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Eighteen years of ecological monitoring reveals multiple lines of
evidence for tundra vegetation change
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Abstract. The Arctic tundra is warming rapidly, yet the exact mechanisms linking warming
and observed ecological changes are often unclear. Understanding mechanisms of change
requires long-term monitoring of multiple ecological parameters. Here, we present the findings
of a collaboration between government scientists, local people, park rangers, and academic
researchers that provide insights into changes in plant composition, phenology, and growth
over 18 yr on Qikiqtaruk-Herschel Island, Canada. Qikiqtaruk is an important focal research
site located at the latitudinal tall shrub line in the western Arctic. This unique ecological monitoring program indicates the following findings: (1) nine days per decade advance of spring
phenology, (2) a doubling of average plant canopy height per decade, but no directional change
in shrub radial growth, and (3) a doubling of shrub and graminoid abundance and a decrease
by one-half in bare ground cover per decade. Ecological changes are concurrent with satelliteobserved greening and, when integrated, suggest that indirect warming from increased growing
season length and active layer depths, rather than warming summer air temperatures alone,
could be important drivers of the observed tundra vegetation change. Our results highlight the
vital role that long-term and multi-parameter ecological monitoring plays in both the detection
and attribution of global change.
Key words: climate change; community composition; greening; growth; permafrost; phenology; tundra;
warming.

