
Science of the Total Environment 793 (2021) 148619

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Springtime grazing by Arctic-breeding geese reduces first- and
second-harvest yields on sub-Arctic agricultural grasslands
Jarle W. Bjerke a,⁎, Ingunn M. Tombre a, Marvell Hanssen b,c, Anne Kari Bergjord Olsen d

a Norwegian Institute for Nature Research (NINA), Fram – High North research Centre for Climate and the Environment, P.O. Box 6606, Langnes N-9296, Norway
b Norsk landbruksrådgivning, Kleiva, N-8404 Sortland, Norway
c Lilandvegen 42, N-8407 Sortland, Norway
d Norwegian Institute of Bioeconomy Research (NIBIO), P.O. Box 115, N-1431 Ås, Norway
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• Subarctic agricultural grasslands are at-
tractive stopover habitats for the
Arctic-breeding pink-footed and barna-
cle geese.

• Awarmer climate has contributed to in-
creasing goose populations, with eco-
nomic consequences for subarctic
farmers.

• A field experiment excluding geese
from grassland plots was run over
three consecutive years.

• First and second harvest yields across
fields and years were 19-20% higher in
exclosures than in plots open for graz-
ing.

• Cool spring weather led to slow sward
development and little or no effects on
harvest yields.

• It is unlikely that the current subsidy
scheme is sufficient to cover the
farmers’ economic loss.
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Large population increases of Arctic-breeding waterfowls over recent decades have intensified the conflict with
agricultural interests in both Eurasia and North America. In the spring-staging region Vesterålen in sub-Arctic
Norway, sheep, dairy and meat farmers have reported reduced agricultural grassland yields due to pink-footed
geese Anser brachyrhynchus and barnacle geese Branta leucopsis that rest and forage in the region for 3–4
weeks in spring on their way to their breeding grounds on Svalbard. Here, we report from an experimental
exclosure design where goose access to plots at three grassland fields in Vesterålen was prevented. The experi-
ment was conducted over 3 years between 2012 and 2014. Goose abundance varied greatly between fields
and years as a function of variable spring weather and forage quantity, facilitating evaluation of longer-term im-
pacts under contrasting grazing intensities. First and second harvest yields across fields and years were 20% and
19% higher in exclosures than in plots open for grazing, while total yields (sumof first and second harvests) were
on average 27% higher. Within-year effects on harvest yields varied substantially, primarily due to highly con-
trasting sward development during the spring-staging periods. Cool weather (2012) led to slow sward
B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Wildfowl
Wildlife management
Fig. 1. Map of North Norway. The inset shows the region
(upper dot) and Sortland (lower dot).
development and little or no effects on harvest yields, warmerweather (2013) resulted in generally large effects,
while variable weather (2014) led to treatment effects varying across fields, with one field experiencing 61%
higher yields in exclosures while there were no significant impacts on first-harvest yields at the two other fields.
Goose grazing did not increase dryweight-based proportions of weeds. Overall, the farmers' reports on yield-loss
due to goose grazing were confirmed, although impacts varied substantially between years. A novel finding is
that second-harvest yieldswere also reduced. For themost affected farmers, it is unlikely that the current subsidy
scheme is sufficient to cover all the their losses.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Agriculture at high northern latitudes is constrained by low temper-
ature. However, due to a warmer than average climate for its latitudes,
the coastal regions of north-westernmost Europe have large land
areas allocated to agriculture (Höglind et al., 2010). Climate warming
may stimulate increased agricultural yields in this region (Uleberg
et al., 2014), but also brings other changes to these northern regions
such as increasing goose populations. Over recent decades, large popu-
lation increases of Arctic-breeding goose species have intensified the
conflict with agricultural interests in both Eurasia and North America
(Fox and Madsen, 2017; Lefebvre et al., 2017; Cuker, 2020).

For decades, there have been geese grazing in the coastal landscape
of sub-Arctic Norway (Tombre et al., 2010, 2013, 2019). The most
widely distributed species, greylag goose (Anser anser L.) which mi-
grates in small flocks and breeds in the region has become an increasing
Vesterålen including the locations of
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challenge for many farmers due to a steadily increasing population size
(Shimmings andHeggøy, 2017; Powolny et al., 2017).Moreover, Arctic-
breeding goose species that migrate in groups of several thousands of
individuals are causing severe conflicts and challenges for sustainable
farming at their stopover sites in spring, grazing intensively over a lim-
ited time-period on vulnerable agricultural grasslands (Bjerke et al.,
2014a; Fox et al., 2017; Olsen et al., 2017). The Svalbard-breeding pop-
ulations of pink-footed goose (Anser brachyrhynchusBaillon) and barna-
cle goose (Branta leucopsis Bechstein) have stopover sites during the
early growing season in the Vesterålen archipelago of sub-Arctic
Norway (Fig. 1) where they feed on newly snow-free agricultural grass-
lands (Tombre et al., 2005). Vesterålen is located 200–300 km north of
the Arctic Circle and the number of geese using this region in spring
has increased in parallel with the general increase in the goose popula-
tions over the last 25 years (Fox et al., 2010, 2017; Tombre et al., 2019).
A policy of intensified agricultural practice inmost of Europe, combined
the three study fields Å, Selnes and Vik (open circles). Dots: the weather stations Andøya
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with improved climatic conditions has increased the food availability
and winter survival rates of the geese (Fox et al., 2017). Moreover, re-
duced snow cover at nest initiation may boost the populations as
more pairs find snow-free nest sites within the narrow time window
for breeding in the high-Arctic (Madsen et al., 2007; Jensen et al., 2014).

