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Abstract
1.	 Given the current rates of climate change, with associated shifts in herbivore 

population densities, understanding the role of different herbivores in ecosystem 
functioning is critical for predicting ecosystem responses. Here, we examined 
how migratory geese and resident, non-migratory reindeer—two dominating yet 
functionally contrasting herbivores—control vegetation and ecosystem processes 
in rapidly warming Arctic tundra.

2.	 We collected vegetation and ecosystem carbon (C) flux data at peak plant growing 
season in the two longest running, fully replicated herbivore removal experiments 
found in high-Arctic Svalbard. Experiments had been set up independently in wet 
habitat utilised by barnacle geese Branta leucopsis in summer and in moist-to-dry 
habitat utilised by wild reindeer Rangifer tarandus platyrhynchus year-round.

3.	 Excluding geese induced vegetation state transitions from heavily grazed, moss-
dominated (only 4 g m−2 of live above-ground vascular plant biomass) to ungrazed, 
graminoid-dominated (60 g m−2 after 4-year exclusion) and horsetail-dominated 
(150 g m−2 after 15-year exclusion) tundra. This caused large increases in vegeta-
tion C and nitrogen (N) pools, dead biomass and moss-layer depth. Alterations in 
plant N concentration and CN ratio suggest overall slower plant community nu-
trient dynamics in the short-term (4-year) absence of geese. Long-term (15-year) 
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1  |  INTRODUC TION

Vertebrate herbivores are found in most terrestrial ecosystems, 
and their key role in shaping ecosystem structure and func-
tion has been recognised for decades in systems as diverse as 
savannas (McNaughton,  1985), temperate grasslands (Frank & 
Groffman, 1998), boreal forests (Pastor & Naiman, 1992) and Arctic 
tundra (Jefferies et al., 1994). In the latter, partly due to a mixture 
of anthropogenic factors, densities of herbivore populations are un-
dergoing drastic changes (Fox & Madsen, 2017; Uboni et al., 2016). 
With the Arctic experiencing the fastest rate of climate warming 
on Earth (IPCC, 2021), together with the potential for herbivory to 
modulate warming effects on vegetation and ecosystem processes 
(Leffler et al., 2019; Post & Pedersen, 2008; Sjögersten et al., 2008), 
interest in how herbivores affect tundra ecosystems is high (Barrio 
et al., 2016; Koltz et al., 2022). A growing body of studies has shown 
that herbivore impacts are far from homogeneous and often depend 
on both the species and the ecological context (Bernes et al., 2015; 
Lara et al., 2017; Petit Bon, Inga, et al., 2020; Sjögersten et al., 2008; 
Speed et al., 2010; Sundqvist et al., 2019). However, these insights 
mainly emerge when synthesising outcomes from different single-
species studies conducted in different systems (Forbes et al., 2019; 
Soininen et al.,  2021). Herein, by sampling two independent sets 
of long-term herbivore exclosures in the same Arctic system, we 
investigate the role of geese and Rangifer (reindeer/caribou), two 
circumpolar-distributed herbivores, in shaping tundra vegetation 
and ecosystem carbon (C) exchange rates.

Herbivores influence standing biomass and composition of tundra 
vegetation via direct and indirect mechanisms. By directly consuming 
plant tissue, herbivores generally reduce plant biomass, although no 

effects or even increases in biomass have also been reported (Olofs-
son et al., 2004). This latter effect results from shortcutting the litter 
decomposition pathway through the deposition of soluble nutrients 
(mainly nitrogen [N]) in animal excreta (Barthelemy et al., 2017; Van 
der Wal et al., 2004) and from reducing the depth of the moss layer 
through trampling (Tuomi et al., 2021), in turn raising soil tempera-
tures (Gornall et al., 2009). Herbivores can thereby hasten nutrient 
cycling rates and indirectly enhance plant productivity. This is also 
how herbivores can promote a graminoid-dominated vegetation state 
in the tundra (Van der Wal, 2006) and modify the quality (N concen-
tration and CN ratio) of forage plants (Olofsson et al.,  2001; Petit 
Bon et al., 2022). Yet, if herbivore pressure exceeds certain thresh-
olds, resultant alterations to the plant–soil system can spark feedback 
loops leading to degraded vegetation states, which can be temporarily 
(Ravolainen et al., 2020) or near-irreversible (Jefferies et al., 2006).

By affecting vegetation and soil, Arctic herbivores can alter 
CO2 emissions from the tundra. An herbivore-induced decrease 
in plant biomass can directly reduce the potential for C uptake 
of the ecosystem (Metcalfe & Olofsson, 2015; Plein et al., 2022; 
Sjögersten et al.,  2008; Van der Wal et al.,  2007). However, re-
duced biomass inherently translates to lower plant respiration, 
potentially levelling out the net loss of C at the ecosystem level. 
Herbivores can also indirectly enhance C emission by stimulating 
soil respiration through reducing moss-layer depth, thereby in-
creasing soil temperatures (Gornall et al.,  2009). Yet, this effect 
might also be levelled out if herbivores concurrently limit soil res-
piration by reducing the amount of plant C returned to microbes 
(Stark & Grellmann, 2002), or if they enhance plant productivity, 
and hence ecosystem C sequestration, by accelerating nutrient cy-
cling rates (Ylänne & Stark, 2019). Although pathways are complex, 

goose removal quadrupled net ecosystem C sequestration (NEE) by increasing 
ecosystem photosynthesis more than ecosystem respiration (ER).

4.	 Excluding reindeer for 21 years also produced detectable increases in live above-
ground vascular plant biomass (from 50 to 80 g m−2; without promoting vegeta-
tion state shifts), as well as in vegetation C and N pools, dead biomass, moss-layer 
depth and ER. Yet, reindeer removal did not alter the chemistry of plants and soil 
or NEE.

5.	 Synthesis. Although both herbivores were key drivers of ecosystem structure and 
function, the control exerted by geese in their main habitat (wet tundra) was much 
more pronounced than that exerted by reindeer in their main habitat (moist-to-
dry tundra). Importantly, these herbivore effects are scale dependent, because 
geese are more spatially concentrated and thereby affect a smaller portion of the 
tundra landscape compared to reindeer. Our results highlight the substantial het-
erogeneity in how herbivores shape tundra vegetation and ecosystem processes, 
with implications for ongoing environmental change.

K E Y W O R D S
carbon (C) and nitrogen (N), ecosystem respiration (ER), gross ecosystem photosynthesis (GEP), 
habitats, mosses, net ecosystem exchange (NEE), plant–herbivore interactions, Svalbard
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investigating how herbivores modify CO2-fluxes of tundra ecosys-
tems can provide essential information to predict alterations in the 
C balance of Arctic regions under ongoing climate change. This 
is critical, considering that approximately one-third of the world's 
soil C is stored in permafrost regions (Tarnocai et al., 2009), with 
potential for climate feedbacks if released (IPCC,  2021; Schuur 
et al., 2015).

Arctic ecosystems host a range of vertebrate herbivores (Speed 
et al., 2019). The influence on ecosystem functioning likely varies 
across taxonomic and functional herbivore groups, and their pattern 
of resource utilisation. For example, spatially co-occurring mamma-
lian herbivores with contrasting size, such as reindeer and small ro-
dents, have been repeatedly shown to differentially affect tundra 
vegetation (Petit Bon, Inga, et al., 2020; Ravolainen et al., 2011) and 
ecosystem CO2-fluxes (Metcalfe & Olofsson,  2015). Analogously, 
herbivores that are spatially more separated may differentially alter 
ecosystem structure and function in their respective habitats (Jef-
feries et al.,  1994). Migratory geese are known to exert a strong 
pressure on the Arctic tundra, notably during spring and while 
rearing goslings throughout the summer (Gauthier et al., 1995). Yet, 
the intensity of goose herbivory varies among habitats (Kellett & 
Alisauskas, 2022), and is greatest in wet tundra (Speed et al., 2009), 
indicating that the effects of geese are likely to be spatially concen-
trated. Contrastingly, reindeer roam the tundra year-round, ranging 
widely and utilising both relatively moist and dry habitat (Hansen 
et al., 2010; Iversen et al., 2014). Perhaps also for this reason, at a 
circumpolar scale, reindeer impacts on tundra vegetation are gen-
erally weak (Bernes et al., 2015).

Herbivore removal experiments have proved a powerful tool to 
address the effects of herbivores on ecosystem functioning (Forbes 
et al., 2019; Soininen et al., 2021), especially in the long term, after 
sufficient time for the system to adjust (e.g. Sundqvist et al., 2019). 
However, due to the paucity of long-term removal experiments in 
the Arctic, and even more so in the high Arctic (Forbes et al., 2019), 
studies on how herbivores influence ecosystem structure and func-
tion across the tundra landscape are scarce. With the Arctic rap-
idly changing, there is an urgent need for experiments testing the 
role of different herbivores in shaping tundra ecosystems (Koltz 
et al., 2022).

In this study, we examine grazing impacts of barnacle geese 
Branta leucopsis and wild Svalbard reindeer Rangifer tarandus platy-
rhynchus, whose populations in high-Arctic Svalbard have increased 
considerably in size and spatial extent during the last decades (Fox 
& Madsen,  2017; Le Moullec et al.,  2019). We took advantage of 
two long-term (≥15 years) herbivore removal experiments, one 
set up in wet habitat largely utilised by post-breeding and moult-
ing migratory geese and one set up in moist-to-dry habitat largely 
utilised by resident, non-migratory reindeer. Our aim was to inves-
tigate the role of each herbivore in shaping tundra vegetation and 
associated ecosystem processes in its respective main habitat. We 
focused on herbivore-induced changes in (i) live plant biomass and 
vegetation composition, (ii) concentrations and pools of C and N in 
vegetation and (iii) instantaneous ecosystem CO2-fluxes. Changes in 

standing-dead biomass and moss-layer depth, as well as in soil C and 
N concentrations, were also assessed to draw a more complete pic-
ture of how these functionally different herbivores affect the Arc-
tic tundra over the long term. We expected geese to exert a strong 
control on the functioning of wet habitat, and for reindeer to exert 
a less pronounced, yet detectable, influence on the functioning of 
moist-to-dry habitat.

2  |  MATERIAL S AND METHODS

2.1  |  Study systems

The high-Arctic archipelago of Svalbard (Norway)—one of the most 
rapidly warming regions on Earth (Isaksen et al., 2022)—hosts only 
two resident vertebrate herbivores: the wild Svalbard reindeer 
Rangifer tarandus platyrhynchus and the Svalbard rock ptarmigan 
Lagopus muta hyperborea. In summer, however, several species of 
migratory birds dwell and breed in Svalbard, among which two 
geese, the barnacle goose Branta leucopsis and the pink-footed 
goose Anser brachyrhynchus, extensively utilise wet tundra across 
the archipelago.

This study utilised the two longest running, fully replicated 
herbivore removal experiments found in Svalbard. The two study 
sites, found near the settlement of Ny-Ålesund and in the valley 
named Semmeldalen, are ~130 km apart, yet both are located on 
the largest island of the archipelago, Spitsbergen (Figure 1a). The 
Ny-Ålesund site is a tundra wetland (Thiisbukta) near the shore of 
Kongsfjorden, while the Semmeldalen site is moist-to dry tundra 
situated in the inner part of the ~8-km long, U-shaped valley in 
a more central part of Spitsbergen. Table  1a provides study site 
characteristics.

The two long-term experiments were independently set up to 
study the influence of, respectively, migratory barnacle geese (Ny-
Ålesund) and resident, non-migratory reindeer (Semmeldalen) on 
Svalbard's terrestrial ecosystems. Yet, owing to their comparable 
design and duration (Section 2.2), they also provide a unique oppor-
tunity to conduct a side-by-side assessment of the extent to which 
these two circumpolar-distributed herbivores influence the habitat 
they most extensively utilise.

