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Abstract

Invasive mammals have severely impacted oceanic islands, reducing or extir-
pating seabird populations and driving the collapse of nutrient flows with last-
ing ecosystem effects. We investigated these dynamics on contrasting
subtropical oceanic islands in the South Pacific: Rangitahua, a large island
where goats, cats, and rats caused the extinction of seabird populations, and
the small mammal-free Meyer Islands, where seabird colonies remain dense.
Using stable isotope analysis ('*C and §'°N) of 408 contemporary and histori-
cal specimens spanning 169 years, across plants to invertebrates and birds, we
tested hypotheses about seabird-driven nutrient coupling across space and
time. Spatially, we predicted stronger seabird-driven nutrient enrichment on
the mammal-free Meyer Islands than on invaded Rangitahua. Consistent with
this, Meyer Islands’ soils had higher phosphorus and lower pH, and terrestrial
plants and herbivorous invertebrates were enriched in 8'C and 8"°N relative
to their Rangitahua counterparts. In the nearshore marine system, §'°N
values—but not 8°C—were elevated in macroalgae and herbivorous and
omnivorous invertebrates around the Meyer Islands compared with those
around Rangitahua, indicating stronger seabird-driven nutrient inputs to
coastal food webs. By contrast, the lower values on Rangitahua reflect slow
seabird recovery more than 20 years after the eradication of invasive mam-
mals. Temporally, we tested whether isotopic values in Rangitahua plants and
birds declined with seabird loss. Values for §"*C declined steadily from the
mid-19th century to the present, consistent with reduced seabird subsidies
(and possibly volcanic activity), whereas §'°N values showed no long-term
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INTRODUCTION

The cycling of organic matter and nutrients underpins
ecosystem functions, supporting food webs across
interconnected habitats. Despite physical boundaries,
nutrient transfers occur between terrestrial and marine
habitats through both abiotic processes, such as wave
action and ocean currents, and biotic processes
(Hilderbrand et al., 1999). Islands are useful systems for
studying these interactions because they are geographi-
cally bounded and often support simpler food webs than
continental systems (Warren et al., 2015). Oceanic
islands, despite often having inherently low terrestrial
productivity, can be substantially enriched by external
subsidies from the marine environment (Anderson &
Polis, 1998, 1999). Seabirds play critical roles as biological
vectors for nutrient transfer from marine to terrestrial
systems by feeding on marine prey and depositing
nutrient-rich waste on island habitats where they breed
and rest (Anderson & Polis, 1998; Bokhorst et al., 2019;
Jones et al., 2025; Moss, 2017). Dense seabird colonies
transfer large quantities of marine-derived nutrients—
through guano, the remains of seabird adults, chicks, and
eggs, and non-ingested or regurgitated prey remains—as
well as physical disturbances from nesting and roosting
(Kolb et al., 2011). These processes drive unique ecologi-
cal relationships on seabird islands through bottom-up
(enhancing primary production) and top-down effects
(benefiting predators and scavengers) (Hentati-Sundberg
et al., 2020; Jones et al., 2025; Kolb et al., 2011; Mulder,
Jones, et al., 2011).

Invasive species have high impacts on oceanic island
ecosystems. Notably, human introductions of non-native
mammals to oceanic islands have severely reduced seabird
populations, which predominantly evolved in the absence
of mammals, especially predators (Croxall et al., 2012).
Seabird loss disrupts marine-to-land nutrient transfer,
altering soil and plant chemistry (Mulder, Anderson,
et al., 2011; Wardle et al., 2012), invertebrate diversity and
abundance (Fukami et al., 2006; Towns et al., 2009), and

change. Together, these spatial and temporal perspectives show that while sea-
bird nutrient pathways can recover within decades on small islands, recovery
on large, degraded islands can take much longer. Adjacent islets can provide
recolonists but may not serve as true analogues. Restoring sea-land nutrient
connectivity on large islands may require not only invasive mammal eradica-
tion but also active facilitation of seabird return.

historical museum collections, island ecosystem restoration, long-term ecological change,
seabird-driven nutrient cycling, soil nutrients, stable isotopes

terrestrial vertebrate communities (Barrett et al.,, 2005;
Bicknell et al., 2020; Markwell & Daugherty, 2002). Their
loss also has impacts on adjacent marine ecosystems,
affecting benthic nutrients (Hentati-Sundberg et al,
2020), phytoplankton growth and zooplankton biomass
(McCauley et al, 2012), coral growth (Benkwitt
et al., 2021), macroalgal diversity (Rankin & Jones, 2021),
fish biomass and growth, and even fish behavior (Graham
et al., 2018; McCauley et al., 2012). As seabirds are key
vectors for marine-derived nutrients, their decline due to
invasive species disrupts the nutrient balance of entire
island systems. Detecting such change requires precise
ecological tracers.

Introduced mammalian herbivores, absent from most
oceanic islands, have markedly altered ecosystems
(Courchamp et al., 2003; Vitousek, 1988). Goats, widely
released as a food source, browse vegetation that typically
lacks defenses against herbivory (Chynoweth et al., 2013;
Coblentz, 1978), reducing or eliminating palatable plant
species (Chynoweth et al., 2013; de la Luz et al., 2003)
and driving vegetation state shifts—from woody cover to
grasslands (Ohashi et al., 2024). These changes disrupt
nutrient cycling and ecosystem functions (Bardgett &
Wardle, 2003). Trampling and vegetation loss also
increase erosion (Coblentz, 1978), with downstream
impacts on nearshore marine environments (Chynoweth
et al., 2013). On islands with seabirds, goats destabilize
soils critical for burrow-nesting species and destroy nests
through trampling (Hata et al., 2014; Hipfner
et al., 2010).

Ecological studies over 10-60 years have provided
valuable insights into the impacts of invasive mammals
on oceanic islands and ecosystem recovery following
eradication (Bellingham, Towns, et al., 2010; Hamann,
1993; Jones, 2010). However, because many mammal
introductions occurred over a century ago (de Lima
Martins et al., 2021), it is important to understand ecolog-
ical change over longer timeframes. For example,
palaeoecological techniques can detect historical shi-
fts that are not apparent in contemporary systems
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(Bellingham, Wiser, et al., 2010; Duda et al., 2020;
Hawke, 2004; Swift et al., 2018).