In Vesterålen, both species spendmost grazing time on coastalman-
aged grasslands on the limited agricultural land available between in-
frastructure (primarily roads and buildings) and the seashore and may
feed up to 18 h per day due to the long period of daylight at these north-
ern latitudes in spring (Madsen, 1998; Drent et al., 2003). Above this
narrow coastal strip of agricultural land, the landscape is steeper and
is covered by forest,mires and alpine heaths and provide hardly any for-
age resources for geese in spring. Farmers in the area report reduced
grassland harvests (reduced round bale silage production) due to the
increasing goose grazing intensity, and the conflicts between geese
and farmers have increased (Eythórsson, 2004; Eythórsson et al.,
2017; Tombre et al., 2005, 2013). A public subsidy scheme has been
established to alleviate the pressure on affected farmers (Ministry of
Agriculture and Food, 2006; Eythórsson and Tombre, 2013; Eythórsson
et al., 2017) which has reduced the conflict level to a certain degree
(Tombre et al., 2013).

For subsidy schemes to work well, a clear relationship between
goose grazing pressure and agricultural yield loss should form the
basis for the distribution of subsidies (Groot Bruinderink, 1989;
Eythórsson and Tombre, 2013). In order to establish such relationships,
detailed analyses are needed, preferably from experimental field de-
signs. Such impacts have been experimentally tested in several coun-
tries by excluding geese from patches of grassland by fenced plots and
comparing yields in these plots against yields in plots open for grazing.
Such experiments have, however, primarily been undertaken at
overwintering sites in temperate regions and mostly for single years
only, as reviewed in Fox et al. (2017). The results from these studies
are highly contrasting, thus making it challenging to draw overarching
conclusions on the impacts of goose grazing and the agricultural grass-
land yields that would be available to sheep and cattle. Knowledge re-
garding goose grazing impacts on spring-staging sites in more
northerly (boreal to sub-Arctic) agricultural regions is limited. In these
northern regions, grass is harvested for round-bale silage that provides
fodder for livestock during winter and spring. One of the very few stud-
ies of goose impacts on northern agricultural grasslands was a
multiannual experiment undertaken in mid-Norway, which elucidated
that grazing impacts of pink-footed geese were strongly related to graz-
ing intensity, but also to weather variability (Bjerke et al., 2014a; Olsen
et al., 2017). Hence, in respect to the subsidy scheme for farmers in the
area, the variable impact of multiple drivers challenge a fair distribution
of subsidies to affected farmers.

Vesterålen is a region where economically sustainable farming is
taxing, partly due to climatic constraints. Goose grazing may, for some
farmers, be the additional external pressure for tipping the production
from sustainable to unsustainable (Eythórsson, 2004; Eythórsson and
Tombre, 2013). The continuing increase in goose numbers, their steadily
increasing impacts on agricultural grasslands, the lack of possibilities for
population regulation (spring hunt and derogation shooting are illegal),
as well as the limited budgets of the subsidy scheme have all raised the
question of the size of yield reductions caused by goose grazing. It is un-
known whether the available resources in the subsidy scheme actually
match the value of the yield loss, as the subsidy is a result of an annual
political negotiation process between the agricultural authorities and
farmers' representatives and not a compensation scheme reflecting
real damage (Eythórsson et al., 2017).

There are several reasons why the knowledge from existing experi-
mental data cannot be applied directly to the Vesterålen archipelago.
While farmers in mid-Norway generally harvest two or three times
per growing season (Olsen et al., 2017) and allow their cattle to graze
for a long time on the grasslands after the last harvest of the season,
farmers in Vesterålen harvest twice, and occasionally only once per
3

season, and with little time for sheep and cattle to graze on the grass-
lands after the last harvest of the season (Norsk landbruksrådgivning,
2018). The comparatively shorter growing season also implies that the
grazed grassland has less time to recover after the geese leave and be-
fore harvesting begins. Finally, one of the most important differences
from the situation in mid-Norway, where only pink-footed geese
stage, is that a large proportion of themanaged grasslands in Vesterålen
are grazed by both pink-footed and barnacle geese (Madsen et al.,
2014). The number of barnacle geese has increased significantly over
the last decades, and as they have a higher pecking rate and cut the
grass closer to the base of the leaf, hence removing more of the green
parts than pink-footed geese, the conflicts and frustrations among
local farmers have escalated correspondingly (Madsen and Tombre,
2011, unpublished data). Based on this, the negative impacts per goose
day of barnacle goose grazingmay presumably be larger than the earlier
studied impact of pink-footed geese in mid-Norway.

We conducted an experimental study in Vesterålen where we
sought to determine the multi-annual effects of goose grazing on agri-
cultural grass-for-silage productivity of this region. Fenced plots
(exclosures) were established in order to compare the yield production
in plots protected against grazing with plots open for grazing. The ex-
periment was repeated for three years at the same plots in order to ob-
tain multi-year data on grassland productivity, which would allow for
analyses of variation between years caused by variable grazing impacts
and for changes over time in productivity and species composition. We
used goose dropping densities as proxies for goose grazing intensities
(Ydenberg and Prins, 1981; Simonsen et al., 2016; Olsen et al., 2017).
Using systematic goose counts, we also determined the goose species
(pink-footed geese or barnacle geese) that were feeding on the study
fields (mixed flocks are rare, unpublished data) and the daily averages
of goose presence in the areas. The experiment was designed such
thatwe could test the followinghypotheses: (I) preventing goose access
to grassland plots would lead to increased first-harvest yields in
exclosure plots compared to plots open for grazing (i.e. control plots);
(II) treatment effects size, i.e. the relative difference between exclosures
and controls, would differ between fields with contrasting goose abun-
dance; (III) first-harvest yields in controlswould be inversely correlated
with grazing intensity; (IV) second-harvest yieldswould not be affected
since the geese do not graze on the grasslands between thefirst and sec-
ond harvests; and (V) preventing goose access over 3 yearswould affect
plant species composition by reducing the establishment rate of non-
preferred weeds.

