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In some arctic areas, marine-derived nutrients (MDN) resulting from fish

migrations fuel freshwater and terrestrial ecosystems, increasing primary

production and biodiversity. Less is known, however, about the role of

seabird-MDN in shaping ecosystems. Here, we examine how the most abun-

dant seabird in the North Atlantic, the little auk (Alle alle), alters freshwater

and terrestrial ecosystems around the North Water Polynya (NOW) in

Greenland. We compare stable isotope ratios (d15N and d13C) of freshwater

and terrestrial biota, terrestrial vegetation indices and physical–chemical

properties, productivity and community structure of fresh waters in catch-

ments with and without little auk colonies. The presence of colonies

profoundly alters freshwater and terrestrial ecosystems by providing

nutrients and massively enhancing primary production. Based on elevated

d15N in MDN, we estimate that MDN fuels more than 85% of terrestrial

and aquatic biomass in bird influenced systems. Furthermore, by using

different proxies of bird impact (colony distance, algal d15N) it is possible

to identify a gradient in ecosystem response to increasing bird impact.

Little auk impact acidifies the freshwater systems, reducing taxonomic

richness of macroinvertebrates and truncating food webs. These results

demonstrate that the little auk acts as an ecosystem engineer, transforming

ecosystems across a vast region of Northwest Greenland.
1. Introduction
Migratory animals translocate energy and nutrients between ecosystems and

may support productivity and biomass in otherwise unproductive systems

[1]. Species responsible for such translocation of nutrients are often termed

‘ecosystem engineers’ as they may profoundly change the recipient ecosystem

(e.g. [2–4]). For example, Pacific salmon species are responsible for large-

scale transport of marine-derived nutrients (MDN) to freshwater and terrestrial

ecosystems in temperate and arctic regions of North America and Asia [5–8].

Productivity and biodiversity increase in systems with Pacific salmon as

MDN are assimilated into stream biofilms and terrestrial vegetation [7,9].

In many locations around the globe, seabirds feeding at sea and breeding in

colonies in terrestrial systems are known to bring nutrients to land [9–13].

However, evidence of the extent to which the seabird-MDN subsidy alters eco-

systems is sparse and what exists is limited to detecting the presence of MDN in

terrestrial soil, vegetation and a few soil invertebrates [14–17]. These studies
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Figure 1. The investigation area in Northwest Greenland encompassing the entire range of little auk breeding colonies associated with the North Water Polynya
(NOW). Red areas: little auk breeding colonies after (24). Black dots: sites sampled in 2014 – 2015. White dots: sites sampled in 2001 and used for comparison. Black
squares: permanently inhabited settlements. On the overview map, the solid blue area represents the approximate late winter/early spring extent of the NOW.
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rely on nitrogen stable isotope ratios (d15N), exploiting the

fact that marine d15N is higher than terrestrial d15N and

thus easily traceable in freshwater and terrestrial biota (e.g.

[17]). For example, d15N was found to be higher in soil and

vegetation at bird-affected sites compared with bird-free sites

for a range of colonial seabird species in Antarctica [16],

Florida, USA [18], New Zealand [15,19] and Svalbard [20].

The few studies considering change in ecosystem struc-

ture induced by seabirds (e.g. [10,11,13]) suggest that

seabird colonies alter terrestrial vegetation structure, increase

primary productivity and fuel terrestrial food webs both

above and below ground [13,14]. Seabird guano may also

alter the chemical properties of fresh waters by changing

nutrient concentrations and pH [21]. However, these findings

apply to relatively small catchments and are mostly valid

only for ecosystems located immediately adjacent to specific

bird colonies on islands [13,18,19].

Here, we sought to elucidate the nature and extent of the

marine nutrient subsidy from the extensive seabird colonies

along the shores of the North Water Polynya (NOW) in

Northwest Greenland (figure 1). This area is the main breed-

ing ground of the little auk (Alle alle), a small (approx. 160 g),

zooplanktivorous alcid, which is the most abundant seabird

in the North Atlantic [22,23]. Within a range of approx.

