Temp × snow 1 6.04 0.014*

Thaw rate Temp × day 4 39.0 <0.001*

Snow × day 4 37.0 <0.001*

Temp × snow × day 1 3.95 0.047*
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treatment; the same was true for rate of net photosynthesis 
for both species (Fig. 4).

Temperature and snow depth interacted to influence leaf 
nitrogen concentration in B. nana and S. pulchra (Table 2). 
Plots receiving +S and +S+T treatments had the highest 
leaf nitrogen concentration for both species, but the lowest 
leaf nitrogen concentration for both species was observed 
in the +T plots (Fig. 4).

Treatment temperatures significantly influenced GPP 
and NEE, and the temperature × snow interaction was sig-
nificant for Re (Table 3; Fig. 5). GPP was 23 % greater in 

the +T and +S+T compared to the +O and +S plots. NEE 
was 69 % greater in the +T and +S+T plots compared to 
the +O and +S plots. Re was greatest in the +O and +S+T 
plots, and lower by 15 % in the +S and +T plots.

NDVI differed among temperature and snow depth treat-
ments (Table 3), but there was no clear pattern in treatment 
influence on NDVI (Fig. S2). We observed high NDVI 
(ca. 0.73) in the +O plots, and lower NDVI (0.68) in the 
+S plots. NDVI in the +T and +S+T plots were similar 
(ca. 0.70). NDVI was not a significant predictor of GPP 
(P = 0.296, Fig. S2) or NEE (P = 0.494, Fig. S3).
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distinguish the +O and +T community from the +S and +S+T com-

munity. For repeated cover: values are median boot-strap parameter 
estimates from the Poisson GLM with 95  % confidence intervals. 
Species are: Eriophorum vaginatum (filled squares); Salix pulchra 
(filled circles); and Vaccinium uliginosum (filled triangles). Treat-
ments are: control (+O, open circles); warming (+T, open squares); 
deep snow (+S, filled circles); and deep snow combined with warm-
ing (+S+T, filled squares)
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Discussion

Twenty years of increased snow depth and warmer summer 
temperatures have altered the moist tussock tundra ecosys-
tem at Toolik Lake, AK. We predicted greater shrub cover, 
higher leaf nitrogen concentration, higher leaf net photo-
synthesis, and greater ecosystem-level carbon uptake. We 
observed plots with additional snow accumulation to have 
greater cover by shrubs, specifically S. pulchra (Fig.  3); 
greater leaf nitrogen concentration in S. pulchra and B. 
nana in response to enhanced snow depth (Fig. 4); but no 
significant differences in leaf net photosynthesis by either 
shrub species in response to snow depth or temperature 
manipulation. Conversely, NEE and GPP were greater, but 
in response to summer warming rather than deeper snow 
(Fig. 5). Furthermore, we observed an increase in the depth 
of the active layer by ca. 15 cm, more rapid thaw, and lower 
near-surface soil moisture following either enhanced snow 
or higher summer temperature (Fig. 2). Our results suggest 
that increased snow accumulation and warmer conditions 
interact to alter ecosystem processes in Arctic tundra.

Plots associated with greater snow accumulation were 
more heavily dominated by shrubs; specifically, cover of 
S. pulchra increased as cover of E. vaginatum declined 

(Fig.  3). The sedge E. vaginatum is a wetland/bog plant 
replaced by shrubs in other warming experiments in the 
Toolik Lake region (Chapin et  al. 1995). Previous exami-
nation of these plots demonstrated increased cover by E. 

Table 2   Results from likelihood ratio test of plant-level variables for 
birch (B. nana) and willow (S. pulchra) in experimental treatments to 
alter summer temperature (temp) and winter snow depth (snow)

Responses are: net photosynthesis (A), stomatal conductance (g), and 
leaf nitrogen concentration (leaf nitrogen concentration). Full model 
df = 6; reported df is the difference between full and reduced models