2. Materials and methods

2.1. Study area and experimental design

The agricultural land areas in theVesterålen archipelagomainly con-
sists of cultivated grasslandwhere sheep and new-born lambs forage in
early spring, and for round bale silage production. In late summer and
autumn, after the final harvest for silage production of the season,
sheep and cattle are allowed onto the grassland to feed on the remain-
ing sward. The geese arrive in the region in late April and prefer grazing
on agricultural grasslands, foraging for c. 18 h per day due to favourable
light conditions in spring at these northern latitudes (24 h daylight from
early May). Meteorological data used to evaluate weather conditions
during the project period were retrieved from the Norwegian Centre
for Climate Services (2021). Deviation from temperature normals
(1991–2020) for April and May at the two coastal weather stations
Sortland and Andøya (Fig. 1) were used for comparisons between
study years.

Four exclosures of 5 m × 2 m were established at three different
grassland fields; Selnes and Vik in Sortland municipality, and Å in
Andøy municipality (Fig. 1), following established design for goose
grazing exclosures (Groot Bruinderink, 1989; Bjerke et al., 2014a;
Olsen et al., 2017). Selnes and Vik are located 14 and 10 km north-



Table 1
Air temperature (2 m above ground) at meteorological stations close to the three fields
during the goose-staging period in 2012, 2013 and 2014. Temperature in themonths April
andMay in are shown as deviations from themonthly averages for the period 1991–2020.

Field Average
April

Average
May

April
2012

May
2012

April
2013

May
2013

April
2014

May
2014

Å (Andøy) 2.0 5.9 −1.4 −1.2 −1.1 2.5 0.5 −1.0
Selnes & Vik
(Sortland)

2.7 6.6 −1.8 −1.5 −0.9 3.1 0.1 −0.7
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west of Sortland weather station, respectively, whereas Å is ca. 29 km
south of Andøya weather station and 45 km north-east of Sortland
weather station. Nearby the exclosures, four open plots (5 m × 2 m)
were established, marked with small poles in the corners. Only the top
three centimeters of the poles were visible and these areas were left
open for grazing by geese. Exclosures and open plots were grouped in
pairs (blocks), meaning that paired plots were established close to
each other (ca. eight metres distance). The pairs were distributed
along the vertical axis of the fields and with a minimum 30m between
each pair. Altitudinal differences between lowermost and uppermost
pairs varied between fields. Maximum altitudinal difference was ca.
10 m. The plot pairs were numbered from one to four, where one was
close to the seashore, while number four was furthest away from the
seashore, and closer to farm buildings, roads and other infrastructure.

The frames of the exclosures were constructed by placing wooden
poles in the corners as well as at the middle on each long side. In the
first year, we nailed white Poly ropes (5 mm diameter with an inner
0.4 mm wide core of stainless steel) to the poles and wrapped them
along the sides at 5, 15, 25 and 40 cm from the ground and, also, in a
crisscross arrangement between the tops of the poles. In later years,
the ropes were supplemented with wire netting. The exclosures and
the open plots at each of the three fields were monitored during 3
years, from 2012 to 2014.

As the fields have been subject to substantial goose grazing impacts
for several decades (Tombre et al., 2010, 2013), the farmers rarely re-
seed. Hence, upon the start of this experiment, only one of the fields
(Selnes) consisted of newly sown grassland. At the two other fields, ac-
cording to farmers' information, the grasslands were three years old
upon the start of the experiment. The fields were originally seeded
with seed mixtures dominated by timothy (Phleum pratense L.;
50–80%), and this was the dominating species when exclosures were
established. Other sown species varied between fields and included
meadow fescue (Festuca pratensis Huds.; <20%), smooth meadow-
grass (Poa pratensis L.; <15%), and clovers (Trifolium repens L. and
T. pratense L.; <15%). Fields were conventionally fertilized with manure
both before the study was initiated and during the experimental years.

Exclosures were established every spring during the study period
(2012, 2013 and 2014) as soon as conditions allowed, meaning when
the snow had at least partly melted and the ground was sufficiently
thawed to allow for securing the corner piles of the exclosures into
the ground. During this period, before the sward has started to grow,
the geese primarily use the grassland fields as resting places while
they feed on plant remains from the previous season that grow along
the nearby grassy seashores and on the few snow-free patches on the
grassland fields. Removal of withered leaves from the previous growing
season is assumed not to have any negative effect on the farmers' har-
vest yields. All goose droppings found during establishment of experi-
mental plots were counted and then removed, making the initial
nutrient conditions as equal as possible for all study plots every spring.