400 km, approximately 80% of the global little auk popu-

lation, or 33 million breeding pairs, have their nesting sites

in dense colonies on talus slopes up to 10 km inland from

the coast [24–26]. Colonies are attended from early-May to

mid-August when parents, performing round-trips to at-sea

foraging areas up to 100 km from the breeding site, raise a
single chick on a diet of lipid-rich Arctic copepods [27]. In

the NOW, little auks are estimated to be capable of consum-

ing up to 24% of the copepod standing stock [28], bringing

vast quantities of MDN to land.

The overall aim of the study was to determine the contri-

bution of seabird-MDN to the biomass of primary producers

and consumers in both terrestrial and aquatic habitats. Specifi-

cally, we sought to identify the effect of bird colonies on

terrestrial and freshwater primary productivity, freshwater

physical–chemical characteristics and biological community

composition and also to investigate the potential mechanisms

behind any differences between affected and unaffected

systems. We hypothesize that: (i) a very large proportion of

the biomass of aquatic and terrestrial primary producers and

consumers in bird colony areas is fuelled by MDN; (ii) little

auk colonies increase terrestrial and aquatic primary production,

and alter physical–chemical properties and community struc-

ture in recipient freshwater ecosystems, resulting in increased

nutrient concentrations, algal biomass and taxa richness.
2. Material and methods
(a) Study area
The NOW polynya in Smith Sound, Northern Baffin Bay lies

between Greenland and Canada. It covers around 85 000 km2

and is the largest polynya in the Arctic [29] (figure 1). The com-

bination of year-round nutrient rich, open waters and constant

light in the summer makes the NOW one of the most productive

marine areas in the Arctic [30].
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(b) Sampling campaigns
In late-July and early-August 2014 and 2015, terrestrial and fresh-

water ecosystems were sampled along the Greenlandic coastline

of NOW from Savissivik in the south to Siorapaluk in the north

(figure 1). In the field, sampling sites were classified as either

‘colony’ or ‘control’ sites. Sites located in the drainage catchment

of a little auk colony or under a flight corridor of birds commut-

ing between a colony and at-sea foraging areas (areas receiving

bird droppings) were classified as colony sites. Sites located in

catchments without colonies or overflying little auks were classi-

fied as control sites. Additionally, we used data on stable

isotopes and nutrient concentrations in lakes sampled in an

area without little auks near Pituffik in 2001 (electronic

supplementary material, Methods S1; figure 1).

(c) Stable isotope sampling
At each site, samples were collected for analysis of C and N

stable isotopes (d15N and d13C). Samples were obtained from

soil, terrestrial mosses, pooled terrestrial plant leaves, excrement

(little auk, geese, arctic hare (Lepus arcticus) and musk ox (Ovibos
moschatus)), hair from arctic hare, and a skull from an arctic fox

(Vulpes lagopus). In freshwater habitats, filamentous algae,

aquatic mosses, debris (conditioned leaf litter), benthic biofilm,

macroinvertebrates, seston, zooplankton, profundal lake sedi-

ments and fish were sampled. Samples were analysed at UC

Davis Stable Isotope Facilities, California, USA (http://stableiso-

topefacility.ucdavis.edu). Isotopic data from animals were

lipid-corrected based on their C : N ratio following eqn 3 of Post

et al. [31]. Details of the stable isotope sampling and corrections

are given in the electronic supplementary material, Methods S1.

(d) Freshwater consumer taxa richness and
physical – chemical properties

The richness of consumer taxa was measured as the number of

aquatic consumer taxa obtained during the sampling for stable

isotopes, taxa being defined at family level. Family level richness

was used as species-level identification of macroinvertebrates

was not possible in the field. Family-level richness generally

correlates well with species richness, thus constituting a valid

measure of richness (e.g. [32]). Sampling effort was similar at

the different sites, allowing comparison between sites (see elec-

tronic supplementary material, Methods S1 for details). In each

aquatic system, we also took water samples for measuring nutri-

ent concentrations and algal biomass samples (chlorophyll-a).

Key physical–chemical variables were recorded using a multi-

parameter probe (for details, see electronic supplementary

material, Methods S1). Information about the physical–chemical

characteristics of sites is available in electronic supplementary

material, table S2 and details of taxa collected are given in

electronic supplementary material, table S3.

