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Land–sea linkages depend on macroalgal species,
predator invasion history in a New Zealand archipelago
Holly P. Jones1,2,3 , Stephanie B. Borrelle4 , Lyndsay L. Rankin1

Seabirds on islands create a circular seabird economy—they feed in the ocean, transport marine-derived nutrients onshore to
their breeding colonies, and then seabird-derived nutrients runoff into the ocean, enriching nearshore ecosystems. Invasive
predators reduce seabird-driven nutrient subsidies; thus, predator eradication is critical for restoring seabird islands. Terres-
trial recovery of seabird nutrients following predator eradication can take mere decades or longer, but few studies have linked
nearshore marine recovery to terrestrial ecosystem attributes. We tested the influence of season, seabird variables, terrestrial
abiotic variables, and marine variables on nearshore algal communities surrounding islands in a New Zealand island archipelago.
The link from terrestrial to marine proved strong, with over 40% of the variation in macroalgae community composition being
driven by a combination of seabird and terrestrial abiotic variables. Season and depth were the strongest contributors to nitrogen
enrichment. Two macroalgae species had seabird-derived nitrogen levels similar on eradicated and never invaded islands, but four
more had lower seabird-derived nitrogen on eradicated versus never invaded islands. Our results suggest seabird land–sea linkages
are disrupted when predators invade, and are not restored three decades after invasive predator removal in the studied archipelago.
Moreover, somemarine algae species are better indicators of seabird influence than others. This study provides baseline information
about which abiotic and ecological variables are important when studying the linkages from land to sea in island ecosystems.
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Conceptual Implications

• It is critical to measure a variety of different macroalgal
species when measuring the influence of seabirds to near-
shore ecosystems.

• Season plays a strong role in macroalgae community
composition so should be held constant when studying
seabird-driven land–sea linkages.

• More studies are needed to understand if the patterns in
this temperate archipelago translate across other ecosys-
tems and biomes.

Introduction

Biotic communities and ecosystem processes are strongly
influenced by the flow of nutrients among systems and across
system boundaries, such as the land–sea interface
(i.e. allochthonous subsidies; Polis & Hurd 1996; Sanchez-
Pinero & Polis 2000; Wright et al. 2010). On offshore islands,
colonial nesting seabirds often act as vectors for marine-
derived nutrients through the deposition of guano, prey
remains, failed eggs, and carcasses (Mulder et al. 2011; Smith
et al. 2011). On such so-called seabird islands, seabird nutri-
ent input drives nutrient flow and biodiversity, leading to fun-
damentally unique terrestrial and nearshore communities that

rely on allochthonous subsidies from seabirds (Mulder
et al. 2011)—a circular seabird economy.

The loss of allochthonous subsidies from seabird population
declines and/or extirpation can therefore result in major alter-
ations to island and nearshore flora, fauna, and seaweed commu-
nities (Jones et al. 2008; Towns et al. 2009; Graham et al. 2018).
Introduced predators remain one of the major threats to the
world’s seabird populations (Dias et al. 2019). However, the
removal of introduced predators from islands can allow for
the recolonization and recovery of seabirds (Buxton et al. 2014;
Borrelle et al. 2016; de Brooke et al. 2018), potentially reinstating
nutrient subsidies (Jones 2010a, 2010b), and concomitant ecosys-
tem engineering effects (Fukami et al. 2006).

Linkages between terrestrial seabird islands and surrounding
nearshore marine communities are critically important, yet under-
studied. Most studies have focused on single islands (Wainright
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et al. 1998; Young et al. 2011;McCauley et al. 2012) or on islands
that either have, or do not have, invasive predators (Graham
et al. 2018). As a result, our understanding of how linkages
between terrestrial and marine systems respond to predator
removal is limited. However, a recent study suggests that rat erad-
ication can restore nutrient subsidies from seabirds to surrounding
marine ecosystems in coral reef ecosystems (Benkwitt et al.
2021), but it is unknown whether those findings translate beyond
tropical ecosystems. Moreover, no study has yet to specifically ask
whether variables collected on islands can help explain howmarine
variables change—a key analysis that could specifically determine
the existence and magnitude of land–sea linkages. It is critical to
understand whether removing predators is enough to precipitate
recovery of land–sea linkages of seabird islands, and to uncover
which environmental and climatic influences may impact such
linkages, to inform policy on potential additional restoration efforts
and predict future responses to predator eradication.

