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A B S T R A C T   

Invasive mammal eradications are widely used for managing island ecosystems. However, tracking the outcomes 
of such large-scale, whole ecosystem projects is challenging and costly, and monitoring all components of an 
ecosystem is near impossible. Instead, indicators of ecosystem change may provide more practical and integrated 
measures of ecosystem response to eradications. As high-order marine predators, seabirds subsidise island eco-
systems with nutrients isotopically enriched in nitrogen. Invasive mammals have caused a global decline of 
seabirds on islands, reducing this nutrient subsidisation. Following eradications, nitrogen stable isotope analysis 
may provide a useful and resource-efficient indicator of ecosystem functional change on eradicated islands. 
However, isotope ratios are affected by a myriad of factors, with potential sources of variation being introduced 
by spatial and temporal variation in sampling, and within and between different taxa and ecosystem components. 
To correctly attribute isotopic change to post-eradication ecosystem function change, these confounding vari-
ables need to be understood. To address this need, we analysed stable isotopes of nitrogen in soil, plant, spider, 
and seabird guano samples collected at different distances from seabird colonies and at different stages of the 
short-tailed shearwater breeding cycle on six island sites around south-eastern Tasmania, Australia. Across these 
cool, temperate islands we detected no temporal variability in δ15N throughout the breeding season. However, 
there was notable spatial variability in δ15N values. The effects of seabird-derived nutrient subsidisation were 
highly localised with high δ15N values found inside seabird colonies and then rapidly decreasing from the colony 
boundary. Higher δ15N values also occurred in areas of higher burrow density within a colony. Variability in δ15N 
values also existed both within and between ecosystem components. Our results highlight the importance of 
context dependency when using ecological indicators and have important implications for the design, imple-
mentation and interpretation of studies employing stable isotopes as indicators for ecosystem change. We pro-
vide recommendations for designing future stable isotope studies on seabird islands.   

1. Introduction 

Islands are priorities for conservation (Holmes et al., 2019; Jones 
et al., 2016); their small size, isolation and limited anthropogenic 
disturbance compared to mainland habitats means they support many 
endemic and threatened species (Anderson and Mulder, 2011; Tershy 
et al., 2015). The influence of seabirds on island ecosystems through 
both nutrient subsidisation and physical disturbance from burrowing 

and nesting has led to seabirds being referred to as ecosystem engineers 
and their breeding islands often being referred to as ‘seabird islands’ 
(Mulder et al., 2011a). Seabirds forage at sea and upon returning to 
islands, they deposit nutrients, primarily through guano but also via 
carcasses and regurgitate (Smith et al., 2011). These marine-derived 
nutrient deposits are the greatest nutrient source for many islands 
(Polis and Hurd, 1996). 

One of the biggest threats seabirds face globally are invasive 
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mammals at their island breeding sites (Bellard et al., 2016; Dias et al., 
2019; Doherty et al., 2016). Unlike in mainland ecosystems, the size and 
isolation of islands means invasive mammal eradications are possible, 
and to date have been successfully completed on over 890 islands 
globally to conserve whole island ecosystems (DIISE, 2018; Holmes 
et al., 2019; Veitch et al., 2011). Understanding how island ecosystems 
respond to eradications is important for ensuring management aims are 
being met, to inform future eradications, and to provide feedback to 
funders and stakeholders (Bird et al., 2019). Monitoring a whole 
ecosystem is impossible though, both due to the impracticability of 
measuring all ecosystem components and their interactions, and limited 
resources in conservation budgets, that sometimes may be better spent 
on direct management actions (Possingham et al., 2012). Instead, more 
efficient indicators of ecosystem recovery need to be investigated. 

Monitoring indicators of ecosystem function can provide insight into 
how ecosystems respond to management actions. The most common 
measure of ecosystem function used in restoration ecology is nutrient 
cycling (Kollmann et al., 2016). On seabird islands, nitrogen stable 
isotope analysis (SIAN) may provide a useful indicator of change in 
ecosystem function following invasive mammal eradications. At each 
trophic level isotopic fractionation occurs, where the lighter nitrogen 
isotope (14N) is disproportionally lost through excrement. As high-order 
marine predators, seabirds consume prey isotopically enriched in the 
heavier 15N isotope, leading to guano relatively high in δ15N, a measure 
of the ratio of 15N to 14N (Fry, 2006). In a healthy island ecosystem 15N- 
rich guano is transferred through the food web and is detectable in other 
ecosystem components such as soils, plant and animal tissues. Pertur-
bations to a food web, such as by invasive mammals, can reduce seabird 
numbers, diminishing the input of enriched marine-derived nitrogen 
and modify how it is passed through the food web. 

Seabird islands without invasive mammals have been found to have 
elevated δ15N values compared to invaded islands across a range of 
studies (Caut et al., 2012; Croll et al., 2005; Fukami et al., 2006; Jones, 
2010a; Maron et al., 2006; Mulder et al., 2009). Increases in δ15N values 
in various ecosystem components have also been detected on islands 
sampled before and then soon after an eradication (Nigro et al., 2017), 
and across environmentally similar islands up to two decades after their 
eradications (Jones, 2010b; Pascoe et al., 2021). Decreases in soil δ15N 
values have also been detected in colonies at increasing times since 
seabird abandonment (Mizutani et al., 1991). These studies indicate that 
there is scope for SIAN to be a useful indicator for the recovery of 
ecosystem functioning on islands following eradications. If δ15N values 
across multiple trophic levels on an eradicated island begin to approach 
levels similar to a never invaded island, it may be inferred that seabird- 
mediated marine-derived nutrient substitution has resumed or increased 
on an island, and the components and interactions within an ecosystem 
are sufficiently intact and functioning for them to be passed up the food 
web. However, stable isotope ratios are influenced by a myriad of bio-
logical and physical processes, making it challenging to attribute change 
in isotope values to a single factor (Boecklen et al., 2011; Craine et al., 
2015). It is important to investigate and account for some of these 
processes to better understand the usefulness of SIAN as a tool for 
assessing change in ecosystem function. Three key overarching sources 
of potential variation are: (i) spatial variation, (ii) temporal variation, 
and (iii) variation within and between different ecosystem components. 

(i) Spatial variation 
The deposition of seabird-derived nutrients varies spatially. Most 

seabirds are colonial nesters (Danchin and Wagner, 1997) and many 
have habitat-specific preferences for nesting locations (Eveillard- 
Buchoux and Beninger, 2021; Warham, 1990). Seabird-mediated 
nutrient subsidisation diminishes with distance from a colony 
(Bokhorst et al., 2019; Bokhorst and Convey, 2016; Caut et al., 2012; 
Crittenden et al., 2015; Jones, 2010a), although the reach of seabird 
influence is variable, ranging from homogenised levels across smaller 
islands (Jones, 2010a), to being detectable kilometres away (Crittenden 
et al., 2015). Further, different seabird species deposit different 

quantities of nutrients, and species nesting habits (e.g. below or above 
ground), will also influence nutrient uptake into the ecosystem (Smith 
et al., 2011). Even between colonies of a single species, nesting densities 
vary, influencing the quantity of nutrient deposition. Marine-derived 
nutrients may also enter an island through beach wrack, with distance 
to coast also potentially influencing δ15N values (Polis and Hurd, 1996). 