Stable isotope analysis of carbon (8'°C, the ratio of
13C to '2C, expressed in %o units) and nitrogen (8"°N, the
ratio of "°N to "N expressed in %o units) provides power-
ful tools for tracing seabird nutrient inputs. Seabird
guano has elevated 5'°N values due to their position as
top predators in oceanic food webs, in which 8'°N values
increase by 3-4 %o, per trophic level (Minagawa &
Wada, 1984; Post, 2002). Their guano also has elevated
8'3C values, as the carbon source of seabird prey comes
from marine primary production dominated by phyto-
plankton and macroalgae. Within terrestrial systems, car-
bon and nitrogen isotopes reflect seabird influence
through distinct mechanisms. Specifically, §'°N provides
a direct tracer of marine-derived nitrogen enrichment
from guano, carrion, and detritus, whereas 8'°C values
increase in response to improved nutrient status at the
base of the food chain (Erskine et al., 1998; Szpak
et al., 2012). Together, §'C and 8'°N track the extent of
marine subsidies and connectivity between terrestrial
and nearshore habitats (Estupifidn-Montafio et al., 2022).
Contemporary stable isotope data provide insights into
current ecosystem functioning, while data from historical
specimens offer a window into past ecological conditions.
Analyzing samples across invasion timelines enables
reconstruction of long-term changes in nutrient flow.
The combination of stable isotope techniques with
archaeological, palaeofaunal, or museum collections is
opening new avenues for understanding how human
arrival and associated species have reshaped
seabird-dominated island ecosystems (Swift et al., 2018).

Rangitahua, the Kermadec Islands, is a remote sub-
tropical archipelago in the south Pacific Ocean 1000 km
northeast of Aotearoa New Zealand. The name
Rangitahua refers to both the largest island (also known
as Raoul Island) and the wider group; hereafter, we use
“Rangitahua” for the main island and “Rangitahua
Islands” or “archipelago” for the group. Fourteen seabird
species breed across the archipelago, totaling ~10-15 mil-
lion birds (Gaskin, 2011; Taylor, 2000) and are a key com-
ponent of the islands’ ecosystems. Their populations
benefit from one of the world’s least modified marine
ecosystems included within Aotearoa New Zealand’s
largest marine reserve (7480 km?), resulting in excep-
tional protection for seabird and marine biodiversity
(Duffy & Ahyong, 2015; Edgar et al., 2014; Trnski & de
Lange, 2015).

Rangitahua holds cultural, spiritual, and ecological
significance for Ngati Kuri, the legally recognized kaitiaki
(guardians), who view the archipelago as a tupuna
(ancestor). The largest island was where the Maori ances-
tors first settled in the 13th century, and it served as a

critical stopover in voyages to and from Aotearoa
New  Zealand and  tropical Pacific islands
(Anderson, 1980; Furey et al., 2015; Matisoo-Smith
et al., 1999).

The arrival of humans brought profound ecological
changes to the Rangitahua islands, particularly to
Rangitahua itself. Kiore (Pacific rat, Rattus exulans) were
likely introduced by Polynesian voyagers in the 13th cen-
tury (Anderson, 1980; Matisoo-Smith et al.,, 1999;
Spriggs & Anderson, 1993). Major transformations
followed European settlement in the 19th and early 20th
centuries. Goats (Capra hircus) were introduced in 1836,
followed by feral cats (Felis catus) (Gentry, 2013;
Merton, 1970; Veitch, 2004), and Norway rats (Rattus
norvegicus) invaded in 1921 after a shipwreck (Veitch
et al., 2011).

These invasive mammals caused ecological degrada-
tion, reducing bird populations and damaging forests
(Veitch, 2004). Seabird numbers likely reached many mil-
lions before the 1850s despite goat and cat introductions
and in the early 20th century there were approximately
500,000 Kermadec petrel Pterodroma neglecta, “abun-
dant” white-necked petrel Pterodroma cervicalis, and
“immense numbers” of wedge-tailed shearwater Ardenna
pacifica (Iredale, 1910). All these populations were exter-
minated soon after Norway rats invaded in 1921
(Gaskin, 2011; Merton, 1970). Some terrestrial birds also
went extinct while others survived only on nearby
predator-free islands such as the Meyer Islands
(Gaskin, 2011; Veitch et al., 2011) (Figure 2). Goats were
introduced to the Meyer Islands by whalers, and 12 goats
were seen in July 1854 (MacGillivray, 1854), but no goats
were present when a group went ashore in August 1887
(Cheeseman, 1887) and the islands have remained free of
introduced mammals since.

Restoration on Rangitahua began in 1936 with goat
control, culminating in their eradication in 1984. Rat and
cat eradication was conducted in 2002 and confirmed by
6 months of monitoring in 2004 (Bellingham, Wiser,
et al., 2010). Since then, some extant seabird populations
have grown, and other sea and terrestrial bird species
have recolonized Rangitahua from nearby mammal-free
islands (Gaskin, 2011; Ortiz-Catedral et al., 2009). Yet, by
2011, Rangitahua supported only around 50,000 seabirds,
fewer than the approximately 70,000 breeding on the
much smaller Meyer Islands (1.76% of Rangitahua’s
area), where ecological processes remain intact
(Gaskin, 2011). This contrast enables investigation into
the long-term impacts of seabird loss, ecosystem degrada-
tion, and any post-removal recovery.

Since the mid-19th century, scientists have visited the
Rangitahua archipelago, particularly Rangitahua itself, to
collect plant and animal specimens, now lodged in
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Aotearoa New Zealand and international museums and
herbaria. We used a stable isotope approach to test two
hypotheses:

1. From a contemporary perspective, the Meyer Islands,
which have large, intact seabird populations provid-
ing significant marine-derived nutrient inputs, will
have higher soil nutrient levels, §**C and 8'°N values
across both terrestrial and marine ecosystem compo-
nents than Rangitahua, reflecting stronger ecological
coupling between sea and land.

2. From a historical perspective, 8"°C and &'°N values
from terrestrial plants and birds of Rangitahua, pre-
served in collections, would reflect the progressive
loss of seabird-derived allochthonous inputs, decreas-
ing across four invasive mammal regimes including
Period 1: 1854-1920, when kiore, goats, and cats
were present but seabirds remained abundant;
Period 2: 1921-1983, when kiore, goats, cats, and
Norway rats were present and seabirds were extir-
pated; Period 3: 1984-2001, when kiore, cats, and
Norway rats were present and seabirds remained
absent; and Period 4: 2002-2023, when invasive
mammals were absent and seabirds exhibited a slow
recovery (Figure 1). We hypothesized that §*°N in at
least primary producers would decline in the
absence of allochthonous inputs, especially during
Periods 2 and 3. Some studies have shown increases
in 8"°C and 8'°N values after mammal eradication
on islands, equivalent to Period 4 (e.g., Jones, 2010)
but others have not (e.g., Pascoe et al., 2025).

