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Abstract
1.	 Environmental changes can rapidly alter standing biomass in tundra plant com-

munities; yet, to what extent can they modify plant-community nutrient levels? 
Nutrient levels and their changes can affect biomass production, nutrient cycling 
rates and nutrient availability to herbivores. We examined how environmental 
perturbations alter Arctic plant-community leaf nutrient concentrations (percent-
age of dry mass, i.e. resource quality) and nutrient pools (absolute mass per unit 
area, i.e. resource quantity).

2.	 We experimentally imposed two different types of environmental perturbations 
in a high-Arctic ecosystem in Svalbard, spanning three habitats differing in soil 
moisture and plant-community composition. We mimicked both a pulse perturba-
tion (a grubbing event by geese in spring) and a press perturbation (a constant 
level of summer warming).

3.	 After 2 years of perturbations, we quantified peak-season nitrogen and phos-
phorus concentrations in 1268 leaf samples from the most abundant vascular 
plant species. We derived community-weighted nutrient concentrations and total 
amount of nutrients (pools) for whole plant communities and individual plant 
functional types (PFTs).

4.	 Spring grubbing increased plant-community nutrient concentrations in mesic 
(+13%) and wet (+8%), but not moist, habitats, and reduced nutrient pools in all 
habitats (moist: −49%; wet, mesic: −31% to −37%). Conversely, summer warm-
ing reduced plant-community nutrient concentrations in mesic and moist (−10% 
to −12%), but not wet, habitats and increased nutrient pools in moist habitats 
(+50%).
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1  |  INTRODUC TION

The consequence of environmental changes for the nutrient dy-
namics (primarily nitrogen [N] and phosphorus [P]) of terrestrial 
plant communities is a crucial facet of environmental change studies 
(Vitousek et al., 2010; Yue et al., 2019). Plant-community nutrient 
levels—both concentrations (relative level of nutrients per unit of leaf 
dry mass) and pools (absolute amount of nutrients in leaf dry mass 
per unit area)—underpin multiple ecological processes and functions. 
Alterations in plant-community nutrient concentrations can modify 
the rates of carbon assimilation and litter decomposition (Cornwell 
et al., 2008), thus biomass production and nutrient cycling rates, as 
well as the palatability of forage for herbivores (resource quality; 
Grime et al., 1996). At the same time, alterations in plant-community 
nutrient pools can affect nutrient fluxes (Chapin et al., 2012), such as 
the input to the soil nutrient pools, as well as the amount of nutrients 
available to herbivores (resource quantity; Sterner & Elser, 2002). A 
key ramification of changes in resource quality and quantity is that 
they can alter the linkages between above-ground (vegetation) and 
below-ground (soil) compartments, influencing a range of ecosystem 
processes and functions simultaneously (Wardle et al., 2004).

In the Arctic, cold temperatures and short growing seasons 
constrain decomposition rates, hence the release of nutrients from 
soil organic matter, rendering tundra ecosystems notably nutrient-
limited (Hobbie et al.,  2002). Numerous field experiments have 
demonstrated that N availability exerts strong controls on tundra 
plant-community productivity and composition, soil microbial ac-
tivity, and ecosystem carbon storage. Yet, these same experiments 
have also identified a prominent role of P availability in modulating N 

controls on ecosystem structure and processes (Gignac et al., 2022; 
Sitters et al.,  2019; Street et al.,  2017; Sundqvist et al.,  2014). 
Moreover, from an herbivore perspective, N is fundamental for pro-
tein synthesis and thus growth, while P is crucial for bony structures 
and the synthesis of ATP (Sterner & Elser, 2002). Hence, perturba-
tions that cause modifications in N and P levels of plant communities 
are likely to have large impacts on tundra ecosystem functioning.

Arctic ecosystems are affected by diverse environmental pertur-
bations. The tundra hosts large populations of relatively few verte-
brate herbivore species (Speed et al., 2019), with migratory geese 
being abundant in many regions. Arctic-breeding goose populations 
have considerably increased in size over the past few decades (Fox 
& Madsen, 2017; but see Weegman et al., 2022). This was caused by 
enhanced conservation measures and decreased hunting pressure 
(Fox & Madsen, 2017), shifts in agricultural practices in temperate 
overwintering areas (Fox & Abraham,  2017), and climate warming 
(Jensen et al., 2008). Increasing numbers of geese and higher tem-
peratures are having marked impacts on tundra plant-community 
structure and productivity (Madsen et al., 2011). Yet, whether and 
how these impacts may be paralleled by similarly fast changes in 
plant-community nutrient levels remains poorly explored (but see 
Petit Bon et al., 2021).

After arrival and throughout the pre-breeding period in spring, 
goose species from the genera Anser and Chen forage for subterra-
nean plant material through grubbing (Fox et al., 2006). Grubbing, 
which often occurs in the upper 2–8 cm of thawed soil, causes up-
rooting and fragmentation of the moss layer and vascular plants (Fox 
et al., 2006; Figure S1a,b). As a sudden and relatively short-in-time 
disturbance at the onset of the growing season (a pulse perturbation 

5.	 Fast-growing PFTs exhibited nutrient-concentration responses, while slow-
growing PFTs generally did not. Grubbing enhanced nutrient concentrations of 
forbs and grasses in wet habitats (+20%) and of horsetails and grasses in mesic 
habitats (+19–23%). Conversely, warming decreased nutrient concentrations of 
horsetails in wet habitats (−15%) and of grasses, horsetails and forbs in moist 
habitats (−12% to −15%). Nutrient pools held by each PFT were less affected, 
although the most abundant PFTs responded to perturbations.

6.	 Synthesis. Arctic plant-community nutrient levels can be rapidly altered by envi-
ronmental changes, with consequences for short-term process rates and plant-
herbivore interactions. Community-level responses in nutrient concentrations 
and pools were opposing and differed among habitats and PFTs. Our findings 
have implications for how we understand herbivory- and warming-induced shifts 
in the fine-scaled distribution of resource quality and quantity within and across 
tundra habitats.

K E Y W O R D S
international tundra experiment (ITEX), near-infrared reflectance spectroscopy (NIRS), 
nitrogen (N) and phosphorus (P), nutrient concentrations and pools, pink-footed geese 
(grubbing), plant functional types (PFTs), plant–herbivore interactions, pulse and press 
perturbations
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in the system; Ravolainen et al.,  2020), goose grubbing can dras-
tically reduce the standing biomass of tundra plant communities 
(Jefferies et al.,  2006; Speed et al.,  2009), thus decreasing their 
N and P pools. However, goose activities in spring might increase 
plant-community N and P concentrations by promoting nutrient 
leaching from decomposing roots and rhizomes through grubbing, 
defecating unassimilated nutrients back into the soil, or stimulating 
the regrowth of highly nutritious plant tissues (Beard et al., 2019; 
Beaulieu et al., 1996), potentially offsetting, at least in part, the re-
duction in nutrient pools.