(ii) Temporal variation 
Seasonal weather patterns can regulate the amount of terrestrial 

productivity, increasing the proportion of 14N in a system and the prey 
choices of consumers (Stapp et al., 1999). Rainfall resulting in nutrient 
run-off influences the availability of seabird-derived nutrients for 
incorporation into a system (Rankin and Jones, 2021). Many seabirds 
are also highly seasonal in their colony attendance, resulting in sea-
sonality in nutrient deposition and disturbance levels (Smith et al., 
2011). Seabirds also display seasonal variation in diet, foraging behav-
iour and foraging location (Davies et al., 2009; Ito et al., 2009) which in 
turn can alter the isotopic baseline entering an island throughout a 
season (Carpenter-Kling et al., 2019; Caut et al., 2012; Quillfeldt et al., 
2005). How stable isotope levels in ecosystem components respond to 
seasonality in seabird breeding cycles is largely unknown. The legacy of 
breeding season nutrient input may sustain isotope levels on an island 
through the non-breeding season: elevated δ15N values have been used 
to track seabird activity over hundreds of years though sediment cores 
(Michelutti et al., 2009). However, nitrogen is not isotopically stable 
after it is deposited into the soil. From guano nitrogen enters the soil as 
uric acid. It then breaks down to ammonia if water is present (Lucassen 
et al., 2017; Mizutani et al., 1985). Significant amounts of ammonia can 
volatilize from the soil, a process associated with a large fractionation 
rate, leaving high δ15N values in the remaining substrate (Craine et al., 
2015; Szpak et al., 2012b). In modern guano profiles (approximately 5 
years after deposition) δ15N values increase with age, with very high 
δ15N values found in fossilised guano (Lucassen et al., 2017). Ecosystem 
component isotopic composition may differ when nutrient deposition is 
regular during the breeding season and track seasonal changes in the 
diet of the seabirds, compared to outside the breeding season when the 
marine-derived nutrient input stems from a guano legacy. 

(iii) Variation in ecosystem components 
Isotopic variation exists between species (Hawke et al., 2017; Jones, 

2010a) and individuals (Grey et al., 2004; Tillberg et al., 2006). Isotopic 
differences between individuals may reflect seasonal or developmental 
changes in growth pattern or diet (Bausenwein et al., 2001; Oelbermann 
and Scheu, 2002; Szpak et al., 2012a). For example, hatchling spiders 
have lower δ15N values than their mothers, but this increase as the 
spiders develop (Oelbermann and Scheu, 2002). Plants can also show 
different δ15N values with growth stage, relying at different times more 
on stored or absorbed nitrogen sources (Szpak et al., 2012a). The 
response of various ecosystem components to nutrient subsidisation also 
depends on tissue turnover rates. Plants and invertebrate consumers or 
predators can provide insights into short-term dynamics of nitrogen 
cycling, while soils may represent longer-term dynamics with slower 
organic matter turnover time and hence may be more stable to short- 
term temporal changes, such as seabird seasonality (Carpenter and 
Turner, 2001; Craine et al., 2015; Mizutani et al., 1991). 

For SIAN to be a useful indicator for change in ecosystem function 
following invasive mammal eradications, we need to understand these 
potentially confounding factors. Here, we investigate sources of isotopic 
variation across soil, plant and spider samples on seabird islands to 
inform the design and interpretation of future studies. These ecosystem 
components were selected to provide insight on δ15N values across 
multiple trophic levels of the terrestrial food web, enabling us to 
investigate if marine-derived nutrients are being incorporated into the 
soil, taken in by plants and then passed on through various invertebrates 
to be consumers by predatory spiders. Specifically, we investigate:  

1. Fine-scale spatial variation (i.e., where on an island sample should be 
collected). 
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2. Short-term temporal variation from weather events, seasonality in 
the ecosystem components, life cycle and seasonal changes in seabird 
colony attendance (i.e., when samples should be collected).  

3. Variation within and between ecosystem components (i.e., what 
samples should be collected). 

2. Methods 

2.1. Study islands 

We collected samples from six sites across five temperate islands 
around the south-east coast of Tasmania, Australia, situated from 
− 43.13◦S to − 43.66◦S: Wedge Island, Bruny Island (2 sites: Cape Queen 
Elizabeth and Whale Bone Point), Courts Island, Maatsuyker Island and 

Tasman Island, (Fig. 1). The study islands range in size and invasion and 
eradication histories (Table 1), enabling us to investigate whether 
spatial or temporal trends in δ15N values hold true across diverse islands. 

Each island has burrowing seabird breeding colonies dominated by 
short-tailed shearwaters (Ardenna tenuirostris), Australia’s most abun-
dant seabird species (Skira et al., 1996). Returning in late September, 
millions of short-tailed shearwaters converge on islands around south-
ern Australia to prepare their burrows. Following a pre-laying foraging 
trip to the Southern Ocean during November, eggs are laid in late- 
November to early-December, with chicks hatching in mid to late- 
January. Adults undertake regular foraging trips to provision young 
over the first few weeks of summer, with the frequency decreasing until 
breeding adults depart the colony in mid-April to migrate to their 
northern Pacific winter foraging grounds. The chicks fledge in late-April 

Fig. 1. A) Location of the six study sites (labelled in bold) around south-eastern Tasmania. Study sites are shown at the same scale. B) Photographs of each study site 
(Photos: P. Pascoe). 
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to early-May, and colonies remain empty until September (Skira, 1991) 
(Fig. 2). 

We selected three sampling locations at each of the islands, termed: 
colony, near colony and outside colony locations (Fig. 2). Colony locations 
were selected to ensure minimal disturbance and burrow damage. Near 
colony locations were situated 3 – 20 m from the colony edge, defined as 
the outermost burrows found. Outside locations were chosen to be as far 
as practical from a colony, often dictated by island size, but at least 70 m 

from the nearest burrow. At each sampling location we established five 
sampling points at approximately 5 m intervals. The exact position of 
each sampling location was chosen based on the presence of key plant 
species, i.e. those common within and between islands. Sampling loca-
tions were selected in proximity to these key plant species. Near and 
outside sampling locations were positioned approximately parallel to the 
colony boundary where possible. 

Table 1 
Summary of the six study sites.  