METHODS
Study site

This study was conducted on Rangitahua (Raoul Island;
29°16' S, 177°52' W; 2938 ha; maximum elevation 516 m)
and the nearby Meyer Islands (combined 52 ha; maxi-
mum elevation 123 m), located 2km northeast of
Rangitahua (Figure 2). All islands in the archipelago are
volcanic in origin. Rangitahua is an active volcanic island
with a central caldera and three lakes, with recent erup-
tions in 1964 and 2006 (Brothers & Searle, 1970). The
Meyer Islands are inactive and consist of basaltic tuff and
breccia overlain by ash from Rangitahua eruptions
(Brook, 1998).

The region has a humid subtropical maritime climate
with mild temperatures ranging from 16-17°C (mini-
mum) to 21-24°C (maximum). Southeast trade winds are
persistent, and tropical cyclones occur between
November and April, about three to four times per
decade.

The flora and fauna of Rangitahua are species-poor
relative to other southwest Pacific islands, reflecting the
archipelago’s young geological age and volcanism.
Vegetation is subtropical evergreen forest with 127 native
vascular plant species, 16% of them endemic
(Sykes, 1977; Wardle, 1991). On Rangitahua, Metrosideros
kermadecensis dominates canopies, with Rhopalostylis
baueri locally abundant; dry forest prevails below 250 m
and wet forest above (Oliver, 1910). The Meyer Islands
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FIGURE 1

Contrasting periods on Rangitahua that inform our data analyses showing predicted seabird decline (bottom section) in

response to the human-induced disturbances (top section). Kiore/Polynesian rat (Rattus exulans) is hypothesized to have arrived between
1250 and 1700. Goats were introduced in 1836 and cats soon after (Veitch et al., 2011). Illustration credit: Marina Ferrari de Aquino Klemm.
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(A) The Rangitahua archipelago in relation to mainland Aotearoa New Zealand and (B) Rangitahua and the Meyer Islands.

Topographic contours are represented as a solid line (100 m) and dashed line (300 m). Location of soil sampling sites on Rangitahua are

shown by solid black triangles. Soil samples were also collected on the Meyer Islands but are not shown.

support low-canopy vegetation dominated by Myoporum
rapense (de Lange, 2011).

Terrestrial faunal diversity is also limited. About
500 invertebrate species are recorded, with very low
endemism and many widespread, highly mobile or intro-
duced taxa (e.g., Geograpsus grayi, Aporrectodea
caliginosa) (Brown & Baker, 2009; Chinn, 2011). The ter-
restrial bird community comprises 10 resident species,
most with ancestors dispersing from Aotearoa
New Zealand (Veitch, 2004; Veitch et al., 2011).

Seabird populations on Rangitahua are sparse but
growing after mammalian predator eradication, with at
least nine species currently breeding, of which the
burrow-nesting Pterodroma nigripennis is the most wide-
spread and common. In contrast, the Meyer Islands, which
never had invasive predators, have dense populations of
breeding burrowing, surface- and tree-nesting seabirds
(13 species) (Gaskin, 2011).

The marine ecosystems of Rangitahua are among the
world’s least modified. Most islands are steep-sided rocky
outcrops exposed almost continuously to strong swells
and wave action. Habitats in the shallow subtidal areas
include low-relief sand, bedrock, and boulders, and rocky

reefs with a diverse biota of macroalgae, invertebrates,
and fishes. The coral fauna of Rangitahua includes
warm-water, reef-building corals that build reefs in the
shallow depths but not at most sites since they are near
their southern limit. Rangitahua has the greatest number
of fish species of anywhere within Aotearoa New Zealand
across all examined depths, down to 1200 m.

Field and museum collections

Sampling spanned four periods (Periods 1-4) over
169 years (1854-2023; Appendix S1: Table S1). In total,
408 specimens from 58 terrestrial and marine taxa were
analyzed, representing all trophic levels of interest. For
Rangitahua, 317 specimens were collected across Periods
1-4 (1854-2023); for the Meyer Islands, 91 contemporary
specimens were collected in Period 4 (2003-2023).
Sampling followed standard herbaria and museum collec-
tion protocols as directed by curators and collection man-
agers. Tissues were selected based on preservation
suitability for stable isotope analysis. Only frozen,
ethanol-fixed, or dry-preserved specimens (herbarium
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material and feathers) were included; formalin-preserved
specimens were excluded owing to isotope alteration
(Edwards et al., 2002).

Contemporary field sampling
Soil nutrients collection and analysis

Soils were collected in November 2023 from five sites on
Rangitahua under forest canopies at elevations ranging
from 5 to 450 m. Additionally, samples were taken from
five locations on North Meyer Island, which included
sampling from coastal slopes to the summit 130 m above
sea level. Each sample was collected using a 25-mm
diameter auger to a depth of 10 cm.

Each soil sample was air dried at 35-40°C overnight.
Soil total C and total N concentrations were determined
using a Dumas dry combustion analyzer (Leco TruMac
Analyzer, LECO, St. Joseph, MO, USA) as part of the sta-
ble isotope analysis. Total phosphorus (P) concentration
was determined by heating soil at 550°C for 60 min,
extracting with 0.5 M sulfuric acid for 16 h and analyzing
with a flow injection analyzer (QuikChem 8500, Lachat
Instruments, Milwaukee, WI, USA).

Biota

We analyzed 292 contemporary specimens from Period
4 (2003-2023): 91 from the Meyer Islands and 201 from
Rangitahua (Appendix S1: Table S1).

Contemporary marine specimens

Sampling targeted nearshore reef habitats (<30 m depth)
to examine terrestrial-marine ecosystem boundary inter-
actions. Primary producers included red, green, and
brown macroalgae (e.g., Asparagopsis taxiformis,
Caulerpa spp., Sargassum spp.) and were hand-collected
on SCUBA. Consumers were sampled across feeding
guilds and mobility spectra. Benthic invertebrates were
collected on SCUBA by hand, and in baited traps ranging
from small to large; they comprised gastropods, bivalves,
echinoderms, and crustaceans from intertidal and shal-
low subtidal habitats (e.g., limpets, oysters, sea urchins,
starfishes, barnacles, crabs). Sessile taxa (barnacles, mus-
sels) were taken from rocky substrates. Reef fishes were
collected on SCUBA using rotenone and hand nets,
spear, night lighting from the research vessel, and on
hook and line; they spanned 10 species representing
three mobility classes: pelagic species ranging widely

across the archipelago (e.g., Seriola lalandi), site-attached
territorial ~ species (e.g., Pseudolabrus luculentus,
Chrysiptera rapanui), and benthic species of intermediate
mobility (e.g., Engyprosopon raoulense, Gymnothorax
nubilus).

Species identities and sample sizes for all taxa are
detailed in Appendix S1: Table S1.