Here, we capitalize on a unique large-scale natural experiment
on a temperate island archipelago in Northern New Zealand.
We collected data from marine and terrestrial environments
around two islands that were in the process of recovering after
they had invasive non-native mammalian predators removed
(in 1988 and 2014), and two islands where invasive predators
have never established (i.e. islands that represent intact land–sea
linkages). We tested the relative importance of island invasion
history, terrestrial variables (burrow density, soil nutrients; abi-
otic—runoff, aspect, soil compaction, and slope), marine vari-
ables (depth, wave action, herbivore density), and climate (dry
or wet season) in driving marine macroalgae community compo-
sition and nitrogen isotope enrichment (hereafter, nutrient enrich-
ment) across islands in the archipelago. Our analysis thus allowed
us to quantify the strength of land–sea linkages. We hypothesized
that nearshore algal nutrient enrichment and community composi-
tion would be more strongly linked to terrestrial variables in the
never invaded island versus those that had experienced mammal
eradications.

Methods

Study Sites

We sampled four islands in the Mercury Islands group located
8 km off the east coast of the Coromandel, New Zealand
(�36.64S, 175.84E; Fig. 1). The islands sampled had no inva-
sive mammals at the time of sampling and include: (1) Korapuki
(18 ha; �36.65S, 175.85E), which was cleared of kiore (Rattus
exulans) and rabbits (Oryctolagus cuniculus) in 1986 and 1987,
respectively; (2) Atiu (13.5 ha; �36.63S, 175.86E); and (3)
Green (2.5 ha; �36.64S, 175.84E), which have never been
invaded by predators (never invaded); and (4) Ahuahu
(1867 ha; �36.64S, 175.81E), which was eradicated of kiore
and cats (Felis cattus) in 2014 (Towns et al. 2016).

The island group has been described in detail elsewhere
(Towns et al. 2016). Briefly, the islands share similar biogeo-
graphic features, vegetation composition, and climate condi-
tions, the soils are homogeneously volcanic and friable but

soils on Ahuahu are compacted from stock farming. On all
islands, slopes are moderately steep (21–25�) to steep (26–35�)
and soil erosion form and degree are slight (1–10%; Landcare
Research New Zealand 2017). The climate is humid-temperate,
with average annual rainfall of 1832.4 mm.Heavy rains in theAus-
tral winter from June through September provide themain transport
of nutrients from the terrestrial to nearshore environment (238 mm/
month). Mean annual temperature is 15�C (CliFlo 2017). Currents,
prevailing winds, marine substrate, and history/current fishing are
all similar across these islands (Towns et al. 2016).

For the purposes of our analysis, we aggregated data from Atiu
andGreen islands because of (1) small sample sizes for each island;
(2) similar seabird assemblages and nesting density, and geophys-
ical characteristics (i.e. steep cliffs, soil type); (3) similar island size
(13 and 2 ha); (4) close proximity (785 m); and (5) similar perim-
eter/area ratio (0.017 and 0.038). Korapuki, Atiu, and Green
Islands are uninhabited while Ahuahu has one farm residence.

Sample location was determined based on land and sea condi-
tions, including vegetation, bathymetry, topography, access,
and runoff. Specifically, we used island topography and depth
near shore to identify water catchment areas and estimate sus-
pected runoff from those catchments. Runoff is a unitless mea-
sure of flow accumulation calculated as a raster of the total
number of cells that drain into each individual cell. It is based
on flow direction from a digital elevation model (Jenson &
Domingue 1988) using the flow accumulation algorithm
(Hydrology toolset, Spatial Analyst toolbox, ArcGIS). We
chose to place marine transects adjacent to those catchments
and do terrestrial sampling within the catchments. Marine sam-
pling transects were then chosen and distributed to include as
much variety in runoff as possible. Hazardous land and sea con-
ditions made it impossible to sample all of the areas we intended
to sample; the final sampling locations are shown in Figure 1.
Given that livestock activity occurs on the northern half of
Ahuahu, we restricted sampling to the southern coast, which
has no livestock activity and is in close proximity to the other
study islands (Fig. 1). We sampled on two occasions over
10 days during the Austral winter (September and October
2016; wet; terrestrial n = 74 soil samples; marine n = 101
macroalgae samples) and summer (February and March 2016;
dry; terrestrial n = 61 soil samples; marine n = 112 macroalgae
samples) to account for temporal variability in nutrient runoff.
There are eight ground-nesting seabird species on the Mercury
Islands (Towns & Atkinson 2004) with varying breeding periods,
resulting in steady guano deposition onto the islands throughout
the year, with a short relatively seabird free period in April; seabird
community composition is similar between islands, with the excep-
tion of Ahuahu, on which only one species nests, due to lasting
impacts from invasive mammals (Table S1).