2.2. Data collection during and after the goose-staging period

Goose censuses were conducted as a part of the annual goose mon-
itoring in the region (Tombre et al., 2019). Goose areas, which cover
more or less all the cultivated fields in the municipalities in the
Vesterålen archipelago, were systematically registered at a distance,
once per day, from cars and vantage points in the terrain using tele-
scopes and binoculars, and numbers of each goose species were regis-
tered. The three fields with exclosures are geographically separated in
a way that goose counts per area were independent. The total number
of geese per day was summarised for each area (which also include
fields adjacent to the experimental fields; each area representing ca.
2 km2) and averaged by the number of observation days (n = 20, 6
and 6 days for the years 2012, 2013 and 2014, respectively) between
1 and 20May (the core staging period for geese in the region). These av-
erages provide a comparable spatial and temporalmeasure between the
4

fields. Counts are presented for 2012–2014, except for the Å-location in
2013, as no systematic goose counts were conducted that year.

The plots were surveyed once aweek from ca 1May each year to the
departure of the last geese approximately 3 weeks later. Grazing inten-
sity was quantified by counting goose droppings (faeces) in all the plots
within an area of 3.14m2 (a circle of 2m diam.) at each visit. Droppings
were removed between each visit. The amount of standing plant bio-
mass was also quantified at each visit as compressed sward height
(CSH), which is measured by the use of a rising plate meter consisting
of a polyethylene plate of 30 cm diameter, weighing 0.15 kg, that freely
moves along a vertical central pin with a centimetre scale. This method
provides good non-destructive estimates of sward development before
harvesting (Mould, 1992; Bakken et al., 2009).

The harvests of experimental plotswere performed at the same time
as the farmers harvested the rest of the agricultural grassland fields,
which was undertaken after the geese had departed for their breeding
grounds on Svalbard. Generally, grassland fields in this regions are har-
vested twice per season, first in early July and then in the last part of
August. In 2012, farmers harvested only once due to an unusually cool
growing season (Table 1). Hence, yield data from the second harvests
are only available for 2013 and 2014. In 2013, no data are available for
the second harvest at Å. Hence, second-harvest yield data from 2013
are from two fields, whereas data from 2014 are from all three fields.
The fresh weight per hectare wasmeasured in the field. One fresh sam-
ple (randomly selected) of ca. 2 kg from each plot was transported to
the laboratory and dried at 60 °C for 48 h to establish a relationship be-
tween fresh and dry weights.

From the first harvest at each field, another fresh sample of ca. 2 kg
was extracted from each plot and transported to the laboratory, semi-
dried and frozen. These samples were later thawed and sorted accord-
ing to species, assuming the sample was representative for the species
composition of the experimental field. After species identification, sam-
ples of each plant species were placed in separate paper bags and dried
at 80 °C for 48 h and weighed to nearest milligram. These dry weights
were then used to test for differences in vegetation composition be-
tween treatments, focusing on any changes in the fraction of sown spe-
cies. All plants not sown were termed as weeds, and these were also
identified to species. We used the species data to test for any goose im-
pacts on fraction of preferred (sown) species and on the diversity of
weeds; the latter test arising from the observation that geese can
bring in viable seeds of troublesome weeds through their digestive
tracts and as seeds attached to their plumage or feet (Ayers et al.
2010; Farmer et al., 2017). Species diversity was calculated thereafter
using the Shannon diversity index (Magurran, 1988), an index which
in this context provides a value for sown species and weeds. Samples
collected in 2014 suffered from freezer failure and could not be ana-
lyzed. Hence, for the evaluation of goose grazing effects over time on
the remaining fraction of sown species, only a comparison between
the first 2 years of the experiment, 2012 and 2013, was possible.

2.3. Statistical analyses

The designed block experiment was dispersed over three geograph-
ically distant fields, with n= 4 per treatments per field. Univariate and
repeated-measures analyses of variance (ANOVA) within the general
linear model procedure in SPSS Statistics 27 (IBM Corp., NY, USA)



Fig. 3. Grazing intensities, in terms of number of goose droppings (faeces m−2) per week,
in open plots and exclosures after establishment of exclosures in spring. Intensities are
field averages of the weekly surveys undertaken during the goose-staging periods.

J.W. Bjerke, I.M. Tombre, M. Hanssen et al. Science of the Total Environment 793 (2021) 148619
were applied. First we testedwhether there was any goose-grazing var-
iation within fields. Within-field grazing intensity (i.e. between blocks)
in open plots did not differ at any of the fields (F1,3 = 0.050, P=0.984;
data not shown), meaning that geese grazing was evenly distributed
within fields. Therefore, blocks were not included as a variable in the
ANOVAs. In repeated-measures ANOVA, agricultural grassland yields
and vegetation composition from two or 3 years were included as
within-subjects variables, and treatments and sites as between-
subject factors. In cases with analyses of data from a single year, univar-
iate ANOVAwas appliedwith treatments asfixed factors and site as ran-
dom factor. Normality was checked with normal and detrended Q-Q
plots supplied with the Shapiro-Wilks and Kolmogorov-Smirnov tests.
Homogeneity of variance was evaluated using Levene's test. In cases of
non-normality and/or heterogeneity, transformation of the response
variable was applied. One dataset (total yield in 2014), did not meet
the criteria for normality and homogeneity even after transformations,
and treatment effects for this parameter were therefore tested using
non-parametric tests. Relationships between predictor variables and re-
sponse variables were evaluated using linear Pearson correlation coeffi-
cients and were fitted with 95% confidence intervals in XLfit ver. 5.3.1.3
(ID Business Solutions Ltd., Guildford, UK).

3. Results

3.1. Goose registrations

Goose counts from the three locations show that barnacle goose
dominate over pink-footed goose at Å and Vik, with smaller differences
in numbers between the species at Selnes (Fig. 2). Pink-footed geese
dominated at Selnes in 2012, but in 2014, barnacle geese had become
the dominant species.