Contemporary terrestrial specimens

Plant material was collected from seven woody species
and one fern species across both islands (Appendix S1:
Table S1). For each species, sunlit canopy leaves were
sampled from mature plants, pressed, and dried before
analysis.

Terrestrial invertebrates were obtained by pitfall traps
and hand collection, targeting comparable feeding groups
across islands. Herbivores included bees and
planthoppers, while omnivores/detritivores included
invasive ants and beetles (see Appendix S1: Table S1).

Birds were sampled on Rangitahua by mist-net cap-
ture, focusing on six resident species spanning trophic
guilds: herbivorous parakeets (Cyanoramphus
novaezelandiae), = omnivorous tui  (Prosthemadera
novaeseelandiae), and two thrushes (Turdus spp.), carniv-
orous kingfisher (Todiramphus sanctus), and the rail
puweto (Zapornia tabuensis). Sample sizes are provided
in Appendix S1: Table S1.

Historical terrestrial specimens

In total, 116 historical specimens of terrestrial plants and
birds from Rangitahua were obtained from museums
and herbaria focusing on the same species/genera col-
lected in the contemporary sampling (Appendix S1:
Table S1). All museum samples were stored in paper
envelopes or sterile cryotubes until further processing.

For plant specimens, entire leaves or small sections
of large leaves were removed from adult plants.
Samples were taken from specimens collected on both
Rangitahua and the Meyer Islands, with collection
dates spanning all historical Periods 1-4 (Appendix S1:
Table S1).

For bird specimens, three to five body feathers were
removed from the breast of study skins of adult birds.
Samples were collected from historical specimens across
Periods 1-4, representing five of the six species sampled
in 2023 from Rangitahua (excluding puweto) (Appendix S1:
Table S1). Feathers were triple-rinsed in ethanol followed
by distilled water, then oven-dried prior to stable isotope
analysis.
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Processing of contemporary and historical
specimens

Terrestrial plant samples were rinsed with distilled
water to remove surface contaminants. For terrestrial
invertebrates, one to three legs (larger specimens such
as bees) and whole bodies (smaller specimens such as
ants) were sampled and rinsed in distilled water.
Terrestrial bird feathers were triple-rinsed in ethanol
and double-rinsed in distilled water before being sent
for further analysis.

For macroalgae samples, sections were cut from
the mid-portion of the thalli, avoiding reproductive
structures, epiphytes, and damaged areas. Marine inver-
tebrates were processed as follows: for mollusks (gastro-
pods and bivalves), foot muscle tissue was extracted; for
echinoderms (sea urchins, starfish), tube feet (three to
five) were collected. For most crustaceans, muscle tissue
from the appendages was sampled, except for some
smaller specimens for which the whole organisms were
processed.

For fishes, approximately 1 cm® of white dorsal mus-
cle tissue was excised from each specimen. For the
smallest species, whole muscle tissue was collected from
the lateral body wall. In some specimens, fin clips were
used instead, which previous studies have shown to be
comparable for stable isotope analysis (Willis et al.,
2013). Fish muscle tissue was rinsed with distilled water
to remove potential contaminants.

Stable isotopes sample preparation and
analysis

All tissue samples were freeze-dried for 48 h, homoge-
nized, and ~ 0.5-1.0 mg weighed for 8'°C and &'°N
analyses. Carbonate-bearing tissues (e.g., echinoderms)
were acidified. Stable isotope analyses were carried out
on a DELTA V Plus continuous flow stable isotope
ratio mass spectrometer linked to a Flash 2000 elemen-
tal analyzer using a MAS 200 R autosampler
(Thermo-Fisher Scientific, Bremen, Germany) at Earth
Sciences New Zealand’s Stable Isotope Facility in
Wellington, New Zealand. For more details of the anal-
ysis, refer to supplementary materials in Bury et al.
(2024). For details of the standards and normalization
process used, refer to Appendix S1. Where relevant,
carbon stable isotope data were corrected for lipid con-
tent following equations in Fry et al. (2003). Repeat
analysis of a suite of international standards produced
data accurate to within 0.4% and a precision of better
than 0.25% for total N% and total C% content, and data

accurate to within 0.15 %. and a precision of better
than 0.25 %o for both 815N and 613C values.

Statistical analysis

All analyses were performed in R (v4.1.2; scripts
available at https://doi.org/10.5281/zenodo.20788131).
Significance was assessed at o = 0.05. Since the onset of
the industrial era, the combustion of fossil fuels—
characterized by low §'*C values—has led to a decline
in the 8'°C values composition of atmospheric CO,,
known as the Suess effect (Keeling, 1979). As this isoto-
pically lighter CO, is absorbed by the oceans, the §'*C
values of dissolved inorganic C has decreased over
time, producing lower 8'°C values from primary pro-
ducers such as phytoplankton to apex predators
(Lorrain et al., 2020). Accounting for this 8'*C baseline
shift is crucial to distinguish genuine ecological or
behavioral shifts in focal species—such as changes in
diet or foraging zones—from fossil fuel-biased atmo-
spheric trends (Quillfeldt et al., 2008). To address this,
8'3C values from historical specimens were adjusted to
a common reference year (i.e., the year of analysis)
using a temporal correction factor: 8"°C adjusted =
8'3C raw — 1 + 1.1 x (analysis year — sample year) X
0.027, as described by Hilton et al. (2006) and
Quillfeldt et al. (2008).

To compare &3C and &N values between
Rangitahua and the Meyer Islands (Hypothesis 1), data
were grouped into four terrestrial and five marine trophic
guilds. Normality was assessed with Shapiro-Wilk tests
and Q-Q plots; non-normal data were analyzed with
two-way ANOVA (island X guild) followed by Wilcoxon
rank sum tests for pairwise contrasts (Shapiro &
Wilk, 1968).

To assess changes over time (Hypothesis 2), §'C and
8'°N values in plants and birds sampled during Periods
1-4 from Rangitahua were compared using one-way
ANOVA, with Wilcoxon rank sum tests (with multiple
comparison corrections) for post hoc contrasts.

Older herbarium specimens may have been treated
with mercuric chloride or dichlorodiphenyltrichloroethane
(DDT), commonly used before the 1950s. Although spe-
cific treatment records were unavailable, this raised con-
cerns about contamination in our older specimens. To
help determine whether low 8'°N values in plant tissues
reflected ecological signals or preservation effects, §'°C
and 8"°N values from land plants in Period 1 were com-
pared with untreated contemporary samples from the
Meyer Islands’ seabird-dominated ecosystem (Period 4),
using Wilcoxon rank sum tests.
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RESULTS

Comparisons of soil nutrients and stable
isotopes of contemporary food webs
between Rangitahua and the Meyer
Islands

Soil on the Meyer Islands had significantly lower pH
(4.09 + 0.21 [mean + SE]) than that on Rangitahua
(6.16 + 0.224, p < 0.0001) and higher total P concentra-
tions than soil on Rangitahua (3479.03 + 742 mg kg™"
vs. 857.06 + 81 mg kg™', p = 0.01; Figure 3). There was
no significant difference in soil N concentrations
between the Meyer Islands and Rangitahua, and con-
centrations were more variable on the Meyer Islands
(Meyer Islands: 0.79% + 0.18%; Rangitahua: 0.59%
+ 0.04%, p > 0.05).