We explored the relative impact of terrestrial
variables—seabird influence (density and soil δ15N) and
abiotic terrestrial ecological variables of aspect, compaction,
slope, pH, season (rainfall/water availability), and runoff, and the
marine influences of herbivore density, water depth, and wave
action on isotope (δ15N) values and composition of nearshore
marine algae species.
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Terrestrial Sampling

Seabirds feed at a high trophic level in marine ecosystems,
which have longer food chains than terrestrial systems, thus
their guano is enriched in the heavier 15N isotope (Mathisen
et al. 1988; Kline et al. 1990) relative to terrestrial and
nearshore ecosystems. This allows researchers to track
seabird influence through trophic systems (Mizutani &
Wada 1988; Wainright et al. 1998; Post 2002; Croll
et al. 2005; Jones 2010a). Seabird-derived nitrogen is detected
in a system with elevated 15N/14N, expressed as δ15N
(δ15N = [15N/14Nsample/

15N/14Nstandard � 1] � 1,000 [‰]).
Never-invaded islands and those cleared of invasive mammals
earlier are expected to have higher seabird densities and higher
nutrient loads into the nearshore environment resulting in 15N
enrichment.

On all islands, terrestrial soil samples were taken approxi-
mately 25 m apart to ensure spatial independence (De Gruijter
et al. 2006). The biopedturbation of the soil by seabird burrow-
ing activity has not been found to influence the vertical stratifica-
tion of soil nutrients in soil depths up to 50 cm (Fukami
et al. 2006). Following Jones (2010a, 2010b) we used a trowel
to collect approximately 100 g of soil at 2–10 cm depth from
three locations around each sample site to analyze for stable iso-
topes. In high-density nesting areas, we took soil samples at the
surface to avoid damaging burrows or disturbing birds. The
three soil samples were homogenized in the field and pH was

measured from a slurry of soil (10 g) from 2–10 cm depth with
deionized water (50 mL) using a calibrated Eketcity handheld
pH meter (Anaheim, CA, U.S.A.).

To analyze soil stable isotopes, samples were sieved with a
1 mm sieve, oven dried (55�C, approximately 48 hours), ball
milled to a fine powder (400 rpm for 3 minutes; Retsch PM
100 Ball Mill, Germany), and weighed (15 mg, precision
0.01 mg). Soil δ15N was analyzed using an elemental analyzer
(Costech ECS 4010) coupled with a mass spectrometer
(Thermo-Finnigan DELTAplus Advantage) with atmospheric
N2 as the nitrogen standard.

Marine Sampling

To collect the nearshore marine samples, four to six sampling
areas were established around each study island (Fig. 1). Each
sampling area consisted of a pair of SCUBA transects approxi-
mately 30 m apart, resulting in 8–12 transects per study island/
invasion history group. Transects were restricted to the southern
side of Ahuahu due to runoff variability, safety, proximity to the
other study islands, and alignment with terrestrial sampling
points.

Transects began at the shoreline and ran through the intertidal
zone, ending in the subtidal zone at a depth of 5 m. Given the dif-
ferent bathymetry at each site, each transect varied in length
from 40 to 150 m. Macroalgae species and their percent cover

Figure 1. Map of study sites. Top row depicts New Zealand and the Mercury Islands. Bottom row depicts sampling sites on each island over a digital elevation
model, where darker shade indicates steeper. Points represent land sampling sites and lines represent nearshore sampling transect pairs. Colors depict land sites
paired with marine sites based on runoff mapping.