Island site Size (ha) Max 
elevation 
(m) 

Distance to nearest 
weather station 
(distance km) 

Long-term 
annual rainfall 
average (mm) 

Wettest month 
(ave. rainfall 
mm) 

Driest month 
(ave. rainfall 
mm) 

Average study 
colony 
density/m* 

Invasive mammals 

Cape Queen 
Elizabeth 
(Bruny Island) 

~120 
(36,200) 

47 Cape Bruny 
Lighthouse (36.5)  

935.2 July (94.6) Feb (56.2) 0.79 ± 0.17  Rattus rattus, Mus 
musculus, Oryctolagus 
cuniculus, Felis catus1 

Courts 15.8 43 Cape Bruny 
Lighthouse (1)  

935.2 July (94.6) Feb (56.2) 1.1 ± 0.37  Rattus rattus1 

Whale Bone Point 
(Bruny Island) 

6 
(36,200) 

14 Cape Bruny 
Lighthouse (8.4)  

935.2 July (94.6) Feb (56.2) 0.51 ± 0.23  Rattus rattus, Mus 
musculus, Oryctolagus 
cuniculus, Felis catus1 

Maatsuyker 186.2 266 Maatsuyker 
Lighthouse (0)  

1223.4 July (128.7) Feb (69.6) 0.24 ± 0.23  none 

Wedge 42.6 89 Dennes Point (26.8)  781.7 Aug (52.0) Feb (27.6) 0.28 ± 0.11  Felis catus (eradicated 
2004)2 

Tasman 120 240 Tasman Lighthouse 
(0)  

781.7 Aug (79.1) Feb (47.5) 0.67 ± 0.14  Felis catus (eradicated 
2010)3 

* Average burrow density from 5 × 3 m radius plots counted during pre-fledging sampling events (Feb/March 2020 and Feb/March 2021) for Wedge, Courts, 
Maatsuyker, Whale Pone Point and Cape Queen Elizabeth, and in the incubation sampling event in December 2020 for Tasman Island. 
References: 1. Bryant and Harris (2021), 2. Robinson and Gadd (2020), 3. Robinson et al., (2015) & Rainfall data sourced from: https://www.bom.gov.au/cli 
mate/data. 

Fig. 2. Conceptual diagram of the study design. Different ecosystem components (soil, plant, spider, and seabird guano samples) were collected at different locations 
across 6 island sites at different stages of the short-tailed shearwater (Ardenna tenuirostris) breeding cycle to investigate i) spatial, ii) temporal and iii) ecosystem 
component δ15N variability. 
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2.2. Ecosystem component sampling and δ15N analysis 

We sampled three ecosystem components: soil, leaves and ground- 
active spiders. We also collected seabird guano samples to quantify 
the baseline δ15N value entering the islands (Fig. 2). Ground-active 
spiders were caught using pitfall traps set at each sampling point (15 
per site: 5 at each of the colony, near and outside sampling locations). 
Traps consisted of a 7 cm diameter piece of poly-pipe inserted flush with 
the ground. Traps were set by inserting a 200 ml vial flush with the poly- 
pipe containing 2 cm of propylene glycol. We left traps set for 4–10 days 
depending on island accessibility, then the vials were collected. The 
poly-pipe was left in the ground for repeat trapping. In between trapping 
we placed a stick in the hole to allow invertebrates and lizards to crawl 
out. The contents of each trap were systematically searched under a 
Zeiss Stemi DV4 Stereo Microscope to extract all spiders. We then 
identified spiders to family level, age class (adult or juvenile), and sex. 
The most widespread spider families across islands and sampling loca-
tions were then determined. We collected soil, leaf, and guano samples 
within 2 m of each pitfall trap. Soil was collected by removing the leaf 
litter and scraping back the first 1 to 2 cm of soil before collecting 
around 20 g of soil. Plant species that were widespread across all islands 
and occurred across colony, near and outside sampling locations were 
determined. Based on this, we selected bracken fern (Pteridium escu-
lentum), blue tussock-grass (Poa poiformis) and bower spinach (Tetrago-
nia implexicoma) for plant analysis. Young leaves or pinna were picked 
from each plant to capture recent growth and three individuals of each 
species were sampled per site if they were present. Seabird guano was 
collected opportunistically using a small plastic straw from colony 
sampling locations. All parts of a scat were used for analysis. 

In preparation for stable isotope analysis, we rinsed leaves in 
distilled water to remove any contamination. Rinsed leaves, soil and 
guano samples were then placed in a drying oven at 60 ◦C for 48 h. Soil 
samples were then passed through a 0.5 μm sieve. Invertebrate samples 
were passed through a 20 denier polyganza mesh to remove the pro-
pylene glycol and then covered in 70 % ethanol for preservation. While 
short-term (<6 month) storage of invertebrate samples in ethanol has 
been found not to affect nitrogen isotope values (Hogsden and McHugh, 
2017), ethanol can affect carbon isotope values. Samples were kept in 
ethanol for no longer than 6 months and all spiders were rinsed in 
distilled water to remove the ethanol and make them comparable to 
similarly treated samples. Samples were then dried at 60 ◦C for 48 h, 
removing the abdomens to reduce the amount of muscle or cuticle in 
samples (Jones 2010b) and ensuring analysis accounted for long-term 
feeding behaviour (Sanders et al., 2015). From the five points sampled 
from each sampling location, we selected 2–3 replicates of each sample 
type for SIAN. These were separately ground to fine powders in stainless 
steel vials using a Biospec Products Mini Beadbeater. 

Stable isotope analysis was performed using an automated Elementar 
vario PYRO cube analyser interfaced with a continuous flow Iso-
Prime100 isotope ratio mass spectrometer at the Central Sciences Lab-
oratory at the University of Tasmania. The nitrogen produced during 
combustion was directly fed into the mass spectrometer and measured 
against the international reference standard for nitrogen, atmospheric 
air (N2). Stable isotope abundances were reported in delta (δ) values, the 
deviation of a samples 15N:14N ratio from that of the from conventional 
standards in parts per mil (‰) from the following equation: 

δX(‱) =
[(

Rsample/Rstandard − 1
)
× 1000

]

where X = 15N and R = the ratio of 15N:14N. International reference 
standards with known isotopic composition (USGS 25, USGS 40, USGS 
41, IAEA-N1 and IAEA-N2, NBS-21, USGS-24 and ANU-NAT-76H) were 
used to correct for instrumental drift and Quality Assurance purposes. 
The analytical performance of the instrumentation, drift correction and 
linearity performance were calculated from the repetitive analysis of 
these standards. Precision was 0.1 ‰. 

2.3. Temporal variation in δ15N values 

We undertook repeat sampling at five of the sites (all except Tasman 
Island). Samples were collected five times over a year, each timed to 
coincide with different stages of the short-tailed shearwater breeding 
cycle: 1. pre-fledging, 2. start of vacant colony period, 3. end of vacant 
colony period, 4. incubation and 5. pre-fledging. Due to accessibility, 
Tasman Island was only sampled once, during the incubation stage 
(Fig. 2). 

We sourced rainfall data from publicly available Bureau of Meteo-
rology records (https://www.bom.gov.au/climate/data/), using the 
nearest weather station to each island (Table 1). We calculated the total 
rainfall for 30-days before sampling, and the maximum rainfall in a 24- 
hour period during that time. 