The Arctic is warming nearly four times faster than the rest of 
the planet (Rantanen et al., 2022), and there is ample evidence that 
tundra plant communities are changing in ways that may affect their 
nutrient levels (Bjorkman et al., 2018). Studies that simulated an av-
erage temperature rise in summer (a constant, press perturbation in 
the system) have shown that Arctic plant communities can respond 
rapidly, although often heterogeneously, with an increase in above-
ground plant cover and abundance (Bjorkman et al., 2020; Elmendorf 
et al., 2012; Walker et al., 2006; but see Hudson & Henry, 2010). 
Therefore, one could expect warmer temperatures to generally en-
hance plant-community N and P pools. However, in the short-term, 
elevated temperatures can lower plant N and P concentrations by 
speeding up the seasonal decline in plant quality or diluting nutri-
ents within the larger plant biomass (Doiron et al.,  2014; Flint & 
Meixell, 2021; Lameris et al., 2017), potentially offsetting, at least in 
part, the increase in nutrient pools.

Arctic ecosystems host various vascular plant species belonging 
to several plant functional types (PFTs; sensu Chapin et al., 1996), 
which shift their abundance according to prevailing environmental 
factors. Fine-scaled variations in topography and soil moisture con-
ditions in the Arctic create a mosaic of different habitats (Sjögersten 
et al., 2006). Habitats are characterized by different plant communi-
ties, with a composition of PFTs that differ in their standing biomass, 
thus in their N and P pools (Arndal et al., 2009). Because PFTs often 
vary consistently in their N and P concentrations (forbs > gram-
inoids > deciduous shrubs > evergreen shrubs; Thomas et al., 2018), 
they can further increase the spatial heterogeneity in nutrient levels 
among and within plant communities. Such heterogeneity not only 
suggests that tundra plant communities are likely to differ in their 
short-term nutrient responses to environmental changes but also 
that PFTs in these communities may display distinct responses. For 
example, meta-analyses of circum-Arctic experiments indicate that 
short-term warming (Walker et al., 2006) and fertilization (Dormann 
& Woodin, 2002) often promote the abundance of graminoids and 
shrubs, generally at the expense of the inherently less abundant, but 
more nutrient-rich, forbs (Bråthen et al., 2021). This suggests that 
nutrient-pool responses to perturbations might be larger for those 
PFTs that are more abundant in the community (mass ratio hypoth-
esis; Grime, 1998). Concurrently, studies that examined changes in 
tundra-plant nutrient concentrations found that fast-growing PFTs, 
such as forbs and graminoids, tend to show faster responses com-
pared to slow-growing PFTs, such as shrubs (Aerts et al., 2009; Petit 
Bon, Inga, et al., 2020), possibly because of their greater ability to 

readily exploit available nutrients. The composition of PFTs in plant 
communities affects key ecological processes, such as biomass ac-
cumulation, litter decomposition and herbivory (Dorrepaal,  2007; 
Wookey et al., 2009). Current knowledge of climate change effects 
on tundra ecosystems is largely based on PFT abundance responses, 
whereas a lack of fine-scaled nutrient data at the community level 
has hampered studies of PFT nutrient responses (Petit Bon, Böhner, 
et al., 2020).

Here, we quantified responses in leaf N and P concentrations (re-
source quality) and pools (resource quantity) at the whole commu-
nity level and in most abundant PFTs, to goose activity (grubbing and 
faeces deposition) and higher temperatures in high-Arctic Svalbard. 
We simulated pink-footed goose activity in spring (a pulse perturba-
tion) and raised average summer temperatures (a press perturbation) 
over 2 years in a full-factorial field experiment across three habitats 
that differ in soil moisture, and hence plant-community composition. 
We hypothesized goose activity to increase plant-community nutri-
ent concentrations and decrease nutrient pools, while warming to 
have opposite effects. We also expected plant communities in the 
three habitats to vary in their nutrient responses, reflecting those 
of most abundant PFTs. We anticipated fast-growing PFTs to ex-
hibit stronger nutrient-concentration responses compared to slow-
growing PFTs, and abundant PFTs to show the largest nutrient-pool 
responses. Previous findings from the tundra suggest that geese 
and warmer summers can drive vegetation composition to change 
in opposite directions (Choi et al., 2022). Hence, we also explored 
whether interactive effects between them may drive PFT nutrient 
responses.

2  |  MATERIAL S AND METHODS

2.1  |  Study system

The archipelago of Svalbard (62,700 km2), in the European high-
Arctic, is mainly covered by glaciers or rocky and sparsely vegetated 
ground, while only 15% of the land area is vegetated (Johansen 
et al.,  2012). This study was conducted in Adventdalen (78°10′N, 
16°05′E), a well-vegetated valley on Spitsbergen, the largest island 
of the archipelago, and experiments were carried out during the 
summers of 2016 and 2017. Over the 2 years, average annual and 
summer (June to August) temperatures were −1.2°C and 6.3°C, re-
spectively, while the mean annual precipitation was 258 mm. Linear 
trends in average annual and summer temperature for the period 
1988–2017 indicate an increase by approximately 1.7°C per decade 
and 0.7°C per decade, respectively, thus making Svalbard one of the 
World's most rapidly warming regions (data from Svalbard airport, 
ca. 10 km from the study area, http://met.no; Nordli et al., 2020).

There are only three resident vertebrate herbivores in Svalbard, 
the wild Svalbard reindeer Rangifer tarandus platyrhynchus, the 
Svalbard rock ptarmigan Lagopus muta hyperborea, and the sibling 
vole Microtus levis. While reindeer and ptarmigan are widely distrib-
uted across the archipelago, the sibling vole is an introduced species 
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found in a small bird cliff area (Fauteux et al., 2021), and only occa-
sionally occurs near our study sites in population-peak years (Fuglei 
et al.,  2008). Adventdalen is an important pre-breeding staging 
area for two migratory goose species, the pink-footed goose Anser 
brachyrhynchus and the barnacle goose Branta leucopsis. After arrival 
in spring (mid-to-late May) and for approximately 2–3 weeks, pink-
footed geese almost exclusively forage through grubbing, while bar-
nacle geese mostly feed by grazing above-ground vegetation (Fox & 
Bergersen, 2005); see for example Zacheis et al. (2001) for similari-
ties with other high-latitude systems in North America. In this study, 
spring goose herbivory was modelled on grubbing disturbance (in-
cluding faeces deposition) by pink-footed geese.