The 8"°C values of the Meyer Islands’ terrestrial eco-
system were higher than those of Rangitahua for plants
(W=107, p<0.05) and herbivorous invertebrates
(W =129, p <0.01), but not for omnivorous/detritivorous
invertebrates (W = 16, p > 0.05; Figure 4). There were no
significant ~ differences in 8'°C  values between
Rangitahua and the Meyer Islands for any marine ecosys-
tem component, including herbivorous invertebrates,
omnivorous/detritivorous  invertebrates, carnivorous
invertebrates, omnivorous/planktivorous fish, and car-
nivorous fish (W > 10, p > 0.19).
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The Meyer Islands’ terrestrial ecosystem had higher
8'°N values than Rangitahua for plants (W =122,
p<0.05) and herbivorous invertebrates (W = 28,
p < 0.05), but not for omnivorous/detritivorous inverte-
brates (W = 17, p > 0.05; Figure 5). The Meyer Islands’
marine ecosystem had higher 8'°N values for algae
(W =274, p < 0.01), herbivorous invertebrates (W = 119,
p <0.05), and omnivorous/detritivorous invertebrates
(W =451, p <0.01) than that of Rangitahua; but there
were no significant differences for carnivorous inverte-
brates, omnivorous/planktivorous fishes, or carnivorous
fishes (W > 12, p > 0.44).

Temporal variations of stable isotope
values in the terrestrial Rangitahua
ecosystem

Terrestrial plant leaf §'°C values from Rangitahua
declined from 1854 to 2023 (Figure 6A), with 8'C in
Period 1 higher than Period 2 (W =392, p < 0.001),
Period 3 (W =190, p < 0.0001), and Period 4 (W = 266,
p < 0.0001), and Period 2 higher than Period 3 (W = 188,
p < 0.05). Terrestrial plant leaf §'>C values on the Meyer
Islands from Period 4 were not significantly different
from those of the same species from Period 1 on
Rangitahua (W = 58, p = 0.14; median: Meyer Islands =
—27.10, Rangitahua = —25.20). Terrestrial bird feather

1.01

o
3

Total nitrogen (%)

0.0

Meyerislands Rangftéhua

Meyer islands Rangi'téhua

Meyer ]slands Rangi'téhua

FIGURE 3 Key soil properties (mean + 95% CI) across the Meyer Islands and Rangitahua. Bar plots show soil pH, total phosphorus
concentration, and total nitrogen concentration for each island. Statistically significant differences between islands were assessed using
Welch’s ¢ tests. Rangitahua soils were significantly more alkaline (***p < 0.001) and had lower phosphorus concentrations (*p < 0.05) than
those on the Meyer Islands. Total nitrogen content did not differ significantly between the islands (p > 0.05). ns, non significant.
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FIGURE 4 Comparison of 8'C values (%o) across trophic guilds within terrestrial and marine environments for specimens from
Rangitahua and the Meyer Islands. Boxplots show the distribution of '>C for each guild, grouped by terrestrial or marine environment; the

midline indicates the median, box limits represent the first and third quartiles (interquartile range), and whiskers extend to the smallest/

largest values up to 1.5 times the interquartile range; outliers beyond the 1.5 interquartile range are shown as solid circles. Trophic guilds are

ordered from lower to higher trophic levels. Sample sizes are indicated below each group. Paired Wilcoxon signed-rank tests were used to

assess differences between islands within each guild; only statistically valid comparisons are shown. *p < 0.05; **p < 0.01. Det., detritivores;

Omni., omnivores; Plank., planktivores.

8'3C values also declined from 1887 to 2023, with values
of Periods 1 (W =471, p<0.0001) and 2 (W = 1943,
p < 0.0001) greater than Period 4 (Figure 6B).

There were no significant changes in §'°N values of
terrestrial plant leaves from Rangitahua from 1854 to
2023 (W > 15, p >0.06; Figure 6C) or terrestrial bird
feathers from 1887 to 2023 (W > 5, p > 0.056; Figure 6D).
However, 8°N values of terrestrial plant leaves on the
Meyer Islands in Period 4 were greater than those of
the same species on Rangitahua in Period 1 (W = 181,
p < 0.01; median: Meyer Islands = 11.85, Rangitahua =
—0.73; Figure 6).

DISCUSSION

Our comparison of ecosystem components between two
islands with contrasting histories of human-mediated
changes underscores the role that seabirds perform in
nutrient enrichment of island and nearshore food webs
(Benkwitt et al., 2025; Mulder, Anderson, et al., 2011;
Rankin & Jones, 2021). By comparing Rangitahua, with
depleted seabird populations, and the Meyer Islands,
with dense seabird populations (Hypothesis 1), we aimed

to document the differing footprint of seabird nutrient
subsidies on soil chemistry, food web function, and con-
nectivity between terrestrial and marine habitats. By
tracking changes in stable isotope values of historical
specimens from Rangitahua (Hypothesis 2), we explored
the temporal legacy of seabird population decline follow-
ing invasive mammal introductions. By combining eco-
logical, isotopic, and chemical lines of evidence, our
study offers new insights into major agents of global
change on island ecosystems, especially the ecological
legacies of loss of seabird-derived nutrients.

Stable isotope and soil nutrient differences
between an invaded and an uninvaded
island: Spatial evidence for seabird-driven
nutrient enrichment

Soils from the Meyer Islands had high concentrations of
total N and P, as well as a highly acidic pH, typical
of islands with dense seabird colonies worldwide
(Benkwitt et al.,, 2021; Erskine et al., 1998; Wilder
et al., 2022). Soil total P concentrations were much higher
on the Meyer Islands than on Rangitahua. The Meyer
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FIGURE 5 Comparison of 8°N values across trophic guilds within terrestrial and marine environments for specimens from

Rangitahua and the Meyer Islands. Boxplots show the distribution of §'°N for each guild, grouped by terrestrial or marine environment; the

midline indicates the median, box limits represent the first and third quartiles (interquartile range), and whiskers extend to the smallest/

largest values up to 1.5 times the interquartile range; outliers beyond the 1.5 interquartile range are shown as solid circles. Trophic guilds are

ordered from lowest to highest trophic levels. Sample sizes are indicated below each group. Paired Wilcoxon signed-rank tests were used to

assess differences between islands within each guild; only statistically valid comparisons are shown. *p < 0.05; **p < 0.01.