* Significant at P ≲ 0.05

Response Species Effect df χ2 P

A B. nana Temp 2 0.697 0.706

Snow 2 2.34 0.311

Temp × snow 1 0.648 0.421

S. pulchra Temp 2 2.76 0.251

Snow 2 1.30 0.522

Temp × snow 1 1.26 0.261

g B. nana Temp 2 3.70 0.157

Snow 2 0.044 0.978

Temp × snow 1 0.044 0.835

S. pulchra Temp 2 5.96 0.051*

Snow 2 3.26 0.196

Temp × snow 1 0.782 0.377

Leaf nitrogen  
concentration

B. nana Temp 2 4.86 0.088

Snow 2 6.40 0.041*

Temp × snow 1 3.76 0.052*

S. pulchra Temp 2 5.19 0.075

Snow 2 7.31 0.026*

Temp × snow 1 5.07 0.024*
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Fig. 4   Net photosynthesis (a), stomatal conductance (b), and leaf 
nitrogen concentration (c) in summer temperature and snow depth 
treatments. Values are the median and 95 % confidence intervals of 
boot-strapped mixed-model parameter estimates. Treatments are: con-
trol (+O); warming (+T); deep snow (+S); and deep snow combined 
with warming (+S+T). Symbols are Betula nana (filled squares) and 
Salix pulchra (filled circles). Data collected between 7 and 23 July 
2014
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vaginatum between 1994 and 2002; a change attributed to 
exceedingly wet summers (Cherry et al. 2014) rather than 
experimental manipulation (Wahren et al. 2005). The size, 
abundance, and extent of shrubs including Alnus (alder), 
Betula, and Salix have increased in Arctic systems in recent 
decades (Sturm et al. 2001; Tape et al. 2006) and B. nana 

and S. pulchra have previously increased in these enhanced 
snow plots (Wahren et  al. 2005). There is little reason to 
expect uniform growth response to changing conditions 
among shrub species. The growth response to fertilization 
by B. nana was greater than S. pulchra or Ledum palus-
trae, an evergreen shrub (Bret-Harte et  al. 2002) and dif-
ferences in growth and reproduction among Salix species 
in response to warming were observed across Alaskan, 
Canadian, and European Arctic sites (Jones et al. 1997). It 
is possible that the response by B. nana to additional snow 
was initially rapid and has since slowed, but S. pulchra 
continues to expand in deeper snow areas.

Summer warming and additional winter snow enhanced 
leaf nitrogen concentration in B. nana and S. pulchra 
(Fig. 3). Previously in this experiment, B. nana and S. pul-
chra, under the combined climate scenario of deeper win-
ter snow followed by summer warming, had the highest 
leaf nitrogen concentration (Welker et al. 2005), but snow 
depth effects in 2009 were not significantly detectable (Pat-
tison and Welker 2014). Since additional snow and summer 
warming treatments raise soil temperature, warming likely 
accelerated nitrogen cycling and increased nitrogen avail-
able to plants (Brooks and Williams 1999; Schimel et  al. 
2004; Welker et  al. 2005; Buckeridge and Grogan 2008; 
Rogers et al. 2011; Leffler and Welker 2013). Inorganic soil 
nitrogen measured with ion exchange resins was 65–75 % 
greater in the deep snow treatment in these plots (Pattison 
and Welker 2014). Other experiments demonstrate high 
leaf nitrogen concentration or enriched leaf δ15N in shrubs 
consistent with more rapid nitrogen cycling (Craine et  al. 
2009) in deep snow and/or warming conditions (Rogers 
et  al. 2011; Natali et  al. 2012; Leffler and Welker 2013). 
Leaf nitrogen concentration of Salix arctica in northwest 
Greenland, and several shrub species in northern Sweden, 
was higher in naturally occurring, non-manipulated deep 
snow zones (Kudo et al. 1999; Sullivan et al. 2007). Leaf 
nitrogen concentration was also greater in Vaccinium myr-
tillus at sites under snow into mid-June compared to sites 
snow-free by late May (Mårell et al. 2006).

Despite higher leaf nitrogen concentration associated 
with warming and additional snow, leaf-level net photosyn-
thesis was not affected in either species (Fig. 4). In general, 
deeper snow, warmer summer temperatures, growing season 
length, and fertilization have limited influence on leaf-level 
physiology in Low Arctic plants (Bret-Harte et  al. 2001; 
Starr et al. 2008; Pattison and Welker 2014), although there 
are exceptions where increased availability of nitrogen and 
phosphorus did stimulate photosynthesis in B. nana (Chapin 
and Shaver 1996). In several High Arctic studies, high leaf 
nitrogen concentration was linked to high photosynthesis 
(Williams and Rastetter 1999; van Wijk et al. 2005; Mura-
oka et al. 2008; Leffler and Welker 2013), perhaps suggest-
ing greater nitrogen limitation in High Arctic systems.