2.4. Spatial variation in δ15N values 

We investigated spatial variability in relation to sampling location 
(colony, near and outside sampling locations) at all sites. To provide 
additional insight into the drivers of spatial variability, we also collected 
soil and plant samples along transects on Tasman and Wedge islands 
(1040 m and 750 m, respectively), starting from near the coast and 
transecting the islands interior, collecting samples at approximate 
multiplicative intervals (i.e. 50 m, 100 m, 200 m, etc; Fig. 2). 

We approximated colony boundaries using a combination of satellite 
imagery from Google Earth Pro 2021, ground truthing and marking the 
colony boundary using a handheld GPS (Whale Bone Point, Cape Queen 
Elizabeth and Courts islands), and existing colony boundary maps 
(Tasman Island: (Bryant and Shaw, 2006), Wedge Island: (Vertigan, 
2010)). Colony size, colony complexity and vegetation density on 
Maatsuyker Island prevented us from estimating colony boundaries, so 
Maatsuyker Island was excluded from the distance to colony analysis. 
For all other islands, we drew polygons around the colony perimeters 
and calculated the distance of each sampling point to the nearest colony 
boundary using the ‘dist2Line’ function in r package ‘geosphere’ (Hij-
mans, 2019). Each distance to colony value was converted into 10 m 
intervals to account for inaccuracies in the colony boundary estimates 
and recorded sampling point locations. All samples within colonies were 
assigned a distance to colony value of 0 m. 

We calculated the distance of each sampling point to the coast using 
the ‘dist2Line’ function in r package ‘geosphere’ (Hijmans, 2019). 
Sampling point elevation values were extracted from Google Earth Pro 
2021. 

At colony locations we counted burrow entrances in a 3 m radius 
around each sampling point. At the five repeat sampling sites, these 
counts were made during the two pre-fledging sampling events, giving 
10 density plots per sampling location. On Tasman Island we undertook 
counts once during the incubation visit giving 5 density plots. Counts 
were then divided by 28.27 to convert them to burrows/1m2. 

2.5. Statistical analysis 

All analyses were conducted in R studio (RStudio Team, 2018) using 
R version 4.0.2 (R Core Team, 2020). Code and raw data used are 
available at (Pascoe 2022). 

To identify if different plant or spider sample taxa displayed different 
δ15N values, or if they could be pooled to increase coverage, we fitted 
linear mixed effects models using the ‘lmer’ function from package 
‘lme4′ (Bates et al., 2015). Individual models were fitted to plant and 
spider samples. To compare samples collected at the same time and from 
the same island, we included seabird phenological stage and sampling 
location as random effects, with sample δ15N value as the response 
variable. Plant species or spider family, age class and sex were included 
as fixed effects. Where a significant effect was identified, we performed a 
multiple comparisons of means test with Tukey Contrasts using the ‘glht’ 
function (’multcomp’ package, Hothorn et al., 2008) to identify the 
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differing groups. 
To investigate whether the spatial effect of colony status, and the 

temporal effects of seabird phenological stage and localised rainfall 
influenced δ15N values, we used linear mixed effects models fitted to 
data from the five repeatedly sampled islands. An interaction term was 
included between colony status and sample type, and sample type and 
seabird phenological stage to test if different sample types responded in 
different ways. We included island as a random effect to account for any 
additional inter-island variability. The ‘dredge’ function (R package 
MuMIN; Barton, 2020) was used to compare all combinations of this full 
model. An information theoretic model selection approach using 
Akaike’s information criterion (AIC) was used to assess the relative 
strength of support for each of the parameters. We selected the top 
model as the most parsimonious model with a ΔAIC < 2. 

We also quantified the effects of distance to colony, elevation, and 
distance to coast for each sample type. Additional spatial resolution was 
obtained by incorporating the transect samples collected from Wedge 
and Tasman islands. We excluded Maatsuyker Island as colony bound-
aries could not be defined. Linear mixed effects models with island and 
sample type included as random effects were used to investigate the 
effects of distance to seabird colony, distance to coast and elevation on 
δ15N, with the terms interacting. 

To investigate the influence of burrow density on δ15N values, and if 
this varied with sample type, we fitted a linear mixed effects model with 
island included as a random effect and a random intercept and slope 
allowed for sample type with burrow density. 

3. Results 

3.1. Variation in ecosystem components 

For both plants and spiders, δ15N values varied with species or family 
(Table 2). Among the plants, Tetragosnia implexicoma δ15N values were 
consistently higher than those for Poa poiformis and Pteridium esculentum 
(Tukey’s test, P < 0.01), but did not differ between the latter species 
(Tukey’s test, P = 0.31) (Table 2). To increase the coverage of plant 
samples within and between islands, T. implexicoma was omitted and 
P. poiformis and P. esculentum were pooled for the analysis to represent 
island vegetation. Lycosidae, Toxopidae and Miturgidae were the most 
prevalent spider families across islands and sampling locations. Tox-
opidae δ15N values were lower than those for Miturgidae and Lycosidae 
(Tukey’s test, P = 0.05 and P = 0.01, respectively), but were similar for 
Lycosidae and Miturgidae (Tukey’s test, P = 0.32) (Table 2). There was 
no difference in δ15N values between spider age classes or sexes (age: 
LRT, G1 = 1.12, P = 0.29, sex: LRT, G1 = 1.05, P = 0.31). To obtain the 
greatest coverage Lycosidae and Miturgidae specimens were selected for 
analysis with the sexes and age classes combined. Guano sample δ15N 
values were consistent between islands, seabird phenology stages and 
sampling locations (ANOVA: island; F5,50 = 1.08, P = 0.38, seabird 
phenology stage; F1,50 = 1.11, P = 0.30, sampling locations; F2,50 = 0.52, 
P = 0.60), indicating baseline δ15N values entering each island were 
comparable (Table 2). 

Soil, plant and spider isotope values ranged from: − 0.05 ‰ to 18.5 
‰, − 12.9 ‰ to 19.1 ‰ and 5.27 to 24.7 ‰, respectively (Table 2). The 
δ15N values of soil, plants and spiders collected from the same sampling 
location at the same time were highly correlated (Pearson’s correlation 
coefficients for: soil vs plant; t71 = 9.20, P < 0.01, corr = 0.74, soil vs 
spider; t55 = 11.20, P < 0.01, corr = 0.83 and plant vs spider; t52 = 9.68, 
P < 0.01, corr = 0.80). Within seabird colonies, correlations between 
δ15N values of guano and each ecosystem component collected at the 
same time were low and not significant. (Pearson’s correlation co-
efficients: guano vs soil; t19 = 1.57, p = 0.13, corr = 0.34, guano vs plant; 
t15 = 1.43, P = 0.17, corr = 0.35, and guano vs spider; t12 = 1.44, P =
0.17, corr = 0.38). 