The Ny-Ålesund area has since the early 1980s had an increas-
ing population of barnacle geese (Table 1b), which largely utilises 
wet habitats. Reindeer are now also fairly abundant on Brøggerh-
alvøya (the peninsula of which Ny-Ålesund is part), but very infre-
quently use wet tundra in the vicinity of Ny-Ålesund; rather, they 
more commonly graze within drier habitats (as confirmed by GPS 
collar data; Hansen et al., data unpublished). This renders our study 
site in Ny-Ålesund an example of a system intensively grazed by 
geese, but only for a limited period of 3–5 weeks when vascular 
plant growth is greatest. During this period, adult geese undergo 
full wing moult and goslings grow up, conditions which limit their 
spatial range. By the time adults and young geese can fly, they 
leave the area.

 13652745, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14200 by U

tah State U
niversity, W

iley O
nline Library on [12/12/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License



2630  |   Journal of Ecology JOURNAL OF ECOLOGY

The Semmeldalen study site is grazed year-round by reindeer, a 
‘mixed grazer/browser’ that is less spatially restricted (home-range 
size of a few km2; Tyler & Øritsland, 1989) and consumes a much 
wider range of plant species compared to barnacle geese. The local 
reindeer population (Colesdalen–Semmeldalen–Reindalen valley 
system) has tripled in size during the last 20 years (Table 1b), and 
extensively utilises moist-to-dry habitat. Pink-footed geese, and to 
a lesser extent barnacle geese, have locally increased in numbers, 
as in the rest of the archipelago (Madsen et al.,  2017). However, 
they are generally confined to wet tundra (Speed et al., 2009), and 
only sporadic signs of goose activity were observed at the reindeer 
exclosure locations (Van der Wal & Petit Bon, personal observations).

2.2  |  Experimental sites and set-up

Detailed experimental site and study design descriptions are 
given elsewhere (Ny-Ålesund: Sjögersten et al.,  2011; Sem-
meldalen: Van der Wal & Brooker,  2004), but a summary is 

provided here. Plant names follow the Svalbard Flora (https://
www.svalb​ardfl​ora.no).

The Ny-Ålesund experimental site was established in 2003 in 
a wet habitat (Van der Wal & Hessen, 2009) dominated by grasses 
(mainly Poa arctica), forbs (e.g. Saxifraga spp. and Cardamine spp.) 
and the horsetail Equisetum arvense. Calliergon spp. are the dominant 
mosses. Five pairs of exclosure and open-grazed plots (2 m × 2 m) were 
set up within the wetland (1-km2 area; Figure  1b). Exclosures were 
built with 50-cm high poultry netting and metal strings across the 
top. Five additional exclosures were built in 2015 by fencing off a ran-
domly selected corner (quarter; 1 m × 1 m) of each open-grazed plot.

The Semmeldalen experimental site was established in 1997 in 
two different moss-dominated habitats: moist grass-rich meadow 
and dry Luzula heath. Across the two habitats, common vascular 
plant species are the grasses P. arctica and Alopecurus ovatus; the 
woodrush Luzula confusa; the forbs Bistorta vivipara and Stellaria lon-
gipes; the deciduous dwarf shrub Salix polaris; and the horsetail E. 
arvense. Dominant mosses are Sanionia uncinata, Tomentypnum ni-
tens and Aulacomnium spp. Five pairs of exclosure and open-grazed 

F I G U R E  1  Schematic of the experiments at the two study sites. (a) Study systems, (b) details on the spatial structure of the experimental 
designs (photographs show examples of the long-term exclosures at the two experimental sites in the sampling year 2018; the inset for Ny-
Ålesund shows a short-term exclosure) and (c) sampling designs. The drawing in (c) summarises the ecosystem properties considered in this study.
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plots (10 m × 10 m) were established within a 10-km2 area (Figure 1b). 
Three pairs were set up in moist grass-rich meadows and two pairs 
in dry Luzula heaths. Exclosures were built with 150-cm high timber.

We did not observe signs of herbivore activity inside the ex-
closures during the sampling season of 2018. Reindeer could step 
over the wooden fences during winter when snow reaches sufficient 
depth; however, no over-winter cratering (sensu Hansen et al., 2010) 
took place. Hence, the exclosures remove effectively the herbivory 
pressure on the vegetation and the underlying soil system. Three in-
dependent visits (February 2010; March and April 2018) to the study 
sites suggest that snow cover during winter does not differ between 
open-grazed and exclosure plots (Van der Wal & Petit Bon, personal 
observations). Yet, as a control area to evaluate the effect of fences 
on snow accumulation, and hence vegetation and soil, was not avail-
able, we cannot rule out the possibility of slightly different snowmelt 
patterns across plots in spring.

2.3  |  Sample collection and processing

2.3.1  |  Sampling design

Around the peak of the growing season in 2018 (Ny-Ålesund: 15–21 
July; Semmeldalen: 25–31 July), an intense sampling campaign was 
undertaken to investigate how Svalbard tundra ecosystems respond 
to the long-term removal of geese (Ny-Ålesund; 15-year exclusion) 
and reindeer (Semmeldalen; 21-year exclusion). In Ny-Ålesund, 
short-term exclosures (4-year-old) were also sampled to help inter-
pret long-term responses.

To account for some of the spatial variation within plots, mea-
surements of focal ecosystem properties were taken in three (Ny-
Ålesund) or four (Semmeldalen) subplots (25 cm × 25 cm) per plot 

(Figure 1c). Plots were divided into quadrants and one subplot was 
determined at random within each quadrant.

2.3.2  |  Vegetation: Vascular plants and mosses

We assessed above-ground vascular plant biomass using point in-
tercept frequency methodology (PIM; Bråthen & Hagberg,  2004). 
PIM was performed at each subplot using a sampling frame 
(25 cm × 25 cm) with 15 points. A pin (3 mm diameter) was lowered 
from above onto the moss or soil at each point and the number of 
contacts (intercepts) between the pin and each live vascular plant 
species was counted. Standing-dead graminoid material was also 
a possible intercept and recorded as additional category. We con-
verted the number of intercepts for each species (live) and category 
(standing-dead graminoids) into plant biomass (g m−2, as dry weight 
[dw]) following Bråthen and Hagberg (2004) and by using correlation 
coefficients in Petit Bon et al.  (2021). We grouped vascular plant 
species into five broadly classified plant functional types (PFTs): 
forbs, grasses, horsetails, rushes and deciduous dwarf shrubs (spe-
cies data are given in Table S1).

We measured moss-layer depth (separately for the photosyn-
thetically active green part and the nearly decomposed brown part) 
in two randomly selected, yet opposing, corners of each subplot.

2.3.3  |  Ecosystem C and N contents

We assessed leaf C and N concentrations (%dw) in five focal vascular 
plant species belonging to the five PFTs: B. vivipara (forb), P. arctica 
(grass), E. arvense (horsetail), L. confusa (woodrush) and S. polaris (de-
ciduous dwarf shrub). Together, these species made up on average 

TA B L E  1  Characteristics of the study sites.

Ny-Ålesund Semmeldalen

(a)

Location 78°55′ N, 11°55′ E 77°59′ N, 15°22′ E

Altitude 5–10 m a.s.l. 150–165 m a.s.l.

Mean annual temperature −4.3 [−2.1]°C −4.0 [−1.8]°C

Mean July temperature 5.6 [6.2]°C 6.8 [7.2]°C

Annual precipitation 465 [749] mm 204 [293] mm

(b)

Main herbivore at the exclosure locations Geese (June–July) Reindeer (year-round)

Trend in main herbivore population λ = 1.02 (geese) (a) λ = 1.09 (reindeer) (b)

Mean main herbivore biomass in summer (June–July)(c) 560 kg geese km−2 154 kg reindeer km−2

Mean main herbivore biomass throughout the year(d) 93 kg geese km−2 154 kg reindeer km−2

Note: (a) Climate data are for the 30-year period 1989–2018 from the climate stations in Ny-Ålesund (for Ny-Ålesund site) and at Svalbard airport (for 
Semmeldalen site); in brackets, data for the sampling year 2018 (www.met.no). (b) Estimated mean annual population growth rate (λ) for (a) barnacle 
geese for the period 2004–2017 (Layton-Matthews et al., 2019) and (b) reindeer for the period 1998–2018 (Solberg et al., 2022). Estimated biomass 
of geese (Ny-Ålesund, period 2004–2017; mean population size n = 693, mean body mass = 1.6 kg, area = 2 km2) and reindeer (Semmeldalen, period 
1998–2018; mean population size n = 898, mean body mass = 52 kg, area = 300 km2), separately for (c) summer only and (d) whole year (data from 
references above).
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84% and 94% of the live above-ground vascular plant biomass at the 
Ny-Ålesund and Semmeldalen sites respectively. Total leaf C and N 
pools (g m−2 dw) were calculated by combining elemental concentra-
tions and biomass data (Section 2.3.2). Finally, we assessed C and N 
concentrations of mosses and soil.

Vascular plant leaf sampling was conducted randomly while 
performing PIM. The closest live-leaf to each pin and belonging to 
one of the five focal species was collected (2–4 leaves per species 
per subplot). In open-grazed plots in Ny-Ålesund, where vascular 
plant biomass was very low (Section 3), leaves were collected at the 
plot level. Leaves from each species and subplot were stored in a 
separate tea-filter bag, pressed dry between filter papers for 72 h, 
and then oven-dried at 60°C for 48 h, following Petit Bon, Böhner, 
et al. (2020). In Semmeldalen, where we did not have access to oven 
facilities, leaves were kept as dry as possible by regularly substitut-
ing filter papers and oven-dried within 5 days.

Each leaf was analysed for C and N concentration with near-
infrared reflectance spectroscopy (NIRS FieldSpec 3; ASD Inc.®) 
in 350–2500 nm range and using a 4-mm light-adapter for full-leaf 
analysis (Petit Bon, Böhner, et al., 2020). For each leaf, three to six 
NIR measurements were taken, depending on leaf size. Each mea-
surement was converted to C and N concentration using predic-
tion models developed for ground leaf samples (Ancin-Murguzur 
et al., 2019) and correcting for measures on intact leaves (Petit Bon, 
Böhner, et al., 2020). We computed the median of the measurements 
of each leaf and then averaged the medians to obtain mean C and N 
concentration for each focal species within a subplot (for a similar 
approach, see Petit Bon, Inga, et al., 2020). This led to a total of 66 
and 120 leaf nutrient samples from Ny-Ålesund and Semmeldalen 
respectively (Table S2).

We calculated total live-leaf C and N pools (cf. Petit Bon, Bråthen, 
et al., 2023):

where n equals the focal vascular plant species (see above), bi is the 
absolute live above-ground biomass (g m−2 dw) contributed by species i 
and (elemental concentration)i represents either C or N concentration 
(%dw) of species i.

Moss shoots (5–10) were collected at each interception of the 15 
pins (see above) with the moss mat, and these were pooled for each 
subplot. For each resultant moss sample, we separated green and 
brown parts. Moreover, two samples of organic soil (0–5 cm below 
the brown moss parts) were collected from the two corners of each 
subplot and pooled. Soil samples were mixed, homogenised and 
sieved at 2 mm mesh size.

Moss (green and brown parts separately) and soil samples were 
analysed with NIRS for C and N concentrations using prediction 
models developed specifically for mosses (Figure S1) and soil (Petit 
Bon, Inga, et al., 2020). We took three to eight NIR measurements 
for each moss sample and six NIR measurements for each soil sam-
ple. After converting each measurement to C and N concentration, 

we computed the average C and N concentrations for mosses and 
organic soil in each subplot (Table S2).