Table 3   Results from likelihood ratio test of ecosystem-level vari-
ables in experimental treatments to alter summer temperature (temp) 
and winter snow depth (snow)

Responses are: ecosystem respiration (Re), gross primary productiv-
ity (GPP), and net ecosystem exchange (NEE). Full model df =  6; 
reported df is the difference between full and reduced models

* Significant at P ≤ 0.05

Response Effect df χ2 P

Re Temp 2 9.58 0.008*

Snow 2 8.47 0.014*

Temp × snow 1 8.45 0.004*

GPP Temp 2 6.14 0.046*

Snow 2 1.02 0.600

Temp × snow 1 0.894 0.344

NEE Temp 2 9.08 0.011*

Snow 2 0.273 0.873

Temp × snow 1 0.052 0.820

NDVI Temp 2 7.23 0.027*

Snow 2 10.1 0.006*

Temp × snow 1 7.22 0.007*
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Fig. 5   Plot-level carbon flux in summer temperature and snow depth 
treatments. Values are the median and 95 % confidence intervals of 
boot-strapped mixed-model parameter estimates. Treatments are: 
control (+O); warming (+T); deep snow (+S); and deep snow com-
bined with warming (+S+T). Responses are: gross primary produc-
tivity (GPP, filled squares); net ecosystem exchange (NEE, filled cir-
cles); and ecosystem respiration (Re, filled triangles). Data collected 
between 23 June and 11 August 2014
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While net photosynthesis was not affected, warmer sum-
mer temperatures reduced stomatal conductance in S. pul-
chra (Fig. 4). We cannot link lower stomatal conductance 
to reduced soil moisture in this case because all manipula-
tions were drier than the control and only warming reduced 
stomatal conductance. Moreover, rain was frequent in sum-
mer 2014 (Fig. S1), maintaining soil moisture content near 
50 % for all treatments (Fig. 2). Phenologically advanced 
leaves (Woolhouse 1967) in the warmed plots might 
account for lower stomatal conductance.

Experimental summer warming, either independently or 
coupled with more snow, enhanced NEE and GPP (Fig. 5). 
Despite not observing greater leaf-level net photosynthesis, 
we observed higher carbon uptake at the ecosystem scale, 
similar to other tundra ecosystem carbon fixation studies in 
the Low and High Arctic (Welker et al. 2004; Cahoon et al. 
2012; Sharp et al. 2013). In fact, other studies suggest that 
Arctic plants respond to warmed conditions primarily by 
producing more leaves (i.e., higher leaf area index) rather 
than through higher rates of net photosynthesis at the leaf 
level (Bowman et  al. 1995; Sharp et  al. 2013). While we 
did observe differences among treatments in NDVI, the 
treatments with the highest NEE/GPP had intermediate 
rather than high NDVI (Fig. S3) and NDVI is not an accu-
rate predictor of GPP once seasonal trends are accounted 
for in models (La Puma et al. 2007). Differences in species 
composition may contribute to differences in GPP (Welker 
et  al. 2004; Sharp et  al. 2013) if species differ in photo-
synthetic capacity, such as that between evergreen and 
deciduous dwarf shrubs (Karlsson 1985). Overall, our find-
ings are consistent with other experiments where warming 
enhanced GPP and NEE ca. 1 µmol m−2 s−1 in wet-sedge 
tundra (Boelman et al. 2003) and moist tussock (La Puma 
et al. 2007) tundra at Toolik Lake. Warming caused a reduc-
tion in GPP at Toolik Lake in moist tussock tundra, but an 
increase in GPP in dry heath in 1997 and 1998 (Oberbauer 
et al. 2007).

The most substantial change observed in this 20-year 
experiment is a shift in species composition towards domi-
nance by shrubs, which is driven largely by increased win-
ter precipitation. The mechanism of change appears to 
be increased thaw depth leading to deeper drainage and 
greater run-off in this system. Other tundra systems would 
respond differently, especially where topography promoted 
expansions of wetlands rather than run-off. Deeper thaw, 
however, was not sufficient to explain our species composi-
tion change because summer warming also increased thaw 
depth, but did not substantially enhance shrub abundance. 
Consequently, warmer soil associated with greater winter 
insulation is critical.