3.2. Grazing intensity

Exclosures had a significant impact on grazing intensity (Fig. 3). In
2012, there were intrusions of geese into the exclosures at all fields.
The number of droppings recorded in 2012 in exclosures were 9.3%
(Selnes), 32.2% (Vik) and 27.2% (Å) of the numbers in open plots. In
2013 and 2014, there were no intrusions after the improved exclusion
system was used (see Materials and methods).

At Selnes, the grazing intensity was much lower than at the two
other locations (repeated-measures ANOVA, Tukey HSD, p < 0.001), in
open plots amounting only to 18.7% of mean grazing intensity for the
two other fields (Fig. 3). These results are consistent with the corre-
sponding goose registrations showing that the total number of geese
Fig. 2. Daily mean number of spring-staging pink-footed goose (a) and barnacle goose
(b) at three locations in Vesterålen, northern Norway, 1–20 May in 2012–2014 (note
the different scales of the vertical axes). Averages are based on 22, 6 and 6 observation
days in 2012, 2013 and 2014, respectively. No registrations were performed at Å in
2013. Error bars represent ±1 S.E.
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were lower at Selnes than at Vik and Å in all the 3 years of the study
(Fig. 2). The grazing intensities at Å and Vik were, for the whole study
period, similar (Tukey HSD, p = 0.504).
3.3. Sward development during contrasting spring weather

April andMay2012were 1.2–1.8 °C cooler than themonthly average
between 1991 and 2020 (Table 1). The cool temperature this spring led
to delayed sward development in all plots. Growth was initiated during
the last week of the goose-staging period, and at the last survey com-
pressed sward height (CSH) was significantly higher in exclosures
than in open plots at Selnes and Å (Fig. 4a-c).
Fig. 4. Compressed sward height (CSH) development during the goose-staging period in
2012, 2013 and 2014 in open plots (open squares) and exclosures (closed circles) at
Selnes (a, d, g), Vik (b, e, h) and Å (c, f, i). Significant differences between open plots
and exclosures are indicated by asterisks (*: P ∈ [0.01, 0.05]). Vertical lines indicate±1 SE.
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April 2013 was 0.9–1.1 °C cooler than normal, while May 2013 was
2.5–3.1 °C warmer than normal (Table 1). Correspondingly, the swards
started to grow in the middle of the goose-staging period, between 8
and 15 May 2013, i.e. from week 19 to week 20 (Fig. 4d-f). At the end
of the 2013 goose-staging period, the differences in CSH between
exclosures and open plots were not significant at Selnes (Fig. 4d), but
1.3 and 1.7 times higher in exclosures at Vik and Å, respectively
(Fig. 4e-f).

April 2014 was 0.1 to 0.5 °C warmer than normal, while May 2014
was 0.7–1.0 °C cooler than normal (Table 1). This year, the tree fields
showed contrasting sward development. At Selnes (Fig. 4g) and Vik
(Fig. 4h), CSH in exclosures varied little during the entire goose-
staging period, while CSH in open plots showed a slight decrease. At
the end of the goose-staging period, CSH at Vik was 1.8 times higher
in exclosures than in open plots (Fig. 4h), while there was no significant
difference at Selnes (Fig. 4g). At Å, CSH in exclosures grew well from
week 20 to week 22, while CSH in open plots was constant during the
goose-staging period (repeated-measures ANOVA, time: F1,4 = 4.298
p = 0.337), resulting in 2.5 times higher CSH in exclosures at the end
of the goose-staging period (Fig. 4i).

3.4. First-harvest yields

Overall first-harvest yields, i.e. all fields and years included, were on
average 20.2% higher in exclosures than in open plots (F1,21 = 21.487,
P < 0.001) (Fig. 5a). However, effects varied with year. In 2012, there
was no treatment effect on yield level (F1,20 = 1.212, P = 0.386),
while in 2013 yields were 26.7% higher in exclosures (F1,17 = 13.978,
P = 0.002; ANOVA performed on data normalized and homogenized
with reciprocal square root transformation). In 2014, there was a
mean difference of 29.4% between yields in exclosures and open plots
(Fig. 5b), but due to large variation between fields, the difference was
not significant (F1,20 = 3.456, P = 0.204). For the three-year study pe-
riod, exclosures resulted in an overall 31.0% increase (F1,5 = 11.723,
p = 0.014) in yields at Vik, a near-significant difference of 16.5%
(F1,5 = 4.363, p = 0.082) in yields at Selnes, and a near-significant
difference of 14.0% (F1,5 = 5.551, p = 0.057) in yields at Å (Fig. 5c).

The treatment effect on first-harvest yields varied greatly both be-
tween years and fields. There was no treatment effect in any of the
years at Selnes; at Vik, yields were 61.2% higher in exclosures in 2014,
36.5%higher in 2013 andwere not statistically significantly different be-
tween treatments in 2012; while at Å, there was a 23.4% difference in
2013, a 16.1% difference in 2014, and no statistically significantly differ-
ence in 2012 (Fig. S1).