3.2. Temporal and spatial variation 

Samples collected from colony locations had the greatest δ15N values, 
while those collected from outside had the lowest (Fig. 3, Table 3A). 
Neither seabird phenology stage nor local rainfall influenced δ15N 
values (Table 3A). Guano samples were only collected from colony lo-
cations and had similar δ15N values between the islands so were omitted 
from the model. At all sampling locations, spiders had the highest δ15N 
values. Soil and plant δ15N values only significantly differed from each 
other at outside colony locations (Tukey’s test, P = <0.01). 

Distance to colony alone was the strongest spatial predictor of 
sample δ15N values, with the decrease in 15N enrichment occurring 
rapidly from the colony boundary (Fig. 4, Table 3B, Table 4B). Distance 
to coast and sample point elevation were highly correlated (Pearson’s 
correlation coefficient t505 = 31.77, P < 0.001, corr = 0.82), so only 
distance from coast was used in the full model. Based on a visual ex-
amination of the raw data and comparison of conditional R2 values, a log 
transformation was applied to distance to colony, with an adjustment of 
+1 applied to all distance to colony values to allow a log transformation 
to be made on inside colony samples (distance to colony = 0 m). 

Soil, plant, and spider δ15N values increased with surrounding 
burrow density (within a 3 m radius of sample collection). As expected, 
guano δ15N displayed little change in δ15N with burrow density (Fig. 5, 
Table 3C). 

4. Discussion 

Our study provides the first insights into the temporal relationship 

Table 2 
Range, mean and standard deviation (SD) of δ15N values for each ecosystem 
component sampled.  

Ecosystem 
Component 

Taxa δ15N range (‰) Mean ± SD 
δ15N 

guano guano 4.90–10.91 7.63 ± 1.37 
spider Lycosidae 5.27–24.72 12.86 ± 5.52 
spider Miturgidae 6.70–28.13 15.76 ± 6.15 
plant Poa poiformis − 12.92–13.56 4.21 ± 4.08 
plant Pteridium esculentum − 6.47–19.06 4.52 ± 4.69 
plant Tetragonia 

implexicoma 
2.37 – 19.20 12.50 ± 3.67 

soil soil − 0.05–18.52 6.08 ± 3.70  

Fig. 3. Soil, plant, and spider δ15N values from outside, near, and colony sam-
pling locations. Points display raw data and boxplots show the mean and range 
of predicted values from the best fitting linear mixed effects model: δ15N ~ 
sample type: sampling location + (1|island). The average guano δ15N value (±1 
SD) across the islands (7.6 ± 1.4 ‰) is shown in grey. 
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between the breeding cycle of seasonal seabirds and δ15N values and 
adds to existing knowledge of spatial and ecosystem component effects 
on δ15N. As such it is an important addition to the growing body of 
literature exploring the relationship between δ15N values and seabirds 
both between (Croll et al., 2005; Fukami et al., 2006; Graham et al., 
2018; Jones, 2010a; Kolb et al., 2010; Mulder et al., 2009) and within 
(Bokhorst et al., 2019; Bokhorst and Convey, 2016; Caut et al., 2012; 
Crittenden et al., 2015; Erskine et al., 1998; Jones, 2010b; Wainright 
et al., 1998) islands. For soil, plants and spiders collected in and around 
short-tailed shearwater colonies on Tasmanian islands, the type of 
sample and location of collection were important predictors of δ15N 

values. However, we found sampling timing was not a significant pre-
dictor of δ15N values. Our spatial results are congruent with these pre-
vious studies, with δ15N values higher within seabird colonies compared 
to outside. We also added to the existing spatial knowledge by showing 
that within colonies, areas with higher burrow density are also associ-
ated with higher δ15N values. We also highlight that on these islands the 
influence of seabird-nutrients is highly localised with δ15N values 
decreasing rapidly from the colony boundary. 

4.1. Temporal variation 

The islands in this study were temperate with year-round rainfall 
rather than distinctive wet and dry seasons. This allowed us to investi-
gate if seasonal changes in δ15N may result from different stages of the 
short-tailed shearwater breeding cycle, rather than to seasonality in 
weather or other resource availability (e.g. Rankin and Jones, 2021; 
Stapp et al., 1999). The lack of seasonal change in δ15N values indicates 
that the highly seasonal nature of the seabirds does not influence the 
δ15N values of the ecosystem components. This may have been expected 
for soil samples which have slower rate of organic matter turn-over than 
plants and may therefore reflect longer-term processes than seasonal 
fluctuations in nutrient deposition (Mizutani et al., 1991; Craine et al., 
2015). However, it was less expected for new growth leaves and spiders, 
which may change their diet or photosynthetic rate and consequentially 
rate of nutrient uptake over the course of the year. However, as neither 
plants or spiders use seabird guano directly, incorporating it indirectly 
through the soil, the slower turnover rate of soil may buffer them from 
temporal change. 

While the deposition of marine-derived nutrients by short-tailed 
shearwaters was highly seasonal, overall marine-derived nutrient sub-
sidisation may not be. Marine nutrients may also enter an island system 
through sea spray and beach wrack (Anderson and Polis, 1998). Sam-
pling sites on each study island were on average 116 ± 67 m from the 
coast. It is possible that marine inputs continue to be deposited on the 
islands outside the shearwater breeding season. The lack of distance-to- 

Table 3 
Summary of model output for the effect of A) temporal and spatial variables, B) drivers of spatial variability and C) seabird burrow density on δ15N values.  

Response Random effects Fixed effects Intercept Conditional R2 Marginal R2 

Estimate Std. Error t value  

A) Temporal and Spatial variation in δ15N across the ecosystem components 
δ15N island colony status - close  1.75  0.94  1.86 0.75 0.63 

colony status - colony  2.48  0.48  5.13 
sample type - soil  8.25  0.57  14.37 
sample type - spider  2.35  0.48  4.87 
close*soil  6.06  0.59  10.31 
colony*soil  − 0.88  0.67  − 1.32 
close*spider  − 3.34  0.75  − 4.44 
colony*spider  3.07  0.79  3.87  

B) Spatial drivers of δ15N variation 
δ15N island + sample type  log(distance to colony + 1)  12.12  2.72  4.46 0.80 0.23  

C) Burrow density effect on δ15N 
δ15N island + (burrow density | sample type) burrow density  10.64  2.25  4.73 0.83 0.02  

Fig. 4. Relationship between ecosystem component δ15N values and distance 
from a seabird colony. Lines are predicted values from δ15N ~ log (distance to 
colony + 1) + (1|island) + (1 |sample type) shown with standard error. 

Table 4 
Summary of relative strength of support for the effects of A) sampling location (colony, near and outside), seabird phenology stage, total rainfall, max rainfall, and 
interactions between sample type and sampling location, and sample type and seabird phenology stage, with island included as a random effect. And B) distance to 
coast interacting with distance to seabird colony on δ15N with island and sample type included as random effects. The best fitting model was selected as the most 
parsimonious model with a ΔAIC < 2 (shown in bold). Only models with ΔAIC < 6 are displayed for simplicity.  