Active layer depth plays an important role in Arctic ecosys-
tems beyond influencing species composition. Deeper thaw 
exposes more soil C to decomposition and subsequent release 

as CO2 or CH4 (Nowinski et al. 2010; Hicks Pries et al. 2013). 
Additionally, permafrost thaw allows N to leach deeper into 
the soil profile (Schaeffer et al. 2013), which in turn may lead 
to increased productivity if plants can access deeper profile 
N sources (Natali et al. 2012). While carbon flux differences 
among treatments here were modest, the plant community 
changes will eventually feedback to soil process, greenhouse 
gas fluxes, and herbivore use, resulting in different Arctic eco-
system function in the future (Hinzman et al. 2013).

Acknowledgments  This work was funded by Grants from the 
National Science Foundation (OPP 1433063, 0856728, 0612534, 
0119279, 9421755). We thank Toolik Lake Field Station staff and 
members of the Arctic LTER for making much of this research pos-
sible, A. Anderson and N. Van Hoey for excellent assistance in the 
field, and M. Rogers of the UAA Stable Isotope Laboratory for sam-
ple analysis.

Author contribution statement  JMW and SFO established the 
experiment, AJL and ESK designed the data collection, and AJL ana-
lyzed the data and wrote the manuscript. All authors reviewed and 
provided comments on the manuscript.

References

Anderson MJ (2001) A new method for non-parametric multivariate 
analysis of variance. Aust Ecol 26:32–46

Bekryaev RV, Polyakov IV, Alexeev VA (2010) Role of polar amplifi-
cation in long-term surface air temperature variations and mod-
ern Arctic warming. J Clim 23:3888–3906

Boelman NT et al (2003) Response of NDVI, biomass, and ecosys-
tem gas exchange to long-term warming and fertilization in wet 
sedge tundra. Oecologia 135:414–421

Borner AP, Kielland K, Walker MD (2008) Effects of simulated cli-
mate change on plant phenology and nitrogen mineralization in 
Alaskan Arctic tundra. Arct Antarct Alp Res 40:27–38

Bowman WD, Theodose TA, Fisk MC (1995) Physiological and pro-
duction responses of plant growth forms to increases in limiting 
resources in alpine tundra: implications for differential commu-
nity response to environmental change. Oecologia 101:217–227

Bret-Harte MS et  al (2001) Developmental plasticity allows Betula 
nana to dominate tundra subjected to an altered environment. 
Ecology 82:18–32

Bret-Harte MS, Shaver GR, Chapin FS III (2002) Primary and sec-
ondary stem growth in arctic shrubs: implications for community 
response to environmental change. J Ecol 90:251–267

Brooks PD, Williams MW (1999) Snowpack controls on nitrogen 
cycling and export in seasonally snow-covered catchments. 
Hydrol Process 13:2177–2190

Buckeridge KM, Grogan P (2008) Deepened snow alters soil micro-
bial nutrient limitations in arctic birch hummock tundra. Appl 
Soil Ecol 39:210–222

Cahoon SMP, Sullivan PF, Welker JM, Post E (2012) Interactions 
among shrub cover and soil microclimate may determine future 
arctic carbon budgets. Ecol Lett 15:1415–1422

Chapin FS III, Shaver GR (1996) Physiological and growth responses 
of arctic plants to a field experiment simulating climate change. 
Ecology 77:822–840

Chapin FS III, McKendrick JD, Johnson DA (1986) Seasonal changes 
in carbon fractions in Alaskan tundra plants of differing growth 
form: implications for herbivory. J Ecol 74:707–731



296	 Oecologia (2016) 181:287–297

1 3

Chapin FS III, Shaver GR, Giblin AE, Nadelhoffer KJ, Laundre JA 
(1995) Responses of arctic tundra to experimental and observed 
changes in climate. Ecology 76:694–711

Chapin FS III, Matson PA, Mooney HA (2002) Principles of terres-
trial ecosystem ecology. Springer, New York

Cherry JE, Déry SJ, Cheng Y, Stieglitz M, Jacobs AS, Pan F (2014) 
Climate and hydrometerology of the Toolik Lake region and 
the Kuparuk River basin: past, present, and future. In: Hobbie J, 
Kling G (eds) Alaska’s changing arctic: ecological consequences 
for tundra, streams, and lakes. Oxford University Press, Oxford, 
pp 21–60

Clarke KR (1993) Non-parametric multivariate changes in commu-
nity structure. Aust J Ecol 18:117–143

Cohen J et al (2013) Effect of reindeer grazing on snowmelt, albedo 
and energy balance based on satellite data analysis. Remote Sens 
Env 135:107–117