The Svalbard pink-footed goose population has increased 
from 15,000 individuals in 1965 up to 90,000 individuals in 2017 
(Madsen et al., 2017). In an assessment of the distribution of goose 
grubbing in Svalbard, pink-footed geese were shown to prefer wet 
habitats (Speed et al., 2009). Though less preferred, they also use 
drier habitats early in the spring when the still frozen soil does 
not permit grubbing in wet habitats (Fox et al., 2006). Due to the 
increase in population size, the utilization of drier habitats has 
also increased (Pedersen et al.,  2013), indicating that most plant 
communities in Svalbard can be exposed to some degree of spring 
goose grubbing.

2.2  |  Experimental design and perturbations

Seven replicate sites (300–1500 m apart), each comprising three hab-
itats (30–100 m apart) differing in soil moisture (wet > moist > mesic), 
were marked within a 5-km2 area in Adventdalen in late summer 
2015, at an altitude of 15–60 m a.s.l. Habitats were selected follow-
ing descriptions by Rønning  (1996) and represent important pink-
footed goose habitats in Svalbard (Fox et al.,  2006). Wet habitats 
are characterized by wetland vegetation, dominated by grasses (pre-
dominantly Dupontia fisheri and Calamagrostis neglecta), the sedge 
Eriophorum scheuchzeri and the horsetail Equisetum arvense. Moist 
habitats are characterized by moss meadow vegetation, with E. ar-
vense, the deciduous dwarf-shrub Salix polaris, the grass Alopecurus 
ovatus and the forb Bistorta vivipara being abundant species. Mesic 
habitats are characterized by heath vegetation, dominated by the 
rush Luzula confusa and co-occurring evergreen and deciduous 
dwarf-shrubs, grasses and forbs (main species are Dryas octopetala, 
S. polaris, A. ovatus, Poa arctica and B. vivipara). Species nomenclature 

follows the Svalbard flora (https://svalb​ardfl​ora.no). Besides spe-
cies composition, the three habitats also differ in abiotic conditions 
(Table 1).

After snowmelt in spring 2016, an experimental block consti-
tuted by four plots (80 × 80 cm) was established in all three habitats 
at each site (Figure 1a). One of the selected experimental blocks for 
wet habitats was discarded due to a flooding event (n plots = 80; N 
replicated blocks = 7 [moist and mesic habitats] and 6 [wet habitats]). 
Plots within blocks (2–10 m apart) were featured by homogeneous 
vascular-plant cover (at least 80% of the plot surface should be 
vegetated) and plant-community composition, and by similar mi-
crotopographical features. Two treatments with two levels in each 
were randomly allocated to the plots at each block in a full-factorial 
arrangement: (i) a simulated pulse perturbation mimicking the spring 
activity by pink-footed geese (disturbed and undisturbed plots) and 
(ii) a simulated press perturbation based on a constant level of sum-
mer warming (warmed and ambient plots).

Spring goose activity was applied once both years at the peak 
of the grubbing season (early-to-mid June). Grubbing was simulated 
in a regular fashion to ca. 33% of the plot surface (Figure S1c) by 
using a steel tube (20 mm diameter) that was inserted to a depth of 
about 50 mm and twisted to remove and export both above-ground 
and below-ground plant material from the plot, following Speed 
et al.  (2010). We then fertilized disturbed plots by adding 120 g 
of fresh goose faeces collected each spring within the study area. 
The intensity of our treatment (hereafter referred to as grubbing) 
reflected what we observed in naturally grubbed areas typically 
found in moist habitats. As previously reported (Speed et al., 2009), 
we also observed somewhat higher intensity of goose grubbing in 
wet habitats and lower intensity in mesic habitats. Nevertheless, 
a consistent disturbance intensity made it possible to compare 
plant-community nutrient responses across habitats (cf. Speed 
et al., 2010).

Summer warming was achieved by hexagonal open-top cham-
bers (OTCs, made of LEXAN© polycarbonate; 1.4 m base diame-
ter), following the International Tundra Experiment (ITEX) protocol 
(Henry & Molau, 1997; Molau & Mølgaard, 1996). OTCs are passive 
warming devices (Hollister et al., 2022) that have been used in sev-
eral ecological studies to increase plot-scale temperatures experi-
enced by plants (see e.g. Elmendorf et al., 2012). Overall, our OTCs 
increased mean (~0.9°C) and maximum (~3.5°C) July air temperature 
(measured at +5 cm from the moss surface) and mean (~1.0°C) and 
maximum (~1.5°C) July moss-mat temperature (−2 cm) compared to 

TA B L E  1  Summary of the abiotic characteristics of the three studied habitats. Data collected from un-manipulated control plots at the 
peak of the growing season (20–28 of July 2017). Soil moisture averaged from five recordings at each plot (measured using a ML3 Theta 
Probe and HH2 Moisture Meter Logger; Delta-T Devices Ltd.). Soil N-content averaged from three sub-samples at each plot (measured using 
a Vario EL Cube Elementar analyser; GmbH). Mean ± standard deviation is shown.

Environmental characteristics Wet habitats—wetland (n = 6) Moist habitats—moss meadow (n = 7) Mesic habitats—mesic heath (n = 7)

Soil moisture (% volume) 94.8 ± 12.7 64.2 ± 11.5 41.1 ± 7.8

Soil N-content (% dry weight) 0.28 ± 0.09 0.37 ± 0.15 0.54 ± 0.27
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ambient conditions; further details can be found in Table S1. OTCs 
were deployed soon after snowmelt (early June) during both years 
and were kept throughout the summer.

To avoid natural herbivory, all plots were caged off at the same 
time as setting up the OTCs. We used cages made of metal net 
(90 × 90 cm area × 50 cm height; mesh-size 1.9 × 1.9 cm) to exclude 
herbivores from ‘ambient’ plots. In ‘warmed’ plots, a piece of metal 
net was used to close the open-top part of each OTC, which then 
acted as an herbivore exclosure. Both OTCs and cages were re-
moved in early October, when geese had long left the archipelago, 
and during the winter period, to prevent changes in snow accumu-
lation patterns. For further details on the experimental design, refer 
to Petit Bon et al. (2021).