Restoration Ecology 3 of 11

Land–sea linkages disrupted by predator invasion

 1526100x, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/rec.13798 by H

olly Jones - R
eadcube (L

abtiva Inc.) , W
iley O

nline L
ibrary on [27/10/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



were documented within a 1 � 1–m quadrat placed every meter
in depth along the transects. Due to ocean conditions, it was not
possible to sample every depth and transect in both seasons. In
the winter, we also measured the density of kina (Evechinus
chloroticus, also called sea urchins) in each quadrat, as they
are one of the most important algal grazers in nearshore ecosys-
tems (Tegner & Dayton 2000; Villouta et al. 2001). The total
number of quadrats ranged from 49 to 100 per island/group over
both seasons (Table S2). Samples from the six most common
macroalgae species (which encompass the green, red, and brown
groups) found at the study islands were collected from every
quadrat in which they were found for stable isotope analysis
(Ecklonia radiata, Xiphophora chondrophylla, Carpophyllum
maschalocarpum, C. flexuosum, C. plumosum, and Vidalia
colensoi).

Each macroalgae sample was cleaned of epiphytic
algae, rinsed with deionized water, and dried at 55�C for
48–72 hours. The most recent growth from the tip of each
sample was removed, ground into a fine powder, weighed
(4–7 mg, precision 0.01 mg), packed into tin capsules, and
analyzed for δ15N using an elemental analyzer (Costech ECS
4010) coupled with a mass spectrometer (Thermo-Finnigan
DELTAplus Advantage) with atmospheric N2 as the nitrogen
standard.

Environmental drivers affecting seabird influence

To evaluate the relative influence of environmental drivers on
15N flow from islands to nearshore algal species and on macro-
algae community composition, we measured variables that

Figure 2. Variance partitioning plot describing which covariates explain the variation in percent cover for each species at all islands over (A) both seasons and
(B) winter only. Model (B) includes data from winter only, which was the only season herbivore (kina) density could be measured. Covariates are listed by
variable type (gray= random [plot identity], yellow= season, green= terrestrial variables, and blue=marine variables, purple= seabird variables) with average
percent included in parentheses. Species used in the δ15N analyses are outlined in black, with names highlighted in gray.
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could influence macroalgae growth and nutrient uptake.
We grouped variables by climate, terrestrial, marine, and seabird
influences. Climate included season (winter and summer) as a
proxy for rainfall (season and rainfall are highly correlated and
not independent; Fig. S1).

Terrestrial abiotic variables include soil pH, aspect, slope,
soil compaction, and runoff. Soil pH was dropped from the anal-
ysis as it was strongly correlated to burrow density (Fig. S1).
Aspect and slope are measures of exposure and predominant
weather direction influencing runoff. Compaction is a proxy
for soil porosity and water infiltration (Harrison-Kirk
et al. 2015), which was measured 10 times and an average taken
at each terrestrial sample site (Fig. 1; Dickey-John Soil Compac-
tion Tester, Auburn, IL, USA).

The main abiotic factors in seaweed nutrient uptake include
water motion, light, temperature, carbon dioxide, salinity, and
desiccation (Roleda & Hurd 2019). Light, temperature, and car-
bon dioxide concentrations were assumed to be consistent
across sites based on their proximity. Salinity differences are
driven by freshwater inputs, or runoff which is accounted for
in our study as a terrestrial variable. Desiccation impacts were
accounted for by sampling depth and water motion is measured
as wave exposure, our two abiotic marine variables. Wave expo-
sure is mean weighted fetch calculated using the fetchR package
(Seers 2017). Fetch-based indices are reliable in quantifying
wave exposure across large areas in shallow systems (Hill
et al. 2010). Herbivore density is one of the most important
drivers of macroalgal growth and composition (Hern�andez
et al. 2008; Ling et al. 2010; Sangil & Hern�andez 2021), so this
was the biotic marine variable we included. Seabird influence is
measured as soil δ15N, burrow density, and island eradication/
invasion history. Burrow density is calculated as burrow open-
ings per square meter, as a proxy for seabird activity (Fukami

et al. 2006), within a 5 m radius (78.54 m2) around each
sample site.