Cooper EJ (2014) Warmer shorter winters disrupt arctic terrestrial 
ecosystems. Annu Rev Ecol Evol Syst 45:271–295

Craine JM et  al (2009) Global patterns of foliar nitrogen isotopes 
and their relationships with climate, mycorrhizal fungi, foliar 
nutrient concentrations, and nitrogen availability. New Phytol 
183:980–992

Elmendorf SC et al (2012) Global assessment of experimental climate 
warming on tundra vegetation: heterogeneity over space and 
time. Ecol Lett 15:164–175

Euskirchen ES et  al (2006) Importance of recent shifts in soil ther-
mal dynamics on growing season length, productivity, and car-
bon sequestration in terrestrial high-latitude ecosystems. Glob 
Change Biol 12:731–750

Fahnestock JT, Jones MH, Welker JM (1999) Wintertime CO2 efflux 
from arctic soils: implications for annual carbon budgets. Glob 
Biogeochem Cycles 13:775–779

Fasham MJR (1977) A comparison of nonmetric multidimensional 
scaling, principal components and reciprocal averaging for the 
ordination of simulated coenoclines, and coenoplanes. Ecology 
58:551–561

Goetz SJ, Bunnn AG, Fiske GJ, Houghton RA (2005) Satellite-
observed photosynthetic trends across boreal North America 
associated with climate and fire disturbance. Proc Natl Acad Sci 
USA 102:13521–13525

Held IM, Soden BJ (2006) Robust responses of the hydrological cycle 
to global warming. J Clim 19:5686–5699

Henry GHR, Molau U (1997) Tundra plants and climate change: the 
international tundra experiment. Glob Change Biol 3:1–9

Hicks Pries CE, Schuur EAG, Crummer KG (2013) Thawing per-
mafrost increases old soil and autotrophic respiration in tundra: 
Partitioning ecosystem respiration using δ13C and Δ14C. Glob 
Change Biol 19:649–661

Hinzman LD, Deal CJ, McGuire AD, Mernild SH, Polyakov IV, 
Walsh JE (2013) Trajectory of the Arctic as an integrated system. 
Ecol Appl 23:1837–1868

Hudson JMG, Henry GHR (2009) Increased plant biomass in a 
High Arctic heath community from 1981–2008. Ecology 
90:2657–2663

IPCC (2013) Climate Change 2013: The Physical Science Basis. Con-
tribution of Working Group I to the Fifth Assessment Report of 
the Intergovernmental Panel on Climate Change [Stocker TF, 
Qin D, Plattner G-K, Tignor M, Allen SK, Boschung J, Nauels 
A, Xia Y, Bex V, Midgley PM (eds.)]. Cambridge University 
Press, Cambridge, United Kingdom and New York, NY, USA, p 
1535

Jia G, Epstein HE, Walker DA (2003) Greening of arctic Alaska, 
1981–2001. Geophys Res Lett 30:GL018268

Jones MH, Bay C, Nordenhäll U (1997) Effects of experimen-
tal warming on arctic willows (Salix spp.): a comparison of 

responses from the Canadian High Arctic, Alaskan Arctic, and 
Swedish Subarctic. Glob Change Biol 3:55–60

Jones MH, Fahnestock JT, Walker DA, Welker JM (1998) Carbon 
dioxide fluxes in moist and dry arctic tundra during the snow-
free season: responses to increases in summer temperature and 
winter snow accumulation. Arct Antarct Alp Res 30:373–380

Karlsson PS (1985) Photosynthetic characteristics and leaf carbon 
economy of a deciduous and evergreen dwarf shrub: Vaccinium 
uliginosum L. and V. vitis-idaea L. Holarct Ecol 8:9–17

Kohler J, Brandt O, Johansson M, Callaghan T (2006) A long-term 
arctic snow depth record from Abisko, northern Sweden, 1913–
2004. Polar Res 25:91–113

Kruskal JB (1964) Nonmetric multidimensional scaling: a numerical 
method. Psychometrika 29:115–129

Kudo G, Nordenhäll U, Molau U (1999) Effects of snowmelt timing 
on leaf traits, leaf production, and shoot growth of alpine plants: 
comparisons along a snowmelt gradient in northern Sweden. 
Ecoscience 6:439–450

La Puma IP, Philippi TE, Oberbauer SF (2007) Relating NDVI to eco-
system CO2 exchange patterns in response to season length and 
soil warming manipulations in arctic Alaska. Remote Sens Env 
109:225–236