(e) Terrestrial productivity
As a measure of terrestrial productivity, we used an enhanced veg-

etation index (EVI) image from MODIS Terra, 28/7–12/8 2015

[33,34]. Owing to the coarse resolution of the image (250 �
250 m), and the heterogeneous nature of the landscape in the vicin-

ity of the sampling sites (e.g. patches of vegetation in places where

soil formation is possible, interspaced with areas of bare rock and

water), the maximum EVI value within a 500 m radius of each

sampling site was used in the statistical analyses (for details, see

electronic supplementary material, Methods S1).

( f ) Comparison of colony and control sites
To avoid making type II errors, univariate tests of differences

between colony and control sites were preceded by two
PERMANOVAs [35], one including d15N and d13C of terrestrial

and aquatic primary producer and consumer groups, and

another including grouped freshwater physical–chemical par-

ameters. In the univariate tests, variance was often

heterogeneous and generalized least squares models (GLS, a ¼

0.05, [36]) were used with the appropriate error structures to

account for this. Residual plots were checked for remaining het-

erogeneity and for spatial autocorrelation [36]. Where residual

spatial autocorrelation was detected, a spatial weights matrix

was integrated into the model and residuals were re-checked.

Full details of the models can be found in electronic supplemen-

tary material, Methods S1.

In relation to aquatic habitats, comparisons of parameters

between colony and control sites were made for all system

types (lakes, ponds and streams) pooled. However, in the case

of algal biomass, separate comparisons were made for lotic

(streams) and lentic (lakes þ ponds) systems due to different

units being used: in lotic systems benthic algal biomass was

in micrograms per square centimetre whereas in lentic systems

phytoplankton biomass was expressed in micrograms per litre.

(g) Estimation of the contribution of seabird-derived
nutrient to biomass

Enhanced d15N at colony sites relative to control sites provides an

unequivocal marker of the presence of seabird-MDN. Following

the procedure of Harding et al. [11], the contribution of seabird-

MDN to the biomass of different terrestrial and aquatic primary

producer and consumer groups at colony sites was estimated by

means of mass balance models for N. Details of methodology are

provided in electronic supplementary material, Methods S1.

(h) Changes along a gradient of bird impact
To study how terrestrial and freshwater ecosystems were affected

along a gradient of bird impact, we investigated the relationships

between distance to nearest little auk colony and EVI, aquatic

algal biomass (lotic and lentic Chl-a) and d15N of freshwater

benthic algae. Further, in a detailed case study of Savissivik

Island, where GPS tracking of breeding little auks was con-

ducted, we examined how EVI and freshwater benthic algal

d15N varied in relation to overflight intensity of little auks

(proxy of bird dropping intensity) at five sample sites at varying

distances from the tracking colony. We also modelled the drai-

nage pattern from the Savissivik colony to evaluate its effect on

the spread of nutrients in the landscape. All details are provided

in electronic supplementary material, Methods S1.

The combined results of these analyses strongly indicated

that benthic algal d15N is a good proxy of the relative magnitude

of bird nutrient input in fresh waters, reflecting true impact much

better than distance to nearest little auk colony (see Results and

Discussion). We therefore used benthic algal d15N to detect

changes in freshwater physical–chemical and community

characteristics (pH, total nitrogen, total phosphorus, algal

biomass and consumer taxa richness) along a gradient of bird

impact. The use of d15N as an indicator of MDN input has

been supported in diverse studies (e.g. [7,12,21,37]). Details

of the models used to test the relationships are provided in

electronic supplementary material, Methods S1.

(i) Potential drivers of changes in freshwater ecosystems
along a gradient of bird impact

Finally, in order to identify potential mechanisms behind

changes in freshwater community structure along a gradient of

bird impact, we tested for relationships between environmental

variables changing with bird impact, i.e. nutrient concentrations

and pH, versus algal biomass (phytoplankton Chl-a in lentic and

benthic algal Chl-a in lotic systems) and consumer taxa richness.

http://stableisotopefacility.ucdavis.edu
http://stableisotopefacility.ucdavis.edu
http://stableisotopefacility.ucdavis.edu


Table 1. Nitrogen and carbon isotopic signatures (d15N and d13C, ‰, mean+ s.d.) at colony and control sites, and estimated contribution of marine-derived
nitrogen (MDN) to the biomass of primary producers and consumers at colony sites. Calculations of the contribution of MDN to biomass were performed with
mass balance models using as marine nitrogen source d15N of peat at colony sites, adding 2‰ enrichment in the case of aquatic resources and consumers.
This 2‰ enrichment represents the hydrolysable proportion of nitrogen reaching aquatic ecosystems. This estimate is tentative as the variability in d15N
reaching freshwaters is high due to diverse microbial processes affecting guano and soil d15N, implying that values more than 100% may occur. Significant
differences in isotopic fingerprints are marked in bold and marginal p-values are given in italics.

no. samples

analysed d13C (mean+++++ s.d.) d15N (mean+++++ s.d.)