2.3.4  |  Instantaneous ecosystem CO2-fluxes

A set of CO2-flux measurements was taken twice in each subplot, 
resulting in a total of 90 and 80 sets from Ny-Ålesund and Sem-
meldalen respectively. Each set consisted of a light and a dark meas-
urement, from which we calculated net ecosystem exchange (NEE) 
and ecosystem respiration (ER). In the short-term exclosures in Ny-
Ålesund, only ER was measured. Estimates of gross ecosystem pho-
tosynthesis (GEP) were obtained by subtracting ER from NEE. The 
two sets of measurements at each subplot were taken on separate 
days. To minimise differences in environmental conditions among 
measurements across treatments, each pair of exclosure and open-
grazed plot was measured consecutively.

CO2-flux measurements were taken using a closed static/non-
steady state system composed of a clear chamber (25 cm × 25 cm 
area × 35 cm height, made of LEXAN© polycarbonate; >90% 
light transmittance), connected to a CO2 infrared gas analyser 
(LI-840A; LICOR Inc.®) through an air pump with 0.9–1.0 L min−1 
flow rate (L052C-11; Parker Corp.®). To prevent disturbance to 
the tundra, mattress-foam fabric (1.5 cm thick) was attached to 
the bottom of the chamber. To minimise air exchange with the 
external environment, a plastic skirt (30 cm wide) was attached 
to the bottom of the chamber and held down (i.e. sealing) during 
measurements by a 2-m long draped around steel chain weigh-
ing 4 kg. A fan mixed the air inside the chamber continuously (cf. 
Sundqvist et al., 2020).

Measurements at each subplot took place within 3 h either side 
of solar noon, started 15–20 s after sealing (acclimation period), and 
lasted 120–150 s. Air CO2 concentration inside the chamber was 
registered every 5 s. During ER measurements, a completely dark 
hood was placed over the chamber to stop light and temporarily 
halt photosynthesis. Photosynthetically active radiation (PAR) and 
air temperature (~20 cm above the vegetation) were recorded simul-
taneously with the CO2-fluxes within the chamber every 5 and 10 s, 
respectively, using a PAR sensor and datalogger (LI-190SA and LI-
1400; LICOR Inc.) and a temperature logger (DS1922L-F5; Maxim In-
tegrated®). CO2 data were collected under a wide range of light and 
temperature conditions: PAR during NEE measures was on average 
525 ± 256 SD μmol m−2 s−1 (range: 129–1131 μmol m−2 s−1), whereas 
air temperature during both NEE and ER measures was on average 
11.4 ± 5.0°C (range: 5.4–22.1°C). No appreciable differences in av-
erage PAR and air temperature were detected between treatments 
(Table S3).

Because small-scale spatial variations in hydrological conditions 
affect tundra CO2-fluxes (Sjögersten et al.,  2006), soil volumetric 
water content across 0–5 cm depth was measured in two corners of 
each subplot after each set of flux measurements using a hand-held 
moisture logger (ML3 Theta Probe and HH2 Meter; Delta-T Ltd.®). 
We concurrently measured soil temperature (5 cm depth) in the 

n
∑

(i=1)

(

bi × (elemental concentration)i

100

)

,
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same two corners using a temperature probe (TFX 410-1 Handheld 
Thermometer; Ebro®).

We used linear regression models to obtain ecosystem CO2-
fluxes (NEE and ER) at each subplot (cf. Sundqvist et al., 2020):

where V is the volume of the chamber (0.021875 m3), P is the aver-
age air pressure (standard atm, registered at Adventdalen weather 
station [~10 m a.s.l.; ~110 km from Ny-Ålesund and ~30 km from 
Semmeldalen] every 1 s), R is the ideal gas constant (8.314 J mol−1 K−1), 
Tair is the average air temperature (K), S is the surface area of the 
chamber (0.0625 m2) and ΔC/Δt is the slope of the linear regression, 
that is, the change in CO2 concentration (ΔC) within the chamber 
during the measurement period (Δt). The protocol used for checking 
and cleaning raw CO2-flux data and its associated R-script is provided 
in Data S1. Fluxes are shown as μmol CO2 m−2 s−1 and presented from 
an atmospheric perspective, that is, positive and negative values 
signify ecosystem CO2 release (C source) and CO2 uptake (C sink) 
respectively.

2.4  |  Statistical analyses

Because our aim was to assess the impacts of each herbivore inde-
pendently on its main habitat, the two experiments were analysed 
separately. In Ny-Ålesund, there were three levels of the ‘herbivory’ 
treatment (open-grazed [Open], 4-year-old exclosures [Short-excl], 
and 15-year-old exclosures [Long-excl]), while in Semmeldalen 
there were two levels (open-grazed [Open] and 21-year-old exclo-
sures [Long-excl]). Pairs of exclosure and open-grazed plots were 
considered the inferential units (i.e. true replicates; N = 5 in both 
experiments), while subplots within plots were considered the ex-
perimental units (per treatment: Ny-Ålesund, n = 15; Semmeldalen, 
n = 20). Therefore, if not otherwise specified, whenever multiple 
measures for a given variable were taken in a subplot (e.g. moss-
layer depth recorded in the two corners), data were averaged prior 
to analyses.

We employed a variety of statistical models within a linear 
mixed-effects model (LMM) framework to account for the spatial 
structure of the study design, whereby we consistently specified 
‘plot’ nested in ‘pair’ as random effects. ‘Herbivory’ treatment was 
used as a fixed effect in all models. Data were either log- or arcsine-
transformed when necessary to improve normality and homosce-
dasticity of model residuals.

2.4.1  |  Vegetation

Differences in vascular plant community structure were assessed 
on both absolute (actual biomass changes) and relative (plant 
community compositional changes) PFT biomass. For relative 

differences, we determined proportional biomass by summing 
the biomass of all PFTs and then calculating the relative contri-
bution of each PFT. First, we assessed the effect of herbivory 
on absolute total biomass and relative PFT biomass using LMMs 
and permutational multivariate analysis of variance respectively. 
Then, to test for the effects of herbivory on absolute biomass of 
each PFT, we used LMMs fitted separately for each PFT (cf. Sit-
ters et al., 2019).

LMMs were also built to assess the effects of herbivory on 
standing-dead graminoid biomass and moss-layer depth (total and 
green and brown parts separately).

2.4.2  |  Ecosystem C and N contents

To investigate how herbivory affects plant and soil chemistry, 
we used LMMs with either N concentration or CN ratio as re-
sponse variable. We fitted separate models for the five focal 
vascular plant species belonging to the five PFTs, different moss 
parts and organic soil. Similarly, LMMs were built to assess the 
effects of herbivory on live-leaf C and N pools. We refrained 
from fitting a single ‘herbivory × species’ interaction model be-
cause, due to the relatively low number of replicates (N = 5), 
several interaction coefficients could not be interpreted with 
confidence.

2.4.3  |  Ecosystem CO2-fluxes

To examine how herbivory affects ecosystem CO2-fluxes, we 
used separate LMMs with NEE, ER and GEP as response vari-
able. Abiotic covariates known to influence NEE and GEP (i.e. 
PAR and soil moisture) and ER (i.e. soil moisture and soil tempera-
ture) were initially incorporated to improve model fit and allow 
for more meaningful ecological interpretations of herbivore ef-
fects (cf. Leffler et al.,  2019; Sjögersten et al.,  2008). Because 
in Ny-Ålesund the open-grazed tundra was by-and-large moss 
(Section 3), and mosses have lower light requirements than vas-
cular plants (Douma et al., 2007), we added an ‘herbivory × PAR’ 
interaction to NEE and GEP models built on data from there. 
Moreover, as soil moisture was high (88% ± 15%; Table  S3) and 
often found to be ~100% (Figures S2 and S3), we did not include 
soil moisture in models from Ny-Ålesund. In Semmeldalen, soil 
moisture and soil temperature were correlated (Figure S2); as the 
former influences the latter, we excluded soil temperature from 
the ER model to avoid spurious results. Ultimately, we only kept 
abiotic covariates in the final models that explained a significant 
portion of the variance. Because two sets of CO2-flux measure-
ments were taken at each subplot, we here specified ‘subplot’ as 
an additional nested random effect in all models to account for 
the repeated measures.

To gain a better mechanistic understanding of how herbivores af-
fect ecosystem CO2-fluxes, we explored the relationships between 

CO2 − flux =
V × P

R × Tair × S
×

ΔC

Δt
,
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CO2-flux data (NEE, ER and GEP as separate response variables in 
LMMs) and either live vascular plant biomass or moss-layer depth 
(used as predictor). In these models, we did not include ‘herbivory’ 
as a fixed-effect as it would be highly correlated with both these 
predictors (Section 3). The random structure of these models was 
as specified above.

Statistically significant differences between ‘herbivory’ treat-
ments were defined as having their 95% confidence interval (CI) not 
crossing zero. Analogously, significant relationships were also de-
fined as having the 95% CI of their slope not crossing zero. Model 
summaries are presented in Tables  S4–S11. We performed data 
analyses in R ver. 4.2.1 (https://www.r-proje​ct.org) using the pack-
ages vegan (Oksanen et al., 2020), nlme (Pinheiro et al., 2015) and 
emmeans (Lenth, 2021).

3  |  RESULTS

3.1  |  Vegetation: Vascular plants and mosses

In Ny-Ålesund, the short-term (4-year) and long-term (15-year) 
experimental exclusion of geese from their main habitat (i.e. wet 
tundra) resulted in 16-fold and 39-fold greater, respectively, live 
above-ground vascular plant biomass compared to open-grazed 
tundra (Figure 2a). While both long- and short-term exclosures had 
higher biomass of grasses and horsetails compared to goose-grazed 
tundra, only the latter had higher forb biomass. Live biomass was 
twice as high in long-term than short-term exclosures, largely due to 
an eightfold increase in horsetail biomass. Herbivory treatments also 
differed in plant community composition (Figure 2b). Forbs, grasses 

F I G U R E  2  Effects of herbivore removal on vegetation in Ny-Ålesund (left panels) and Semmeldalen (right panels). (a) Live above-ground 
vascular plant biomass (dry weight) in each herbivory treatment (Open: open-grazed; Short-excl: short-term exclosures; Long-excl: long-term 
exclosures), sorted according to plant functional types (PFTs). Thick and thin bars are the standard error (SE) of the mean for total biomass 
and biomass of each PFT respectively. (b) Above-ground PFT relative abundance within each herbivory treatment. (c) Model predictions ± SE 
for total moss-layer depth within each herbivory treatment. Grey dots show raw values; note the different scale of y-axes. Treatments 
connected by different letters indicate a statistically significant difference.
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and horsetails contributed overall equally to the little vascular plant 
biomass found in goose-grazed tundra. Conversely, long-term and 
short-term exclosures were in two different vegetation states, domi-
nated by horsetails and grasses respectively. Goose exclosures also 
had 120–200-fold higher dead graminoid biomass than open-grazed 
tundra (0.12 ± 0.52 SE g m2), without a significant difference be-
tween long-term (31 ± 15 g m2) and short-term (22 ± 11 g m2) exclo-
sures (Table S4).

In Semmeldalen, the long-term (21-year) experimental exclusion 
of reindeer from their main habitat (i.e. moist-to-dry tundra) resulted 
in 45% greater live above-ground vascular plant biomass compared 
to open-grazed tundra (Figure  2a). Here, however, the biomass of 
each individual PFT did not differ between herbivory treatments. 
Despite the two treatments differing in plant community composi-
tion due to a higher relative abundance of grasses and a lower rela-
tive abundance of rushes in exclosures compared to reindeer-grazed 
tundra (Figure 2b), this difference disappeared when these two PFTs 
were combined into graminoids (Table S5). Reindeer exclosures also 
had 3× higher biomass of dead graminoids (31 ± 17 g m2) than open-
grazed tundra (10 ± 6 g m2) (Table S4).