INTRODUCTION
Arctic tundra is responding rapidly to climate
change (IPCC 2014). Annual temperatures in the Arctic have already increased by more than 2°C since 1978
(IPCC 2013) and there is growing evidence that this
warming is leading to changes in vegetation communities at sites around the tundra biome (Myers-Smith
et al. 2011a, Elmendorf et al. 2012b, IPCC 2014).
Although the literature reports prominent ecological
transformations, including changes in vegetation composition (Elmendorf et al. 2012b), plant phenology,
and satellite-observed greening (Post et al. 2009),
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recent studies also indicate high unexplained heterogeneity in vegetation responses at sites around the Arctic (Elmendorf et al. 2012b, Oberbauer et al. 2013,
Guay et al. 2014, Myers-Smith et al. 2015a, Prevey
et al. 2017). One possible reason that tundra biomescale data syntheses indicate high levels of heterogeneity is that different ecological parameters are measured
in different places or at different points in time. Rarely
are single sites monitored to a degree at which we can
observe patterns of change over time from multiple
lines of evidence (Hobbie et al. 2017). This omission
also often precludes exploration of the potential mechanistic drivers of observed change. Thus, to understand
the trends and drivers of change in tundra ecosystems,
we require integrated assessments of multiple and concurrently monitored ecological parameters at focal
research sites.
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Widely-observed ecological change
Vegetation monitoring indicates an increase in total
plant cover and decrease in bare ground in tundra
ecosystems (Elmendorf et al. 2012b). Tundra plant community composition change indicates a shift toward
increased deciduous shrub cover, shrub expansion
(Myers-Smith et al. 2011a), and graminoid cover
(Elmendorf et al. 2012b), while mosses and lichen species tend to be decreasing (Elmendorf et al. 2012b, Lang
et al. 2012). The same changes have been observed in
warming experiments (Walker et al. 2006, Elmendorf
et al. 2012a), suggesting that these vegetation changes
are driven at least in part by increasing temperatures
(Elmendorf et al. 2015). Shrub and graminoid plants are
also growing taller (Walker et al. 2006, Myers-Smith
et al. 2011b) and reproducing more frequently (Klady
et al. 2011). However, rates of shrub expansion vary
greatly across sites, with some showing no evidence of
change or climate sensitivity of growth (Hudson and
Henry 2010, Myers-Smith et al. 2011a, 2015a, Elmendorf et al. 2012b, Martin et al. 2017, Myers-Smith and
Hik 2017). Heterogeneity in vegetation change can be
explained by a variety of site-level factors including soil
moisture (Ackerman et al. 2017), topography (Ropars
and Boudreau 2012, Tape et al. 2012), disturbance
(Lantz et al. 2009, 2010), herbivory (Olofsson et al.
2009, Zamin and Grogan 2012), and plant–plant interactions (Bret-Harte et al. 2004, Dormann et al. 2004).
Increasing temperatures are widely expected to lead to
advances in plant phenological events including leaf
emergence and flowering (Pe~
nuelas and Filella 2001,
Pe~
nuelas et al. 2009, K€
orner and Basler 2010, Pau et al.
2011, Cleland et al. 2012). In tundra ecosystems, the
timing of leaf emergence and flowering has advanced at
some (Høye et al. 2007, Iler et al. 2013, Kerby and Post
2013), but not all sites (Bjorkman et al. 2015). Satelliteobserved green-up in the tundra is estimated to be
advancing by 1.6–4.7 d per decade (Myneni et al. 1997,
Zeng et al. 2011, Park et al. 2016), corresponding with
an advance in snow melt (Post et al. 2009) and increased
spring drawdown of CO2 in the northern hemisphere
(Barichivich et al. 2013, Forkel et al. 2016). However,
growing season onset varies greatly by region and different remotely sensed satellite records (Zeng et al. 2011,
Xu et al. 2013), and some tundra sites have experienced
decreased growing season length and delayed phenology
as a result of higher snowfall (Wipf and Rixen 2010,
Bjorkman et al. 2015, Legault and Cusa 2015).
Satellite observations indicate a greening of Arctic tundra concurrent with recent warming that has been attributed to an increase in photosynthetic biomass (Jia et al.
2009, Forbes et al. 2010, Beck and Goetz 2011, Bhatt
et al. 2013, Ju and Masek 2016). However, recent studies
indicate a decrease in the satellite greening trend (Bhatt
et al. 2013) and heterogeneity in satellite observations
across different sensor platforms (Guay et al. 2014). Nonecological factors, including atmospheric change, drift in
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satellite sensors or earlier snow melt, can also produce
greening signals (Gamon et al. 2013, Guay et al. 2014).
For example, the normalized difference vegetation index
(NDVI), the most common index of remotely-sensed tundra greening, is also sensitive to other landscape-level
parameters such as snow duration or standing water
(Gamon et al. 2013, Raynolds et al. 2013, Pattison et al.
2015). Thus, there is current uncertainty in whether the
greening patterns observed by satellites do indeed indicate
a change in plants in situ at sites across the tundra biome.
Long-term Ecological Monitoring
Comprehensive monitoring programs that incorporate
environmental variables, community composition, and
phenology observations are rare in the Arctic, especially
considering the rapid rate of environmental change and
potential sensitivity of tundra ecosystems (CAFF 2013,
Hobbie et al. 2017). These long-term integrated data sets
are required to test the ability of remote sensing to capture
in situ ecological change. At present, there are only a few
circumpolar Arctic sites with long-term, multi-parameter
monitoring including research stations such as Abisko
(68.35° N, 18.83° E) in Northern Sweden (Van Wijk et al.
2004, Callaghan et al. 2010, 2013, Hobbie et al. 2017),
Toolik Lake (68.63° N, 149.60° E) in Northern Alaska
(Van Wijk et al. 2004, Hobbie et al. 2017), Zackenberg
(74.50° N, 27.77° E) in Eastern Greenland (Høye et al.
2007, Iler et al. 2013), and Alexandra Fiord (78.88° N,
75.80° E) on Ellesmere Island in Arctic Canada (Svoboda et al. 1994, Hudson and Henry 2009, 2010, Hudson
et al. 2011, Bjorkman et al. 2015).
The ecological monitoring program on Qikiqtaruk
was established in 1999 and uniquely combines multiparameter monitoring using international protocols with
the collaborative efforts of territorial park rangers,
Yukon government researchers, and academic scientists.
Early outputs of the monitoring program indicated an
increase in shrub cover at sites across this island (MyersSmith et al. 2011a). Qikiqtaruk is located in a region of
the Arctic that has undergone greening according to different satellite records (Fraser et al. 2011, Guay et al.
2014, Ju and Masek 2016), and research is under way to
determine how vegetation changes align with changes in
phenology and overall community structure in the context of regional increases in NDVI. After 18 yr of ecological monitoring, we can now test whether the original
trends of vegetation change are continuing at the same
pace or accelerating over time.
Ecological monitoring of community composition and
phenology requires consistent and time-consuming observations recorded throughout the growing season. This poses
major logistical challenges for researchers, and is a primary
contributing factor to the scarcity of long-term Arctic vegetation monitoring programs (CAFF 2013). Recently, the
integration of local people into long-term ecological
research has led to an increasing emphasis on communitybased monitoring around the Arctic (Gill and Lantz 2014,
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Stern 2015). However, the different types of monitoring
from community-based research, government-funded monitoring, and academic research are rarely integrated.
Vegetation monitoring on Qikiqtaruk incorporates collaboration among government, park rangers including
local Inuvialuit people, and university-based researchers.
The vegetation monitoring program was initiated on Qikiqtaruk by Yukon Government biologists in 1999 and
continues today (Smith et al. 1989, Cooley et al. 2012). It
is carried out by park rangers, and supplemented by government scientists and academic researchers who monitor
long-term community composition plots and collect other
associated ecological data. Researchers benefit by the
access to long-term monitoring data and local knowledge,
and in turn provide data analysis and additional protocols to enhance Yukon Parks’ monitoring programs.
Direct contact and collaboration takes place during the
summer field season, providing valuable opportunities for
the coproduction of knowledge between local observations by those living in the region and working on Qikiqtaruk and those visiting to conduct scientific research.
The Qikiqtaruk monitoring program (Fig. 1) has one of
the highest temporal resolutions among vegetation phenology monitoring data sets collected anywhere in the
Arctic (CAFF 2013). Data are collected every 2–3 d from
snow melt (April) to senescence (September) each year.
This comparatively high frequency of data collection over
the whole growing season enables an understanding of
ecological changes in the context of local observations
(Cooley et al. 2012). Data from the ecological monitoring
program have previously contributed to tundra-biomewide data syntheses (Elmendorf et al. 2012b, 2015, Prevey
et al. 2017). The monitoring program is also important
for communicating how climate change is influencing tundra systems in the western Arctic (Stern and Gaden 2015).
In this study, we combine multiple ecological parameters covering a 18-yr timescale (1999–2017) to test three
hypotheses: (1) the realized growing season length (time
between leaf emergence and leaf senescence) has
increased concurrent with earlier snow melt and warmer
spring and autumn temperatures; (2) the canopy height
of tundra shrubs is increasing, driven by high sensitivity
of interannual growth to summer temperature; (3) vegetation community composition change is occurring with an
increase in shrub and graminoid abundance concurrent
with a decrease in bare ground. We place these hypotheses in the context of environmental change in the western
Arctic Region to understand the mechanisms, patterns,
and implications of the observed vegetation change.
MATERIALS AND METHODS
Site description
Qikiqtaruk–Herschel Island is located on the Arctic
Coast of the Yukon Territory (69.6° N, 138.9° E) at the
northern extent of tall shrubs and in a zone of ice-rich
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permafrost (Fig. 2). In the larger western Arctic region,
there is evidence for widespread shrub expansion (Tape
et al. 2006, Myers-Smith et al. 2011a, Lantz et al. 2013,
Moffat et al. 2016). Qikiqtaruk is also located at the
mid-Arctic latitudes where shrub vegetation has been
found to be especially sensitive to climate (Myers-Smith
et al. 2015a); although, the climate sensitivity of shrub
radial growth has been observed to be low at this particular site (Myers-Smith et al. 2011b, 2015a).
The island is made up of discrete vegetation types
(Smith et al. 1989, Obu et al. 2015). The dominant vegetation types include the Herschel vegetation type: comprising relatively undisturbed moist acidic tussock tundra, the
Komakuk vegetation type: comprising herbaceous and
grassy tundra that is more influenced by cryoturbation
and surface disturbance, the Orca vegetation type: comprising tall shrub and wet sedge vegetation across a floodplain: and other transitional vegetation types in the areas
with more topographic variation. These vegetation types
have been mapped in previous studies and correspond to
different landscape contexts, soil conditions, and disturbance histories across the island (Obu et al. 2015).
Environmental parameters
Climate data were compiled from monthly Climate
Research Unit (CRU) TS3.21 gridded frost day frequency (0.5° resolution, Harris 2013), and the Herschel
Island Environment Canada Weather station. Seasons
were defined as spring, April–May; summer, June–July;
autumn, August–September; winter, October–March.
Minimum sea ice concentration data (proportion of sea
ice to open water) are from the Canadian Sea Ice Service
for the CIA WA Beaufort Sea: Mackenzie region
(CWA01_02). We report climate data from the Environment Canada weather station (red point on Fig. 2) as
temperatures across the monitoring locations do not differ substantially across these relatively flat upland or
floodplain locations (I. H. Myers-Smith and H. J. D
Thomas, unpublished data). Snow melt, soil temperature,
and active layer data are measured at the plot level.
Active layer depth was measured by vertically probing
the soil using a metal stake and measuring the depth to
frozen ground. Records from 1985 come from the ecological surveys prior to the establishment of Herschel
Island-Qikiqtaruk Territorial Park (Smith et al. 1989).
Records from 2003 to 2008 come from previous studies
by Chris Burn (Burn and Zhang 2009) and the ArcticWOLVES project (S. Gilbert et al., unpublished data).8
Records from 2016 to 2017 come from the NERC
ShrubTundra project and a new active layer monitoring
protocol developed in 2017 to accompany the species
composition and phenology data collection.
Soil temperature was measured monthly from April to
September at different depths, ranging from 1 to 42 m
below the surface, at two borehole stations (15 m depth in
8
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FIG. 1. Ecological monitoring parameters from the Qikiqtaruk monitoring program (Cooley et al. 2012) following the
protocols of the International Tundra Experiment (Molau and Mølgaard 1996). Photographs by authors.