Leffler AJ, Welker JM (2013) Long-term increases in snow pack 
elevate leaf N and photosynthesis in Salix arctica: responses to 
a snow fence experiment in the High Arctic of NW Greenland. 
Environ Res Lett 8:025023

Liston GE, McFadden JP, Sturm M, Pielke RA Sr (2002) Modeled 
changes in Arctic tundra snow, energy, and moisture fluxes due 
to increased shrubs. Glob Change Biol 9:17–32

Loranty MM, Berner LT, Goetz SJ, Jin Y, Randerson JT (2014) Veg-
etation controls on northern high latitude snow-albedo feedback: 
observations and CMIP5 model predictions. Glob Change Biol 
20:594–606

Mårell A, Hofgaard A, Danell K (2006) Nutrient dynamics of reindeer 
forage species along snowmelt gradients at different ecological 
scales. Basic Appl Ecol 7:13–30

McBean G et  al (2005) Arctic climate: past and present. Arctic cli-
mate impact assessment: scientific report. Cambridge University 
Press, Cambridge

McCune B, Grace J (2002) Analysis of ecological communities. MJM 
Software Design, Glenden Beach

Min S-K, Zhang X, Zwiers F (2008) Human-induced arctic moisten-
ing. Science 320:518–520

Muraoka H, Noda H, Uchida M, Ohtsuka T, Koizumi H, Nakatsubo 
T (2008) Photosynthetic characteristics and biomass distribution 
of the dominant vascular plant species in a high Arctic tundra 
ecosystem, Ny-Ålesund, Svalbard: implications for their role in 
ecosystem carbon gain. J Plant Res 121:137–145

Natali SM, Schuur EAG, Rubin RL (2012) Increased plant productiv-
ity in Alaskan tundra as a result of experimental warming of soil 
and permafrost. J Ecol 100:488–498

Nowinski NS, Taneva L, Trumbore SE, Welker JM (2010) Decompo-
sition of old organic matter as a result of deeper active layers in 
a snow depth manipulation experiment. Oecologia 163:785–792

Oberbauer SF et al (2007) Tundra CO2 fluxes in response to experi-
mental warming across latitudinal and moisture gradients. Ecol 
Monogr 77:221–238

Pattison RR, Welker JM (2014) Differential ecophysiological 
response of deciduous shrubs and a graminoid to long-term 
experimental snow reductions and additions in moist acidic tun-
dra, Northern Alaska. Oecologia 174:339–350

Pattison RR, Jorgenson JC, Raynolds MK, Welker JM (2015) Trends 
in NDVI and tundra community composition in the Arctic of NE 
Alaska between 1984 and 2009. Ecosystems 18:707–719

Peterson BJ et  al (2002) Increasing river discharge to the Arctic 
Ocean. Science 298:2171–2173



297Oecologia (2016) 181:287–297	

1 3

R Development Core Team (2013) R: a language and environment for 
statistical computing, reference index version 3.2.1. R Founda-
tion for Statistical Computing, Vienna

Rogers MC, Sullivan PF, Welker JM (2011) Evidence of nonlinearity 
in the response of net ecosystem CO2 exchange to increasing lev-
els of winter snow depth in the High Arctic of northwest Green-
land. Arct Antarct Alp Res 43:95–106

Romanovsky VE, Smith SL, Christiansen HH (2010) Permafrost 
thermal state in the polar northern hemisphere during the Inter-
national Polar Year 2007–2009: a synthesis. Permafr Periglac 
Process 21:106–116

Schaeffer SM, Sharp E, Schimel JP, Welker JM (2013) Soil-plant N 
processes in a High Arctic ecosystem, NW Greenland are altered 
by long-term experimental warming and higher rainfall. Glob 
Change Biol 19:3529–3539

Schimel JP, Bilbrough C, Welker JM (2004) Increased snow depth 
affects microbial activity and nitrogen mineralization in two Arc-
tic tundra communities. Soil Biol Biochem 36:217–227

Sharp ED, Sullivan PF, Steltzer H, Csank AZ, Welker JM (2013) 
Complex carbon cycle responses to multi-level warming and 
supplemental summer rain in the high arctic. Glob Change Biol 
19:1780–1792

Starr G, Oberbauer SF, Ahlquist LE (2008) The photosynthetic 
response of Alaskan tundra plants to increased season length and 
soil warming. Arct Antarct Alp Res 40:181–191