Statistical Analyses

To examine how well seabird recovery and environmental
drivers explain the variation in macroalgae communities, we
used a Hierarchical Modelling of Species Communities
(HMSC) framework (Tikhonov et al. 2020) at all islands. This
method examines the connections between species occur-
rences/abundance, environmental covariates, species traits, and
phylogenetic relationships (Ovaskainen et al. 2017). Species
within the same macroalgae group (red, brown, and green) have
the potential to respond alike to environmental conditions due to
physiological similarities, such as color, tissue thickness, and
growth rates. The phylogeny in our analysis is based on previ-
ously published trees (Kapraun 2005; Le Gall & Saunders 2007;
Silberfeld et al. 2010). Our HMSC models examined how
macroalgae communities (species presence and abundance—
percent cover) were affected by seabirds (measured as soil
δ15N, burrow density, and island eradication/invasion history),
terrestrial variables (runoff, aspect, compaction, slope), marine
variables (kina density, depth, wave action), and season, while
including potential influences from macroalgae group designa-
tion, phylogenetic relationship, and random effects (sampling
plot). Kina density was only collected in winter so we present
HMSC models as both winter and summer data without kina
density and just winter samples with kina density. To examine
how all variables contributed to the explained variance, we con-
ducted variance partitioning to identify posterior means of
model parameters (Fig. 2). This determines which parameters
(seabird, terrestrial, marine, climate, and sampling plot) explain
most of the total model variance.

Table 1. Full linear mixed model descriptions for the influence of ecological variables on δ15N in nearshore macroalgae at all site including fixed effects,
weights, random effects, and sample size. Tables S3 and S4 show the candidate models and parameter estimates for all algae δ15N analyses.

Macroalgae Species Fixed Effects Weight Random Effects Sample Size Significant Variables

Carpophyllum flexuosum Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Season Season j Transect 286 Depth, season

C. maschalocarpum Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Island Transect 160 Depth, season,
island

C. plumosum Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Season Season j Transect 212 Depth, season,
island, wave
action

Ecklonia radiata Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Island Season j Transect 292 Season

Vidalia colensoi Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Island Season j Transect 74 Depth, season,
island, wave
action, runoff

Xiphophora chondrophylla Soil δ15N, burrow density, island, depth,
wave action, slope, compaction,
aspect, runoff, season

Island Season j Transect 338 Depth, season,
island
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Figure 3. The model estimated δ15N values of nearshore macroalgae. Significant model variables include depth, wave action, runoff, island, and season,
depending on the species. Line types represent different invasion histories.
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Next, we calculated the relative importance and significance
of each variable in predicting algal δ15N from model averaging
of linear mixed-effects models (LMMs) for each algae species.
All models were controlled for transect; and all continuous pre-
dictors were mean-centered and scaled by 1 standard deviation;
alpha was considered significant <0.05. We report effect sizes
�95% confidence intervals (CIs). Kina density could not be
included in the LMMs due to too small sample sizes when the
data were limited to the winter season, the only season in which
we collected kina density. All statistical analysis were carried
out in the statistical software R version 3.6.2 using the packages
Hmsc, nlme, and MuMIn (Oksanen et al. 2007; Pinheiro
et al. 2013; Barton & Barton 2015; Dorie & Dorie 2015; Long &
Long 2017; Tikhonov et al. 2020). Data and code can be found
in online repositories https://datadryad.org/stash/dataset/doi:10.
5061/dryad.0vt4b8h0r and https://github.com/SBBorrelle/Land-
sea-linkages-RestorationEcology, respectively.

Results

On never invaded islands (Atiu and Green), mean seabird bur-
row density was 1,270 burrows/ha (800–1,660 burrows/ha).
On the oldest eradicated island (Korapuki), mean burrow den-
sity was 180 burrows/ha (0–730 burrows/ha), with the densest
areas of burrowing activity predominantly on elevations
>25 m and within approximately 100 m of the shoreline. On
the newly eradicated island (Ahuahu), seabird burrow density
was nil at all sites except at one sampling location, where there
was an apparently unoccupied burrow. Korapuki and Atiu/
Green had comparable (low) mean soil compaction, different
to Ahuahu with high soil compaction.