Islands, influenced by dense seabird colonies and never
supporting established invasive mammals, had higher
soil P concentrations and consistent 8°N and &'C
enrichment across marine and terrestrial trophic levels
compared with Rangitahua, where seabird colonies were
exterminated. Although these islands differ in size, geol-
ogy, and vegetation (de Lange, 2011), they lie <2 km
apart and share near-identical marine environments.
Given this similarity offshore, the elevated '°C and 8"°N
values across multiple taxa on the Meyer Islands are best
explained by seabird abundance rather than habitat dif-
ferences. These inter-island contrasts mirror findings
from other archipelagos where invasive mammals have
suppressed seabirds, leading to nutrient depletion, isoto-
pic declines, and simplified food webs (Benkwitt
et al., 2021; Graham et al.,, 2018; Mulder, Anderson,
et al., 2011).

Higher 8'°C values on the Meyer Islands likely reflect
seabird-driven soil nutrient enrichment from guano.
Elevated soil N and P can reduce stomatal conductance
and discrimination against '*C, leading to higher plant
8'13C (Dercon et al., 2006). The consistent differences in
8'3C values in the same plant species between the Meyer
Islands and Rangitahua support the use of §'°C as an
indicator of seabird-derived nutrients. Isotopic values are

also shaped by local factors such as light (canopy plants
showing less negative 8'>C than forest-floor plants; Berry
et al.,, 1997) and moisture stress with drier sites having
higher 8'3C in C; plants; Prentice et al. (2011) and differ-
ences in microclimate (e.g., rainfall and soil depth), as
well as potential sampling variation. Nevertheless, the
systematic enrichment across taxa and ecosystem com-
partments supports the role of seabird inputs in elevating
baseline §'°C through physiological mechanisms. Other
studies have shown elevated 5'C values in consumers in
seabird-influenced ecosystems for example, in lizards
(Barrett et al., 2005); in invertebrates (Hawke &
Clark, 2010); and in mice (Bicknell et al., 2020), likely
resulting from direct assimilation of marine-derived car-
bon via feeding on seabirds, their guano, prey spills, or
associated carrion.

The mean foliar 8'°N value in plants sampled on
Rangitahua in 2023 (7.33%0 + 4.88%0) exceeded a global
mean (0.9%.) but did not exceed its upper 95% CI
(i.e., 8.7%o; Craine et al., 2015). However, the mean foliar
8'°N value for the same species sampled on the Meyer
Islands in the same year (11.40%o + 4.87%0) exceeded
both the global mean and its upper 95% CI (Craine
et al., 2015). These results are consistent with those from
other islands, where seabirds can elevate §'°N values of
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FIGURE 6 Temporal variation in (A), (B) §'*C and (C), (D) 8'°N values for terrestrial plants (1854-2023) and forest birds (1887-2023)
on Rangitahua across historical collection periods. The §'*C and 5'°N values are shown as boxplots grouped by time period; the midline

indicates the median, box limits represent the first and third quartiles (interquartile range), and whiskers extend to the smallest/largest

values up to 1.5 times the interquartile range. Sample sizes per group are indicated below each box. Statistical significance between periods

was tested using pairwise Wilcoxon rank-sum tests with Bonferroni correction for multiple comparisons. Significance codes:

***p < 0.001; *p < 0.05.

island soils and vegetation by 10%0-20%o, with &'C
values responding indirectly through nutrient-mediated
plant physiological changes (Anderson & Polis, 1998;
Barrett et al, 2005; Bokhorst et al, 2019;
Estupifian-Montafio et al., 2022; Graham et al., 2018).
Increased 8'°N values in the terrestrial biota of rat-free,
seabird-dominated islands such as the Meyer Islands has
also been noted for temperate Aotearoa New Zealand
islands (Jones, 2010; Markwell & Daugherty, 2003) and
tropical Indian Ocean islands (Benkwitt et al., 2021).
Higher 8'°C and 8'°N values in soils and biota on the
Meyer Islands were significant only at the base of the ter-
restrial food web, but not at higher trophic levels (omni-
vores and detritivores). This aligns with evidence that
primary producers and baseline consumers best reflect
nutrient enrichment, while omnivores and predators
show greater isotopic variability due to dietary
generalism (Bicknell et al., 2020; Caut et al., 2012).
However, the absence of enrichment in higher trophic
levels on the Meyer Islands contrasts with findings from
other rat-free Aotearoa New Zealand islands where bee-
tles, spiders, lizards, and birds all showed elevated 8'°N
values (Hawke & Miskelly, 2009; Jones, 2010; Markwell
& Daugherty, 2002).

Seabird-derived nutrient enrichment on the Meyer
Islands extended offshore, with higher 5'°N values across
three trophic levels compared with organisms near
Rangitahua. Such land-sea coupling has been documented,
with allochthonous inputs enhancing nearshore productiv-
ity close to seabird islands (Graham et al., 2018; Healing
et al., 2024; Hentati-Sundberg et al, 2020; McCauley
et al.,, 2012; Young et al., 2011). Other studies have shown
elevated 8'°N across trophic levels in nearshore habitats
around islands never invaded by rats and with dense sea-
bird communities compared with those near islands from
which rats have been eradicated. For example, six species
of macroalgae all had higher 6"°N values around warm
temperate islands in Aotearoa New Zealand that had never
been invaded by rats (Rankin & Jones, 2021), while turf
algae, macroalgae, and herbivorous reef fish in the Chagos
Archipelago showed the same pattern (Benkwitt et al.,
2021; Graham et al, 2018). In contrast, '°C values in
marine taxa in our study did not differ between islands,
likely because marine producers assimilate carbon from a
variety of carbon sources in seawater, which are not
strongly influenced by seabirds. Overall, our study suggests
8"°N is a more sensitive tracer of land-sea nutrient cou-
pling in marine systems.
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Change in the Rangitahua ecosystem
over time