Sturm M, Racine C, Tape K (2001) Increasing shrub abundance in the 
Arctic. Nature 411:546–547

Sullivan PF, Arens SJT, Sveinbjoernsson B, Welker JM (2010) Mod-
eling the seasonality of belowground respiration along an eleva-
tion gradient in the western Chugach Mountains, Alaska. Bio-
geochemistry 101:61–75

Sullivan PF, Welker JM (2007) Variation in leaf physiology of Salix 
arctica within and across ecosystems in the High Arctic: test of 
a dual isotope (Δ13C and Δ18O) conceptual model. Oecologia 
151:372–386

Tape K, Sturm M, Racine C (2006) The evidence for shrub expan-
sion in northern Alaska and the pan-Arctic. Glob Change Biol 
12:686–702

Tape KD, Verbyla D, Welker JM (2011) Twentieth century erosion in 
Arctic Alaska foothills: the influence of shrubs, runoff, and per-
mafrost. J Geophys Res 116:G04024

Tape KD, Hallinger M, Welker JM, Ruess RW (2012) Landscape 
heterogenity of shrub expansion in Arctic Alaska. Ecosystems 
15:711–724

van Wijk MT, Williams M, Shaver GR (2005) Tight coupling between 
leaf area index and foliage N content in arctic plant communi-
ties. Oecologia 142:421–427

Wahren C-HA, Walker MD, Bret-Harte MS (2005) Vegetation 
responses in Alaskan arctic tundra after 8  years of a sum-
mer warming and winter snow manipulation experiment. Glob 
Change Biol 11:537–552

Walker MD, Walker DA, Auerbach NA (1994) Plant communities of a 
tussock tundra landscape in the Brooks Range Foothills, Alaska. 
J Veg Sci 5:843–866

Walker MD et  al (1999) Long-term experimental manipulation of 
winter snow regime and summer temperature in arctic and alpine 
tundra. Hydrol Process 13:2315–2330

Welker JM, Molau U, Parsons AN, Robinson C, Wookey PA (1997) 
Response of Dryas octopetala to ITEX manipulations: a synthe-
sis with circumpolar comparisons. Glob Change Biol 3:61–73

Welker JM, Brown KB, Fahnestock JT (1999) CO2 flux in arctic and 
alpine dry tundra: comparative field responses under ambient 
and experimentally warmed conditions. Arct Antarct Alp Res 
31:272–277

Welker JM, Fahnestock JT, Jones MH (2000) Annual CO2 flux in dry 
and moist arctic tundra: field responses to increases in summer 
temperatures and winter snow depth. Clim Change 44:139–150

Welker JM, Fahnestock JT, Henry GHR, O’Dea KW, Chimner RA 
(2004) CO2 exchange in three Canadian High Arctic ecosystems: 
response to long-term experimental warming. Glob Change Biol 
10:1981–1995

Welker JM, Fahnestock JT, Sullivan PF, Chimner RA (2005) Leaf 
mineral nutrition of Arctic plants in response to warming and 
deeper snow in northern Alaska. Oikos 109:167–177

Williams M, Rastetter EB (1999) Vegetation characteristics and pri-
mary productivity along an arctic transect: implications for scal-
ing-up. J Ecol 87:885–898

Williams M, Street LE, van Wijk MT, Shaver GR (2006) Identifying 
differences in carbon exchange among Arctic ecosystem types. 
Ecosystems 9:288–304

Wilson JB (2011) Cover plus: ways of measuring plant canopies and 
the terms used for them. J Veg Sci 22:197–206

Wipf S, Rixen C (2010) A review of snow manipulation experiments 
in Arctic and alpine tundra ecosystems. Polar Res 29:95–109

Woolhouse HW (1967) Leaf age and mesophyll resistance as factors 
in the rate of photosynthesis. Hilger J11:7–12

Zhang X et  al (2013) Enhanced poleward moisture transport and 
amplified northern high-latitude wetting trend. Nat Clim Change 
3:47–51

Zurr A, Leno EN, Walker N, Saveliev AA, Smith GM (2009) Mixed 
effects models and extensions in ecology with R. Springer, New 
York


	Coupled long-term summer warming and deeper snow alters species composition and stimulates gross primary productivity in tussock tundra
	Abstract 
	Introduction
	Materials and methods
	Study site and experiment
	Measurements
	Data analysis

	Results
	Discussion
	Acknowledgments 
	References




