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Abstract
Invasive rodent eradications are frequently undertaken to curb island biodiversity 
loss. However, the breadth of rodents’ ecological impact, even after eradication, is 
not always fully recognized. For example, the most widespread invasive rodent, the 
black rat (Rattus rattus), while omnivorous, eats predominantly seeds and fruit. Yet, 
the effects of seed predation release after eradication on plant communities and eco-
logical functions are not well understood, posing a gap for island restoration. We ex-
amined the role of seed predation release following black rat eradication in changes 
to tree composition and aboveground biomass across an islet network (Palmyra Atoll) 
in the Central Pacific. We conducted repeated surveys of seed, juvenile, and adult 
tree biomass and survival in permanent vegetation plots before and after the eradica-
tion of rats. We observed a 95% reduction in seed predation for an introduced, previ-
ously cultivated tree population (Cocos nucifera). Juvenile tree biomass of all species 
increased 14-fold, with C. nucifera increasing the most, suggesting that eradication 
increased this tree's competitive advantage. Indeed, based on stage-structured de-
mographic models, rat eradication led to a 10% increase in C.  nucifera population 
growth rate. The effect of invasive rodent seed predation varies considerably among 
the plant species in a community and can shift competitive dynamics, sometimes in 
favor of invasive plants. These bottom-up effects should be considered in evaluating 
the costs and benefits of eradication. Documenting the variation in invasive rodent 
diet items, along with long-term surveys, can help prioritize island eradications where 
restoration is most likely to be successful.

K E Y W O R D S

Cocos nucifera, demography, invasive species, island conservation, Palmyra Atoll, Rattus rattus

1  | INTRODUC TION

We are in the midst of a global biodiversity crisis, with islands fac-
ing some of the most alarming losses of endemic species (Pimm 
et  al.,  2014). This loss is fueled by a combination of factors; one 
of the most detrimental being invasive mammals (Tershy, Shen, 

Newton, Holmes, & Croll, 2015). Invasive rodents, in particular, are 
found on over 80% of the world's major islands and are implicated 
in the extinction or suppression of 34 plant and 101 animal species 
(Atkinson,  1985; Towns, Atkinson, & Daugherty,  2006). Rodent 
eradications on over 400 islands worldwide have led to the recover-
ies of species across taxonomic groups, and the scale of planned and 
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attempted eradications continues to increase (DIISE,  2015, Jones 
et al. 2016).

The main goal of eradications is typically the recovery of nesting 
seabird populations (Jones et al., 2008, 2016). Nesting seabirds pro-
vide nutrients with their guano and perturb soil while creating burrow 
nests (Buxton et al., 2016; Jones, 2010). Seabird recovery, thus, can 
cascade to restore nutrient and soil cycling regimes which maintain 
island plant and consumer communities, and such recoveries have oc-
curred across the globe (Croll, Maron, Estes, Danner, & Byrd, 2005; 
Fukami et al., 2006; Le Corre, 2015; Mulder et al., 2009; Figure 1).

Although the management focus of eradications is typically 
seabird communities, diet studies of island rodents suggest that 
the majority of their diet is plant-based (Shiels & Pitt,  2014). The 
most widespread rodent in the tropics, the black rat (Rattus rattus), 
predominantly eats seeds and fruits, including both native and in-
troduced grasses, forbs, shrubs, and trees (Shiels, Pitt, Sugihara, 
& Witmer,  2014). Black rat seed predation is responsible for the 
suppression and extinction of plants across the tropical Pacific 
(Meyer & Butaud, 2009) through the effects of seed predation on 
plant demography, community composition, and biomass (Maron, 
Hajek, Hahn, & Pearson, 2018; Maron & Pearson, 2011). Black rats 
also disperse invasive plant species, increasing competitive pres-
sure on native plants (Hays, Sperry, Drake, & Hruska, 2018; Shiels 
& Drake, 2011). Plant community responses to seed predation re-
lease following rodent control or eradication, however, are relatively 
under-documented (but see Grant-Hoffman, Mulder, & Bellingham, 
2010a, 2010b; Pender, Shiels, Bialic-Murphy, & Mosher,  2013). 
This is surprising since changes to plant community composition 
and abundance can alter ecological functions and processes such 

as carbon storage, nutrient cycling, and decomposition (Chave 
et al., 2006; Sayer, Heard, Grant, Marthews, & Tanner, 2011), as well 
as shape above- and below-ground consumer communities at a com-
parable magnitude to seabird-driven ecosystem recovery (i.e., Drake 
et  al.,  2011; Fukami et  al.,  2006; Young, Mccauley, Dunbar, et al., 
; Figure 1). While the release of native plants from seed predation 
may lead to the recovery of island ecosystems (Campbell & Atkinson, 
2002; Grant-Hoffman et al., 2010a, 2010b; Pender et al., 2013; Wolf 
et al., 2018), release of non-native, invasive plants may lead to the 
establishment of additional invasive species (Bergstrom et al., 2009), 
or alternative ecological states (Suding, Gross, & Houseman, 2004) 
that endanger additional native species and create the need for sup-
plementary management.