GLS test parameters

(t; d.f.res; p-value)

mass balance model.

mean contribution of

MDN to biomass (%)

colony, control colony control colony control test for d13C test for d15N colony

PERMANOVA

(all isotopic signatures)

4; 9 d13C and d15N: F ¼ 9.9; d.f.res ¼ 11; p , 0.01

freshwater environment

terrestrial debris 3; 6 227.2+ 2.9 229.8+ 1.0 8.4+ 6.5 21.3+ 2.7 2.0; 7; p ¼ 0.08 2.8; 7; p < 0.05 nt

profundal lake sediment 2; 5 224.2+ 0.3 222.4+ 5.2 20.7+ 2.4 1.9+ 0.4 nt nt nt

aquatic moss 15; 14 223.9+ 1.7 228.7+ 4.9 17.3+ 5.8 1.8+ 2.5 3.4; 26; p < 0.01 8.7; 26; p < 0.0001 116.5

benthic algae 39; 25 219.9+ 4.4 221.7+ 6.6 17.9+ 8.8 1.1+ 2.4 0.87; 33; p . 0.1 4.8; 33; p < 0.0001 127

chironomids 33; 42 217.5+ 3.3 223.9+ 4.7 16.2+ 7.1 4.4+ 3.2 4.5; 31; p < 0.0001 3.9; 31; p < 0.001 87.9

other invertebrates 4; 31 221.5+ 1.8 221.3+ 3.8 15.9+ 5.0 4.6+ 1.9 20.11; 12; p . 0.1 4.3; 12; p < 0.0001 86.1

seston 1; 3 219 224.6+ 2.6 20.8 3.5+ 0.7 nt nt 128.7

zooplankton 1; 9 216.8 225.3+ 3.4 34.2 4.2+ 2.3 nt nt 229.5

terrestrial environment

peat soil 5; 6 226.1+ 1.9 225.3+ 0.9 11.1+ 3.5 0.4+ 1.5 20.9; 9; p . 0.1 6.8; 9; p < 0.001 nt

terrestrial vegetation 9; 9 228.7+ 1.1 228.5+ 1.4 16.5+ 6.7 5.3+ 6.6 21.0; 16; p . 0.1 5.5; 16; p < 0.001 97.8

Arctic hare 1; 2 225.2 225.7+ 0.5 14.5 5.2+ 2.9 nt nt nt

Arctic fox 1 216.7 13.5 nt nt nt
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Statistical procedures are described in electronic supplementary

material, Methods S1.
3. Results and discussion
(a) Comparison of colony and control sites
Unequivocal evidence of fertilization by seabird-derived

nutrients was reflected in the different isotopic fingerprints

of C and N in terrestrial and aquatic primary producers

and consumers at little auk colony sites compared with

control sites (PERMANOVA F ¼ 9.9; d.f.res ¼ 11, p , 0.01),

in particular by the approximate 10-fold difference in their

d15N (GLS: p , 0.05, table 1; electronic supplementary

material, figure S1). The greater statistical significance of the

difference in d15N compared with d13C between colony and

control sites reflects the fact that while marine-derived

nitrogen is incorporated in both terrestrial and freshwater

ecosystems, carbon of marine origin is only incorporated in

freshwater systems (e.g. [15]). Specifically aquatic mosses

and chironomids were enriched in d13C at colony sites.