2000–2017 and 43 m depth in 2005–2017). The boreholes
are located within 20 m of each other on a flat surface on
Collinson Head on Qikiqtaruk and are equipped with
BetaTHERM 2.2K3A1A thermistors (BetaTHERM, Galway, Ireland), which were calibrated in a laboratory ice
bath. Park rangers recorded resistance in the circuit using
a multimeter, calibrated against a stable resistor of
7,355 W before each set of measurements. Resistance
values (O) were converted into temperature (°C) following
(Burn and Zhang 2009), see Appendix S1: Table S1
for formulas. We present minimum soil temperatures from
12, 15, and 16 m depths across the time series as these were
the depths at which there were the most available data.
Vegetation phenology
Vegetation phenology methodology follows the International Tundra Experiment (ITEX) protocols (Molau

and Mølgaard 1996) and includes three monitored species: Dryas integrifolia Vahl, Eriophorum vaginatum L.,
and Salix arctica Pall. For each species, one transect,
with 10 individuals, stems or plots per 50-m transect, is
marked by wooden stakes. The first species, D. integrifolia (mountain avens), is a small prostrate-growing evergreen dwarf shrub with white flowers (Fig. 1, center
top). Individuals are demarcated by 10 quadrats
(10 9 10 cm). The second species, E. vaginatum (cottongrass), is a tussock grass that has large cotton-like
seed heads (Fig. 1, center middle). Individuals are 10
marked tussocks in a row. The third species, S. arctica
(Arctic willow), is a prostrate-growing deciduous dwarf
shrub with oblong leaves and large catkins (Fig. 1, center bottom). Individuals were initially marked by stem
tags, but due to continued stem mortality this changed
during 2015 to quadrats similar to the D. integrifolia
transect. Phenology variables observed are indicated in
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Komakuk vegetation type Herschel vegetation type

FIG. 2. (a, b) The location of Qikiqtaruk within the circumpolar Arctic and (c) the location of the phenology, community composition, and permafrost monitoring sites on Qikiqtaruk. (d) The landscape context is indicated by true color and normalized difference vegetation indices (NDVI) maps of the community composition plots. The Herschel vegetation type plots are indicated in
blue, the Komakuk vegetation type are indicated in yellow and the Orca floodplain vegetation type are indicated in green. Stars in
panel d indicate phenocams at the community composition plots. The red dot indicates the location of the Herschel Island Environment Canada Weather Station. Image data were obtained in the summer of 2016 with Sony a6000 (Sony, Tokyo, Japan) and Parrot
Sequoia sensors (Parrot Sequoia, Paris, France) carried on multirotor drone platforms, and analyzed with image-based modelling
approaches to yield digital orthomosaics with spatial grains of 0.05 m.

Fig. 1. Realized growing season length was estimated as
the difference between the first leaf emergence date and
the first leaf senescence date (P5–P2). We used first leaf
senescence (P5) to represent the end of growing season
due to a lack of last leaf senescence (P6) data in some
years.
Dendroecology methods
Annual growth increments in woody species provide
information on growth and climate sensitivity, particularly when no long-term monitoring data are available.
Wood samples of deciduous willow species S. arctica,

Salix pulchra Cham., Salix richardsonii Hook., Salix
glauca L, and Salix niphoclada Rydberg. were collected
in 2009 and 2015 (Myers-Smith et al. 2011b, 2015a; S.
Angers-Blondin and I. H. Myers-Smith, unpublished
data). Wood processing followed methods adapted for
tundra shrub species (Myers-Smith et al. 2015b). Thin
cross sections of either the largest stem or the root collar
were mounted on glass slides and photographed under a
dissecting microscope. Rings were counted and measured from the digital image for each shrub section along
four radii with a resolution of 1 lm (Schneider et al.
2012). Temporal growth trends in raw ring width are
presented here to complement ecological monitoring
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data, and to test whether secondary growth follows the
same trends as primary growth.
Community composition
Community composition was measured in two vegetation communities (Fig. 1): the Herschel vegetation type
and the Komakuk vegetation type. Community composition was assessed using point-framing methods following
the ITEX protocols (Molau and Mølgaard 1996). Twelve
plots of 1 m2 (six per vegetation type) were established in
1999 and resurveyed in 2004, 2009, and 2013–2017. A
grid with 100 points at 10-cm spacing was placed over
each plot at a height of approximately 50 cm. A metal
pin was dropped vertically at each of the 100 grid points;
all plant parts that touched the pin were recorded, noting
species, plant part (leaf, stem, flower, flower stalk), and
tissue status (live or dead). The maximum canopy height
at each point and the height of the tall shrub species
S. pulchra were also recorded at every grid point. Soil surface cover was recorded including bare ground, rock, litter, moss, and lichen species. Species counts and bare
ground were converted to abundance by calculating the
proportion of points at which each species was present.
Plant cover was represented using a vegetation cover
index calculated by dividing the total number of vegetation hits per plot by the number of points per plot (100),
such that a vegetation index of one would represent an
average of one hit per sample point. We calculated species
evenness using Pielou’s evenness index.
We measured the number of species adjacent to the
species composition monitoring plots following the 2017
ITEX, personal communication species pool monitoring
protocol (C. Rixen, available online). A survey of the
local species pool within 100 m of the community composition plots was conducted on 31 July and 1 August of
2017. We monitored a 25 9 25 cm plot within the central monitoring plot at each vegetation type, a 1 9 1 m
plot (the central monitoring plot), a 2.5 m radius circular plot centered around the monitoring plot, and then
walked concentric circles out to 100 m spaced approximately 5 m apart, recording all plant species observed
and their distance to the center plot. These data were
used to make species accumulation curves to test the
proximity of new species that could potentially occur in
the monitoring plots in future.