In Ny-Ålesund, the total moss layer was almost twice as deep 
in exclosures than in goose-grazed tundra (Figure  2c). This differ-
ence was due to contributions from photosynthetically active green 
and nearly decomposed brown parts of mosses, both of which were 
deeper in short-term (green: 2.1 ± 0.3 cm; brown: 6.3 ± 1.1 cm) and 
long-term (green: 1.8 ± 0.3 cm; brown: 8.6 ± 1.5 cm) exclosures than 
in goose-grazed tundra (green: 1.0 ± 0.2 cm; brown: 4.0 ± 0.7 cm) 
(Table  S6). In Semmeldalen, exclosures had about 60% deeper 
total moss-layer than reindeer-grazed tundra (Figure  2c). This was 
due to the depth of the green part being greater within exclosures 
(1.2 ± 0.3 cm vs. 0.6 ± 0.1 cm), as that of the brown part did not differ 
(Table S6).

3.2  |  Ecosystem C and N contents

Overall, N concentration and CN ratio of the three ecosystem com-
partments (vascular plant leaves, green and brown moss parts, 
organic soil) displayed relatively few responses to herbivore exclu-
sion, and where then only in Ny-Ålesund. Poa arctica grass leaves 
in short-term exclosures had about 20% lower N concentration and 
30% higher CN ratio than in either goose-grazed tundra or long-term 
exclosures (Figure 3a,b). Similarly, green moss parts in short-term ex-
closures had about 13% lower N concentration (1.19% ± 0.09%) and 
17% higher CN ratio (38.5 ± 3.1) compared to goose-grazed tundra 
(N: 1.38% ± 0.11%; CN ratio: 31.8 ± 2.5), and tended to have lower N 
concentration and higher CN ratio than in long-term exclosures (N: 
1.38% ± 0.12%; CN ratio: 33.2 ± 2.9). Soil N concentration in long-
term exclosures (0.87% ± 0.03%) also tended to be lower than in 
goose-grazed tundra (0.96% ± 0.03%) (Table S8).

Overall, live-leaf C and N pool responses to herbivore removal 
were of similar magnitude as vascular plant biomass responses, re-
flecting their tight positive correlations (Figure 3c). In Ny-Ålesund, 

the exclusion of geese for 4 and 15 years resulted in 13-fold and 
40-fold greater, respectively, leaf C and N pools compared to open-
grazed tundra. C and N pools also differed between exclosures, with 
long-term ones holding 3× higher leaf C and N pools than short-term 
exclosures. In Semmeldalen, reindeer exclusion for 21 years resulted 
in 60% and 80% greater leaf C and N pools, respectively, compared 
to open-grazed tundra.

3.3  |  Instantaneous ecosystem CO2-fluxes

In Ny-Ålesund, 15 years of goose exclusion resulted in threefold higher 
GEP and ER compared to open-grazed tundra (Figure 4a,b). Because of 
GEP being greater than ER, net CO2 exchange of the ecosystem (NEE) 
was also greater (4×), that is, more negative (i.e. higher C sequestra-
tion), in long-term exclosures than in goose-grazed tundra (Figure 4c). 
ER in short-term exclosures was 90% higher than in goose-grazed tun-
dra, but only 30% lower than in long-term exclosures (Figure 4b).

In Semmeldalen, the exclusion of reindeer for 21 years increased 
ER by 50% compared to open-grazed tundra (Figure 4b), but had no 
effect on either GEP or NEE (Figure 4a,c).

Overall, PAR was related to both GEP and NEE in Ny-Ålesund 
and GEP in Semmeldalen (Figure 5a). However, in Ny-Ålesund, the 
explanatory power of PAR depended on herbivory treatment, being 
strongest in long-term exclosures. In Semmeldalen, soil moisture 
was a significant predictor of NEE, with the ecosystem switching 
from net loss to net uptake of CO2 above about 50% soil moisture 
content (Figure 5a).

GEP, ER and NEE were mostly linked to both live above-ground 
vascular plant biomass (Figure 5b) and total moss-layer depth (Fig-
ure 5c) at both the Ny-Ålesund and Semmeldalen sites. Exceptions 
were the absence of any relationship with NEE in Semmeldalen and 
between moss-layer depth and GEP in Ny-Ålesund. Soil temperature 
decreased with increasing total moss-layer depth in Semmeldalen, 
but not in Ny-Ålesund, whereas soil moisture was not related to 
moss depth at either site (Figure S3).

4  |  DISCUSSION

We investigated how Svalbard tundra responds to long-term re-
moval of either migratory geese or resident, non-migratory reindeer, 
two of its most abundant Arctic herbivores. Standardised data from 
two independent experiments revealed how herbivores that differ 
in spatio-temporal distribution and feeding ecology also differ in the 
extent to which they shape vegetation and ecosystem CO2-fluxes 
in their respective main habitats. While the effects of geese in wet 
habitat (wetland) were considerably greater than those of reindeer 
in moist-to-dry habitat (meadow/heath), impacts are scale depend-
ent, with geese being more spatially concentrated and thus influ-
encing a smaller portion of the tundra landscape compared to the 
more widely dispersed reindeer. Our findings highlight the conspicu-
ous heterogeneity in how key tundra herbivores control ecosystem 
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structure and function, with implications for a rapidly changing 
Arctic.

In the wet habitat in Ny-Ålesund, live above-ground vascular 
plant biomass in 4-year and 15-year goose exclosures was 16-fold 
and 39-fold greater, respectively, than that in open-grazed tundra 
(only 4 g m−2). This shows that, when highly aggregated in space, 
even for relatively short period of times, geese exert large control 
over tundra wetlands by maintaining very low levels of vascular plant 
biomass (Kuijper et al., 2009; Van der Wal & Hessen, 2009), which 
greatly reduces vegetation C and N pools (this study; Sjögersten 
et al., 2011; Petit Bon, Bråthen, et al., 2023). Concurrently, the pres-
ence of geese and their exclusion for 4 and 15 years led to three dis-
tinct vegetation states: moss-, graminoid- and horsetail-dominated 
tundra respectively. By using the same experimental plots, Sjöger-
sten et al.  (2011) found that removing geese for 4 years largely in-
creased grass abundance. We extend those results by showing that 

the successional trajectory of the vegetation in the longer-term 
absence of geese currently concerns the replacement of grasses by 
horsetails, and thus that the ecosystem had not reached an equilib-
rium after 4 years of goose removal.

Goose impacts in this wetland appear to increase over time: in 
2008, peak summer grass biomass in grazed tundra was ~20 g m−2 
(Sjögersten et al., 2011), 5× higher than we found in 2018. Likewise, 
grass biomass in our 4-year-old exclosures was about half of what 
Sjögersten and colleagues found 11 years earlier in their 4-year-old 
exclosures (i.e. our long-term exclosures). Furthermore, moss bio-
mass did not differ between herbivory treatments in 2008, while 
we observed a moss layer in open-grazed tundra about half the 
depth of that in 4- and 15-year-old exclosures, suggesting that tram-
pling intensity (Tuomi et al., 2021) and grazing on mosses (Soininen 
et al., 2010) have also increased. Although these findings align with 
the notion that goose impacts in wetlands—unlike in saltmarshes, 

F I G U R E  3  Effects of herbivore removal on vascular plant chemistry in Ny-Ålesund (left panels) and Semmeldalen (right panels). Model 
predictions ± SE for leaf (a) N concentration and (b) CN ratio in each herbivory treatment (Open: open-grazed; Short-excl: short-term 
exclosures; Long-excl: long-term exclosures) for the five focal vascular plant species representing plant functional types (PFTs). Dots show 
raw values. (c) Live-leaf vascular plant C and N pools (dry weight) in each herbivory treatment. Bars are the SE of the mean. Insets show the 
correlation between live above-ground vascular plant biomass and leaf C and N pools. Treatments connected by different letters indicate a 
statistically significant difference.
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where they may lead to near-irreversible, degraded states (Jeffe-
ries et al.,  2006)—seem generally reversible (cf. Kellett & Alisau-
skas,  2022; Speed et al.,  2010), the overall system's potential for 
recovery may have decreased.

In moist-to-dry habitat in Semmeldalen, 21 years of reindeer 
removal resulted in 45% higher live above-ground vascular plant 
biomass in exclosures compared to open-grazed tundra. Yet, when 
considering PFTs separately, no significant treatment effects could 
be detected, suggesting that the observed overall response was 
likely driven by weak responses by several PFTs. Although the 
Colesdalen–Semmeldalen–Reindalen valley system hosts one of the 
densest reindeer populations in Svalbard (Le Moullec et al., 2019), 
grazing pressure on vascular plants remains low (Van der Wal 
et al.,  2004). At the landscape scale, low offtake rates by non-
migratory, large herbivores may be the rule rather than exception in 
high-Arctic systems; for example, muskoxen, while at high densities 
in northeast Greenland, remove a very low amount of plant biomass 
(Mosbacher et al., 2016). Our results are in line with that overall ef-
fects of reindeer on vegetation in circumpolar regions are typically 
weak (Bernes et al., 2015). This contrasts with studies from low/sub-
Arctic Scandinavia, where migratory, semi-domesticated reindeer 
gathering in the proximity of rotational pasture fences in summer 

exert strong controls on both vegetation (Olofsson et al., 2001; Sit-
ters et al.,  2019) and ecosystem processes (Olofsson et al.,  2004; 
Ylänne & Stark, 2019).

Differences in ecosystem C and N contents among open-grazed 
tundra and exclosures were only detected in the Ny-Ålesund wet-
land. Here, N concentration of Poa arctica, which accounted for 
~40% of the total live above-ground vascular plant biomass across 
treatments, was lowest (and CN ratio highest) in short-term ex-
closures. The same pattern held for green moss parts, indicating 
that vegetation N levels (and the quality of goose forage) decrease 
following short-term goose removal (Beard et al.,  2019; Gauthier 
et al., 1995). Rapid nutrient return via animal excreta and keeping 
leaves in early phenological stages through grazing (Bazely & Jef-
feries, 1985; Petit Bon, Inga, et al., 2020) are the likely short-term 
mechanisms (i.e. the fast herbivore-mediated pathway) that main-
tain N concentration in grazed tundra plants high (and CN ratio low) 
relative to plants subject to short-term exclusion. Conversely, in 
the protracted absence of geese, it is the build-up of a large vas-
cular plant N pool that eventually regulates the return rate of N 
to the system (i.e. the slow vegetation-mediated pathway), as vas-
cular plant litter is more nutrient rich and releases nutrients more 
promptly than moss litter (Fivez, 2014; Hobbie, 1996). This likely al-
lowed for plant N concentration in long-term exclosures to increase 
(and CN ratio to decrease), reaching levels like those of plants in 
grazed tundra. Overall, our results suggest that plant community 
nutrient dynamics are generally slower in the short-term absence 
of geese.