Macroalgae Community Composition

We identified 24 species of macroalgae in sampling quadrats.
There was no evidence that species response to environmental
covariates correlated with phylogeny (both seasons: rho 95%
CI [�0.10, 2.18]; winter with kina: rho 95% CI [�0.41,
2.85]). Group traits did not explain variation in species niches
(both seasons: <9%; winter with kina: <9%) or variation in spe-
cies abundance (both seasons: <7%; winter with kina: <8%).
Group traits did influence the environmental response of one
relationship; species in the green macroalgae group were more
abundant in plots associated with high soil compaction on land.
Overall, the environmental covariates explained 23% of species
variation over both seasons and 36% of species variation over
the winter season (including kina density). However, explana-
tory power varied greatly by species. There were 10 species with
moderate to high explanatory power (>20%) over both seasons
and 15 species over the winter (Table S3).

Drivers of variation in marine algae percent cover differed
across marine algae species (Fig. 2). Seabird variables (island
eradication history, burrow density, and soil δ15N) explained
32.5% of the community variance, terrestrial variables (slope,
compaction, aspect, and runoff) explained 15.8%, marine vari-
ables (depth and wave action) explained 33.5%, season
explained 8.6%, and the random variable of sampling plot

explained 9.8% (Fig. 2A). The influence of individual environ-
mental variables on community changes (total species abun-
dance/percent cover) can be visualized for continuous and
discreet variables of interest (Figs. S2–S5). The low/moderate
influence of sampling plot identity on explained variance indi-
cates some residual species associations not accounted for in
the model. The model identified 2 of the 24 species with unex-
plained species associations indicating a possible missing covar-
iate. When herbivore density was included in the models,
patterns in explanatory power were similar (seabird 27.1%, ter-
restrial 17.6%, marine 40.3%, and random 14.9%; Fig. 2B). The
random variable explanation increased and four of the 23 species
exhibited unexplained species associations.

Macroalgae δ15N

Season and depth were the most common drivers of variation in
macroalgae δ15N regardless of invasion status (Tables 1, S4, &
S5; Fig. 3). Macroalgae δ15N was higher in the rainy season
for all species and lower with increasing depth for all but one
species (Ecklonia radiata; Tables 1, S4, & S5; Fig. 3). Macroal-
gal δ15N decreased with increasing wave action for two of the
macroalgal species (Tables 1, S4, & S5; Fig. 3). Only a single
terrestrial variable—runoff—drove patterns in macroalgae
δ15N and this was only for one of the six macroalgae species
studied (Vidalia colensoi; Tables 1, S4, & S5; Fig. 3). Macroal-
gae δ15N was higher in never invaded than eradicated islands in
four of the six macroalgae species, though no other seabird vari-
ables drove variation in macroalgae δ15N (Tables 1, S4, &
S5; Fig. 3).

Discussion

Our study finds evidence for a circular seabird economy–seabirds
feed in the marine environment, deposit marine-derived nutrients
in the form of guano and carrion onto the islands on which they
breed, and those nutrients then wash into the surrounding near-
shore marine environment, shaping algal community composi-
tion and algae nutrient enrichment. We find macroalgae nutrient
enrichment to be more driven by marine variables (depth, wave
action) and season than terrestrial variables, suggesting that sur-
rounding marine context plays an important role in macroalgae
nutrient enrichment. As hypothesized, macroalgae nutrient
enrichment was higher in never invaded islands for four of the
six macroalgae species studied. In most cases, islands with pred-
ators removed still did not have algae with similar levels of nutri-
ent enrichment even three decades after they were cleared of
predators. However, the land–sea linkage via macroalgae com-
munity composition was strong in all islands, suggesting macro-
algae community composition may recover more quickly than
nutrient dynamics. Importantly, we find species-specific effects
of terrestrial andmarine variables onmarine algae nutrient enrich-
ment and composition, which suggests some species reflect inva-
sion status better than others.

Precipitation is a driving force for flushing nutrients through
ecosystems (Kleinman et al. 2006; Fong et al. 2020). We found
nearshore marine algae was much more enriched in seabird-
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derived nutrients in the rainy winter season than the drier
summer—reflective of higher nutrient transport. Classic work
in this area shows opposite patterns for terrestrial indicators on
desert islands in Baja, California, Mexico (Polis et al. 1997)
such that terrestrial island system productivity relies much more
on seabird influence in drier (La Niña) conditions, but in wetter
(El Niño) years, there is increased in situ productivity. Our work
shows that on temperate islands, precipitation drives nutrient
transfer from seabirds to both terrestrial and nearshore marine
communities and results in a unique structuring of macroalgae
communities.