Response Random effects Fixed effects df logLik AIC ΔAIC weight  

A) Temporal and Spatial variation in δ15N across the ecosystem components 
δ15N (‰) Island sample type: sampling location 11  ¡1186.4  2394.9  0.0  0.82 

Seabird phenology stage + (sampling location: sample type) 12  − 1187.2  2398.3  3.5  0.15  
B) Spatial drivers of δ15N variation 
δ15N (‰) Island + Sample type log(distance to colony) 5  ¡1291.35  2592.8  0.00  0.81 

Distance to coast + log (distance to colony) 6  − 1291.79  2595.8  2.94  0.19  
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coast effect on δ15N values may indicate that these are not major 
nutrient sources of these islands, or that the contribution of marine- 
derived nutrients from these sources is constant over these relatively 
short distances. Alternatively, the legacy of the summer’s seabird guano 
deposition may also simply be sufficient to provide marine-derived 
nutrients through the non-breeding season. In the Stockholm archipel-
ago, high δ15N values were still found on islands abandoned by cor-
morants 1–5 years before sampling (Kolb et al., 2010). 

Temporal variability in δ15N levels on seabird islands can also relate 
to variability in the baseline δ15N input coming from the seabirds 
themselves. On Teuaua and Surprise islands in the Pacific Ocean, the 
δ15N signatures of seabirds reflected those of their prey over a 2–4 year 
period, and the δ15N values of various ecosystem components reflected 
those of the seabirds (Caut et al., 2012). We did not find similar vari-
ability in the baseline nutrient input to the Tasmanian islands, with 
guano δ15N values remaining constant over the entire study period and 
between islands. 

4.2. Spatial variation 

The effect of seabird nutrient subsidisation was highly localised. Our 
near colony locations were within just 20 m of seabird colonies and had 
significantly lower δ15N values than colony locations for all ecosystem 
components. With the additional spatial resolution provided by our 
transect data, we showed that most of the decline in δ15N values 
occurred rapidly from the colony boundary with the rate of change 
lessening with increasing distance (Fig. 4). The effects of marine- 
nutrient substitution can reach beyond the limits of a seabird colony 
through abiotic factors, such as nutrient leaching in water runoff and 
ammonia volitization, or through biotic vectors, such as the movement 
of consumers or predators that have fed on seabird-derived nutrients 
(Erskine et al., 1998; Gaiotto et al., 2022). Previous studies comparing 
seabird-influenced and non-influenced sites on an island have investi-
gated the reach of the seabird influences at distances ranging from kil-
ometres away from a colony (e.g. Crittenden et al., 2015) to just 50 m, 
with significant differences in δ15N still being detected (e.g. Caut et al., 
2012). The difference in spatial extent of seabird influence detected 
between studies may stem from differences in the types of seabirds 
present. Surface nesting species deposit a greater volume of guano onto 
the ground at their colony and often nest in greater densities than bur-
rowing seabirds (Smith et al., 2011). Being exposed to the elements, 

often with minimal vegetation cover due to trampling and nutrient 
toxicity, guano in surface nesting seabird colonies is more susceptible to 
volatising and spreading away from a colony. The rapid drop in δ15N 
with distance from seabird colony recorded for all ecosystem compo-
nents in this study is likely due in part to the burrowing habit of 
shearwaters. We found the change in δ15N levels between colony and 
outside colony locations was greatest for spiders. Inside the seabird 
colonies, spiders may be feeding at a higher trophic level by consuming 
prey that is itself directly exploiting marine nutrients, such as by feeding 
on seabird guano or carcasses. This could explain the large difference in 
δ15N found in spiders between the two locations. 

Globally, a positive relationship between soil δ15N and seabird 
density has been identified at the per hectare scale (Mulder et al., 
2011b). We found that colony density increases only meters apart were 
also reflected by increasing δ15N levels in all ecosystem components. 
Within-colony burrow density is a good predictor of both soil nitrate 
(NO-

3) and leaf %N and C/N (Borrelle, 2018). These localised difference 
in nutrients may indicate there is minimal leaching of nutrients occur-
ring to subsidise soil and plant samples away from the site of guano 
deposition on these islands, and that spiders are feeding in a limited 
home range. As δ15N values were still elevated at the near colony sites 
compared to outside colony sites, some seabird nutrient subsidisation is 
reaching at least 20 m from the colony boundary. However, this may 
also reflect that the seabirds themselves are not restricted to the colony 
and may defecate in other areas. Adult burrow nesting species, such as 
the short-tailed shearwaters in this study, rarely defecate inside the 
burrow, but instead during take-off and landing outside of burrows 
(Durrett and Mulder, 2011; Warham, 1990). Additionally, it may reflect 
the dynamic nature of colony boundaries, if areas now outside the col-
ony were once also occupied by seabirds. 

4.3. Ecosystem component variation 

At all locations, spiders were more enriched in 15N than soil or plant 
samples, as would be expected with their higher trophic position. Soil 
and plant samples were similar in their δ15N values, except for at outside 
colony locations where soil averaged 2.27 ‰ higher δ15N than plants. 
These results concur with the strong dependence between soil and plant 
δ15N values demonstrated globally, with soil averaging 3.3 ‰ higher 
than plants (Craine et al., 2015). The reduction of the difference in δ15N 
between soil and plant sample with increasing seabird influence at the 
near and colony locations is also similar to that found in the Aleutian 
Archipelago in Alaska. There, on islands with high seabird densities, 
grass δ15N values were similar to those of soil, while on islands with low 
seabird densities, grass δ15N values were much lower than those of soil 
(Croll et al., 2005). Contrastingly, on both islands with high and low 
seabird densities in the Chagos Archipelago in the Indian Ocean, soil 
samples were higher in δ15N than plants (Graham et al., 2018). These 
differences may reflect the more tropical climate of the Chagos Archi-
pelago, leading to greater terrestrial productivity and a relatively higher 
proportion of 14N in the plants thereby decreasing their δ15N values 
compared to the arctic climate of the Aleutian Archipelago or the cool 
temperate climate of these Tasmanian study islands. 

We anticipated potential intra-ecosystem component variability in 
δ15N values from seasonality in plant growth rates and spider prey 
availability. However, δ15N values remained constant over the course of 
the year. On arid seabird islands in the Gulf of California, primary 
productivity is almost non-existent in drought La Niña years. In these 
years, terrestrial predators such as spiders and scorpions consume a 
greater proportion of marine-derived nutrients in their diet (Anderson 
and Polis, 1998) as their prey make greater use of marine-derived food 
sources rather than plants (Stapp et al., 1999). On the islands we studied, 
plant growth rates and biomass visually changed over the seasons. New 
growth leaves were harder to find in winter months, and grass species 
overgrew the succulent ground cover in many colonies. However, the 
lack of seasonality in spider δ15N values indicates that the trophic 

Fig. 5. Relationship between δ15N values and burrow density in a 3-meter 
radius of each ecosystem component. Lines are predicted values from δ15N 
~ burrow density + (1|island) + (burrow density |sample type) shown with 
standard error. 
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position and diet of their prey is constant year-round. While feeding 
studies have shown spider δ15N values to shift with prey type, in the wild 
spiders are typically generalist predators, feeding on a variety of prey 
types (Oelbermann and Scheu, 2002). This could balance out the δ15N 
composition of their diet across seasons. We did not find juvenile spiders 
to have lower δ15N values than adults, counter to laboratory study 
findings for Lycosidae (Oelbermann and Scheu, 2002). When selecting 
spiders for SIAN, preference was given to larger individuals to have 
higher certainty around their taxonomic identification. The lack of dif-
ference in δ15N between the adult and juveniles may be due to this 
limited range of body sizes. This has been found to limit the detectability 
of size-based trophic structure in other taxa, such as fish (Galván et al., 
2010). 