2.3  |  Plant-community nutrient concentrations and 
pools: Sample collection and processing

We collected leaves from all most abundant vascular plants within 
each plot and quantified their N and P concentrations (as % dry 
weight, hereafter %dwt). All leaves were collected at peak summer 
in 2017 (period 20–28 of July), following 2 years of perturbations. 
By using relative and absolute contribution of each species to the 
live-leaf biomass at each plot, we then calculated community-
weighted means of leaf N- and P-concentration (%dwt) and N- and 
P-pool (as g [dwt] m−2, hereafter g m−2) at the whole community 
level, as well as for plant functional types (PFTs). Community-
weighted means (sensu Garnier et al., 2004) have proved to be a 

F I G U R E  1  Overview of the three habitats and associated plant communities. (a) Example of experimental blocks established in wet, 
moist, and mesic habitats; photos: July 2016. (b) Two-dimensional NMDS ordination of plant species live-leaf biomass in un-manipulated 
control plots of the three habitats (n = 20, stress = 0.089, Non-metric fit r2 = 0.99, Linear fit r2 = 0.96). The ordination shows only the 14 
species for which we collected leaf samples (species abbreviations are reported in Table 2). Ellipses represent the 95% confidence interval 
for the mean (i.e. plant-community centroids—bold ellipses) and for the standard deviation of the mean (shaded ellipses); plant-community: 
R2 = 0.53, p = 0.001. Fit of the environmental parameters (Table 1) when a posteriori regressed on the two axes of the bi-plot: Soil moisture: 
r2 = 0.77, p = 0.0001; Soil N-content: r2 = 0.18, p = 0.003. (c) Average plant-community live-leaf biomass in un-manipulated control plots of 
the three habitats, sorted according to PFTs. Thick and thin bars are the standard error of the means for the whole plant community and for 
each PFT, respectively. The grey-dashed line shows the average plant-community live-leaf biomass across habitats.
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simple, yet reliable, metric to characterize the functional structure 
of plant communities and its relationship with the environment, 
and further link it to ecosystem functioning (Lavorel et al., 2011; 
Myers-Smith et al., 2019).

Leaf sampling was performed randomly within each plot by po-
sitioning a metal frame (50 × 50 cm) with 25 evenly distributed in-
tercepts in the centre of each plot. Nine sticks (3 mm Ø—numbered 
from 1 to 9) were dropped down vertically from 9 randomly selected 
intercepts within the frame. From sticks 1 to 9, the species for which 
the uppermost leaf had touched the stick was registered. Since we 
aimed at sampling the plant species (and PFTs) that built up most of 
the above-ground biomass within each plot, the same species was 
not recorded twice. Hence, the second closest species to a stick was 
registered when the stick would provide a species already recorded. 
Three to five fresh leaves of each registered species were collected 
at each plot (on average 5.6 [range: 3–9] species per plot), starting 
from the stick at which the species was first recorded and continuing 
with the subsequent sticks. Across habitats, we harvested a total of 
1493 leaves from 14 species belonging to seven broadly classified 
PFTs (Table 2). Their combined live-leaf biomass encompassed in av-
erage over 99% of the live-leaf biomass within plots (own data, see 
below).

During fieldwork, leaves were stored in separate tea-filter bags 
and flattened with a plant press within maximum 10 h after col-
lection. After 72 h, all leaves were oven-dried at 60°C for 48 h. 
Whenever a single leaf was not large enough for nutrient anal-
ysis (leaf area of 4 mm Ø; Petit Bon, Böhner, et al.,  2020), more 

leaves from the same species and plot were merged, leading to a 
total of 1268 independent leaf samples (Table 2). Each leaf-sample 
was analysed with near-infrared reflectance spectroscopy (NIRS 
FieldSpec 3; ASD Inc.) in 350–2500 nm range and equipped with 
a 4-mm light-adapter for full-leaf scanning (Petit Bon, Böhner, 
et al., 2020). For each leaf sample, 3-to-8 measures were taken, 
depending on leaf size, for a total of 4387 measures. Each measure 
was converted to both N and P concentrations (%dwt) by using 
prediction models based on milled and tableted plant samples 
(Ancin-Murguzur et al., 2019) and correction coefficients for full 
leaves (Petit Bon, Böhner, et al., 2020). We computed the median 
of the replicate measures for each leaf sample and then averaged 
the medians of the samples to obtain mean N and P concentra-
tions for each species within a plot. We obtained nutrient data 
for a total of 450 independent species samples (Table  2). For a 
similar approach, refer to Petit Bon, Inga, et al.  (2020) and Petit 
Bon et al. (2022).

We determined live-leaf biomass in each plot using the point in-
tercept frequency method (PIM; Bråthen & Hagberg, 2004; Molau 
& Mølgaard, 1996). To incorporate some of the within-plot spatial 
variation, two subplots (25 × 25 cm) were randomly selected within 
each plot and PIM was performed within these at peak season in 
2017 by using a sampling frame (25 × 25 cm area × 35 cm height) 
with 25 evenly distributed points. Within each subplot, we vertically 
lowered a stick (3 mm Ø) at all points and counted the number of 
hits with each vascular plant live-leaf. Point intercept data for each 
species were averaged between the two subplots within a plot and 

TA B L E  2  Vascular plant species and corresponding plant functional type (PFT) considered in this study, and from which we collected 
leaves for nutrient analyses (species are listed in alphabetical order in relation to their PFT).

Species Abbreviationa Sample sizeb Plant functional type (PFT) Habitatc

Bistorta vivipara Bis 262, (251), [72] Forbs Wet, moist, mesic

Coptidium lapponicum Cop 12, (12), [4]

Oxyria digyna Oxy 6, (4), [2]

Stellaria longipes Ste 51, (17), [17]

Alopecurus ovatus Alo 191, (190), [59] Grasses Wet, moist, mesic

Calamagrostis neglecta Cal 56, (56), [20]

Dupontia fisheri Dup 114, (114), [36]

Poa arctica Poa 77, (63), [25]

Eriophorum scheuchzeri Eri 63, (63), [20] Sedges Wet

Luzula confusa Luz con 90, (88), [27] Rushes Mesic

Luzula nivalis Luz niv 22, (22), [7]

Salix polaris Sal 269, (266), [76] Deciduous dwarf-shrubs Wet, moist, mesic

Dryas octopetala Dry 91, (59), [22] Evergreen dwarf-shrubs Mesic

Equisetum arvense Equ 189, (63), [63] Horsetails Wet, moist, mesic

aAbbreviations used in Figure 1b.
bFor each species, the number of harvested leaves (in total, n = 1493), the number of independent leaf samples analysed (round brackets; in total, 
n = 1268) and the number of independent species samples obtained and from which community-weighted nutrient concentrations and pools were 
calculated (square brackets; in total, N = 450) are reported (see Section 2.3 for details). Note that [N] also represents the number of experimental 
plots out of the total, that is 80, in which each species was found.
cHabitats in which each PFT was abundant enough (cf. Figure 1c) to allow the assessment of PFT nutrient responses to environmental perturbations 
(see Data Analysis for details).
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converted into live-leaf biomass (g m−2) using the correlation coef-
ficients in Petit Bon et al.  (2021). Briefly, correlation coefficients 
were obtained by calculating the relationship between PIM data and 
live-leaf biomass data, separately for each PFT (Table 2), collected 
from 17 external plots selected for destructive harvesting across the 
three studied habitats. Relative and absolute biomass data are pre-
sented in Figures S2 and S3, respectively.