The pattern of elevated d15N at colony sites was significant

in terrestrial systems and across all fresh waters—lakes,

ponds and streams (table 1; electronic supplementary

material, figure S1). Lake sediment, seston, zooplankton

and hair from arctic hare (Lepus arcticus) also had higher

d15N values at colony sites, although this could not be

tested statistically due to lack of replicates (table 1; electronic

supplementary material, figure S1). The observed 10-fold

increase in d15N is larger than that recorded in systems

where migratory fish transfer MDN to terrestrial and aquatic

ecosystems (i.e. a threefold to fourfold d15N increase at fish

impacted versus control sites [7,37]).
In agreement with our first hypothesis, the modelling of

the MDN subsidy indicated that an overwhelming majority

of both terrestrial and freshwater primary producer and con-

sumer biomass was fuelled by MDN at little auk colony sites

(table 1). The mass balance models always yielded values

larger than 85% at colony sites. While directly comparable

with other studies (e.g. [5,11]), there are uncertainties associ-

ated with these estimates due to possible variation in the

fractionation of marine nitrogen from guano to its final

uptake product, which is dependent on various microbial

processes [11]. For example, the process of conversion of

uric acid to ammonia involves the volatilization of ammonia,

a powerful fractionation process leaving the remaining

substrate enriched by approximately 40‰ in d15N [38]. By

contrast, the fractionation of nitrogen during nitrification

depletes d15N of the substrate with about 225‰ [39]. For

seston and zooplankton, the uncertainty is higher due to

low sample size from colony sites (table 1). Notwithstanding

these uncertainties, the data provide strong evidence of a very

large MDN subsidy of terrestrial and aquatic ecosystem pro-

duction at colony sites. This is highlighted by the fact that the

proportions of MDN assimilated into freshwater organisms

described here (always more than 85%) are much higher than

those reported for biota in New Zealand streams related to sea-

bird colonies using directly comparable methods (28 to 38% of

biomass generated from MDN) [11]. Our proportions are also

much higher than those estimated in MDN subsidy studies of

Pacific salmon (e.g. 23 and 25% of marine-derived biomass in

aquatic organisms and terrestrial vegetation, respectively;

[7]). The higher values compared with other studies probably

reflect both the large quantity of the MDN input in little auk

colonies and the paucity of other nutrient sources at these

high latitudes (76–78 deg. N).



Table 2. Terrestrial vegetation, physical – chemical and biotic characteristics of freshwater systems in catchments with and without little auk colonies (colony
versus control sites). Values are given as mean+ s.d. PERMANOVA and pairwise GLS test parameters are given to allow comparison of each parameter between
colony and control sites. Significant differences are marked in bold and marginal p-values are given in italics. nt ¼ not tested due to lack of replicates.
Generally, the GLS tests were conducted for all system types pooled (lakes, ponds streams). However, differences in algal biomasses were tested separately for
lentic and lotic systems due to different measurement methods (see Material and methods).

lentic systems lotic systems all systems GLS test parameters

colony control colony control colony control

all systems

(t; d.f.res;

p-value)

lentic

(t; d.f.res;

p-value)

lotic

(t; d.f.res;

p-value)

water physical – chemical parameters

PERMANOVA (all physical –

chemical parameters)

F 5 8.87;

d.f.res 5 26;

p < 0.01

pH 5.7+ 1.8 7.2+ 1.4 5.1+ 1.4 6.9+ 0.8 5.3+ 1.5 7.1+ 1.1 22.59; 30;

p < 0.05

conductivity (ms cm22) 0.1+ 0.2 0.07+ 0.06 0.04+ 0.03 0.08+ 0.08 0.1+ 0.1 0.1+ 0.1 0.08; 29;

p . 0.1

dissolved oxygen (mg l21) 13.1+ 1.6 12.0+ 0.6 13.2+ 1.1 12.1+ 1.5 13.2+ 1.1 12.1+ 1.1 2.49; 29;

p < 0.05

total nitrogen (mg l21) 1.5+ 1.3 0.4+ 0.2 1.7+ 1.6 0.3+ 0.09 1.7+ 1.5 0.4+ 0.2 2.35; 32;

p < 0.05

NO2 þ NO3 (mg N l21) 0.7+ 0.8 0.05+ 0.09 1.3+ 1.2 0.1+ 0.09 1.1+ 1.1 0.1+ 0.1 3.55; 32;

p < 0.01

total phosphorus (mg l21) 0.2+ 0.2 0.01+ 0.005 0.1+ 0.1 0.007+ 0.004 0.12+ 0.14 0.009+ 0.005 3.3; 32;

p < 0.05

PO4 (mg l21) 0.08+ 0.1 0.01+ 0.01 0.08+ 0.1 0.002+ 0.001 0.088+ 0.11 0.004+ 0.003 1.8; 32; p ¼ 0.07

biotic structure

enhanced vegetation index

(EVI)