diagnostic (Gelman and Rubin 1992) available in the
coda package (Plummer et al. 2006). Code is available
(see Data Availability).
We used Bayesian linear models to estimate change in
seasonal temperature, frost day frequency, snow melt
date, and active layer depth. We used Bayesian linear
models to estimate changes in minimum soil temperature
(square transformed) at depths of 12, 15, and 16 m in
different years in two boreholes located near the community composition plots. We used a Bayesian model
with a binomial distribution to estimate change in minimum sea ice concentration (proportion of ice to open
water) over time as sea ice concentration is bounded
between 0 and 1. We used hierarchical Bayesian linear
interval censoring models with plot and year as random
effects to estimate change in phenology over time to
account for the uncertainty in the timing of the phenological event between monitoring observations (Bjorkman et al. 2015). We used hierarchical Bayesian models
with plot and year as random effects to estimate change
in overall canopy height, S. pulchra height (Gaussian
distribution), and change in vegetation cover, bare
ground cover, and species evenness (binomial distribution) over time as percent cover data are bounded
between 0 and 1. We estimated species richness at the site
level (aggregated species richness across all plots) over
time using a Bayesian linear model, as the hierarchical
model with a Poisson distribution would not converge.
We used four hierarchical Bayesian linear models with
individual and year as random effects to estimate change
in radial growth over time for the willow species S. arctica, S. pulchra, S. richardsonii, and S. glauca. We used
Bayesian linear models to estimate accumulation of species at different distances (log-transformed) in the Herschel and Komakuk vegetation types. We used weaklyinformative parameter-expanded priors for all coefficients in the MCMCglmm models that included random
effects, and weakly-informative priors for all coefficients
in the JAGS models. We used a uniform prior between 0
and 365 for the intercept. Slope priors were normally
distributed, centered on zero with a precision of 0.001.
We refer to predictors as “significant” when the 95%
credible interval for the corresponding parameter in the
fitted models did not overlap zero. The reported p-values
are MCMC computed approximate p-values.
RESULTS

Statistical analyses
Statistics were conducted with the software R (version
3.3.3; R Core Team 2014). Bayesian models were conducted in the package MCMCglmm (Hadfield 2010)
except for the interval censoring models that were written in JAGS called from R using the programs rjags
(Plummer 2014) and R2jags (Su and Yajima 2012). Convergence was assessed through examination of trace
plots and autocorrelation values, and in the case of the
interval censoring models using the Gelman-Rubin