Community-weighted means of N- and P-concentration (relative 
level of nutrients per unit of leaf dry mass) and N- and P-pool (abso-
lute amount of nutrients in leaf dry mass per unit area) were calcu-
lated for each plot:

where n represents the number of species in a plot, pi is the relative 
contribution of the species i to the overall plot live-leaf biomass, bi is 
the absolute contribution of the species i to the overall plot live-leaf 
biomass, and nutrient concentration is the N- and P-concentration 
(%dwt) of the species i. Both pi and bi for each species at each plot 
were derived using live-leaf biomass (g m−2) data obtained through con-
version of the initial PIM data (see above). The same formulae were 
used to obtain N- and P-concentration and N- and P-pool for each PFT, 
where n represents the number of species belonging to the PFT in a 
plot.

Some PFTs encompassed a single plant species (Table 2), which 
is inherent to high-Arctic, species-poor communities. This only hap-
pened when a species was the unique representative of the PFT at 
our sites. Because of their circumpolar distribution, these species 
(e.g. Dryas octopetala; Welker et al.,  1997) and genera (e.g. Salix 
spp.; Jones et al., 1997) have been widely studied in terms of their 
responses to environmental perturbations. Therefore, we refer to 
‘PFT’ throughout the Article and for comparisons with other Arctic 
studies.

2.4  |  Data analysis

A non-metric multidimensional scaling (NMDS; Legendre & 
Legendre, 2012) was run to confirm differences in plant-community 
composition among the three habitats (wet, moist, and mesic). 
The NMDS was based on Euclidean distances of the species log-
transformed + 1 live-leaf biomass (g m−2) in un-manipulated control 
plots. We assessed differences in plant-community composition be-
tween habitats with permutational multivariate analysis of variance 
(PERMANOVA). PERMANOVA used the Euclidean distance matrix 
and consisted of restricted permutations (n = 10,000) to account for 
the hierarchical spatial structure of the study design (permutations 
of ‘plots’ were constrained within their ‘site’).

Plant-community and PFT nutrient responses to spring goose 
grubbing (two-level factor: undisturbed and disturbed) and summer 
warming (two-level factor: ambient and warming) were studied using 
a generalized linear mixed-effects model (GLMM) framework.

Plant-community nutrient responses: For each response variable, 
we fitted a GLMM with Gaussian distribution and either identity-link 
(for N- and P-concentration) or log-link (for N- and P-pool) function, 
for a total of four models. In each model, the initial full fixed-effects 
structure included the three-way interaction between ‘habitat’, 
‘spring grubbing’ and ‘summer warming’. To account for the hierar-
chical study design, ‘site’ and ‘habitat-within-site’ were specified as 
nested random-effects.

PFT nutrient responses: Species (and PFT) composition differed 
between plant communities (see NMDS Results), and thus PFT nu-
trient responses were studied separately at each habitat. N- and 
P-concentration responses were quantified using GLMMs with 
Gaussian distribution and identity-link function, as done for plant-
community responses (see above). N- and P-pool responses in 
moist habitats were also quantified as for whole plant-community 
nutrient-pool responses, using GLMMs with Gaussian distribution 
and log-link function. However, some zero N- and P-pool occurred 
at the PFT level in wet and mesic habitats (~15% of the data). These 
zeros, which refer to the absence of a PFT from a plot, correspond 
to NAs (i.e. absence of data) in PFT nutrient concentrations, which 
have thus no issues with zero observations. Therefore, PFT N- and 
P-pool responses in these habitats were addressed using GLMMs 
with compound Poisson-Gamma distribution and log-link function 
(Zhang, 2013). This distribution was particularly suitable because it 
allows observations being exact zeros (i.e. the absence of a PFT), but 
is otherwise a continuous, positively skewed distribution (for a sim-
ilar approach, see e.g. Sitters et al., 2019). In each model (12 models 
in total; six models for both nutrient concentrations and pools), the 
initial full fixed-effects structure included the three-way interaction 
between ‘PFT’, ‘spring grubbing’ and ‘summer warming’. The num-
ber of ‘levels’ for the categorical predictor ‘PFT’ differed between 
models fitted for the three habitats, reflecting differences in PFT 
composition between plant communities (Table  2). To account for 
the hierarchical study design and the repeated sampling within plots, 
we included ‘site’ and ‘plot-within-site’ as nested random-effects.

By using likelihood ratio test (Bolker et al., 2009) on full models 
(fitted using maximum likelihood—ML), we selected the most parsi-
monious, but common, fixed-effects structure for all the analyses, 
separately for plant-community and PFT nutrient responses. We 
retained a common model structure to be able to (i) compare ef-
fect sizes of nutrient concentration and pool responses as well as 
of N and P responses and (ii) quantify community-specific and PFT-
specific responses to the imposed perturbations. The final model 
structure for plant-community nutrient responses included ‘habitat’, 
‘spring grubbing’ and ‘summer warming’ as additive fixed-effects 
and ‘habitat × spring grubbing’ and ‘habitat × summer warming’ as 
interactive fixed-effects. The final model structure for PFT nutrient 
responses included ‘PFT’, ‘spring grubbing’ and ‘summer warming’ as 
additive fixed-effects and ‘PFT × spring grubbing’ and ‘PFT × summer 

Plant−community nutrient concentrations (%dwt):
n
∑

i=1

=pi×(nutrient concentration)i ,

Plant−community nutrient pools
(

gm−2
)

:
n
∑

i=1

=
bi×(nutrient concentration)i

100
,
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warming’ as interactive fixed-effects. Parameter estimates of each 
final model (fitted using restricted-ML) are presented in Tables S2–
S9. Final models were validated by extracting simulation-based 
scaled residuals, which were visually inspected for deviations from 
the expected distribution, homoscedasticity, presence of outliers, 
dispersion and zero-inflation.

In the graphical presentation of the results, we focus on the 
effect of spring goose grubbing and summer warming on nutrient 
concentrations and pools, separately for the three plant commu-
nities and for each PFT. We display the main effects of our exper-
imental treatments (and how they compare to each other) since 
their interaction was not found to be statistically significant in any 
of the models. We largely focus on patterns in plant-community 
and PFT nutrient-concentration and nutrient-pool responses to 
perturbations, according to our study questions. To keep this 
focus, other results on how perturbations altered the differences 
in nutrient levels among plant communities and PFTs, that is, their 
nutrient hierarchies, are extensively presented in the Supporting 
Information (see Section 3).

All statistical analyses were performed in the R Statistical 
Program ver. 4.0.3 (https://www.r-proje​ct.org) using the ‘vegan’ 
package for NMDS and PERMANOVA (Oksanen et al.,  2020), the 
‘glmmTMB’ package for GLMMs (Brooks et al., 2017), the ‘emmeans’ 
package to extract parameter estimates and their CI from GLMMs 
(Lenth,  2021), and the ‘ggplot2’ package for graphical displays 
(Wickham, 2016).