0.27+ 0.07 0.16+ 0.06 3.5; 33;

p < 0.01

algal biomass (lentic Chla

(mg l21); lotic Chla

(mg cm22)

41.5+ 34.9 2.2+ 0.9 3.4+ 2.8 0.4+ 0.09 nt 2.3; 11;

p < 0.05

3.3; 15;

p < 0.01

richness of aquatic consumer

taxa (no. of taxa)

1.3+ 0.5 2.7+ 1.4 1+ 0.6 1.8+ 1.2 1.1+ 0.6 2.4+ 1.3 23.29; 31;

p < 0.01
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In agreement with our second hypothesis, we found the

physical–chemical characteristics of freshwater systems

differed significantly between colony and control sites (PER-

MANOVA F ¼ 8.8, d.f.res ¼ 26; p , 0.01; table 2). Nutrient

concentrations were significantly higher at colony sites, the

only exception being the marginal significance of phosphate

concentrations (GLS: p ¼ 0.07; table 2). Algal biomass was

also significantly higher at colony sites—approximately

20-fold for phytoplankton biomass in lentic systems and

approximately 10-fold for benthic algal biomass in lotic systems

(GLS: p , 0.05; table 2). The nutrient levels and algal biomass

observed in the aquatic systems at colony sites are the highest

reported for Greenland, where most systems are characterized

by nutrient limitation (e.g. [40,41]). Correspondingly, in terres-

trial systems, there were significantly higher EVI values

(approximately twofold higher) at colony sites (GLS: p , 0.01;

table 2). However, contrary to expectations, freshwater

consumer taxa richness was lowest at the nutrient enriched,

bird-impacted sites (GLS: p , 0.05; table 2; electronic sup-

plementary material, table 3 in supplementary appendix S2).

Among the chemical properties of the fresh waters, pH

differed significantly with colony sites being more acidic

than control sites (GLS: p , 0.05; table 2). This effect appears

to be a particular characteristic of little auk colonies,
contrasting with findings from Devon Island, Canada,

where pools under a northern fulmar (Fulmarus glacialis)

colony exhibited increased pH values relative to control

sites without birds [21]. In Svalbard, it has been observed

that zooplanktivorous seabirds, such as the little auk,

promote soil acidification, whereas piscivorous seabirds do

not [42].
(b) Changes along a gradient of bird impact
At a broad scale, a decrease in the distance to the nearest little

auk colony was associated with an increase in EVI (GLS:

t ¼ 22.6 p , 0.05, pseudo r2 ¼ 0.06, n ¼ 29), benthic algae bio-

mass (lotic Chl-a) (GLS: t ¼ 24.7 p , 0.0001, pseudo r2 ¼

0.07, n ¼ 17) and d15N of freshwater benthic algae (GLS:

t ¼ 25.6 p , 0.00001, pseudo r2 ¼ 0.29, n ¼ 27), whereas the

relationship with phytoplankton biomass (lentic Chl-a) was

not significant (electronic supplementary material, figure

S2). When considering only sites closer than 2500 m from

colonies the relationships became more clear: EVI increased

strongly with proximity to colony (GLS: t ¼ 25.1 p , 0.001,

pseudo r2 ¼ 0.52, n ¼ 27) as did benthic algal biomass (GLS:

t ¼ 24.5 p , 0.0001, pseudo r2 ¼ 0.12, n ¼ 15) and benthic

algal d15N (GLS: t ¼ 24.6 p , 0.0001, pseudo r2 ¼ 0.17, n ¼
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Figure 2. Relationships between flight intensity of little auks, enhanced vegetation index (EVI) and d15N of freshwater benthic algae at Savissivik Island where GPS
tracking of little auks was conducted. (a) Relative flight intensity of little auks (kilometre of track line per square kilometre) on a colour scale from blue (low) to red
(high). Coastline depicted as black line, little auk colony as hatched area, and deployment site used during GPS tracking as a white dot. Freshwater sampling sites
from Savissivik Island (NOW 9 – 13) are labelled on the map and the symbol size is scaled according to the benthic algal d15N value of the site. (b) EVI from MODIS
Terra, 28/7 – 12/8 2015 (33), on a colour scale from blue (low) to red (high). The black, hatched region extending from the little auk colony indicates drainage from
the colony, modelled on the basis of a digital elevation model of Savissivik Island (see electronic supplementary material, Methods S1, for details).
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21) (electronic supplementary material, figure S2). However,

from the scatterplots it is evident that distance to colony is a

relatively poor predictor as a site can be proximal to a

colony and remain relatively unaffected by MDN.