The fourfold increase in peak summer net CO2 uptake rate 
of the ecosystem (NEE) due to 15 years of goose exclusion in 
Ny-Ålesund aligns with findings from other studies showing that 
intense herbivory by either geese (Leffler et al.,  2019; Sjöger-
sten et al., 2011; Van der Wal et al., 2007) or mammals (Metcalfe 
& Olofsson,  2015; Plein et al.,  2022) can greatly reduce C sink 
strength of tundra ecosystems (but see Lara et al., 2017). Larger 
GEP than ER, together with their tight connection to live vascular 
plant biomass, and to a lesser extent moss-layer depth, indicates 
that the goose-induced changes in ecosystem CO2-fluxes of this 
high-Arctic wetland are predominantly driven by changes in vege-
tation as opposed to soil (Sjögersten et al., 2011). In line with this, 
soil temperature did not influence ER, likely because microbial 
respiration was constrained by high soil moisture content (Sjöger-
sten et al., 2006). The fact that ER in short-term exclosures was 
90% higher than ER in open-grazed tundra, but only 30% lower 
than ER in long-term exclosures (despite 11 additional years of 
goose removal), indicates that following herbivore exclusion CO2 
exchange rates of wet habitat change rapidly, but thereafter rates 
of change slow down. Interestingly, this also suggests that the 
large differences in vegetation composition observed between 
short-term and long-term exclosures (as discussed above) do not 
transpose in major alterations of ER (cf. Sistla et al., 2013).

Notable insights also emerge when comparing our findings to 
those obtained by Sjögersten et al.  (2008), who used captive bar-
nacle geese to investigate the effects of short-term (3-year) goose 

F I G U R E  4  Effects of herbivore removal on ecosystem CO2-
fluxes in Ny-Ålesund (left panels) and Semmeldalen (right panels). 
Model predictions ± SE for (a) GEP, (b) ER and (c) NEE in each 
herbivory treatment (Open: open-grazed; Short-excl: short-term 
exclosures; Long-excl: long-term exclosures); final models included 
the abiotic covariates that explained a significant proportion of the 
variance (Figure 5a; Section 2.4). Dots show raw values. Treatments 
connected by different letters indicate a statistically significant 
difference.
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grazing on CO2-fluxes in previously ungrazed wet and mesic habitats 
in Adventdalen, a valley in central Svalbard. First, CO2-fluxes in our 
exclosures were 2–6× greater than those observed in the ungrazed 
wet habitat in Adventdalen, which highlight how high-Arctic wet-
lands may vary considerably in ecosystem process rates. Second, 
the fact that experimentally induced goose grazing in previously 
ungrazed tundra strongly reduced C sink strength of the wet hab-
itat—as in our study—but not that of the mesic habitat (Sjögersten 
et al.,  2008), highlights that the impacts of geese depend upon 
habitat type (Speed et al.,  2010) and reflects that they naturally 
graze more intensively in wet habitat (Madsen et al., 2011; Speed 
et al., 2009).

Long-term reindeer removal in Semmeldalen had little effect 
on ecosystem CO2-fluxes. Yet, ER was higher in exclosures than in 
open-grazed tundra. Because GEP did not increase concurrently, 
it is likely that the exclosure-induced change in ER was predom-
inantly soil driven. By decreasing plant biomass and thereby the 
plant C pool, reindeer herbivory may limit the C available for soil 
microbes, hence decreasing microbial biomass C and respiration 
(Stark & Grellmann, 2002). We found both GEP and ER tightly re-
lated to moss-layer depth, and to a lesser extent live vascular plant 

biomass, which highlights the contribution of mosses to instan-
taneous CO2 exchange rates of moist-to-dry high-Arctic tundra 
(cf. Douma et al.,  2007). Yet, because GEP and ER concurrently 
(and similarly) increased with moss-layer depth, and so balanced 
each other out, mosses did not exert a detectable influence on 
NEE. Instead, we found NEE to be controlled by soil moisture (cf. 
Sjögersten et al., 2006; Zona et al., 2023). Together, these obser-
vations lead to two important considerations for the C dynamics of 
high-Arctic meadows and heaths utilised by non-migratory, large 
herbivores. If their populations continue to increase (Le Moullec 
et al., 2019; Schmidt et al., 2015; Solberg et al., 2022), further low-
ering moss-layer depth and vascular plant biomass, alterations in 
GEP and ER should be expected, although NEE might remain rela-
tively uninfluenced. Nevertheless, should an additional decrease in 
moss-layer depth translate into higher soil evaporation rates (Blok 
et al., 2011), grazed moist-to-dry tundra could eventually turn into 
a C source. This may be exacerbated if reduced moss-layer depth 
and reduced soil moisture content are accompanied by increased 
soil temperatures (our study; Blok et al., 2011; Gornall et al., 2009), 
and thus higher soil respiration rates, providing the resulting lower 
plant C pool does not become limiting for soil microbes.

F I G U R E  5  Relationships between ecosystem CO2-fluxes and environmental variables in Ny-Ålesund (left panels) and Semmeldalen (right 
panels). (a) CO2-fluxes (GEP, ER and NEE) in relation to changes in abiotic covariates that explained a significant proportion of the variance 
and were thus included in the final models of herbivore removal effects on CO2-fluxes (Figure 4; Section 2.4). Relationships between GEP 
or NEE and PAR in Ny-Ålesund are displayed separately for each herbivory treatment (coloured lines), as the ‘herbivory × PAR’ interaction 
was retained in the final model. CO2-fluxes as predicted by (b) live above-ground vascular plant biomass (dry weight) and (c) total moss-layer 
depth. Dots show raw values, coloured according to treatments. Statistically significant and non-significant relationships are displayed with 
solid and dashed lines respectively (marginal R2 are shown in each panel). Lines and bands represent regression lines and their 95% CI. Note 
the different scale of y- and x-axes.
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5  |  CONCLUSIONS

We set out to assess the role of geese and reindeer, two 
circumpolar-distributed herbivores, in shaping high-Arctic vegeta-
tion and ecosystem CO2-fluxes in their respective main habitat. 
Our investigation—conducted at the peak of the plant growing sea-
son, when process rates are likely most discernible—indicates that 
geese, highly aggregated in space, exert a stronger control on their 
main habitat (wet tundra) compared to the control exerted by more 
widely dispersed reindeer on their main habitat (moist-to-dry tun-
dra). This likely reflects inherent differences in both habitat sensitiv-
ity and habitat use, as well as herbivores' characteristics and grazing 
pressure. As recently argued by Koltz et al.  (2022), addressing the 
role of herbivores in the habitat in which they operate can help 
us understand how herbivory influences ecosystem structure and 
function across the heterogeneous tundra landscape. This, in turn, 
will provide important information to project the effects of shift-
ing herbivore population densities on ecosystem functioning, and 
refine predictions on whether and where these shifts are likely to 
mitigate or further amplify the impact of climate change on Arctic 
ecosystems.

AUTHOR CONTRIBUTIONS
Matteo Petit Bon, Brage B. Hansen, René van der Wal and 
Maarten J. J. E. Loonen had the initial idea, which was discussed 
with all authors. René van der Wal and Maarten J. J. E. Loonen 
originally designed the long-term experiments. Matteo Petit Bon, 
René van der Wal, Maarten J. J. E. Loonen and Alessandro Pe-
traglia planned the methodology. Matteo Petit Bon, Alessandro 
Petraglia and Kate Layton-Matthews collected the data. Hanna 
Böhner and Matteo Petit Bon wrote the R-script for CO2 data pro-
cessing. Kari Anne Bråthen and Hanna Böhner developed NIRS 
models for mosses. Matteo Petit Bon processed the samples, ana-
lysed the data and wrote the manuscript, to which René van der 
Wal and Brage B. Hansen provided key contributions. All authors 
commented on previous drafts and approved the final version for 
publication.

ACKNO​WLE​DG E​MENTS
This research was financed by the Research Council of Norway 
(FRIPRO grant 276080, to Brage B. Hansen). Additional funding for 
field material was equally provided by The Governor of Svalbard 
(Svalbard Environmental Protection Fund, grant 15/128) and the Re-
search Council of Norway (Arctic Field Grant, grant 269957) (both 
to Matteo Petit Bon). Matteo Petit Bon is currently supported by 
the National Science Foundation (grant ANS-2113641, to Karen H. 
Beard). The Governor of Svalbard provided permission for fieldwork 
and sampling (RiS-IDs 6359 and 3577). We thank the Logistic De-
partment at UNIS and staff at COAT (Climate-Ecological Observa-
tory of the Arctic Tundra) for providing technical support, and UiT 
for providing Lab facilities. We are grateful to Armir Elmers and Ben-
jamin Segger for field assistance in Ny-Ålesund. Finally, we thank 
the numerous field assistants and technicians that, throughout the 

years, provided invaluable help with establishing and maintaining 
the long-term experiments.

CONFLIC T OF INTERE S T S TATEMENT
There is no conflict of interest to declare.

PEER RE VIE W
The peer review history for this article is available at https://
www.webof​scien​ce.com/api/gatew​ay/wos/peer-revie​w/10.1111/​
1365-2745.14200.

DATA AVAIL ABILIT Y S TATEMENT
Data are available via DataverseNO UiT Open Research Data Re-
pository https://doi.org/10.18710/​ETR83N (Petit Bon, Hansen, 
et al., 2023).

ORCID
Matteo Petit Bon   https://orcid.org/0000-0001-9829-8324 
Brage B. Hansen   https://orcid.org/0000-0001-8763-4361 
Maarten J. J. E. Loonen   https://orcid.org/0000-0002-3426-4595 
Alessandro Petraglia   https://orcid.org/0000-0003-4632-2251 
Kari Anne Bråthen   https://orcid.org/0000-0003-0942-1074 
Hanna Böhner   https://orcid.org/0000-0001-7356-5457 
Kate Layton-Matthews   https://orcid.org/0000-0001-5275-1218 
Karen H. Beard   https://orcid.org/0000-0003-4997-2495 
Mathilde Le Moullec   https://orcid.org/0000-0002-3290-7091 
Ingibjörg S. Jónsdóttir   https://orcid.org/0000-0003-3804-7077 
René van der Wal   https://orcid.org/0000-0002-9175-0266 

R E FE R E N C E S
Ancin-Murguzur, F. J., Bison, M., Smis, A., Böhner, H., Struyf, E., Meire, 

P., & Bråthen, K. A. (2019). Towards a global arctic-alpine model for 
near-infrared reflectance spectroscopy (NIRS) predictions of foliar 
nitrogen, phosphorus and carbon content. Scientific Reports, 9(1), 
8259. https://doi.org/10.1038/s4159​8-019-44558​-9

Barrio, I. C., Hik, D. S., Jónsdóttir, I. S., Bueno, C. G., Mörsdorf, M. A., 
& Ravolainen, V. T. (2016). Herbivory network: An international, 
collaborative effort to study herbivory in Arctic and alpine eco-
systems. Polar Science, 10(3), 297–302. https://doi.org/10.1016/j.
polar.2016.03.001

Barthelemy, H., Stark, S., Michelsen, A., & Olofsson, J. (2017). Urine is 
an important nitrogen source for plants irrespective of vegetation 
composition in an Arctic tundra: Insights from a 15N-enriched urea 
tracer experiment. Journal of Ecology, 106(1), 367–378. https://doi.
org/10.1111/1365-2745.12820

Bazely, D. R., & Jefferies, R. L. (1985). Goose faeces: A source of nitrogen 
for plant growth in a grazed salt marsh. Journal of Applied Ecology, 
22(3), 693–703. https://doi.org/10.2307/2403222

Beard, K. H., Choi, R. T., Leffler, A. J., Carlson, L. G., Kelsey, K. C., Schmutz, 
J. A., & Welker, J. M. (2019). Migratory goose arrival time plays a 
larger role in influencing forage quality than advancing springs in 
an Arctic coastal wetland. PLoS ONE, 14, e0213037. https://doi.
org/10.1371/journ​al.pone.0213037