Ranking of the plots by first-harvest yields for each year (Fig. S2a)
provides a visual inspection of the year-to-year variation in relative
Fig. 5. First-harvest drymatter yields (t ha−1) in exclosures (black bars) and plots open for
goose grazing (white bars) from the three study fields in Vesterålen between 2012 and
2014. a) Mean of the sum of the first-harvest yields. b) Mean first-harvest yields; c) Sum
of first-harvest yields (S = Selnes, V = Vik, Å = Å). Asterisks denote statistically
significant treatment differences. ***: P < 0.001; *: P ∈ [0.01, 0.05]; (*): P ∈ [0.05, 0.10],
i.e. near-significant. Vertical lines indicate ±1 SEM.
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yields (i.e. plot yield as function of overall yield mean). Between-year
plot lines indicate large changes in ranking between years. In 2012,
when grazing pressurewas low (Fig. 2), five of the 11 plots with highest
yields were open control plots. However, in 2013 and 2014, when graz-
ing pressure was higher than in 2012, only two and three control plots
were among the top 11 plots. Some plots show extreme interannual
variation in ranking and this may be explained in part by a likely effect
of grazing, for example the drop from 2nd rank in 2012 to 23rd rank in
2013 for control plot 2 at Vik (“VC2”). However, grazing cannot explain
the large year-to-year variation in the ranking of several plots. Exclosure
plot three at Selnes (“SE3”) is one such example. It falls from 10th place
in 2012 via 19th place in 2013 to last place in 2014. Another example is
exclosure plot two at Vik (“VE2”), which had the highest yield in 2012
but only the 17th highest in 2013. As expected, ANOVA on ranked
first-harvest yields (Fig. S2b) elucidated the same treatment effects as
true values (Fig. 5b).

3.5. First-harvest yields VS. goose and dropping counts

Goose abundance for the years 2012 and 2014 (i.e. the 2 years with
goose counts from all three study fields; Fig. 2) is positively correlated
with sum of first-harvest yields in open plots of the same 2 years (r =
0.622, P = 0.031; Fig. 6a). The 3-year sum of first-harvest yields in
open plots is also significantly correlated with 3-year sum of faeces
(r = 0.659, P = 0.020) (Fig. 6b). However, the difference in yield be-
tween pairs of exclosures and open plots was not correlated with
Fig. 6. First-harvest yields in open plots as a function of goose abundance. a) Relationship
between field-level goose counts and first-harvest yields (sum of 2012 and 2014).
b) Relationship between the 3-year sum of plot-level grazing intensity during the goose-
staging periods (faeces m−2) and the 3-year sum of first-harvest yields.
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grazing intensity in any of the years, nor for the sumof the 3-year period
(R2 < 0.171, P > 0.181; data not shown).

3.6. Second-harvest yields

Second-harvest yields in 2013 from the two fields Selnes and Vik
were 22.7% higher (F1,11 = 52.187, P < 0.001) in exclosures than in
open plots (Fig. 7a). In 2014, when a second harvest was performed at
all three study fields, there was no overall treatment effect (F1,17 =
6.905, P = 0.119; Fig. 7a). However, there were differences between
fields; at Å yields in exclosures were 36.6% higher than in control plots
(F1,7 = 12.502, P = 0.012), while there was no treatment effect at the
two other fields (Fig. S3a). The sum of second-harvest yields for the
years 2013–2014 at the fields Selnes and Vik was 19.3% higher in
exclosures than in open plots (F1,12 = 5.472, P = 0.037; Fig. 7b). First-
and second-harvest yields from 2014 were strongly correlated (r =
0.644, P < 0.001; Fig. S3b).

3.7. Total harvest yields

The year 2014 is the only experimental year with both first and
second-harvest yields from all three fields. Total yields, i.e. the sum of
first and second-harvest yields, were 27.3% higher in exclosures than
in open plots (F1,17 = 14.457, P = 0.001) (Fig. S3a). This analysis was
performed on the untransformed dataset, as no transformations im-
proved normality. The non-parametricMann-WhitneyU test, excluding
field and block variation, confirms the treatment effect (U1,24 = 2.136,
P = 0.033). First and second-harvest yields from 2014 were correlated
(r = 0.644, P < 0.001; Fig. S3b).

3.8. Sown species and establishment of weeds

Exclosures did not affect the weight-based proportion of sown spe-
cies as compared to control (Fig. S4a). However, there was an overall
decline in weight in both treatments of 4.3% between 2012 and 2013
(F1,20 = 5.843, P = 0.025). Weed biodiversity, as described by the
Shannon index, was unaffected by treatment (F1,17 = 0.177, P =
0.679), but differed considerably between fields (F2,17 = 27.046, P <
Fig. 7. Second harvest dry matter yields (t ha−1) in exclosures and plots open for goose
grazing. a) Mean of the sum of the yields in the years 2013 (two fields) and 2014 (three
fields). b) Sum of yields for 2013 and 2014 for the fields Selnes and Vik. *: P ∈ [0.01,
0.05]. Vertical lines indicate ±1 SEM.
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0.001). The more recently sown field at Selnes had a much lower
Shannon index value than the two other fields, while Å had an interme-
diate value, and Vik had the highest Shannon index value (Fig. S4b).

4. Discussion

4.1. Impacts on FIRST-harvest yields

Bymeans of exclosures,wewere able to evaluate and to a certain de-
gree quantify towhat extent goose grazing affected the grassland yields.
Our first hypothesis that excluding geese’ access to grassland plots
would increase first-harvest yields was confirmed. Over the 3-year
study period, exclosures resulted in a 20.2% increase in first-harvest
yields, as compared to open controls.