An explanation for this is provided by a case study of Savis-

sivik Island, where, due to GPS tracking, we were in the unique

position of being able to relate EVI and d15N of benthic algae

with an estimate of overflight intensity of birds (proxy of

bird dropping intensity) (figure 2). Acknowledging that we

only have five sample sites on Savissivik Island, these indicate

strong, positive correlations between overflight intensity of little

auks and both EVI (LM: p , 0.01; r2 ¼ 0.88; n ¼ 5) and d15N of

freshwater benthic algae (LM: p , 0.01; r2 ¼ 0.88; n ¼ 5).

Further, benthic algal d15N and EVI were strongly, positively

correlated at the sample sites (LM: p , 0.001; r2 ¼ 0.94; n ¼
5). The drainage pattern from the colony seemingly also cor-

responds with the EVI and benthic algal d15N values at the

sample sites (figure 2). Thus, while it is clear that the little

auk colony is the main source of the nutrients on Savissivik

Island, the relative importance of overflight versus drainage

in the spread of nutrients could not be discerned.

The Savissivik case clearly demonstrates that little auks

use distinct flight paths when commuting between their

breeding colony and offshore foraging areas, and that local

drainage systems transport the nutrients in particular direc-

tions. Thus, it is possible to have a low impact site close to

a large colony, if the site is located outside the flight path

and upstream of the drainage from the colony/flight path.

This appears to be the main reason for the inadequacy of dis-

tance to colony as a predictor of aquatic and terrestrial

primary producer biomass. The EVI evidence suggests that

relatively fertile terrestrial areas do exist outside the influence

of little auk colonies, primarily in conjunction with meadows.

However, EVI values more than 0.25 are almost exclusively

found in association with little auk colonies, and terrestrial
productivity is clearly elevated over large areas of the Green-

landic coastal forelands of the NOW due to the extensive little

auk colonies (figure 3).

The fact that freshwater benthic algal d15N values were

approximately 15-fold higher at colony sites compared with

control sites, decrease with distance to colony, and, in the

case of Savissivik island, are tightly coupled to overflight

intensity and drainage input from the colony, indicated that

it is a robust indicator of the intensity of MDN impact. This

is in line with findings in Canadian seabird colonies [12,21]

and relationships observed between d15N of terrestrial

vegetation and distance to a salmon stream [7,37] or relative

salmon carcass density [37]. Thus, benthic algal d15N was

employed as a proxy of little auk impact to investigate

changes of freshwater physical–chemical properties and

biotic community structure along a gradient of impact. As

d15N of benthic algae rose there was a significant increase

in concentrations of total nitrogen (GAM: F ¼ 2.5, p , 0.0001,

r2¼ 0.63, n¼ 34) and phosphorus (GAM: F¼ 3.5, p , 0.0001,

r2 ¼ 0.36, n ¼ 34) and system acidity (LM: p , 0.0001, r2 ¼

0.53, n ¼ 32) (figure 4). With increasing benthic algal d15N,

algal biomass rose in both lentic (GAM: F ¼ 2.1, p , 0.05,

r2 ¼ 0.39) and lotic systems (GAM: F ¼ 2.8, p , 0.001, r2 ¼

0.55), whereas freshwater consumer taxa richness decreased

(GAM: F ¼ 10.8, p , 0.01, r2 ¼ 0.21) (figure 4).