3  |  RESULTS

3.1  |  Plant-community characterization

Plant species and PFT composition differed between the three plant 
communities (Figure 1b; Figure S4), supporting our a priori selection 
of the three studied habitats. Accordingly, PFT live-leaf biomass dif-
fered between plant communities (Figure 1c). The variability in plant 
species and PFT composition was higher in mesic and wet habitats 
than moist habitats, as expressed by the wider confidence intervals 
around their centroids (Figure 1b; Figure S4; cf. standard errors in 
Figure 1c).

3.2  |  Plant-community and PFT nutrient levels in 
absence of perturbations

Plant-community N and P concentrations (relative level of nutrients 
per unit of leaf dry mass; Figure 2a,b) and pools (absolute amount of 
nutrients in leaf dry mass per unit area; Figure 2c,d) varied to a dif-
ferent extent among habitats. Plant-community N-concentration in 
wet and moist habitats was similar (in average, 3.2%) and 13% higher 
than that in mesic habitats. Plant-community P-concentration was 
on average 0.28% and did not differ across habitats. Because nu-
trient pools positively correlated with live-leaf biomass (Figure S5), 

plant-community nutrient pools were similar in wet and mesic habi-
tats (N: 2.0 g m−2; P: 0.18 g m−2), and overall larger there than in moist 
habitats (N: 1.4 g m−2; P: 0.12 g m−2).

Within habitats, leaf N and P concentrations (Figure  2a,b) 
and pools (Figure 2c,d) also varied among PFTs. In wet habitats, 
PFT nutrient concentrations followed the order: horsetails and 
sedges (in average, N: 3.7%; P: 0.36%) ≥ deciduous shrubs (N: 
3.1%; P: 0.29%) ≥ forbs and grasses (N: 2.9%; P: 0.26%). Nutrient 
pools were larger in grasses, sedges and horsetails (94% of the 
total) than in deciduous shrubs and forbs. In moist habitats, 
nutrient-rich horsetails and forbs (N: 3.6%; P: 0.30%) opposed to 
the more nutrient-poor grasses and deciduous shrubs (N: 2.7%; 
P: 0.25%). Nutrient pools were the largest in horsetails (48% of 
the total), intermediate in deciduous shrubs and grasses (42% 
together), and the lowest in forbs. In mesic habitats, PFT N-
concentration varied in the order: horsetails (3.7%) ≥ forbs and 
grasses (3.2%) ≥ deciduous shrubs (2.7%) ≥ rushes and evergreen 
shrubs (2.4%), while P-concentration was overall higher in horse-
tails, forbs and grasses (0.29%) compared to sedges and shrubs 
(0.24%). PFTs contributed more similarly to the plant-community 
nutrient pools, although rushes did so to the largest extent (38% 
of the total).

3.3  |  Plant-community nutrient responses to 
perturbations

Overall, plant-community leaf N and P responses to perturbations 
were similar in relative magnitude (Figure  3), likely reflecting the 
tight positive correlations between N and P levels in plant communi-
ties (Figure S6).

Spring goose grubbing and summer warming had opposing ef-
fects on plant-community N and P concentrations (Figure  3a) and 
pools (Figure 3b), though the strength of responses differed among 
habitats. Grubbing raised plant-community nutrient concentrations 
in mesic habitats (+13%), P-concentration in wet habitats (+10%) and 
did not affect nutrient concentrations in moist habitats, whereas 
warming decreased nutrient concentrations in mesic and moist hab-
itats (range: −10% to −12%) and did not affect those in wet habitats. 
Conversely, grubbing reduced plant-community N and P pools in 
all habitats (moist: −49 > wet and mesic: −31% to −37%), whereas 
warming tended to enhance nutrient pools, but significantly so 
(+50%) only in moist habitats. Plant communities under goose grub-
bing had 12%–23% higher N-concentration and 35%–65% lower N 
and P pools than those under warming, but higher P-concentration 
(+29%) only in mesic habitats.

3.4  |  PFT nutrient responses to perturbations

Spring goose grubbing and summer warming also had opposing ef-
fects on PFT leaf N and P concentrations and pools (Figure 4), and 
the strength of nutrient responses also differed among PFTs.
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In wet habitats (Figure 4a,d), grubbing increased N and P concen-
trations in forbs and grasses (+20%), whereas warming decreased N-
concentration in horsetails (−15%). Forbs and grasses under grubbing 
had 25% higher nutrient concentrations than those under warming. 
None of the PFT nutrient pools were affected by perturbations in wet 
habitats.

In moist habitats (Figure 4b,e), grubbing did not alter nutrient con-
centrations of any PFTs, while warming decreased N and P concen-
trations in forbs, horsetails and grasses (range: −12% to −15%). Each 
of these PFTs under warming had 14%–18% lower N-concentration 
than that under grubbing. Conversely, only P-concentration in forbs 
was lower (−21%) under warming than that of forbs under grubbing. 
Though the only change in nutrient pools was a reduction of N and 
P in horsetails following grubbing (−64%), both these and the P-pool 
of grasses were 71% and 56% lower, respectively, under grubbing 
than under warming.

In mesic habitats (Figure 4c,f), grubbing increased N and P con-
centrations in grasses (+23%) and N-concentration in horsetails 
(+19%), while warming did not alter nutrient concentrations of 
any PFTs. Grasses and horsetails under grubbing had 25% higher 
N-concentration than those under warming. As well, grasses 
and deciduous shrubs in grubbed tundra had 29%–35% higher P-
concentration than those in warmed tundra. The only change in nu-
trient pools was an increase of N and P in evergreen shrubs following 
warming (+150%), which translated to a 4-fold difference compared 
to pools under grubbing.

4  |  DISCUSSION

We show that the spring grubbing activity by geese (a pulse per-
turbation) and a constant level of elevated summer temperatures (a 

F I G U R E  2  Plant-community leaf nutrient levels in absence of environmental perturbations. Plant-community and PFT (a) N- and (b) 
P-concentration and (c) N- and (d) P-pool in un-manipulated control plots of wet, moist, and mesic habitats. (a, b) Average plant-community 
(black) and PFT (coloured) N- and P-concentration. Bars are the standard error (SE) of the means. (c, d) Average plant-community N- and 
P-pool, sorted according to PFTs. Thick and thin bars are the SE of the means for the plant-community and for each PFT, respectively. The 
grey-dashed lines show the average plant-community nutrient levels across habitats.
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press perturbation), two major global change drivers in the tundra, 
act as key, short-term modifiers of high-Arctic plant-community nu-
trient levels. Consistent with our hypotheses, grubbing increased N 
and P concentrations (relative level of nutrients per unit of leaf dry 
mass) and decreased N and P pools (absolute amount of nutrients 
in leaf dry mass per unit area) in plant communities, while warm-
ing had the opposite effects. No signs of interactive effects were 
found. However, nutrient responses to environmental perturbations 
differed among the three plant communities, as well as across the 
seven PFTs. Combined, these findings demonstrate that environ-
mental changes have the potential to rapidly, yet differentially, alter 
plant-community and PFT nutrient concentrations (resource quality) 
and pools (resource quantity) within and among tundra habitats.