The three study years varied greatly in spring weather, which had
large impacts on sward growth rates during the goose-staging periods.
As the sward barely developed during the goose-staging period in
2012, there was hardly any fresh agricultural grass for the geese to
feed on. The geese probably had to rely on alternative resources, for ex-
ample plant rhizomes, roots and tubers in nearby seashore or wetland
vegetation, which is a common food source when they arrive at their
breeding grounds on Svalbard (Fox and Bergersen, 2005; Fox et al.,
2006, 2007). There was some development of the sward after the
goose departure, and first-harvest yields in 2012 primarily reflected
sward development after the geese had left. Hence, there was no treat-
ment effect in 2012. The cool weather in the early growing season of
2012 also continued into the peak growing season (Bjerke et al.,
2014b). In the study area, July month was 1 °C cooler than normal and
with 1.50–1.75 times more rain than normal (Gangstø et al., 2012).
Thus, the low yield levels at the studied fields in 2012 (as compared to
2013 and 2014 in Fig. 5) were symptomatic for the entire region
(Bjerke et al., 2014b), demonstrating that in certain years, climatic con-
straints can mask the effects of high goose densities on agricultural
grassland productivity.

The counting of geese and faeces showed that goose abundance var-
ied greatly both betweenfields and between years, but notwithin fields.
Selnes had amuch lower density of faeces than the two otherfields. This
may explain why there was no statistically significant treatment effect
on first-harvest yields in any of the years at this field, only a statistically
near-significant difference between open plots and exclosures in sum of
first-harvest yields over 3 years. However, the goose grazing did have a
statistically significant impact on sward development in all the three
study years. The two other fields both had a much higher faecal density
than Selnes, but a statistically significant overall (3-year) effect of
exclosures on first-harvest yields was only found at Vik, which had
31% higher first-harvest yields in exclosures than in open plots. The
field Å had statistically significantly 23% higher first-harvest yields in
exclosures than in open plots in 2013, and a statistically near-
significant difference in 2014, but the overall difference between
exclosures and open plots was only statistically near-significant.
Overall, these results support the second hypothesis, which stated that
the effect of exclosures varies with grazing intensity in open plots.
This implies that with minor grazing intensity, the exclusion of geese
from the fields will not have any effect on harvestable yields. To define
this limit for when the goose grazing intensity is low enough to have no
impact may, however, be challenging, as it could differ both between
years with different weather and growing conditions, and between
fields, and may even vary within the same field. In this study, we set
up four blocks per field, in agreement with the farmers who did not
want more of their fields being occupied by experimental plots. This is
a rather low n, and it is reasonable to assume that a higher number of
replicates per field would have provided more precise information on
the thresholdwhere goose impacts become significant. Overall, the pre-
senteddata are sufficient to conclude that even the ratherminor grazing
intensity at Selnes was above the limit for when grazing has no impact.
The significant impacts on sward development at Selnes, despite low
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goose density, may also be partly related to the fact that barnacle goose
was the dominant grazer there, as this species cut the grass closer to the
basis than the pink-footed goose does (see Introduction).

The third hypothesis stated that first-harvest yields in open plots
would be inversely correlated with grazing intensity. The rationale for
this hypothesis is that the geese would remove so much green material
that sward development would be severely reduced. This would be in
linewith previous studies (Fox et al., 2017; Olsen et al., 2017). However,
for the open plots at the three agricultural fields in our study, there is a
clear positive relationship between grazing pressure and first-harvest
yields. This may sound counterintuitive. In this case, the positive rela-
tionship is largely driven by the plots at Selnes. This was the field with
the lowest first-harvest yields and with the lowest grazing pressure.
Our goose counts showed that there were around 1000 geese flying
around in the Selnes area in 2012 and 2013 (but much less in 2014).
However, this high number of geese was not reflected in our dropping
counts. It has been shown that the geese easily distinguish between
profitable and less profitable fields and therefore congregate at fields
providing the highest energy intake rate (reviewed in Fox et al.,
2017). Having a green-sensitive vision similar to optical sensors mea-
suring vegetation greenness from satellites, geese are probably highly
adapted to search for green fields in the landscape while flying
(Kelber, 2019; Teodore and Teodore and Nilsson, 2019; Baden et al.,
2020). Thus, geese are likely to assess at a long distance whether it is
worthwhile to land on a particular grassland field or not, whichmay ex-
plain why so few of the geese in the Selnes area in 2012 and 2013 de-
cided to land on the particular grassland field where our experiment
was set up. Hence, despite having a higher grazing pressure than Selnes,
the swards at Vik and Åwere able to produce higher yields, presumably
due to better growing conditions. If the study had included a fourth site
with higher grazing impacts than at Vik and Å, a curved relationship be-
tween grazing intensity andfirst-harvest yieldswould have been amore
likely result, with the top of the curve around 90 faeces m−2 y−1; as is
the maximum value in Fig. 6b.

These results further imply that there were differences between the
fields in the quality of the soil and the condition of the sward. Yield pro-
duction differences between adjacent agricultural fields may, among
other things, be related to soil fertility (Geypens et al., 1999) and soil
compaction (Douglas and Douglas and Crawford, 1998). The large de-
cline in relative productivity of some plots from all fields, as shown by
the year-to-year ranking of first-harvest yields, suggest that factors out-
side of our control affected some plots negatively during the study pe-
riod. A general challenge to sub-Arctic agriculture is damage occurring
during the non-growing season, especially due to ice encasement
which can affect parts of a field, especially flat or slightly concave
parts (Bjerke et al., 2015, Olsen et al. 2017). Productivity at such
microsites is also vulnerable to water-logging during rainy periods in
the growing season. At Selnes, first-harvest yields in both exclosures
and open plots fell remarkably from 2013 to 2014 (Figs. S1, S2a), but
not at the two other fields. This may be due to topographically related
extreme negative impacts during the cold season at this field. To con-
clude, our third hypothesis was not supported by the results.