(c) Potential drivers of changes in freshwater
ecosystems along a gradient of bird impact

We attribute the increase in nutrients to be the main driver of

increased algal biomass in lakes and streams (electronic sup-

plementary material, figure S3). In both lotic and lentic

systems, the increase in total nitrogen concentrations promoted

increased algal biomass (LMs: p , 0.0001, r2 ¼ 0.77, n ¼ 16 and

p , 0.0001, r2 ¼ 0.89, n ¼ 11 for lotic and lentic systems,
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Figure 3. Terrestrial productivity is elevated in little auk colonies. Little auk colonies (black polygons; after (24)) and enhanced vegetation index (EVI) values below
0.25 (light green) and above 0.25 (dark green) in the northern part of the investigation area. The EVI image is from MODIS Terra, 28/7 – 12/8 2015 (33). Despite
many EVI values missing along the coastline due to mixed pixels, the map clearly shows that EVI values above 0.25 are almost exclusively found in association with
little auk colonies. In inserts (a – d), landscape photos illustrate the contrasting terrestrial productivity at colony and control sites. (a) Productive landscape in the
catchment of the little auk colony on Savissivik Island (site 9); (c) productive landscape in the catchment of the little auk colony at Annikitsoq on the south coast of
Cape York (sites 25 – 32); (b) barren landscape at the control site on Savissivik Island (site 10); (d ) barren landscape at the control site close to Booth Sound (site
15 – 16). See figure 1 and electronic supplementary material, table S2 for exact positions.
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respectively) as did the total phosphorus concentration, which

was also strongly related to algal biomass in both the lentic

(LM: p , 0.0001, r2 ¼ 0.99, n ¼ 16) and lotic systems (LM: p ,

0.0001, r2 ¼ 0.75, n ¼ 11) (electronic supplementary material,

figure S3). In nutrient-poor systems, increased nutrient concen-

trations enhance primary producer biomass, resulting in

bottom-up effects [13,43] that increase the abundance and bio-

mass of primary and secondary consumers [4], often creating

higher taxonomic richness [44]. This matches our field obser-

vations of terrestrial systems where sites located below bird

colonies were the most productive and greenest with most

observations of foxes, hares, geese and muskoxen, whereas con-

trol sites were largely barren (figure 3). However, in the

freshwater systems, the enhanced algal biomass with increasing

bird impact was associated with decreasing taxonomic richness.

The acidification associated with little auk impact is a potential

driver as pH was found to be negatively correlated with consu-

mer taxa richness in both lotic (GAM: p , 0.001, r2 ¼ 0.44, n ¼
17) and lentic systems (LM: p ¼ 0.06, r2 ¼ 0.49, n ¼ 12) (elec-

tronic supplementary material, figure S3). Some bird-

impacted sites had extremely low pH, down to 3.4, and such
low levels cause biodiversity loss in lakes and streams [45,46].

At two colony sites, the harsh environment with low pH

values meant that neither fish nor macroinvertebrates were

found during the sampling (electronic supplementary material,

table S3).
4. Conclusion
In the study region, the approximately 60–70 million breed-

ing little auks [26] alter both terrestrial and freshwater

ecosystems by promoting primary and secondary pro-

duction. While these findings are similar to studies of MDN

subsidy produced by migrating Pacific salmon species, the

magnitude of the MDN subsidy reported here is much

higher and the consequences for freshwater consumers

differ significantly. In association with little auk impact on

freshwater systems, we found a decrease in species richness

of higher consumers and truncated food webs without fish.

This highlights the key relevance of the identity of the

vector of nutrient subsidies in order to understand and
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Figure 4. Changes in environmental and biotic characteristics induced by increasing little auk impact (using d15N of benthic algae as a proxy of impact). Sampling
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predict ecosystem-wide consequences of engineer species that

translocate nutrients between ecosystems.

As the total horizontal extent of breeding colonies is

approximately 400 km [24], a significant proportion the

coastal forelands around the NOW has been transformed

by this single species: the little auk. Similar significant

changes in the terrestrial environment related to the presence

of seabird colonies have also been reported for islands in

Alaska where in total more than 10 million birds nest [10].

Here, the introduction of arctic fox (Vulpes lagopus) on some

islands in the late nineteenth century resulted in decreased

bird abundance, reducing the nutrient subsidies by seabirds

to terrestrial productivity, and consequently the landscape
shifted from grasslands to tundra [10]. During the breeding

season, little auks depend on lipid-rich copepods species

associated with cold water, and consequently it has been

suggested that little auk populations will decline in response

to the current warming of the Arctic [47,48]. If so, a landscape

shift comparable to the one observed in [10] may be expected

for the NOW.
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