4.1  |  Plant-community nutrient responses to 
perturbations

The observed changes in plant-community leaf nutrient concentrations 
align with those from studies assessing the short-term effect of goose 
herbivory (generally positive; Beard et al., 2019; Beaulieu et al., 1996) 
and warming (generally negative; Doiron et al.,  2014; Tolvanen & 
Henry, 2001) on individual tundra species. Similarly, observed changes 
in plant-community nutrient pools reflect expectations of a negative 
effect of herbivores and a positive effect of elevated temperatures 
on the total amount of nutrients in tundra plants. For example, in a 
5-year exclosure experiment in a Canadian low-Arctic ecosystem, cari-
bou decreased the leaf N-pool of the shrub Betula glandulosa (Zamin & 

F I G U R E  3  Plant-community leaf nutrient responses to environmental perturbations. Effects of spring goose grubbing (pulse 
perturbation) and summer warming (press perturbation) on plant-community (a) N- and P-concentration and (b) N- and P-pool in wet, moist 
and mesic habitats (results for nutrient pools were back-transformed on the response scale). Effect sizes and their 95% confidence interval 
(CI) of experimental treatments are expressed as contrasts to the un-manipulated control plots, that is the reference level denoted with the 
dotted line at 0 effect size (refer to Figure 2 for plant-community nutrient concentrations and pools in absence of perturbations). Effect sizes 
(and their CI) in bold colours underline statistically significant effects (i.e. 95% CI not overlapping zero), whereas effect sizes (and their CI) 
in shaded colours underline non-statistically significant effects. Different letters (lowercase for N levels, uppercase for P levels) at the base 
of each panel indicate that the difference between grubbing alone and warming alone was statistically significant, as inferred from the 95% 
CI around the model-estimated effect size. Notice that effect sizes and their CI for P levels have been increased of one order of magnitude 
(×10) for display purposes. To what extent perturbations altered the difference in nutrient levels among plant communities, that is their 
nutrient hierarchies, is shown in Figures S7 and S8.
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F I G U R E  4  Plant functional type leaf nutrient responses to environmental perturbations. Effects of spring goose grubbing and summer 
warming on PFT (a–c) N- and P-concentration and (d–f) N- and P-pool, separately for wet, moist and mesic habitats. Effect sizes and their 
95% confidence interval of experimental treatments are expressed as contrasts to the un-manipulated control plots, that is the reference 
level at 0 effect size. Effect sizes (and their CI) in bold colours underline either statistically significant (i.e. 95% CI not overlapping zero) or 
biologically meaningful, close-to-significant (i.e. 90% CI not overlapping zero) effects, whereas effect sizes (and their CI) in shaded colours 
underline non-statistically significant effects. Different letters at the base of each panel indicate that the difference between grubbing alone 
and warming alone was statistically significant. Empty panels denote that the PFT was not represented in the plant-community (cf. Table 2). 
Full interpretation of graph content is provided in the caption of Figure 3. To what extent perturbations altered the difference in nutrient 
levels among PFTs is shown in Figures S9 and S10.
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Grogan, 2013). Doiron et al. (2014) showed that, in high-Arctic Canada, 
2 years of experimental warming increased the overall N-pool of five 
graminoid species grazed by geese, four of which were also found at 
our sites: Dupontia fisheri (grass in wet habitats), Eriophorum scheuchzeri 
(sedge in wet habitats), and Luzula confusa and L. nivalis (rushes in mesic 
habitats). Our results expand these earlier findings by showing that the 
effects of perturbations on nutrient levels of single tundra species can 
propagate at the community level.

At the community level, the two perturbations elicited peak-
summer nutrient-concentration responses of similar magnitude, 
but with opposite directions. Increases in plant-community N and 
P concentrations in response to grubbing show that even a short 
pulse of goose-plant interactions at the onset of the brief high-Arctic 
summer could provide summer-long, positive effects on resource 
quality for goslings and other herbivores (e.g. reindeer). This aligns 
with previous findings from coastal sub-Arctic grazing lawns, where 
geese can establish positive nutritional legacies for offspring (Beard 
et al., 2019; Ruess et al., 2019), and from alpine/low-Arctic tundra 
grasslands, where small-rodent activities in winter can raise plant-
community N and P concentrations throughout the following sum-
mer (Petit Bon et al., 2022; Petit Bon, Inga, et al., 2020). Conversely, 
summer warming generally reduced plant-community nutrient con-
centrations, suggesting potential short-term negative effects of el-
evated temperatures on resource quality (Doiron et al., 2014), and 
eventually herbivore fitness (Doiron et al., 2015). Importantly, these 
opposing effects of grubbing and warming, if maintained until the 
end of the summer (see e.g. Beard et al., 2019; Welker et al., 1997 for 
single tundra species), would drive nutrient cycling rates in opposite 
directions.

Plant-community nutrient-pool responses were larger following 
grubbing than warming. By removing the moss layer from grub-
bing holes and the vascular plants growing within them, grubbing 
caused reductions in the bulk of nutrients held by the three plant 
communities. This indicates that pulse perturbations in the Arctic 
tundra (see Ravolainen et al., 2020), such as rodent population peaks 
(Olofsson et al.,  2012) or insect outbreaks (Lund et al.,  2017), are 
important drivers of amount of N and P available to herbivores (Ims 
& Fuglei, 2005; Petit Bon, Inga, et al., 2020). The fact that, in our 
study, warming caused overall weaker nutrient-pool responses sug-
gests that the reduction in plant-community nutrient concentrations 
potentially overrides the positive effects of elevated temperatures 
on plant biomass (cf. Doiron et al.,  2014). Yet, in moss meadows 
(moist habitats), the warming-induced increase in plant biomass was 
pronounced enough to promote larger N and P pools despite a neg-
ative effect of elevated temperatures on N and P concentrations, as 
recently shown in Carex subspathacea meadows in Northern Alaska 
(Flint & Meixell,  2021). Therefore, our findings illustrate that tun-
dra plant communities can differ in their immediate nutrient pool 
responses to perturbations, and that these responses, at least to 
warming (press perturbation), might or might not be influenced by 
changes in nutrient concentrations.