Four of six species’ nitrogen enrichment was sensitive to sea-
bird influence (as measured by island eradication/invasion his-
tory), suggesting scientists must choose carefully when
picking nearshore species to act as indicators of seabird influ-
ence. Ecklonia radiata, the only canopy-forming kelp species
in our study had higher seabird-derived nitrogen in the rainy sea-
son but similar seabird-derived nitrogen at islands that had pred-
ators eradicated relative to never-invaded islands. This indicates
potential recovery of E. radiata nutrient enrichment levels
around the island eradicated 30 years ago or that E. radiata read-
ily takes up some extra nutrients during the rainy season but not
enough extra nutrients to yield larger enrichment around never
invaded islands. E. radiata has low nitrogen uptake rates and
large structural biomass causing a competitive disadvantage to
other macroalgae in nutrient absorption (Wallentinus 1984).
This could result in the observed lack of 15N enrichment at never
invaded islands, as seen in other kelp species at seabird islands
in the Arctic (Zmudczy�nska-Skarbek et al. 2015; Zmudc-
zy�nska-Skarbek et al. 2017). Vidalia colensoi, the only red algae
species that was commonly found between islands, was the only
macroalgae species that had a direct linkage in a terrestrial vari-
able (runoff) to algae nutrient enrichment, suggesting that this
species, and perhaps red algae more generally, are especially
adept at taking up seabird-derived nutrients surrounding these
study islands. All other species generally showed lower
seabird-derived nitrogen on eradicated than never-invaded
islands, consistent with them taking up seabird-derived nutrients
when they are available.

We found that a striking amount (over 40%) of the variation
in macroalgae community composition was driven by the terres-
trial island ecosystems surrounding those communities (both by
abiotic terrestrial variables and nesting seabird variables)—with
marine variables driving a similar or slightly lower amount of
variation in macroalgae community composition. Specifically,
seabird burrow density, soil nutrients, and invasion history
together explained more variation in macroalgae than the pre-
dominant macroalgae herbivore (and depth and wave action)
in this study system. Given the well-studied importance of her-
bivory in driving macroalgae community composition (Lotze
et al. 2001; Korpinen et al. 2007; Whalen et al. 2013), our find-
ings that the terrestrial systems that nearshore marine communi-
ties are situated around can be just as influential in driving
macroalgae suggest an underappreciated and understudied
mechanism for community assembly in nearshore ecosystems.

The variables that most impacted marine algae species’ per-
cent cover and seabird-derived nutrient content were different

across species, indicating the importance of measuring a variety
of responses across a variety of species to gain a more complete
understanding of seabird impacts to nearshore ecosystems. For
example, though E. radiata might not take up seabird nutrients
as readily as other species, its variance in percent cover was
driven by similar covariates as the other algal species in our
nutrient analysis, illustrating that impacts of seabird runoff on
algae communities may be realized through not just nutrients,
but also in community composition and competitive effects.
Thus, uptake of nutrients by one species may result in a compet-
itive advantage over another that does not readily take up seabird
nutrients, resulting in the outcompeted species’ composition
changing but not their seabird nutrient enrichment. Such compet-
itive dynamics, as well as macroalgal herbivores other than kina,
could account for some macroalgae species’ variation in compo-
sition not being well explained by the variables we tested here.
Macroalgal species in the red and green phyla are often found in
nutrient-rich waters and predictably, we documented these spe-
cies more often at never invaded islands (red—65% of quadrat,
green—28%) compared to older eradicated (red—37%, green—
0%) and newly eradicated (red—7%, green—3%) islands with a
similar trend in percent cover. This could indicate potential com-
petitive effects between different algae groups. However, species
within these groups did not respond to environmental drivers in
identical ways as seen in the highly variable influence of both ter-
restrial and marine factors in their presence and abundance. The
positive association between green algae cover and soil compac-
tion could be related to increased runoff on compact soils leading
to nutrient-rich waters that green algae prefer.

Abiotic marine factors–depth and wave action–play critical
roles in the extent to which seabird influence can be detected
in marine algal communities. Algae collected at shallower
depths and in areas with less wave action were more sensitive
to seabird influence and predator invasion status than algae col-
lected deeper or in areas with higher wave action (Rankin &
Jones 2021). Increased waves could decrease seabird-derived
nutrient residence time in the water, making incorporation of
these nutrients in algal tissue less likely. Similarly, seabird-
derived nutrients may rarely penetrate deeper depths because
of dilution and mixing, or because the nutrients are quickly
absorbed by algae in shallower depths.