Bernes, C., Bråthen, K. A., Forbes, B. C., Speed, J. D. M., & Moen, J. 
(2015). What are the impacts of reindeer/caribou (Rangifer taran-
dus L.) on arctic and alpine vegetation? A systematic review. 
Environmental Evidence, 4, 4. https://doi.org/10.1186/s1375​
0-014-0030-3

 13652745, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14200 by U

tah State U
niversity, W

iley O
nline Library on [12/12/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14200
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14200
https://www.webofscience.com/api/gateway/wos/peer-review/10.1111/1365-2745.14200
https://doi.org/10.18710/ETR83N
https://orcid.org/0000-0001-9829-8324
https://orcid.org/0000-0001-9829-8324
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0002-3426-4595
https://orcid.org/0000-0002-3426-4595
https://orcid.org/0000-0003-4632-2251
https://orcid.org/0000-0003-4632-2251
https://orcid.org/0000-0003-0942-1074
https://orcid.org/0000-0003-0942-1074
https://orcid.org/0000-0001-7356-5457
https://orcid.org/0000-0001-7356-5457
https://orcid.org/0000-0001-5275-1218
https://orcid.org/0000-0001-5275-1218
https://orcid.org/0000-0003-4997-2495
https://orcid.org/0000-0003-4997-2495
https://orcid.org/0000-0002-3290-7091
https://orcid.org/0000-0002-3290-7091
https://orcid.org/0000-0003-3804-7077
https://orcid.org/0000-0003-3804-7077
https://orcid.org/0000-0002-9175-0266
https://orcid.org/0000-0002-9175-0266
https://doi.org/10.1038/s41598-019-44558-9
https://doi.org/10.1016/j.polar.2016.03.001
https://doi.org/10.1016/j.polar.2016.03.001
https://doi.org/10.1111/1365-2745.12820
https://doi.org/10.1111/1365-2745.12820
https://doi.org/10.2307/2403222
https://doi.org/10.1371/journal.pone.0213037
https://doi.org/10.1371/journal.pone.0213037
https://doi.org/10.1186/s13750-014-0030-3
https://doi.org/10.1186/s13750-014-0030-3


2640  |   Journal of Ecology JOURNAL OF ECOLOGY

Blok, D., Heijmans, M. M. P. D., Schaepman-Strub, G., van Ruijven, J., 
Parmentier, F. J. W., Maximov, T. C., & Berendse, F. (2011). The 
cooling capacity of mosses: Controls on water and energy fluxes 
in a Siberian tundra site. Ecosystems, 14, 1055–1065. https://doi.
org/10.1007/s1002​1-011-9463-5

Bråthen, K. A., & Hagberg, O. (2004). More efficient estimation of plant 
biomass. Journal of Vegetation Science, 15(5), 653–660. https://doi.
org/10.1111/j.1654-1103.2004.tb023​07.x

Douma, J. C., van Wijk, M. T., Lang, S. I., & Shaver, G. R. (2007). The 
contribution of mosses to the carbon and water exchange of arctic 
ecosystems: Quantification and relationships with system prop-
erties. Plant, Cell & Environment, 30(10), 1205–1215. https://doi.
org/10.1111/j.1365-3040.2007.01697.x

Fivez, L. (2014). Biogeochemical cycling in wetlands: Goose influences (PhD 
thesis). University of Antwerp.

Forbes, E. S., Cushman, J. H., Burkepile, D. E., Young, T. P., Klope, M., & 
Young, H. S. (2019). Synthesizing the effects of large, wild herbivore 
exclusion on ecosystem function. Functional Ecology, 33(9), 1597–
1610. https://doi.org/10.1111/1365-2435.13376

Fox, T. A. D., & Madsen, J. (2017). Threatened species to super-abundance: 
The unexpected international implications of successful goose 
conservation. Ambio, 46, 179–187. https://doi.org/10.1007/s1328​
0-016-0878-2

Frank, D. A., & Groffman, P. M. (1998). Ungulate vs. landscape control 
of soil C and N processes in grasslands of Yellowstone National 
Park. Ecology, 79(7), 2229–2241. https://doi.org/10.1890/0012-
9658(1998)079[2229:UVLCO​S]2.0.CO;2

Gauthier, G., Hughes, R. J., Reed, A., Beaulieu, J., & Rochefort, L. (1995). 
Effect of grazing by greater snow geese on the production of 
graminoids at an arctic site (Bylot Island, NWT, Canada). Journal of 
Ecology, 83(4), 653–664. https://doi.org/10.2307/2261633

Gornall, J. L., Woodin, S. J., Jónsdóttir, I. S., & Van der Wal, R. (2009). 
Herbivore impacts to the moss layer determine tundra ecosystem 
response to grazing and warming. Oecologia, 161, 747–758. https://
doi.org/10.1007/s0044​2-009-1427-5

Hansen, B. B., Aanes, R., & Sæther, B.-E. (2010). Feeding-crater selec-
tion by high-arctic reindeer facing ice-blocked pastures. Canadian 
Journal of Zoology, 88(2), 170–177. https://doi.org/10.1139/Z09-130

Hobbie, S. E. (1996). Temperature and plant species control over litter 
decomposition in Alaskan tundra. Ecological Monographs, 66(4), 
503–522. https://doi.org/10.2307/2963492

IPCC. (2021). The physical science basis. Contribution of Working Group I to 
the Sixth Assessment Report of the Intergovernmental Panel on Climate 
Change. Cambridge University Press.

Isaksen, K., Nordli, Ø., Ivanov, B., Køltzow, M. A. Ø., Aaboe, S., Gjelten, 
H. M., Mezghani, A., Eastwood, S., Førland, E., Benestad, R. E., 
Hanssen-Bauer, I., Brækkan, R., Sviashchennikov, P., Demin, V., 
Revina, A., & Karandasheva, T. (2022). Exceptional warming over the 
Barents area. Scientific Reports, 12, 9371. https://doi.org/10.1038/
s4159​8-022-13568​-5

Iversen, M., Fauchald, P., Langeland, K., Ims, R. A., Yoccoz, N. G., & 
Bråthen, K. A. (2014). Phenology and cover of plant growth 
forms predict herbivore habitat selection in a high latitude eco-
system. PLoS ONE, 9, e100780. https://doi.org/10.1371/journ​
al.pone.0100780

Jefferies, R. L., Jano, A. P., & Abraham, K. F. (2006). A biotic agent pro-
motes large-scale catastrophic change in the coastal marshes of 
Hudson Bay. Journal of Ecology, 94(1), 234–242. https://www.jstor.
org/stabl​e/3599625

Jefferies, R. L., Klein, D. R., & Shaver, G. R. (1994). Vertebrate her-
bivores and northern plant communities: Reciprocal influ-
ences and responses. Oikos, 71(2), 193–206. https://doi.
org/10.2307/3546267

Kellett, D. K., & Alisauskas, R. T. (2022). Reduction in biomass of fresh-
water arctic vegetation by foraging and nesting hyperabundant 

herbivores shows recovery. Ecosphere, 13(11), e4275. https://doi.
org/10.1002/ecs2.4275

Koltz, A. M., Gough, L., & McLaren, J. R. (2022). Herbivores in Arctic 
ecosystems: Effects of climate change and implications for carbon 
and nutrient cycling. Annals of the New York Academy of Sciences, 
1516(1), 28–47. https://doi.org/10.1111/nyas.14863

Kuijper, D. P. J., Ubels, R., & Loonen, M. (2009). Density-dependent 
switches in diet: A likely mechanism for negative feedbacks on 
goose population increase? Polar Biology, 32, 1789–1803. https://
doi.org/10.1007/s0030​0-009-0678-2

Lara, M. J., Johnson, D. R., Andresen, C., Hollister, R. D., & Tweedie, 
C. E. (2017). Peak season carbon exchange shifts from a sink to 
a source following 50+ years of herbivore exclusion in an Arctic 
tundra ecosystem. Journal of Ecology, 105(1), 122–131. https://doi.
org/10.1111/1365-2745.12654

Layton-Matthews, K., Loonen, M. J. J. E., Hansen, B. B., Coste, C. F. 
D., Sæther, B.-E., & Grøtan, V. (2019). Density-dependent pop-
ulation dynamics of a high Arctic capital breeder, the barnacle 
goose. Journal of Animal Ecology, 88(8), 1191–1201. https://doi.
org/10.1111/1365-2656.13001

Le Moullec, M., Pedersen, Å. Ø., Stien, A., Rosvold, J., & Hansen, B. 
B. (2019). A century of conservation: The ongoing recovery of 
Svalbard reindeer. The Journal of Wildlife Management, 83(8), 1676–
1686. https://doi.org/10.1002/jwmg.21761

Leffler, A. J., Beard, K. H., Kelsey, K. C., Choi, R. T., Schmutz, J. A., & 
Welker, J. M. (2019). Delayed herbivory by migratory geese in-
creases summer-long CO2 uptake in coastal western Alaska. 
Global Change Biology, 25(1), 277–289. https://doi.org/10.1111/
gcb.14473

Lenth, R. V. (2021). emmeans: Estimated marginal means, aka least-squares 
means. R package version 1.5-4. https://CRAN.R-proje​ct.org/packa​
ge=emmeans

Madsen, J., Jaspers, C., Tamstorf, M., Mortensen, C. E., & Rigét, F. (2011). 
Long-term effects of grazing and global warming on the composi-
tion and carrying capacity of graminoid marshes for moulting geese 
in East Greenland. AMBIO, 40, 638–649. https://doi.org/10.1007/
s13280-011-0170-4

Madsen, J., Jensen, G. H., Cottaar, F., Amstrup, O., Asferg, T., Bak, 
M., Bakken, J., Balsby, T. J. S., Christensen, T. K., Clausen, K. K., 
Frikke, J., Gundersen, O. M., Günther, K., Kjeldsen, J. P., Koffijberg, 
K., Kruckenberg, H., Kuijken, E., Månsson, J., Nicolaisen, P. I., … 
Verscheure, C. (2017). Svalbard Pink-footed Goose. Population Status 
Report 2016–2017. Danish Centre for Environment and Energy 
(Aarhus University).

McNaughton, S. J. (1985). Ecology of a grazing ecosystem: The 
Serengeti. Ecological Monographs, 55(3), 259–294. https://doi.
org/10.2307/1942578

Metcalfe, D. B., & Olofsson, J. (2015). Distinct impacts of different 
mammalian herbivore assemblages on arctic tundra CO2 exchange 
during the peak of the growing season. Oikos, 124(12), 1632–1638. 
https://doi.org/10.1111/oik.02085

Mosbacher, J. B., Kristensen, D. K., Michelsen, A., Stelvig, M., & Schmidt, 
N. M. (2016). Quantifying muskox plant biomass removal and 
spatial relocation of nitrogen in a high arctic tundra ecosystem. 
Arctic, Antarctic, and Alpine Research, 48(2), 229–240. https://doi.
org/10.1657/AAAR0​015-034

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Stevens, 
M. H. H., Szoecs, E., & Wagner, H. (2020). vegan: Community ecol-
ogy package. R package version 2.5-7. https://CRAN.R-proje​ct.org/
packa​ge=vegan.