Observed climate and environmental climate change
Over the past 25 years, Qikiqtaruk has experienced
warming toward the end of the ice-free season (August
and September) and a decrease in the annual number of
frost days (inversely related to potential growing season
length) by 3.6 d per decade (slope = 0.36, CI = 0.58
to 0.12, P < 0.01), and warming during the growing
season (slope = 0.16, CI = 0.01 to 0.31, P = 0.04,
Fig. 3b). Minimum sea ice concentration has also
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declined over the same period (slope = 0.11, CI =
0.17 to 0.05, P < 0.01) and the day that snow is completely melted at plots along the phenology transects has
become earlier (slope = 0.71, CI = 1.37 to 0.05,
P = 0.04). Minimum soil temperatures at 12, 15, and
16 m depths have increased across the monitoring period at both boreholes (slope = 0.004, CI = 0.003–0.005,
P < 0.01 for soil temperature at 12 m depth in the first
borehole, see Appendix S1: Table S2 for all model
outputs).
The active layer depth has increased by as much as
20 cm on average between 1985 and 2017 in the in the
Herschel and Komakuk vegetation types monitored
within 1 km of the ecological monitoring sites
(slope = 0.72, CI = 0.21–1.29, P = 0.02, Fig. 4a). During the 2017 growing season, the active layer depth
reached maximum depths of 58.5 cm in the Herschel
vegetation type and 87.2 cm in the Komakuk vegetation
type (Fig. 4b).
Observed vegetation change
Vegetation change appears to be progressing rapidly
in certain locations including across the floodplain vegetation type (Orca vegetation type) on Qikiqtaruk as indicated by the increase in shrub cover and height in the
repeat photography time series across the monitoring
period (Fig. 5).
Plant phenology.—The timing of spring events has
advanced for all species. Salix arctica leaf emergence has
advanced by approximately nine days per decade
(slope = 0.93, CI = 1.69 to 0.12) and flowering has
advanced by approximately five to eight days per decade
for all monitored species (Fig. 6; Appendix S1:
Table S2). Realized growing season length (the difference
between spring leaf emergence and autumn senescence
for S. arctica) has increased slightly by approximately
two days per decade (slope = 0.21, CI = 0.92 to 1.36);
this is largely due to an advance in spring phenology
(leaf emergence), since leaf senescence also advanced by
seven days per decade (slope = 0.74, CI = 1.53 to
0.03; Fig. 6). However, only the advance in leaf emergence was significant (the credible interval on slope estimate does not overlap zero).
Plant growth.—Mean canopy height has more than
tripled from 3.8 to 16.8 cm in the Herschel plots
(slope = 0.59, CI = 0.42–0.79, P < 0.01) and from 1.6 to
11.3 cm in the Komakuk plots (slope = 0.31, CI = 0.20–
0.43, P < 0.01) over the monitoring period (Fig. 7a).
This increase in community-level plant height is
explained by both changing composition, notably an
increase in taller graminoid species, and by an increase
in individual species such as S. pulchra canopy height
over time (Fig. 7b). The radial growth of Salix spp.
showed large inter-annual variability and no clear
annual trend or climate sensitivity (Fig. 7c).
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Community composition.— Repeat vegetation monitoring has identified changes to the overall structure of
communities and directional changes in community
composition (Fig. 8). Plant cover (Fig. 8a) has
increased in both vegetation types since 1999, by 0.26
hits per point per year (slope = 0.26, CI = 0.09–0.42,
P = 0.01) for the Herschel vegetation type and 0.11
hits per year (slope = 0.11, CI = 0.03–0.19, P = 0.02)
for the Komakuk vegetation type. Increasing vegetation cover is associated with a decrease in bare ground (Herschel vegetation type: slope = 0.18, CI = 0.35
to 0.02, P = 0.02; Komakuk vegetation type: slope =
0.07, CI = 0.13 to 0.00, P = 0.06, Fig. 8b) and an
increase in canopy height (Fig. 7a). Species richness and
species evenness have not changed over time (Fig. 8c, d;
Appendix S1: Table S2). In the Herschel plots, there was
an increase in E. vaginatum (slope = 0.10, CI = 0.03
to 0.23, P = 0.12; Fig. 8e) and S. pulchra cover (slope =
0.06, CI = 0.02 to 0.14, P = 0.11; Fig. 8e). Finally, two
graminoid species, Arctagrostis latifolia and Alopecurus
alpinus, have immigrated into the Komakuk vegetation
plots and expanded their cover over the last decade
(A. latifolia: slope = 0.20, CI = 0.01 to 0.41, P = 0.06;
A. alpinus: slope = 1.50, CI = 0.64–2.61, P < 0.01, Fig. 8f).
We found faster accumulation of species in the Herschel vegetation type (slope = 6.50, CI = 5.70–7.32, P <
0.01) relative to the Komakuk vegetation (slope = 8.61,
CI = 7.53–9.72, P < 0.01, Fig. 9). There were 13 vascular plant species within 100 m of the Herschel vegetation
type and 26 within 100 m of the Komakuk vegetation
type that have not yet been observed in the long-term
monitoring plots. We have observed one species invasion
into the plots the grass A. alpinus and one major change
in abundance the grass A. latifolia over the monitoring
period (Fig. 8).
DISCUSSION
Observed vegetation change
Our results provide strong evidence for multi-dimensional vegetation change on Qikiqtaruk across the period
1999–2017 (Fig. 10). We find that plant phenology,
growth, and community composition are changing on
the island, with earlier leaf emergence, an increase in
shrub canopy heights, and increased cover of shrub and
graminoid species concurrent with a decrease in the cover
of bare ground (Figs. 5–8). These results are consistent
with the initial findings reported for this site (MyersSmith et al. 2011a) and indicate that vegetation changes
have continued or accelerated over the 18-yr period. Our
results also correspond with widespread observations of
phenology change (Ellebjerg et al. 2008, Oberbauer et al.
2013), community composition change (Elmendorf et al.
2012b, 2015) and shrub expansion across the tundra
biome (Tape et al. 2006, Forbes et al. 2010, Myers-Smith
et al. 2011a, Naito and Cairns 2011, Martin et al. 2017)
and with predictions from tundra warming experiments
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FIG. 3. (a–d) Temperatures are warming, (e) frost frequency is decreasing, (f) the snow melt data is getting earlier, (g) sea ice concentrations are lower, and (h) soil temperatures are warming on Qikiqtaruk. Changes in climate and environmental data from Qikiqtaruk including air temperatures (a–d; Environment Canada data), frost day frequency (e; the number of days that the mean
temperature is below zero, CRU TS3.21 data), snow melt date (f; phenology monitoring), sea ice concentration (g; minimum proportion of ice to open water Canadian Sea Ice Service data for the CIS WA Beaufort Sea: Mackenzie region), and soil temperature at 12,
15, and 16 m depths from two different boreholes (h; soil temperature monitoring data). Three records with outlier values were not
included in the models in panel h for the years 2007 and 2012. Air temperature plots show mean values for the months indicated.
Trends lines are Bayesian model fits with error of 95% credible intervals. Full model outputs can be found in Appendix S1: Table S2.
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b) Across the growing season
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FIG. 4. Active layer depth is increasing on Qikiqtaruk (a) across years and (b) mean active layer depth across the growing season in 2017 are lower in the Komakuk (blue) vs. Herschel (yellow) vegetation types. Grey points indicate data that could be from
either the Herschel or Komakuk vegetation type as this information was not recorded at the time of collection. The data from 1985
are from Smith et al. 1989, 2003–2007 data are from Burn and Zhang 2009, 2007–2008 data are data collection for snow fence data
from the ArcticWOLVES project (S. Gilbert et al., unpublished data). The 2016–2017 data were collected by the Qikiqtaruk ecological monitoring team. Points show mean active layer depth and error bars show minimum and maximum active layer depth recorded
at each site for panel a and each plot for panel b.

(Walker et al. 2006, Elmendorf et al. 2012b, 2015). However, our results are unique because the different lines of
evidence for vegetation change reported in this study
come from the same or adjacent vegetation communities
and can be compared directly to concurrent changes in
environmental parameters (Fig. 10).
Spring phenology advanced for all three monitored
species (S. arctica, D. integrifolia, and E. vaginatum),
though these trends were weak due to high inter-annual
variation (Fig. 6). Our results also suggest that date of
snow melt is a key control on spring phenology in tundra ecosystems, with earlier snow melt corresponding
with earlier leaf emergence (Figs. 3, 6). Similarly, declining sea ice has also been associated with spring greening
in a number of studies (Bhatt et al. 2010, Kerby and Post
2013, Post et al. 2016), which has also been observed at
this site. In contrast, some studies have identified trends
toward later phenology in some species and locations
usually aligning with later snow melt (Schmidt et al.
2006, Wipf and Rixen 2010, Bjorkman et al. 2015).
Our findings indicate that the length of the realized
growing season on Qikiqtaruk has not substantially
increased due to both an advance in leaf emergence and
senescence for the species S. arctica (Fig. 6). This result
could indicate a fixed leaf life span in the species S. arctica as observed in deciduous tree species (Keenan and
Richardson 2015). Lack of change in realized growing
season length contrasts with the observed increase in
the potential growing season length (as estimated from
the number of frost days; four days per decade). This is
likely due to the importance of snow melt, rather than
spring temperature, in determining the start of the