4.2. Impacts on second-harvest yields

Based on the results from a similar study undertaken in mid-
Norway, where goose grazing had no significant effect on second-
harvest yields (Bjerke et al., 2014a; Olsen et al., 2017), we hypothesized
that second-harvest yields would not differ between open plots and
exclosures (hypothesis IV). In 2013, when data were collected from
two fields only, second-harvest yields were 23% higher in exclosures
than in open plots, while in 2014, when a second harvest was per-
formed at all the three fields, the overall yield did not differ significantly
between exclosures and open plots. Only at one of the three fields, at Å
was there a significant difference in second-harvest yield level between
exclosures and open plots in 2014. For the two fields with data from
8

both 2013 and 2014, there was an overall 19% higher yield in exclosures
than in open plots. Thus, our second-harvest results rendered only
minor support to our fourth hypothesis. The relatively short period be-
tween first and second harvests, ca. 45 days, may explain why
exclosures in many cases also had positive effects on second-harvest
yields. In the study by Olsen et al. (2017), the between-harvest period
was ca. 70 days. The shorter time span between the two harvests render
less time for positive photosynthetic rates and hence less carbon gain. In
addition, the cooler summer climate in sub-Arctic Norway, as compared
tomid-Norway, slows down growth rates, further reducing the capacity
of swards in open plots to compensate for the biomass lost during the
goose-staging period.

4.3. Plant composition

Lastly, we hypothesized that the proportion of weeds would be
higher in open plots than in exclosures. This hypothesis was based on
the fact that geese may remove seeded plants while bringing in seeds
of weeds in their faeces and on their feet and plumage (Ayers et al.
2010; Bjerke et al. 2014a; Farmer et al., 2017; Fox et al., 2017). Our re-
sults did not provide any evidence that geese contributed to establish-
ment of weeds at our experimental fields. Instead, the proportion of
weeds increasedwith timeboth in exclosures and in openplots, indicat-
ing that non-experimental pressures (as described above) caused the
decline in sown species at all fields. The lower proportion of weeds at
the more recently reseeded field Selnes suggests that weeds were not
the reason why this field was less frequented by geese.

4.4. Wider implications of the results for geese and farmers

The limited food availability reported from the spring-staging fields
in Vesterålen in 2012 contributed to reduced goose reproductive suc-
cess the same year. A registration of young geese at the wintering
grounds in autumn 2012 showed that for pink-footed geese, the repro-
ductive success had been lower than normal that year (Madsen et al.,
2017). Also for barnacle geese, the percentage of goslings in the winter
populationwas low (5.5%) in 2012/2013 as compared to other years (an
average of 8.3% over the years 2003–2019; Wildfowl and Wetlands
Trust, 2019).

Previous studies have demonstrated the importance of body re-
serves built up at the spring stopover sites for reproductive success
(Black et al., 1991; Ebbinge and Spaans, 1995; Madsen, 1995), and as
capital breeders these reserves become vital especially when the
green-up at the breeding ground is later than normal. The 2012 May
and early June temperature at the breeding grounds on Svalbard was
one of the coolest observed after the turn of the millennium (Iden
et al., 2012a, 2012b; Overland et al., 2012). This resulted in belated
snow and ground ice melt (Vickers et al., 2020), and hence delayed
onset of spring also at the breeding grounds. This illustrates how severe
spring weather can have direct effects on agricultural productivity and
goose reproductive success, potentially with lagged opposite impacts
on agricultural yields (i.e. higher yields) as fewer recruited goslings in
the goose population can lead to reduced grazing intensity during the
forthcoming year's spring stopover.

Our study demonstrates that goose grazing leads to yield reductions
only after a certain level of grazing intensity. Most fields visited by nu-
merous geese in spring receive financial support by the existing subsidy
scheme in the region, whereas less affected fields are not supported
(County Governor of Nordland, unpublished data). Such patterns are
also found elsewhere where subsidies or compensation are available
for goose-affected farmers. One example is from Belgium, where
farmers only apply for a compensation for reduced harvests when
goose numbers are above a threshold level (Verhaeghe, 2020; Floris
Verhaeghe (Agency for Nature and Forest), pers. comm). A similar pat-
tern has also been reported from Sweden (Montràs-Janer et al., 2019).
A common question in goose management is whether population
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control can be justified as an agricultural damage prevention tool, if
there is first evidence of a direct causal relationship between goose num-
bers in an area and agriculture harvest reductions in the same area
(McKenzie and Shaw, 2017). The significantly lower first- and second-
harvest yields in plots open for grazing suggests that such a relationship
is present for this study area. However, geese are not evenly distributed
in the landscape, but commonly find profitable fields where they forage
and rest (Madsen et al., 2014). Hence, in order to quantify yield-loss for
farmers, assessment of damages ought to be done at the field scale and
not at larger scales (e.g. numerous farms over several km distance).

Regardless of scale, overall we have shown that while only the first
harvest yield is affected by goose grazing in spring in mid-Norway
(Olsen et al., 2017), farmers further north in Norway, within the sub-
Arctic region, experience the negative effects of intensive goose grazing
onboth their harvests. Thus, sub-Arctic farmers tend to lose a higher pro-
portion per unit area of the annual yield to goose grazing than affected
farmers atmore southern latitudes. Formany sub-Arctic farmers, it is un-
likely that the subsidy scheme is sufficient to cover all their economic
loss. The results of our study should stimulate authorities to revise the
subsidy scheme so that it better reflects the farmers' true economic loss.
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