Olofsson, J., Kitti, H., Rautiainen, P., Stark, S., & Oksanen, L. (2001). 
Effects of summer grazing by reindeer on composition of vegeta-
tion, productivity and nitrogen cycling. Ecography, 24(1), 13–24. 
https://doi.org/10.1034/j.1600-0587.2001.240103.x

 13652745, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14200 by U

tah State U
niversity, W

iley O
nline Library on [12/12/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1007/s10021-011-9463-5
https://doi.org/10.1007/s10021-011-9463-5
https://doi.org/10.1111/j.1654-1103.2004.tb02307.x
https://doi.org/10.1111/j.1654-1103.2004.tb02307.x
https://doi.org/10.1111/j.1365-3040.2007.01697.x
https://doi.org/10.1111/j.1365-3040.2007.01697.x
https://doi.org/10.1111/1365-2435.13376
https://doi.org/10.1007/s13280-016-0878-2
https://doi.org/10.1007/s13280-016-0878-2
https://doi.org/10.1890/0012-9658(1998)079%5B2229:UVLCOS%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1998)079%5B2229:UVLCOS%5D2.0.CO;2
https://doi.org/10.2307/2261633
https://doi.org/10.1007/s00442-009-1427-5
https://doi.org/10.1007/s00442-009-1427-5
https://doi.org/10.1139/Z09-130
https://doi.org/10.2307/2963492
https://doi.org/10.1038/s41598-022-13568-5
https://doi.org/10.1038/s41598-022-13568-5
https://doi.org/10.1371/journal.pone.0100780
https://doi.org/10.1371/journal.pone.0100780
https://www.jstor.org/stable/3599625
https://www.jstor.org/stable/3599625
https://doi.org/10.2307/3546267
https://doi.org/10.2307/3546267
https://doi.org/10.1002/ecs2.4275
https://doi.org/10.1002/ecs2.4275
https://doi.org/10.1111/nyas.14863
https://doi.org/10.1007/s00300-009-0678-2
https://doi.org/10.1007/s00300-009-0678-2
https://doi.org/10.1111/1365-2745.12654
https://doi.org/10.1111/1365-2745.12654
https://doi.org/10.1111/1365-2656.13001
https://doi.org/10.1111/1365-2656.13001
https://doi.org/10.1002/jwmg.21761
https://doi.org/10.1111/gcb.14473
https://doi.org/10.1111/gcb.14473
https://cran.r-project.org/package=emmeans
https://cran.r-project.org/package=emmeans
https://doi.org/10.1007/s13280-011-0170-4
https://doi.org/10.1007/s13280-011-0170-4
https://doi.org/10.2307/1942578
https://doi.org/10.2307/1942578
https://doi.org/10.1111/oik.02085
https://doi.org/10.1657/AAAR0015-034
https://doi.org/10.1657/AAAR0015-034
https://cran.r-project.org/package=vegan
https://cran.r-project.org/package=vegan
https://doi.org/10.1034/j.1600-0587.2001.240103.x


    |  2641Journal of EcologyPETIT BON et al.

Olofsson, J., Stark, S., & Oksanen, L. (2004). Reindeer influence on eco-
system processes in the tundra. Oikos, 105(2), 386–396. https://doi.
org/10.1111/j.0030-1299.2004.13048.x

Pastor, J., & Naiman, R. J. (1992). Selective foraging and ecosystem pro-
cesses in boreal forests. The American Naturalist, 139(4), 690–705. 
https://doi.org/10.1086/285353

Petit Bon, M., Hansen, B. B., Loonen, M. J. J. E., & Van der Wal, R. (2023). 
Replication data for: Long-term herbivore removal experiments re-
veal how geese and reindeer shape vegetation and ecosystem CO2-
fluxes in high-Arctic tundra. DataverseNO UiT Open Research Data 
Repository. https://doi.org/10.18710/​ETR83N

Petit Bon, M., Böhner, H., Bråthen, K. A., Ravolainen, V. T., & Jónsdóttir, 
I. S. (2021). Variable responses of carbon and nitrogen contents in 
vegetation and soil to herbivory and warming in high-Arctic tun-
dra. Ecosphere, 12(9), e03746. https://doi.org/10.1002/ecs2.3746

Petit Bon, M., Böhner, H., Kaino, S., Moe, T., & Bråthen, K. A. (2020). 
One leaf for all: Chemical traits of single leaves measured at 
the leaf surface using near-infrared reflectance spectroscopy. 
Methods in Ecology and Evolution, 11(9), 1061–1071. https://doi.
org/10.1111/2041-210X.13432

Petit Bon, M., Bråthen, K. A., Ravolainen, V. T., Ottaviani, G., Böhner, 
H., & Jónsdóttir, I. S. (2023). Herbivory and warming have oppos-
ing short-term effects on plant-community nutrient levels across 
high-Arctic tundra habitats. Journal of Ecology, 111(7), 1514–1530. 
https://doi.org/10.1111/1365-2745.14114

Petit Bon, M., Inga, K. G., Jónsdóttir, I. S., Utsi, T. A., Soininen, E. M., 
& Bråthen, K. A. (2020). Interactions between winter and summer 
herbivory affect spatial and temporal plant nutrient dynamics in 
tundra grassland communities. Oikos, 129(8), 1229–1242. https://
doi.org/10.1111/oik.07074

Petit Bon, M., Inga, K. G., Utsi, T. A., Jónsdóttir, I. S., & Bråthen, 
K. A. (2022). Forage quality in tundra grasslands under her-
bivory: Silicon-based defences, nutrients and their ratios 
in grasses. Journal of Ecology, 110(1), 129–143. https://doi.
org/10.1111/1365-2745.13790

Pinheiro, J. D., Bates, D., DebRoy, S., Sarkar, D., & the R Core Team. 
(2015). nlme: Linear and nonlinear mixed effects models. R package 
ver. 3. https://CRAN.Rproj​ect.org/packa​ge=nlme

Plein, J., Clark, R. W., Arndt, K. A., Oechel, W. C., Stow, D., & Zona, D. 
(2022). Response of vegetation and carbon fluxes to brown lem-
ming herbivory in northern Alaska. Biogeosciences, 19(11), 2779–
2794. https://doi.org/10.5194/bg-19-2779-2022

Post, E., & Pedersen, C. (2008). Opposing plant community responses 
to warming with and without herbivores. Proceedings of the 
National Academy of Sciences of the United States of America, 
105(34), 12353–12358. https://doi.org/10.1073/pnas.08024​
21105

Ravolainen, V. T., Bråthen, K. A., Ims, R. A., Yoccoz, N. G., Henden, J.-A., 
& Killengreen, S. T. (2011). Rapid, landscape scale responses in ri-
parian tundra vegetation to exclusion of small and large mammalian 
herbivores. Basic and Applied Ecology, 12(8), 643–653. https://doi.
org/10.1016/j.baae.2011.09.009

Ravolainen, V. T., Soininen, E. M., Jónsdóttir, I. S., Eischeid, I., 
Forchhammer, M., Van der Wal, R., & Pedersen, Å. Ø. (2020). High 
Arctic ecosystem states: Conceptual models of vegetation change 
to guide long-term monitoring and research. Ambio, 49, 666–677. 
https://doi.org/10.1007/s1328​0-019-01310​-x

Schmidt, N. M., Pedersen, S. H., Mosbacher, J. B., & Hansen, L. H. (2015). 
Long-term patterns of muskox (Ovibos moschatus) demographics 
in high arctic Greenland. Polar Biology, 38, 1667–1675. https://doi.
org/10.1007/s0030​0-015-1733-9

Schuur, E. A. G., McGuire, A. D., Schädel, C., Grosse, G., Harden, J. W., 
Hayes, D. J., Hugelius, G., Koven, C. D., Kuhry, P., Lawrence, D. M., 
Natali, S. M., Olefeldt, D., Romanovsky, V. E., Schaefer, K., Turetsky, 
M. R., Treat, C. C., & Vonk, J. E. (2015). Climate change and the 

permafrost carbon feedback. Nature, 520, 171–179. https://doi.
org/10.1038/natur​e14338

Sistla, S. A., Moore, J. C., Simpson, R. T., Gough, L., Shaver, G. R., & 
Schimel, J. P. (2013). Long-term warming restructures Arctic tundra 
without changing net soil carbon storage. Nature, 497, 615–618. 
https://doi.org/10.1038/natur​e12129

Sitters, J., Cherif, M., Egelkraut, D., Giesler, R., & Olofsson, J. (2019). 
Long-term heavy reindeer grazing promotes plant phosphorus 
limitation in arctic tundra. Functional Ecology, 33(7), 1233–1242. 
https://doi.org/10.1111/1365-2435.13342

Sjögersten, S., Van der Wal, R., Loonen, M. J. J. E., & Woodin, S. J. (2011). 
Recovery of ecosystem carbon fluxes and storage from herbivory. 
Biogeochemistry, 106, 357–370. https://doi.org/10.1007/s1053​
3-010-9516-4

Sjögersten, S., Van der Wal, R., & Woodin, S. J. (2006). Small-scale hy-
drological variation determines landscape CO2 fluxes in the high 
Arctic. Biogeochemistry, 80, 205–216. https://doi.org/10.1007/
s1053​3-006-9018-6

Sjögersten, S., Van der Wal, R., & Woodin, S. J. (2008). Habitat type de-
termines herbivory controls over CO2 fluxes in a warmer Arctic. 
Ecology, 89(8), 2103–2116. https://doi.org/10.1890/07-1601.1

Soininen, E. M., Barrio, I. C., Bjørkås, R., Björnsdóttir, K., Ehrich, D., 
Hopping, K. A., Kaarlejärvi, E., Kolstad, A. L., Abdulmanova, S., 
Björk, R. G., Bueno, C. G., Eischeid, I., Finger-Higgens, R., Forbey, J. 
S., Gignac, C., Gilg, O., den Herder, M., Holm, H. S., Hwang, B. C., … 
Speed, J. D. M. (2021). Location of studies and evidence of effects 
of herbivory on Arctic vegetation: A systematic map. Environmental 
Evidence, 10, 25. https://doi.org/10.1186/s1375​0-021-00240​-0

Soininen, E. M., Hübner, C. E., & Jónsdóttir, I. S. (2010). Food selection 
by barnacle geese (Branta leucopsis) in an Arctic pre-breeding area. 
Polar Research, 29(3), 404–412. https://doi.org/10.3402/polar.
v29i3.6080

Solberg, E. J., Veiberg, V., Strand, O., Hansen, B. B., Rolandsen, C. M., 
Andersen, R., Heim, M., Solem, M. I., Holmstrøm, F., Granhus, 
A., Eriksen, R., & Bøthun, S. W. (2022). Hjortevilt 1991–2021. 
Oppsummeringsrapport fra Overvåkingsprogrammet for hjortevilt. 
Norwegian Institute for Natural Resources.