growing season at this Arctic tundra site (Høye et al.
2007, Oberbauer et al. 2013, Bjorkman et al. 2015) and
the lack of correspondence among trends of autumn
warming and end of season phenology (Figs. 3, 6). Our
findings align with previous work that suggests photoperiod (Arft et al. 1999, Andrews et al. 2011) or
deterministic leaf age (Oberbauer et al. 2013) could be
more influential for the timing of senescence than temperature.
Plant canopy heights have increased across the period
of monitoring (Fig. 7), driven by both community composition change and plastic responses in existing individuals. We observed greater variation in S. pulchra canopy
heights in recent years, though this is most likely driven
by the increased abundance of this species. Data collection has mostly been carried out by the same observers
from 2009 to 2017 for both the plant cover and phenology data sets, suggesting minimal changes in observer
bias across this period. An increase in both community
and species-specific canopy heights aligns with additional site-level (Walker et al. 2006, Hudson et al. 2011,
Myers-Smith et al. 2011a) and biome-level (Bjorkman
et al. 2018) evidence that suggest tundra communities
are becoming taller.
Radial growth was not very sensitive to climate at this
site (Myers-Smith et al. 2011b, 2015a), but primary and
secondary growth in woody species are not necessarily
controlled by the same factors, since shrubs can allocate
resources to axial growth, new stems, or belowground
biomass (Bret-Harte et al. 2002). Shrub growth at this
site appears to be much more clonal than at other tundra
locations with highly interconnected root matrices below
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FIG. 5. Repeat photography indicates increases in tall shrubs in the Orca flood plain vegetation type from the East Ice Creek
catchment on Qikiqtaruk from 1987 through 2017 (Myers-Smith et al. 2011a). The dominant shrub species in the photograph is
Salix richardsonii, which has reached a canopy height of over 1 m in the foreground of the images by 2017. Photographs were taken
in the second half of July in 2009–2017 and likely in early July in 1987. Similar increases are shown in photographs from another
location on the floodplain farther from the creek bed (I. H. Myers-Smith, unpublished data). Repeat photography is now complemented by phenocam and drone observations at this and other ecological monitoring sites allowing for changes to be captured
across the landscape. Photographs by authors.

ground. Under these growing conditions, plant–plant
competition or access to nutrients and other resources
may be more important controls over interannual

variation in growth than variation in growing season climate (S. Angers-Blondin and I. H. Myers-Smith, unpublished data). Therefore, the lack of a positive trend in
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FIG. 6. Spring plant phenology including (a) leaf emergence and (b) flowering is earlier and (c) leaf senescence has also
advanced, leading to (d) no substantial increase in realized growing season length for the species Salix arctica. Note that Eriophorum vaginatum monitoring did not start until 2002 and we did not model 2001 for S. arctica senescence (P5) because there was only
one data point collected. Data points are the midpoint between the lower and upper bounds of the raw phenological observation
data for each plot in a given year, errors are 95% credible intervals. Green indicates records for the willow species S. arctica, purple
for the flowering shrub species Dryas integrifolia, and orange for the tussock sedge species E. vaginatum. Full model outputs can be
found in Appendix S1: Table S2.

radial growth (Fig. 7c) is not incompatible with the
simultaneous observed expansion and vertical growth of
willows on Qikiqtaruk.
Total vegetation cover increased in all monitoring
plots (Fig. 8), concurrent with observations of increased
plant biomass across tundra communities (Hudson and
Henry 2009, Elmendorf et al. 2012b, Hobbie et al.
2017). All functional groups showed absolute increases
in abundance except for lichens, which declined over the
monitoring period as observed at a number of other sites
(Joly et al. 2009, Hobbie et al. 2017). Increases in vegetation cover corresponded with a reduction in bare
ground, which could result from a deeper active layer
depth (Fig. 4; Burn and Zhang 2009) and decreased cryoturbation that can influence surface vegetation (Walker
et al. 2004). Within communities, graminoids and

deciduous shrubs showed the greatest increase in abundance, aligning with community composition changes
both on Qikiqtaruk (Kennedy et al. 2001, Myers-Smith
et al. 2011a) and across the tundra biome (Elmendorf
et al. 2012b, Hobbie et al. 2017). However, functional
group responses were largely driven by species specific
changes, notably for example the increase in graminoids
as a result of increases in the species E. vaginatum,
A. latifolia, and A. alpinus, and did not necessarily represent the response of all species within each functional
group. Finally, rapid colonization of several plots by two
graminoid species, A. latifolia (Kennedy et al. 2001) and
A. alpinus, indicates that community change can occur
quickly over a period of a few years, despite low recruitment rates and slow growth associated with most tundra
plants (Elmendorf et al. 2012b, 2015).
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FIG. 7. (a) Plot canopies are increasing in the Komakuk (blue) and Herschel (yellow) vegetation types, with (b) species-specific
canopy height increasing for the tall willow shrub Salix pulchra (green), yet (c) high temporal variation indicated for Salix spp.
radial growth. Trends lines are Bayesian model fits with error of 95% credible intervals. Full model outputs can be found in
Appendix S1: Table S2.

Attribution of vegetation change observations to
environmental change
Environmental changes observed at this site include
spring, summer, autumn, and winter warming, fewer frost
days, earlier snow melt, decreased sea ice concentration,
warming soil temperatures, and increased active layer
depth across the period of ecological monitoring (Fig. 3).
We also observed advancing spring plant phenology
(Fig. 6). According to our multi-parameter analysis
(Fig. 10), one of the most likely mechanisms driving the
observed vegetation changes is increased growing season
length and the resulting environmental changes including
greater active layer depths and permafrost thaw. Although
growing season length and resulting ecosystem-level
impacts have been acknowledged as a potential driver of
tundra vegetation change (Barichivich et al. 2013), few
studies have tested the influence of growing season length
relative to other environmental variables such as summer
temperature in tundra ecosystems (Khorsand Rosa et al.