While nutrient input is a bottom-up influence on food webs,
top-down pressures also influence community composition in pri-
mary producers. For example, fishing pressures can have top-
down impacts to marine algae through food web disruptions
(Salomon et al. 2008; Madin et al. 2010; Zaneveld et al. 2016).
Fishing regulations are similar across the study islands, making it
unlikely that fishing pressures are driving the patterns seen in our
study. However, kina density did play an important role in shaping
variance of many of the macroalgae species we studied, providing
evidence for top-down control in these marine ecosystems. We
were unable to investigate whether herbivore density also influ-
enced seabird-derived nutrient content in macroalgae due to low
sample sizes. Previous research showed herbivorous coral reef fish
to have higher seabird-derived nitrogen levels surrounding rat-free
versus rat-invaded islands (Graham et al. 2018). Though we did
not collect herbivore tissue samples to investigate if seabird-driven
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nutrients can be detected in higher trophic levels, we recommend it
as a priority for future research to understandwhether patterns seen
in the tropics are supported in temperate ecosystems.

Our work builds on other work done in tropical ecosystems,
which showed seabird abundance was related to nutrient runoff
into the surrounding marine ecosystems, all the way up through
to the top predators in coral reefs (McCauley et al. 2012; Gra-
ham et al. 2018). This previous work showed invasive rats
reduced nesting seabirds, resulting in lower coral reef productiv-
ity and functioning (Graham et al. 2018), and that replacement
of native trees reduced seabird roosting/nesting sites, breaking
the transport of nutrients from land to sea (McCauley
et al. 2012). More recent work in coral reef island systems
showed that rat eradication results in stronger nitrogen
enrichment compared to invaded islands, sometimes recover-
ing to levels seen around never invaded islands for macroal-
gae, turf algae, and fish (Benkwitt et al. 2021). Our study is
slightly different from that work because we did not have
invaded islands to compare to and we directly tested for the
presence of a land–sea linkage through asking if terrestrial
variables can predict nutrient enrichment and community
composition in macroalgae. Nonetheless, our results show
more nuance than Benkwitt et al. (2021); whereas they find
macroalgae, turf algae, and fish nutrient enrichment to be sim-
ilar between eradicated and never invaded islands, in our
study system, we only found similar levels of nutrient enrich-
ment to never invaded islands in two of the six macroalgae
species we studied surrounding eradicated islands. For four
other macroalgae species, we find nutrient enrichment around
eradicated islands—even one with three decades of recovery
time—is lower than on never invaded islands. Many factors
could account for this discrepancy; species-specific nutrient
dynamics, climate (tropical vs. temperate), predominant sea-
bird species ecology (surface vs. burrow nesters), surround-
ing marine community (coral lagoon vs. rocky reef ), and
numbers of islands sampled are all key possible drivers of dif-
ferences in these results. More research across islands with
varying biophysical, climate, and ecological contexts could
help uncover where we can expect to see the strongest land–
sea linkages, and where predator eradication is most likely
to restore such linkages.

Our results show how the impacts of invasive predators in
disrupting the circular seabird economy can still be felt, even
three decades following eradication. Land–sea linkages as
measured by macroalgae community composition and nitrogen
isotope content were driven by island invasion history, and in
the case of nutrient enrichment, often not recovered even
30 years after predator removal. The average seabird burrow
density on the study island with predators eradicated 30 years
ago was still only 14% the burrow density of never invaded
islands. Seabird life history traits of delayed age to maturity
and low reproductive rates result in lengthy recovery times fol-
lowing impacts to adult breeders (Jones &Kress 2012). If man-
agers want to more quickly repair the circular seabird
economy, which fuels both terrestrial and nearshore marine
productivity, they may need to consider bolstering seabird
populations through social attraction (e.g. the use of

vocalizations, decoys, and/or chick translocation). This can
be a costly and time-consuming intervention, but has also seen
wide successes in terms of colony establishment and growth
(Jones & Kress 2012). Our study shows that such conservation
successes for seabirds would result in far-ranging impacts to
both terrestrial and nearshore ecosystems.
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