Speed, J. D. M., Cooper, E. J., Jónsdóttir, I. S., Van der Wal, R., & Woodin, S. 
J. (2010). Plant community properties predict vegetation resilience 
to herbivore disturbance in the Arctic. Journal of Ecology, 98(5), 
1002–1013. https://doi.org/10.1111/j.1365-2745.2010.01685.x

Speed, J. D. M., Skjelbred, I. Å., Barrio, I. C., Martin, M. D., Berteaux, 
D., Bueno, C. G., Christie, K. S., Forbes, B. C., Forbey, J., Fortin, 
D., Grytnes, J.-A., Hoset, K. S., Lecomte, N., Marteinsdóttir, B., 
Mosbacher, J. B., Pedersen, Å. Ø., Ravolainen, V. T., Rees, E. C., 
Skarin, A., … Soininen, E. M. (2019). Trophic interactions and abiotic 
factors drive functional and phylogenetic structure of vertebrate 
herbivore communities across the Arctic tundra biome. Ecography, 
42(6), 1152–1163. https://doi.org/10.1111/ecog.04347

Speed, J. D. M., Woodin, S. J., Tømmervik, H., Tamstorf, M. P., & Van der 
Wal, R. (2009). Predicting habitat utilization and extent of ecosys-
tem disturbance by an increasing herbivore population. Ecosystems, 
12, 349–359. https://doi.org/10.1007/s1002​1-009-9227-7

Stark, S., & Grellmann, D. (2002). Soil microbial responses to herbiv-
ory in an arctic tundra heath at two levels of nutrient availabil-
ity. Ecology, 83(10), 2736–2744. https://doi.org/10.1890/0012-
9658(2002)083[2736:SMRTH​I]2.0.CO;2

Sundqvist, M. K., Moen, J., Björk, R. G., Vowles, T., Kytöviita, M.-M., 
Parsons, M. A., & Olofsson, J. (2019). Experimental evidence of 
the long-term effects of reindeer on Arctic vegetation greenness 
and species richness at a larger landscape scale. Journal of Ecology, 
107(6), 2724–2736. https://doi.org/10.1111/1365-2745.13201

Sundqvist, M. K., Sanders, N. J., Dorrepaal, E., Lindén, E., Metcalfe, 
D. B., Newman, G. S., Olofsson, J., Wardle, D. A., & Classen, A. 
T. (2020). Responses of tundra plant community carbon flux 

 13652745, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14200 by U

tah State U
niversity, W

iley O
nline Library on [12/12/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1111/j.0030-1299.2004.13048.x
https://doi.org/10.1111/j.0030-1299.2004.13048.x
https://doi.org/10.1086/285353
https://doi.org/10.18710/ETR83N
https://doi.org/10.1002/ecs2.3746
https://doi.org/10.1111/2041-210X.13432
https://doi.org/10.1111/2041-210X.13432
https://doi.org/10.1111/1365-2745.14114
https://doi.org/10.1111/oik.07074
https://doi.org/10.1111/oik.07074
https://doi.org/10.1111/1365-2745.13790
https://doi.org/10.1111/1365-2745.13790
https://cran.rproject.org/package=nlme
https://doi.org/10.5194/bg-19-2779-2022
https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1073/pnas.0802421105
https://doi.org/10.1016/j.baae.2011.09.009
https://doi.org/10.1016/j.baae.2011.09.009
https://doi.org/10.1007/s13280-019-01310-x
https://doi.org/10.1007/s00300-015-1733-9
https://doi.org/10.1007/s00300-015-1733-9
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature14338
https://doi.org/10.1038/nature12129
https://doi.org/10.1111/1365-2435.13342
https://doi.org/10.1007/s10533-010-9516-4
https://doi.org/10.1007/s10533-010-9516-4
https://doi.org/10.1007/s10533-006-9018-6
https://doi.org/10.1007/s10533-006-9018-6
https://doi.org/10.1890/07-1601.1
https://doi.org/10.1186/s13750-021-00240-0
https://doi.org/10.3402/polar.v29i3.6080
https://doi.org/10.3402/polar.v29i3.6080
https://doi.org/10.1111/j.1365-2745.2010.01685.x
https://doi.org/10.1111/ecog.04347
https://doi.org/10.1007/s10021-009-9227-7
https://doi.org/10.1890/0012-9658(2002)083%5B2736:SMRTHI%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(2002)083%5B2736:SMRTHI%5D2.0.CO;2
https://doi.org/10.1111/1365-2745.13201


2642  |   Journal of Ecology JOURNAL OF ECOLOGY

to experimental warming, dominant species removal and el-
evation. Functional Ecology, 34(7), 1497–1506. https://doi.
org/10.1111/1365-2435.13567

Tarnocai, C., Canadell, J. G., Schuur, E. A. G., Kuhry, P., Mazhitova, G., 
& Zimov, S. (2009). Soil organic carbon pools in the northern cir-
cumpolar permafrost region. Global Biogeochemical Cycles, 23(2), 
GB2023. https://doi.org/10.1029/2008G​B003327

Tuomi, M., Väisänen, M., Ylänne, H., Brearley, F. Q., Barrio, I. C., Bråthen, 
K. A., Eischeid, I., Forbes, B. C., Jónsdóttir, I. S., Kolstad, A. L., 
Macek, P., Petit Bon, M., Speed, J. D. M., Stark, S., Svavarsdóttir, 
K., Thórsson, J., & Bueno, C. G. (2021). Stomping in silence: 
Conceptualizing trampling effects on soils in polar tundra. Functional 
Ecology, 35(2), 306–317. https://doi.org/10.1111/1365-2435.13719

Tyler, N. J. C., & Øritsland, N. A. (1989). Why don't Svalbard reindeer 
migrate? Ecography, 12(4), 369–376. https://doi.org/10.1111/
j.1600-0587.1989.tb009​11.x

Uboni, A., Horstkotte, T., Kaarlejärvi, E., Sévêque, A., Stammler, F., 
Olofsson, J., Forbes, B. C., & Moen, J. (2016). Long-term trends 
and role of climate in the population dynamics of Eurasian rein-
deer. PLoS ONE, 11, e0158359. https://doi.org/10.1371/journ​
al.pone.0158359

Van der Wal, R. (2006). Do herbivores cause habitat degradation or veg-
etation state transition? Evidence from the Tundra. Oikos, 114(1), 
177–186. https://doi.org/10.1111/j.2006.0030-1299.14264.x

Van der Wal, R., Bardgett, R. D., Harrison, K. A., & Stien, A. (2004). 
Vertebrate herbivores and ecosystem control: Cascading effects of 
faeces on tundra ecosystems. Ecography, 27(2), 242–252. https://
doi.org/10.1111/j.0906-7590.2004.03688.x

Van der Wal, R., & Brooker, R. W. (2004). Mosses mediate grazer impacts 
on grass abundance in arctic ecosystems. Functional Ecology, 18(1), 
77–86. https://doi.org/10.1111/j.1365-2435.2004.00820.x

Van der Wal, R., & Hessen, D. O. (2009). Analogous aquatic and terres-
trial food webs in the high Arctic: The structuring force of a harsh 
climate. Perspectives in Plant Ecology, Evolution and Systematics, 
11(3), 231–240. https://doi.org/10.1016/j.ppees.2009.03.003

Van der Wal, R., Sjögersten, S., Woodin, S. J., Cooper, E. J., Jónsdóttir, I. 
S., Kuijper, D., Fox, T. A. D., & Huiskes, A. D. (2007). Spring feeding 
by pink-footed geese reduces carbon stocks and sink strength in 
tundra ecosystems. Global Change Biology, 13(2), 539–545. https://
doi.org/10.1111/j.1365-2486.2006.01310.x

Ylänne, H., & Stark, S. (2019). Distinguishing rapid and slow C cycling 
feedbacks to grazing in sub-arctic tundra. Ecosystems, 22, 1145–
1159. https://doi.org/10.1007/s1002​1-018-0329-y

Zona, D., Lafleur, P. M., Hufkens, K., Gioli, B., Bailey, B., Burba, G., 
Euskirchen, E. S., Watts, J. D., Arndt, K. A., Farina, M., Kimball, 
J. S., Heimann, M., Göckede, M., Pallandt, M., Christensen, T. R., 
Mastepanov, M., López-Blanco, E., Dolman, A. J., Commane, R., … 
Oechel, W. C. (2023). Pan-Arctic soil moisture control on tundra 
carbon sequestration and plant productivity. Global Change Biology, 
29(5), 1267–1281. https://doi.org/10.1111/gcb.16487

SUPPORTING INFORMATION
Additional supporting information can be found online in the 
Supporting Information section at the end of this article.

Table S1. Vascular plant species and corresponding plant functional 
types.
Table S2. Overview of the plant and soil samples analysed for carbon 
and nitrogen concentrations.
Table S3. Overview of the environmental conditions during CO2-flux 
measurements and quality of these measurements.
Table S4. Results from linear mixed-effects models on the effects of 
herbivore removal on absolute aboveground vascular plant biomass.
Table S5. Results from permutational multivariate analysis of 
variance on the effects of herbivore removal on overall plant-
community composition.
Table S6. Results from linear mixed-effects models on the effects of 
herbivore removal on moss-layer depth.
Table S7. Results from linear mixed-effects models on the effects of 
herbivore removal on vascular plant chemistry.
Table S8. Results from linear mixed-effects models on the effects of 
herbivore removal on moss and soil chemistry.
Table S9. Results from linear mixed-effects models on the effects of 
herbivore removal on CO2-fluxes.
Table S10. Results from linear mixed-effects models on the 
relationships between CO2-fluxes and either vascular plant biomass 
or moss-layer depth.
Table S11. Results from linear mixed-effects models on the 
relationships between either soil temperature or soil moisture and 
moss-layer depth.
Figure S1. Correlations between moss carbon and nitrogen 
concentrations obtained using wet chemistry and using Near 
Infrared Reflectance Spectroscopy methodology.
Figure S2. Correlations between soil moisture and soil temperature 
in Ny-Ålesund and Semmeldalen.
Figure S3. Relationships between either soil temperature or soil 
moisture and total moss-layer depth in Ny-Ålesund and Semmeldalen.
Data S1. Protocol and R-script used for cleaning and processing raw 
CO2-flux data.

How to cite this article: Petit Bon, M., Hansen, B. B., Loonen, 
M. J. J. E., Petraglia, A., Bråthen, K. A., Böhner, H., Layton-
Matthews, K., Beard, K. H., Le Moullec, M., Jónsdóttir, I. S., & 
van der Wal, R. (2023). Long-term herbivore removal 
experiments reveal how geese and reindeer shape vegetation 
and ecosystem CO2-fluxes in high-Arctic tundra. Journal of 
Ecology, 111, 2627–2642. https://doi.org/10.1111/1365-
2745.14200

 13652745, 2023, 12, D
ow

nloaded from
 https://besjournals.onlinelibrary.w

iley.com
/doi/10.1111/1365-2745.14200 by U

tah State U
niversity, W

iley O
nline Library on [12/12/2023]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

https://doi.org/10.1111/1365-2435.13567
https://doi.org/10.1111/1365-2435.13567
https://doi.org/10.1029/2008GB003327
https://doi.org/10.1111/1365-2435.13719
https://doi.org/10.1111/j.1600-0587.1989.tb00911.x
https://doi.org/10.1111/j.1600-0587.1989.tb00911.x
https://doi.org/10.1371/journal.pone.0158359
https://doi.org/10.1371/journal.pone.0158359
https://doi.org/10.1111/j.2006.0030-1299.14264.x
https://doi.org/10.1111/j.0906-7590.2004.03688.x
https://doi.org/10.1111/j.0906-7590.2004.03688.x
https://doi.org/10.1111/j.1365-2435.2004.00820.x
https://doi.org/10.1016/j.ppees.2009.03.003
https://doi.org/10.1111/j.1365-2486.2006.01310.x
https://doi.org/10.1111/j.1365-2486.2006.01310.x
https://doi.org/10.1007/s10021-018-0329-y
https://doi.org/10.1111/gcb.16487
https://doi.org/10.1111/1365-2745.14200
https://doi.org/10.1111/1365-2745.14200

	Long-­term herbivore removal experiments reveal how geese and reindeer shape vegetation and ecosystem CO2-­fluxes in high-­Arctic tundra
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study systems
	2.2|Experimental sites and set-­up
	2.3|Sample collection and processing
	2.3.1|Sampling design
	2.3.2|Vegetation: Vascular plants and mosses
	2.3.3|Ecosystem C and N contents
	2.3.4|Instantaneous ecosystem CO2-­fluxes

	2.4|Statistical analyses
	2.4.1|Vegetation
	2.4.2|Ecosystem C and N contents
	2.4.3|Ecosystem CO2-­fluxes


	3|RESULTS
	3.1|Vegetation: Vascular plants and mosses
	3.2|Ecosystem C and N contents
	3.3|Instantaneous ecosystem CO2-­fluxes

	4|DISCUSSION
	5|CONCLUSIONS
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	PEER REVIEW
	DATA AVAILABILITY STATEMENT

	REFERENCES