2015). The differences in species-level responses may also
have implications for vegetation change at the plant community level, if more responsive species are better able to
take advantage of changing conditions (Cleland et al.
2012). For example, we found that D. integrifolia exhibited both the least phenological change and smallest relative increase in percent cover of the three monitored
species over the 18-yr ecological monitoring period. However, the extent to which plant phenology change will
influence community-level responses to warming as a
whole remains unclear (Wolkovich et al. 2012, Ernakovich et al. 2014, Prevey et al. 2017, Prevey et al. 2019).
Influence of changing active layer depth on the observed
vegetation change
We hypothesize that some part of the vegetation
change observed on Qikiqtaruk is due to and indirect
effect of increased autumn temperatures on active layer
depth. Qikiqtaruk is underlain by ice-rich permafrost
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FIG. 8. (a) Vegetation cover is increasing and (b) bare ground is decreasing in the Komakuk (blue) and Herschel (yellow) vegetation types from 1999 to 2017. Diversity metrics including (c) species richness and (d) evenness have not undergone substantial
change. However, increases have occurred for (e) the sedge species Eriophorum vaginatum (orange), the shrub species Salix pulchra
(green) in the Herschel vegetation type and (f) the two grass species Alopercurus alpinus (light yellow) and Arctagrostis latifolia (light
blue) in the Komakuk vegetation type. Trends lines are Bayesian model fits with error of 95% credible intervals. Full model outputs
can be found in Appendix S1: Table S2 and results for trends in cover of all species in the Herschel and Komakuk in Appendix S1:
Tables S3, S4, respectively.
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FIG. 9. Future increases in species richness could occur due to the proximity of species not presently found within the long-term
ecological monitoring plots. Vascular plant species accumulation curves for the Herschel and Komakuk vegetation communities on
Qikiqtaruk. Trends lines are Bayesian model fits with error of 95% credible intervals. Distance refers to distance away from the center of the community composition plots on Collinson Head. Photographs illustrate the vascular plant species that have invaded the
Komakuk plots, Alopecurus alpinus, and the four closest species growing within 5 m of the Herschel and Komakuk vegetation types
in 2017. Full model outputs can be found in Appendix S1: Table S2.

that has warmed in recent decades (Burn and Zhang
2009; Figs. 3h, 4a). The active layer at a site near the
long-term vegetation monitoring plots has deepened by
about 15–25 cm since 1985, reaching depths of ~45–
55 cm (Burn and Zhang 2009) and as much as 87 cm
depth by 2017 (Fig. 4). Higher autumn temperatures are
likely to delay refreezing of the active layer, leading to a
nutrient release that could be used by plants in the following growing season (Blume-Werry et al. 2016, Salmon et al. 2016, Keuper et al. 2017). A deeper active
layer also increases rooting depth and decreases surface
disturbance from cryoturbation (Walker et al. 2004,
Iversen et al. 2015, Keuper et al. 2017, Wang et al.
2017). In our study, we documented deeper active layers
than previously reported, with warmer minimum soil
temperatures at 12, 15, and 16 m soil depths (Figs. 3h,
4; Appendix S1: Table S2). Our results suggest permafrost thaw and a trend of a deeper active layer over
time at this site, as has been observed at other locations
(Burn and Zhang 2009, Liljedahl et al. 2016, Hobbie
et al. 2017) concurrent with evidence of increasing thermokarst disturbances in the western Arctic (Lantz and
Kokelj 2008, Jorgenson et al. 2015, Segal et al. 2016,
Kokelj et al. 2017), which could be changing available
nutrients, rooting depths, surface cryoturbation, and
hydrology influencing plant cover and composition.

collared lemming (Dicrostonyx groenlandicus), brown
lemming (Lemmus trimucronatus), tundra vole (Microtus
oeconomus), and insects (Leung et al. 2018). Ranger
observations indicate that large mammals (muskox and
caribou) on Qikiqtaruk are either increasing or fluctuating in unpredictable ways over the monitoring period
from 1999 to 2017 (Cooley et al. 2012; C. Eckert, unpublished data). However, large herbivore group sizes and
numbers of groups may not reflect herbivory pressure at
the specific locations of the ecological monitoring plots.
Lemmings follow 3–5 yr cycles and vole populations and
have relatively constant populations over longer time
periods (Krebs et al. 2011). We began monitoring herbivory sign in 2014, but there are currently too few years
of data to assess trends in herbivore impacts over time.
An observed increase of herbivores could limit shrub or
other vegetation increases (Olofsson et al. 2009), counter
to the trends observed in this study. Exclusion of large
herbivores over a two-year period on Qikiqtaruk also did
not influence plant biomass (S. Gilbert et al., unpublished
data); however, substantial herbivore impacts might only
be observable over decades of exclusion (Olofsson 2006).
Overall, the available evidence currently indicates that
recent vegetation change on Qikiqtaruk is not primarily
driven by changes in herbivory.

Influence of herbivory on the observed vegetation change

Other factors influencing the observed vegetation change
at this site

Observed tundra vegetation change at this site could in
part be driven by variable herbivory due to cyclic lemming populations or spatial variation in muskox and caribou herbivory and/or trampling (van der Wal 2006,
Olofsson et al. 2009, Kerby and Post 2013, Barrio et al.
2016). Key herbivores on Qikiqtaruk include muskox
(Ovibos moschatus), caribou (Rangifer tarandus caribou),

Changes detected by ecological monitoring programs
such as those observed in this study can be driven by a
combination of site-level, regional, or large-scale anthropogenic changes. Other factors that could be influencing
tundra plant growth at this site include increasing atmospheric nitrogen deposition (Mack et al. 2004, Bobbink
et al. 2010, Formica et al. 2014), increasing atmospheric
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FIG. 10. (a) The relative strength of the relationships between environmental and ecological drivers and response parameters
over time on Qikiqtaruk (effect sizes from Figs. 3–8) and (b) a simplified summary of the likely mechanisms by which vegetation
change on Qikiqtaruk occurs. The standardized slope coefficients and credible intervals (slope coefficients or credible intervals
divided by the standard deviation of the data) for models of all the monitored parameters in this study indicate weak increases in
temperatures over the monitoring period, but stronger changes in active layer depths. Vegetation responses are variable, but indicate
strong increases in vegetation cover and canopy height, decreases in bare ground and ring widths, and earlier leaf emergence, senescence, and flowering for monitored plant species. Vegetation change parameters not directly measured that may also be changing
are shrub axial growth rates and stem numbers (Fig. 7). Colors indicate the category of variable and correspond to the variable colors in the previous figures. Red indicates temperature variables, blue indicates variables associated with freezing temperatures, snow
melt, sea ice, and permafrost, the other colors indicate the different plant species and vegetation communities (see captions of
Figs. 3–9). Frost days are calculated from temperature data, yet represent a variable associated with icey conditions and are thus
indicated in blue, yet in the temperature category.