Carbon isotope responses: A physiological
proxy for nutrient loss

Carbon isotope values (5'°C) in land plants and birds on
Rangitahua declined over 169 and 136 years respectively.
The combined consequences of loss of seabirds and mam-
mal invasions may have contributed to the decline. The
loss of direct sources of marine C as seabird colonies were
extirpated is unlikely to have had a strong influence on
8'3C values in land plants and birds, since the contribu-
tion of marine-derived CO, for local photosynthesis
(c. —18%o in petrel guano), even from high rates of guano
input (e.g., c. 100 kg C ha™' year™" on Rottnest island,
Australia; Bancroft et al., 2005) is negligible relative to
ambient atmospheric CO,. On the other hand, loss of N
inputs from guano may have slowed CO, release from
the remineralization of soil organic matter (c. —25%o;
Hawke & Vallance, 2015), and this, coupled with loss of
soil organic matter due to trampling and erosion caused
by high abundance of goats prior to 1981, may have
driven the decline in 8'°C in terrestrial plants and birds.
The legacy effects of loss of soil organic matter and that
recolonization by seabirds has only begun in the last
20 years are likely reasons that there has been no reversal
of the decline in 8'*C values in the most recent period.
Light availability determines 8'°C in leaves, with for-
est canopy leaves typically higher than those in under-
stories (5%0—10%o less negative) (Ehleringer et al., 1986;
Ometto et al., 2006). The decline in 8'C values in
Rangitahua plants over 169 years could have been a con-
sequence of changing vegetation structure; denser cano-
pies could have resulted in more shaded leaves among
the species sampled, especially of understory woody spe-
cies such as Coprosma acutifolia and Piper excelsum. The
loss of seabird colonies, especially after Norway rat inva-
sion in 1921, could have resulted in denser canopies and
greater understory biomass because of the cessation of
the intense disturbance regime seabirds cause around
their colonies (Ellis, 2005). However, at the same time
the seabird disturbance regime ceased, goats denuded
understories on Rangitahua and even browsed the cano-
pies of trees (Gentry, 2013; Parkes, 1984). Invasive rats
are likely to have further reduced understory biomass
through consumption of seeds and seedlings (Shiels &
Drake, 2015). The negative influences of invasive mam-
mals on forest biomass would have increased light avail-
ability, probably more than counteracting any decline in
light resulting from loss of seabird disturbances, in which
case a long-term increase in $'°C values might be
expected—the opposite of what our study shows. A

long-term decline in §'C values could also have been
a consequence of reduced moisture stress in plants
(e.g., Fessenden and Ehleringer, 2003), in turn affecting
higher trophic levels. As with light, any alleviation of
moisture stress that attended increased understory bio-
mass after loss of seabird disturbance would have proba-
bly been more than counteracted by effects of goats
causing loss of understory and canopy biomass, coupled
with their trampling and erosion of litter, increasing
moisture stress. If this was so, a long-term increase in
8'*C values might be expected, the opposite of what we
found. We cannot exclude the possibility that biases in
sampling could have resulted in the decline of §'C
values with respect to both light and moisture stress as
drivers, that is, if earlier collections were biased toward
canopy leaves or drier sites and later collections to
shaded leaves or moister sites.

Variations in emissions of volcanic or hydrothermal
CO, are another potential driver of changes in §'°C
values on Rangitahua. Fluctuations in volcanic activity
on Mount Usu, Japan, resulted in soil CO, 8"°C values
varying between —0.9%. and —30.9%. (Hernandez
et al., 2006) and volcanically derived CO, can influence
vegetation 5'°C values (Holdaway et al., 2018). Volcanic
activity on Rangitahua has declined over the last
c. 200 years, that is, two intense eruptions in the 19th
century (1814, 1870) and two less intense eruptions since
(1964, 2006; Shane & Wright, 2011) and the decline in
8'°C values in land plants and birds may have been
influenced by declining volcanic activity on the island.

Global climate change affected the study site through-
out the periods for which we have sample specimens.
Although we controlled for the Seuss effect, increasing
concentrations of atmospheric CO, could have reduced
water-use efficiency and increased isotopic discrimina-
tion in the C; plants we sampled, leading to more nega-
tive 5'3C values (Beerling & Woodward, 1995; Farquhar
et al., 1982; Farquhar & Lloyd, 1993). However, the
expected magnitude of impact (~0.5%0.-1%0; Schubert &
Jahren, 2012) is much less than the decline in plant §"*C
values we found. Climate change-driven reductions in
rainfall or humidity can reduce stomatal conductance
and reduce discrimination against '*C, resulting in less
negative 8'°C values (Farquhar et al., 1989) but on
Rangitahua Island §'°C values in plants became more
negative over time, even though post-1930 rainfall
records from the island show that periods of reduced
rainfall have become more common, especially since
2000 (NITWA Data Portal). Hence, we conclude that cli-
mate change is unlikely to be a major driver of the
changes we found in §'°C in terrestrial plants.

The decline in §'C values in terrestrial birds on
Rangitahua over 136 years shows that change in §'°C
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values is not limited to primary producers. It is possible
that species such as the kakariki (Cyanoramphus
novaezelandiae) included in our study could assimilate
marine-derived carbon through opportunistic consump-
tion of seabird guano, carrion, or spilt prey (Hobson &
Clark, 1992), as observed in Cyanoramphus unicolor on
the Antipodes Islands (Green, 1999). However, such feed-
ing is likely limited, making this pathway an unlikely
explanation for the multi-species 5'*C decline observed
in our study.

Instead, for most species, the 8'°C values in bird
feathers reflects an integration of C sources from across
the food web across the geographic range of the bird at
the time feathers are regrown; for omnivorous terrestrial
birds, this includes plant material and invertebrate prey
across several trophic levels (Bearhop et al., 2002;
Quillfeldt et al., 2008). Although more mobile species in
our time series, such as tui (Prosthemadera novaeseelandiae)
and kakariki could potentially visit and forage on
the heavily seabird-influenced Meyer Islands in any
period, their inclusion alongside more sedentary taxa
(e.g., Eurasian blackbird, Turdus merula and song thrush,
Turdus philomelos) did not obscure the declining trend.
Declining 8'°C values in terrestrial birds therefore
most likely reflect ecosystem-wide influences, such as
either a decline in allochthonous nutrient subsidies or
reduced volcanic activity on the island, rather than
species-specific foraging behaviors or sampling artifacts.

Nitrogen isotope responses: Degradation and
shifting baselines

We predicted that 8'°N values in the same plant species
on Rangitahua sampled over four periods between 1854
and the present would be high in the earliest period
(Period 1) when seabirds were abundant, as they are in
contemporary samples from the Meyer Islands, which
have had continuously high seabird populations.
Instead, 8'°N in plants from Rangitahua in Period 1 was
much lower than contemporary samples from the Meyer
Islands with no significant change across any periods of
differing seabird abundances and periods when goats
were abundant on the island. The lack of an increase in
8'°N values in plants between the period of most
extreme alteration of the island (extirpation of most sea-
birds and high goat abundance; Period 2, 1922-1981)
and the present (c. 40 years after goat eradication and
with seabird abundance growing 20 years after rat eradi-
cation) was not necessarily expected because §'°N in
plants on islands can increase within decades of rat
eradication and subsequent recolonization by seabirds
(Jones, 2010).