Nutrient responses of the three plant communities differed 
in their magnitude, with wetlands (wet habitats) being the least 

responsive to perturbations. Several reasons may explain this pat-
tern. First, the water-saturated soil throughout the summer was 
likely responsible for the only slight increase in soil temperatures 
within OTCs, which plausibly was too weak to affect the pheno-
logical development and productivity of wetlands. Second, the 
soil in wet habitats had the lowest N concentration, which may 
constrain the extent to which plant communities respond to her-
bivory (Bråthen et al.,  2007) and higher temperatures (Shaver 
et al., 2000). Finally, the thick moss layer in these wetlands (Speed 
et al.,  2010) may have provided an efficient protection of the 
below-ground vascular-plant component from grubbing (Gornall 
et al.,  2009; Petit Bon et al.,  2021). These observations under-
score the importance of designing field experiments to explicitly 
account for habitat differences to better understand variations in 
the effects of perturbations on resource quality and quantity in 
tundra ecosystems.

4.2  |  PFT nutrient responses to perturbations

At the PFT level, the direction of leaf nutrient-concentration re-
sponses to goose grubbing and warming was generally consist-
ent with that of whole plant-community responses. However, as 
predicted, fast-growing PFTs, such as forbs and grasses, displayed 
overall stronger responses compared to slow-growing PFTs, such as 
shrubs. These findings generally match with previous studies show-
ing faster responses to perturbations by species and PFTs with a 
more acquisitive strategy, that is, fast rates of resource acquisition 
and use, compared to PFTs with a more conservative strategy, that 
is, slow rates of resource acquisition and use (Freschet et al., 2010; 
Reich, 2014; Sitters et al., 2019; Wang et al., 2017). This emphasizes 
the need to untangle individual PFT nutrient responses to better 
predict their consequences for ecosystem functioning (Myers-Smith 
et al., 2019).

Our results still revealed a considerable variability in nutrient 
responses of both fast-growing and most abundant PFTs. The ef-
fect of either perturbation on the same fast-growing PFT often 
differed across habitats. For example, N and P concentrations of 
grasses were increased by grubbing in wet habitats, but not in moist 
habitats, while warming reduced grass nutrient concentrations in 
moist habitats, but not in wet habitats. As for nutrient pools, de-
spite most abundant PFTs (e.g. horsetails and deciduous shrubs in 
moss meadows and evergreen shrubs in mesic heaths) were typ-
ically more responsive than least abundant PFTs (cf. mass ratio 
hypothesis; Grime,  1998), a consistent response pattern did not 
emerge. Other responses of PFTs (e.g. their abundance) are known 
to be spatially variable, as for example it is the case for warming ef-
fects mediated by habitat soil moisture (Elmendorf et al., 2012) and 
reindeer effects varying across tundra sites and vegetation types 
(Bernes et al., 2015; Sundqvist et al., 2019). Our study shows that 
there is also conspicuous small-scale spatial variability in PFT nutri-
ent responses to perturbations, which warrants further studies in 
other Arctic regions.
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We illustrate that field data gathered at the level of individual 
PFTs is a critical tool for quantifying the effects of environmental 
perturbations on nutrient distribution within plant communities. 
Both sedges and rushes, which together with grasses are often 
grouped as ‘graminoids’, were largely unresponsive to perturbations 
compared to the more responsive grasses. This stresses the impor-
tance of breaking down the frequently used ‘graminoids’ PFT into its 
sub-groups when addressing shifts in the nutrient structure of plant 
communities. In this study, we also considered horsetails separately, 
which are often merged with herbaceous vegetation when investi-
gating PFT abundance responses. Horsetails, which are an important 
food source for northern-breeding geese (Fox et al., 2006; Thomas 
& Prevett, 1982), clearly differed from other PFTs in their N and P 
levels, as well as in their responses to grubbing and warming. This 
suggests that their inclusion as a separate PFT can improve our un-
derstanding of alterations in resource quality and quantity in tundra 
following perturbations.

4.3  |  Evaluation of methods and results

Results from our field experiment might be more conservative 
than those expected when addressing naturally occurring goose 
grubbing and warming. As one of our goals was to compare nutri-
ent responses to environmental perturbations among plant com-
munities, we simulated grubbing with the same intensity across 
habitats. Our experimental grubbing did not consider possible 
herbivore patch choices (Van der Wal et al.,  2000), as well as it 
did not account for trampling effects, which generally enhance 
nutrient availability by favouring the incorporation of litter and 
faeces into the soil (Tuomi et al.,  2021). Further, the increase in 
air temperature induced by our OTCs (~1°C throughout the warm-
est month—July) was smaller than the whole-summer average 
increase of ~1.5°C obtained with OTCs across 35 globally distrib-
uted tundra sites (Elmendorf et al., 2012). Thus, the magnitude of 
warming observed in our study falls within the lower half of the 
warming intensity achieved through OTCs across tundra ecosys-
tems (Hollister et al., 2022).

We calculated community-weighted means (Garnier et al., 2004) 
of N and P by including nutrient levels measured on all most abun-
dant species (~99% of the live-leaf biomass within plots). We ac-
knowledge that the below-ground compartment, which in tundra 
can account for a large part of the whole plant-community biomass 
(Ottaviani et al., 2020), remains to be explored. We also incorporated 
intraspecific variability, here obtained by averaging N and P concen-
trations from 3 to 5 different individuals sampled at each plot, which 
can increase accuracy and reduce biases when describing the func-
tional structure of plant communities (Carmona et al.,  2015). The 
three plant communities studied here cover together approx. 45% 
of the Middle Arctic tundra subzone (Subzone C, ~23% of the non-
glaciated Arctic; Walker et al., 2005), stressing the potential gener-
ality of our findings and their applicability to a wide range of tundra 
ecosystems.

5  |  CONCLUSIONS

We conclude by outlining three take-home messages stem-
ming from the short-term changes in plant-community N and P 
concentrations (resource quality) and pools (resource quantity) 
observed in this study. First, spring goose grubbing (a pulse 
perturbation) and summer warming (a press perturbation) 
generally had opposing effects on nutrient levels. These have 
implications as to how resource quality and quantity might be 
impacted by changing goose populations in a warmer Arctic. 
Second, we found that different tundra plant communities dif-
fer in the magnitude of their N and P responses. This calls for 
caution when extrapolating nutrient responses to perturba-
tions across habitats, and further suggests that investigating 
community-specific responses is pivotal to widen our knowl-
edge of the fine-scaled spatial distribution of resource qual-
ity and quantity. Third, we revealed that, within communities, 
PFTs also exhibit different N and P responses, indicating that 
the variability often observed when addressing PFT abundance 
responses to perturbations is paralleled by variable nutrient 
responses.
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