CO2 concentration (Wigley et al. 2010, Bond and Midgley 2012, Buitenwerf et al. 2012), and land-use change
(Forbes et al. 2001, Kumpula et al. 2011) including
recovery from the impacts of European whalers over
wintering on the island for successive seasons from over

100 yr ago (Burn 2012). However, statistically attributing vegetation changes to different ecological variables
with varying extents of influence that have low interannual variability and correlate with each other is a
major challenge in global change research.
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Impacts of the vegetation change observed at this site
The observed vegetation changes on Qikiqtaruk could
have substantial impacts on wildlife. Increased plant
cover and growth could alter forage availability for large
herbivores such as caribou (Joly et al. 2009, 2010), and
could provide shelter for predator avoidance in small
mammals (Wheeler and Hik 2014) or nesting habitat for
birds (Leung et al. 2018). For example, increased cover
and abundance of tall shrub species, particularly in
riparian areas, are likely altering bird habitats and
changes in spring phenology can alter the timing of nesting of bird species on the island (Grabowski et al. 2013).
Bird species that prefer shrub habitat of >50 cm in
height, specifically White-crowned Sparrow (Zonotrichia
leucophrys), appear to be showing an increasing trend on
Qikiqtaruk (C. Eckert, unpublished data), and other
shrub-nesting species may well increase there in the
future (Cooley et al. 2012). Anecdotal observations indicate declines at Qikiqtaruk in two tundra nesting shorebirds, American Golden-Plover (Pluvialis dominica) and
Ruddy Turnstone (Arenaria interpres; C. Eckert, unpublished data), species that nest on sparsely vegetated habitats associated with dry tundra and bare ground
habitats. However, these species are also exhibiting continent-wide declines (Munro 2017), thus declines on Qikiqtaruk could be a function of both subtle changes to
local breeding habitat (Wauchope et al. 2017), and population declines of these migratory birds across their
ranges (Bart et al. 2007). Increased canopy heights could
also change winter snow depths due to snow trapping
(Myers-Smith and Hik 2013) and thus influence the ease
of travel for large mammals. Finally, changes in temperature and plant phenology can alter fruit and berry production (Krebs et al. 2009), or create phenological
mismatch among plant and animal species including
birds and insect pollinators (McKinnon et al. 2012,
Høye et al. 2013, Wheeler et al. 2014, Leung et al.
2018). All of these changes have the potential to restructure Arctic food webs and the interactions among plant
and animal species, thus potentially altering wildlife species upon which humans depend (Stern and Gaden
2015).
Implications for the observed biome-wide tundra greening
The results presented in our study demonstrate substantial ecological changes across a broad range of ecological parameters at this focal study site. One
challenge is understanding how representative these
ecological changes are of vegetation change across the
western Arctic region and tundra biome as a whole. To
address this challenge, coarse-grain, remotely sensed
data are often employed to scale local observations to
larger regions (Forbes et al. 2010, Macias-Fauria et al.
2012, Raynolds et al. 2013, Pattison et al. 2015, Walker
et al. 2016). While there are often strong relationships
between remotely sensed and in situ observations of
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ecological change (Forbes et al. 2010, Macias-Fauria
et al. 2012, Raynolds et al. 2013, Pattison et al. 2015,
Ju and Masek 2016), different time series of satellite
data can show low correspondence (Guay et al. 2014)
and some analyses of remotely-sensed data suggests
that the greening of the North American Arctic region
has slowed in recent years (Bhatt et al. 2013, 2017).
Our results indicate ongoing increase in canopy height
and abundance of plants in the ecological monitoring
plots reported in our study (Figs. 7, 8); which is inconsistent with the saturation of greening patterns in some
satellite observations. The discrepancy between remotely-sensed and in situ observations may be due to a
mismatch in scales of observation, and hence there is a
need to bridge the scale gap between high quality onthe-ground monitoring and remotely-sensed observations of ecological changes.
Impacts of long-term ecological monitoring observations
on ecosystems
While long-term monitoring provides unique and
valuable insight into a system, there are inevitably
caveats associated with regular visits to a site. Over
time, we have noticed increased disturbance around the
phenology transects due to trampling. We found that
metal tags on plants tend to damage leaves and stems
over time, and have moved to using adjacent marker
stakes rather than marking the plants themselves. New
technologies make it easier to monitor some aspects of
ecological change with minimal physical impacts on the
vegetation, and we are working to integrate automated
data collection (e.g., time-lapse photography using phenocams) and remotely acquired information (e.g.,
drone-based data collection) within the ecological monitoring program. In recent years, the ecological monitoring program has expanded to include proximal
remote sensing of the landscape, using drones (also
known as remotely piloted aircraft systems or
unmanned aerial vehicles) to acquire image data
(Fig. 2b, c). These drone-acquired data can provide
accurate and fine-grain measurements of both the spectral and structural properties of vegetation (Fraser
et al. 2016). We are now incorporating phenocams to
monitor vegetation change and timing of phenological
events (Westergaard-Nielsen et al. 2017), and motiontriggered camera traps to quantify wildlife habitat use
on the island (Tape and Gustine 2014) into the ecological monitoring program (Fig. 2). Analysis of novel
data, in conjunction with the multi-parameter monitoring program, will help us to understand what satellite
observations of the landscape can and cannot reveal
about ecological changes at this focal research site and
more widely across the Arctic. Nevertheless, collecting
long-term, ground-based data is as important as ever,
and we call for thoughtful planning of future monitoring programs to lessen direct anthropogenic pressures
on field sites.
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CONCLUSIONS
The 18 years of ecological monitoring on Qikiqtaruk
indicate (1) an increase in the potential growing season
length with warmer air and soil temperatures, fewer frost
days and earlier snow melt, leaf emergence, and flowering of monitored plant species, yet also earlier leaf senescence; (2) an increase in canopy heights of tundra plant
species; and (3) changing vegetation community composition, including increases in shrub and graminoid species and decreases in bare ground corresponding with a
deepening active layer. Multi-parameter ecological monitoring has allowed for a much-improved understanding
of ecological change at this site, suggesting that growingseason length and active layer depths, rather than summer temperatures alone or changing herbivory, are likely
the most important drivers of the observed vegetation
change. Overall, our findings align closely with reported
individual trends for the western Arctic region (Stern
and Gaden 2015) and across the tundra biome as a whole
(Myers-Smith et al. 2011a, Elmendorf et al. 2012b,
2015, Oberbauer et al. 2013). However, this study is one
of the first to demonstrate such a range of changes
occurring simultaneously at one site over a period of decades, providing very strong evidence for ongoing, directional vegetation change and offering insight into the
potential drivers of change. Our study highlights the critical role that collaborations between local people, park
rangers, government scientists, and academic research
programs play in global change research. It is only with
the multiple lines of evidence collected through an integrated ecological monitoring program that we can synthesize observed vegetation changes and compare
potential drivers, thus improving our understanding of
global change responses of this tundra ecosystem.
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