Several non-mutually exclusive explanations may
account for the lack of change in Rangitahua plant §'°N
values despite 169 years of drastic environmental change.
Long-term goat impacts could explain the lack of differ-
ence in plant 3"°N values between Period 2, when goats
were abundant, and the present. Goats alter N cycling
directly, through feces and urine (enriching >N —3%. to
10%o; Sutoh et al., 1987) and indirectly through selective
browsing that reduces litter quality, trampling, and ero-
sion of organic layers that disrupts soil mutualisms
(Bardgett & Wardle, 2003; Kardol et al., 2014). The legacy
of these effects can persist for decades (Bardgett &
Wardle, 2003). Although plant 8'°N declined after goat
removal from Hawaiian forest (Soper et al., 2024), the
very high densities of goats on Rangitahua (>1ha™’;
Parkes, 1984) and their long residence time (187 years)
may have resulted in stronger, enduring effects.

The lack of difference in plant §'°N values between
Periods 2-3 and the present, 20 years after rat and cat
eradication and during seabird recovery, mirrors results
from temperate New Zealand islands (13-217 ha) where
plant, soil, and spider 8'°N values showed no significant
increases 7-32 years after mammal eradication and sea-
bird recolonization (Pascoe et al.,, 2025). In contrast,
warm temperate islands in New Zealand showed signifi-
cant plant 8'°N enrichment 12-22 years after rat eradica-
tion (Jones, 2010). On Rangitahua, recolonizing seabirds
could still be too sparse and patchy to yet strongly influ-
ence plant 8'°N (the area of Rangitahua is an order of
magnitude greater than the largest island in the study
of Jones, 2010). Island size is a critical factor: stronger
8'°N enrichment has been documented on smaller tropi-
cal Indian Ocean islands (Benkwitt et al., 2021) and cool
temperate islands in British Columbia (Obrist et al.,
2022), where higher perimeter-to-area ratios facilitate
nutrient penetration. This also explains why plant §"°N
values on Rangitahua in period 1, despite high seabird
numbers, were lower than in contemporary Meyer
Islands plants.

The absence of plant §'°N differences between Period
1 (1854-1920), when seabirds were abundant on
Rangitahua, and later periods, when seabirds were extir-
pated or beginning to recolonize, is difficult to explain.
Early collections (Period 1) were primarily taxonomic, so
samples may have been biased toward sites less
influenced by seabirds, but this is uncertain. Herbarium
storage could also have altered §'°N through contamina-
tion or chemical treatments (Barrow et al., 2008),
although such processes typically elevate rather than
depress values, particularly in older specimens (Nielsen
et al., 2017). Alternatively, plant 8'°N values in Period
1 may simply reflect weaker seabird influence on
Rangitahua ecosystems compared with the Meyer
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Islands, which may therefore not be analogues of past or
future Rangitahua states. The lack of differences in plant
8'°N values in subsequent periods, especially when the
island was heavily influenced by mammals, could be
because of legacies of a lower-level seabird influence on
Rangitahua over millennia before invasions. In the early
1950s, when nearly all seabird colonies were extirpated,
soil total N concentrations across Rangitahua were 0.44%
(mean among 30 samples <30 cm depth; Wright &
Metson, 1959), hence they may not have been apprecia-
bly depleted during Periods 2 and 3 of our study.
Moreover, even if seabird-enriched total N concentrations
in soils had declined, plant 8'°N values increase with
time as soil N is depleted and more recalcitrant forms of
N are accessed from soil N pools (Hawke &
Condron, 2014).

At higher trophic levels, there were no significant dif-
ferences in terrestrial bird 8'°N values across the periods
of our study. Our results support a view that ecosystem
8'°N values are an insufficiently sensitive indicator of
response to the eradication of invasive mammals (Pascoe
et al., 2025) and indeed may also be an inadequate indi-
cator of the effects of mammal invasion on islands and
resulting seabird extinctions.

CONCLUSIONS AND IMPLICATIONS

Our study provides new insights into the long-term eco-
logical consequences of seabird loss and invasive mam-
mal impacts on oceanic islands by integrating stable
isotopes, chemical, and ecological data across space and
time. Results support the hypothesis that seabird colonies
drive nutrient enrichment of both terrestrial and near-
shore marine ecosystems. On the Meyer Islands, with
dense seabird populations, elevated 8'°N and §'°C values
across multiple trophic levels, along with high soil N and
P concentrations, underscore the critical role of
seabird-derived marine subsidies and the utility of stable
isotopes—particularly 8'°N—as tracers of sea-land nutri-
ent coupling.

The usefulness of stable isotopes as proxies to track
loss of these inputs over time was limited. Although §'°N
values in plants did not change, the consistent chronolog-
ical decline of '*C values in Rangitahua terrestrial plants
and birds could be due to sustained loss of seabird-derived
nutrients, also influenced by volcanic activity. This trend
has not reversed following eradication of goats in 1984 and
cats and rodents by 2004.

Two major disruptions shaped Rangitahua: seabird
extirpation by predators, and vegetation and soil degrada-
tion by goats. Although these mammals are gone, sea-
birds have yet to reach population sizes that restore

ecosystem-scale nutrient flows. Studies on small islands
show 8'°N recovery within as little as a decade of eradica-
tion of predatory mammals (e.g., Jones, 2010) but others
document persistent suppression 16 years after eradica-
tion (Pascoe et al., 2025). Our data from 41 years after
goats were eradicated and 21 years after predatory mam-
mals were eradicated from a large oceanic island under-
score that recovery is neither rapid nor uniform.

Whether Rangitahua will return to a pre-invasion
state or shift to a novel one remains unclear.
Pre-invasion plant 8'°N values differed from those of the
contemporary Meyer Islands, suggesting these small
islands may be an unsuitable analogue or baseline for the
much larger Rangitahua, either in the past or in the
future. Differences could reflect specimen preservation or
sampling bias, but more likely reflect intrinsic ecological
contrasts between the archipelago’s small islets and its
main island.

The slow process of recovery of ecosystem functions
after mammal eradication on Rangitahua likely reflects
its size, its degraded habitats, the disturbance regimes
(volcanic and seismic events, cyclones), climate change,
and the life history traits of seabirds that formerly bred
there. After successful mammal eradications on isolated,
oceanic islands, re-establishing seabird-mediated nutrient
flows may take much longer than 20 years. Restoring
seabird-driven ecosystem functions on these islands may
require not only eradicating invasive mammals but also
actively facilitating recolonization of some seabird
species.
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