4.4. Sampling recommendations and conclusion 

Our results have important implications for field sampling. When 
and where researchers visit an island is generally dictated by logistical, 
resource and permitting limitations. The lack of temporal variation is 
therefore helpful for researchers wanting to compare isotopic signatures 
between temperate islands or across longitudinal studies. An important 
future research direction will be to determine if similar patterns hold 
across other temperate islands and islands in other biomes. The spatial 
variability in δ15N both within and moving away from seabird colonies, 
and the variability both within and between ecosystem components, 
highlights the importance of consistency in selecting sampling locations 
and sample types if seeking to accurately portray the influence of sea-
birds on island ecosystem functioning. 

When designing long-term studies on seabird islands using SIAN as an 
indicator for ecosystem function, the ideal would be complete replica-
tion: the same sample type, collected from the same location, at the same 
time of year for the duration of the study. However, in most cases, this 
would be impractical or impossible. Target taxa may not occur every-
where, and when or where on an island is visited may be outside re-
searchers’ control. The next best option would be to standardise as much 
as possible. Within the scope of time and resources available we 
recommend the following for the design and implementation of future 
stable isotope studies aiming to assess the response of ecosystem func-
tion following island eradications: 

i) When to sample 

If possible, sample simultaneously or at the same time across years. 
Alternatively, conduct a standardised pilot study to identify if sea-
sonal variation in isotope levels occur in the study system, particu-
larly if there is strong seasonality in climate or the assemblage of 
seabird species present. 

ii) Where to sample 

For longitudinal studies, select a repeatable sampling location. For 
intra- or inter-island comparisons, spatial variability in δ15N needs to 
be considered. Samples from inside seabird colonies need to be 
collected from regions with comparable densities. If sampling 
outside a colony, sample at a set distance greater than 20 m from the 
perimeter to minimise the immediate colony effect. 

iii) What to sample 

Use a single widespread taxon identified to the highest taxonomic 
resolution possible for each ecosystem component being investi-
gated. If no taxa provide sufficient coverage (i.e. if none are ubiq-
uitous), determine if conspecifics are isotopically comparable, and if 
not, undertaking SIAN on that ecosystem component may not provide 
meaningful results as different samples may not be comparable. 

Stable isotopes can be a powerful indicator for ecological change but 
need to be used with caution. Numerous variables influence isotopic 
ratios, and as many of these as possible need to be understood to attri-
bute change in stable isotope values to a single factor of interest. We 

have shown for this study system that what and where you sample in-
fluences stable isotope results, but when during the year does not. We 
recognise that the lack of seasonal change in δ15N found here may not 
hold true for islands with greater seasonality in weather (Rankin and 
Jones, 2021; Stapp et al., 1999), or a diverse assemblage of seabirds 
foraging on different prey over the course of a year and introducing 
isotopically different base-line nitrogen into an island system (Caut 
et al., 2012). However, this study provides a starting point for assisting 
future stable isotope studies to be planned and undertaken in a way to 
minimise confounding SIAN results. This will ensure that results ob-
tained and inferences made are ecologically meaningful and allow SIAN 
to be developed into a useful indicator for change in ecosystem function. 
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Kolb, G.S., Jerling, L., Hambäck, P.A., 2010. The impact of cormorants on 
plant–arthropod food webs on their nesting islands. Ecosystems 13, 353–366. 
https://doi.org/10.1007/s10021-010-9323-8. 

Kollmann, J., Meyer, S.T., Bateman, R., Conradi, T., Gossner, M.M., de Souza 
Mendonça, M., Fernandes, G.W., Hermann, J.-M., Koch, C., Müller, S.C., Oki, Y., 
Overbeck, G.E., Paterno, G.B., Rosenfield, M.F., Toma, T.S.P., Weisser, W.W., 2016. 
Integrating ecosystem functions into restoration ecology—recent advances and 
future directions. Restor. Ecol. 24 (6), 722–730. 

Lucassen, F., Pritzkow, W., Rosner, M., Sepúlveda, F., Vásquez, P., Wilke, H., 
Kasemann, S.A., Halcrow, S.E., 2017. The stable isotope composition of nitrogen and 
carbon and elemental contents in modern and fossil seabird guano from Northern 
Chile – Marine sources and diagenetic effects. PLoS One 12 (6), e0179440. 

Maron, J.L., Estes, J.A., Croll, D.A., Danner, E.M., Elmendorf, S.C., Buckelew, S.L., 2006. 
An introduced predator alters Aleutian Island plant communities by thwarting 
nutrient subsidies. Ecol. Monogr. 76, 3–24. https://doi.org/10.1890/05-0496. 

Michelutti, N., Keatley, B.E., Brimble, S., Blais, J.M., Liu, H., Douglas, M.S.V., Mallory, M. 
L., Macdonald, R.W., Smol, J.P., 2009. Seabird-driven shifts in Arctic pond 
ecosystems. Proc. Royal Soc. B: Biol. Sci. 276, 591–596. https://doi.org/10.1098/ 
rspb.2008.1103. 

Mizutani, H., Kabaya, Y., Wada, E., 1985. High-performance liquid chromatographic 
isolation of uric acid from soil for isotopic determination. J. Chromatogr. A 331, 
371–381. https://doi.org/10.1016/0021-9673(85)80043-1. 

Mizutani, H., Kabaya, Y., Moors, P.J., Speir, T.W., Lyon, G.L., 1991. Nitrogen isotope 
ratios identify deserted seabird colonies. Auk 108, 960–964. 

Mulder, C.P.H., Grant-Hoffman, M.N., Towns, D.R., Bellingham, P.J., Wardle, D.A., 
Durrett, M.S., Fukami, T., Bonner, K.I., 2009. Direct and indirect effects of rats: does 
rat eradication restore ecosystem functioning of New Zealand seabird islands? Biol. 
Invasions 11, 1671–1688. https://doi.org/10.1007/s10530-008-9396-x. 

Mulder, C.P.H., Anderson, W.B., Towns, D.R., Bellingham, P.J. (Eds.), 2011a. Seabird 
islands: Ecology, Invasion, and Restoration. Oxford University Press, Oxford, New 
York.  

Mulder, C. P. H., Jones, H., Kameda, K., Palmborg, C., Schmidt, S., Ellis, J., Orrock, J.L., 
Wait, A., Wardle, D.A., Yang, L., Young, H., Croll, D., Vidal, E., 2011. Impacts of 
seabirds on plant and soil properties. https://doi.org/10.1093/acprof:osobl/ 
9780199735693.003.0005. 

Nigro, K.M., Hathaway, S.A., Wegmann, A., Miller-ter Kuile, A., Fisher, R.N., Young, H. 
S., 2017. Stable isotope analysis as an early monitoring tool for community-scale 
effects of rat eradication. Restor. Ecol. 25, 1015–1025. https://doi.org/10.1111/ 
rec.12511. 

Oelbermann, K., Scheu, S., 2002. Stable isotope enrichment (δ15N and δ13C) in a 
generalist predator (Pardosa lugubris, Araneae: Lycosidae): effects of prey quality. 
Oecologia 130, 337–344. https://doi.org/10.1007/s004420100813. 

Pascoe, P., Shaw, J., Trebilco, R., Kong, S., Jones, H., 2021. Island characteristics and 
sampling methodologies influence the use of stable isotopes as an ecosystem function 
assessment tool. Ecol. Solutions Evid. 2, e12082. 

Pascoe, P. 2022. Temporal and spatial variability in stable isotope values on seabird 
islands: what, where and when to sample [Data set]. Institute for Marine and 
Antarctic Studies (IMAS), University of Tasmania (UTAS). https://doi.org/ 
10.25959/CR08-KD71. 

P. Pascoe et al.                                                                                                                                                                                                                                  

https://doi.org/10.2305/IUCN.CH.2019.SSC-OP.62.en
https://doi.org/10.2305/IUCN.CH.2019.SSC-OP.62.en
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1146/annurev-ecolsys-102209-144726
https://doi.org/10.1017/S0954102015000607
https://doi.org/10.1017/S0954102015000607
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0050
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0050
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0050
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0055
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0055
https://doi.org/10.1007/s100210000043
https://doi.org/10.1007/s100210000043
https://doi.org/10.1016/j.jembe.2018.12.007
https://doi.org/10.1371/journal.pone.0039125
https://doi.org/10.1007/s11104-015-2542-1
https://doi.org/10.1007/s11104-015-2542-1
https://doi.org/10.1007/s10533-014-0042-7
https://doi.org/10.1007/s10533-014-0042-7
https://doi.org/10.1126/science.1108485
https://doi.org/10.1016/S0169-5347(97)01124-5
https://doi.org/10.1016/S0169-5347(97)01124-5
https://doi.org/10.3354/meps07997
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1016/j.biocon.2019.06.033
https://doi.org/10.1073/pnas.1602480113
https://doi.org/10.1073/pnas.1602480113
https://doi.org/10.1007/s004420050647
https://doi.org/10.1002/ecy.3566
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0140
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0145
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0145
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0145
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0145
https://doi.org/10.1111/aec.13196
https://doi.org/10.1111/aec.13196
https://doi.org/10.3354/meps08528
https://doi.org/10.1038/s41586-018-0202-3
https://doi.org/10.4319/lo.2004.49.1.0239
https://doi.org/10.1080/03036758.2017.1281319
https://doi.org/10.1080/03036758.2017.1281319
https://doi.org/10.1080/00288330.2016.1257996
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0185
https://doi.org/10.1002/bimj.200810425
https://doi.org/10.3354/meps08192
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0200
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0200
https://doi.org/10.1890/10-0118.1
https://doi.org/10.1073/pnas.1521179113
https://doi.org/10.1073/pnas.1521179113
https://doi.org/10.1007/s10021-010-9323-8
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0220
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0220
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0220
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0220
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0220
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0225
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0225
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0225
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0225
https://doi.org/10.1890/05-0496
https://doi.org/10.1098/rspb.2008.1103
https://doi.org/10.1098/rspb.2008.1103
https://doi.org/10.1016/0021-9673(85)80043-1
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0245
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0245
https://doi.org/10.1007/s10530-008-9396-x
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0255
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0255
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0255
https://doi.org/10.1111/rec.12511
https://doi.org/10.1111/rec.12511
https://doi.org/10.1007/s004420100813
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0275
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0275
http://refhub.elsevier.com/S1470-160X(22)00817-2/h0275


Ecological Indicators 143 (2022) 109344

11

Polis, G.A., Hurd, S.D., 1996. Linking marine and terrestrial food webs: allochthonous 
input from the ocean supports high secondary productivity on small islands and 
coastal land communities. Am. Nat. 147 (3), 396–423. 

Possingham, H.P., Wintle, B.A., Fuller, R.A., Joseph, L.N., 2012. The conservation return 
on investment from ecological monitoring. Biodiversity Monitor. Australia 49–58. 

Quillfeldt, P., McGill, RAR, Furness, R.W., 2005. Diet and foraging areas of Southern 
Ocean seabirds and their prey inferred from stable isotopes: review and case study of 
Wilson’s storm-petrel. Mar. Ecol. Prog. Ser. 295, 295–304. 

R Core Team, 2020. R: A language and environment for statistical computing. 
Rankin, L., Jones, H., 2021. Nearshore ecosystems on seabird islands are potentially 

influenced by invasive predator eradications and environmental conditions: a case 
study at the Mercury Islands, New Zealand. Mar. Ecol. Prog. Ser. 661, 83–96. 
https://doi.org/10.3354/meps13590. 

Robinson, S., Gadd, L., 2020. Unviable feral cat population results in eradication success 
on Wedge Island, Tasmania. Papers and Proceedings of the Royal Society of 
Tasmania 154, 47–50. https://doi.org/10.26749/rstpp.154.47. 

Robinson, S., Gadd, L., Johnston, M., Pauza, M., 2015. Long-term protection of important 
seabird breeding colonies on Tasman Island through eradication of cats. N. Z. J. Ecol. 
39, 316–322. 

RStudio Team, 2018. RStudio: integrated development Environment for R. 
Sanders, Dirk, Vogel, Esther, Knop, Eva, 2015. Individual and species-specific traits 

explain niche size and functional role in spiders as generalist predators. Journal of 
Animal Ecoloy 84, 134–142. https://doi.org/10.1111/1365-2656.12271. 

Skira, I., 1991. The short-tailed shearwater: a review of its biology. Corella 15, 45–52. 
Skira, I.J., Brothers, N.P., Pemberton, D., 1996. Distribution, abundance and 

conservation status of short-tailed shearwaters Puffinus tenuirostris in Tasmania, 
Australia. Mar. Ornithol. 24, 1–14. 

Smith, J.L., Mulder, C., Ellis, J.C., 2011. Seabirds as ecosystem engineers: nutrient inputs 
and physical disturbance. In: Mulder, C., Anderson, W.B., Towns, D., Bellingham, P. 

J. (Eds.), Seabird Islands: Ecology, Invasion, and Restoration. Oxford University 
Press, New York, pp. 27–55. 
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