These ecological outcomes, including whether islands recover fol-
lowing eradications or not, likely vary depending on plant community 
composition and ecological pressure exerted by rodent seed preda-
tion (Grant-Hoffman & Barboza, 2010). On the world's tropical atolls, 
which are both heavily invaded by black rats and altered by human ag-
riculture and agro-forestry, eradication responses may follow general 
patterns that could favor introduced plants (Harper & Bunbury, 2015; 
Thaman,  2016). In particular, the coconut palm (Cocos nucifera), 
which was planted across atolls in the late 1800s and early 1900s for 
copra production, may be a driver of post-eradication island recov-
ery (Dawson, 1959; Thaman, 2016). Black rats are known to heavily 
predate the seeds of C. nucifera across the Pacific, targeting pre-ma-
ture seeds in the canopy (Harper & Bunbury, 2015; Wegmann, 2009). 
Black rat seed predation is not only likely to regulate C. nucifera popu-
lations, but also the populations of other seed predators that may tar-
get seeds of C. nucifera and other plants once they reach the ground 

F I G U R E  1   Invasive rodents are omnivores that predate important biotic drivers for island ecosystems (here, seabird and tree 
communities). Rodent eradications are usually undertaken to protect seabirds from rat predation, recovering the ecological processes 
seabirds regulate (e.g., nutrient subsidies and soil turnover; top pathway). However, less is known about how rodent eradications may 
directly impact (through seed predation) plant communities and the ecological processes they regulate (bottom pathway). (illustrations 
by Devyn Orr; vector images by Tracey Saxby and Sally Bell, Integration and Application Network, University of Maryland Center for 
Environmental Science (ian.umces.edu/imagelibrary/)
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(this includes the largest terrestrial arthropod, the coconut crab Birgus 
latro) (Nigro et al., 2017). Additionally, depending on whether black 
rats preferentially target C. nucifera seeds or the seeds of other in-
troduced or native species, plant community composition may shift 
in favor of the introduced C. nucifera or in favor of native species. The 
expansion of C. nucifera from agricultural planting (even on isolated 
and uninhabited atolls) negatively influences nesting seabirds and the 
island food webs seabird nutrients support, and so increased expan-
sion of this species may exacerbate these impacts (Thaman,  2016; 
Wegmann,  2009; Young, Miller-ter Kuile, Mccauley, & Dirzo,  2017; 
Young, Raab, Mccauley, & Briggs, 2010).

In this study, we examined the role of black rats (Rattus rattus) as 
seed predators on trees at Palmyra Atoll in the Central Tropical Pacific. 
Palmyra is a model system of the ecological shifts caused by C. nucif-
era invasion (Young et al., 2017) and provides an opportunity to assess 
the impacts of black rat seed predation in the absence of other cano-
py-feeding seed predators (Wegmann, 2009). Following black rat erad-
ication on Palmyra Atoll in 2011, juvenile individuals of all tree species 
increased in abundance (Wolf et al., 2018); however, the mechanisms 
for this increase and its effects on species-level biomass and long-term 
ecosystem recovery have not been explored. We used multi-year data, 
which is often unavailable in eradication efforts, from both before 
and after black rat eradication to demonstrate that 1) the loss of black 
rat seed predation is a mechanism for increases of C. nucifera and it 
seems that native seed predators (Birgus latro) do not equal black rat 
in their seed predation ability, 2) increases in juvenile abundance lead 
to increases in juvenile biomass that vary across species with import-
ant impacts on ecosystem function, and 3) long-term effects of seed 
predation on tree community composition, aboveground biomass, and 
post-eradication ecosystem recovery, with shifts toward C.  nucifera 
dominance, revealed via stage-structured demographic models.

2  | METHODS

2.1 | Study system

We conducted this study on a low-lying, currently uninhabited coral 
atoll (Palmyra) in the Northern Line Islands (5°53′1″N 162°4′42″W). 
The atoll's 230 ha of land area consists of a ring of islets surrounding 
three central lagoons. Palmyra Atoll has a wet tropical climate (an 
average 4,488 mm annual rainfall; mean annual temperature 27°C) 
and approximately 90% of the atoll is forested, with canopies of five 
species which occur in monoculture to mixed-stand gradients of 
Cocos nucifera (Arecaceae) (65% of total tree canopy area), Pisonia 
grandis (Nyctaginaceae) (12%), Scaevola taccada (Goodeniaceae) 
(12%), Heliotropium foertherianum (Boraginaceae) (12%), and 
Pandanus tectorius (Pandanaceae) (10%) (Lafferty et al., 2018; Young 
et al., 2010). Similar to many islands in the Pacific, it is believed that 
Cocos nucifera arrived from Asia with humans in the last 1,500 years 
(Gunn, Baudouin, & Olsen,  2011; Matisoo-Smith & Robins,  2004). 
On Palmyra, cultivation of C. nucifera for copra production between 
1,850 and 1970 increased what had likely been scattered coastal 

populations of this species to populations of 4,000 adult trees in 
the 1850s (Dawson, 1959). This population has grown to more than 
53,000 reproductive adults on the atoll in 2005, and C. nucifera con-
tinues to expand its range into forest patches of native broadleaf 
tree species (Wegmann, 2009; Young et al., 2017). Black rats were 
likely introduced to the atoll during World War II military occupation 
(starting in 1941) and were successfully eradicated with aerially dis-
tributed anticoagulant rodenticide (brodifacoum) over a one-month 
period, June-July 2011 (Wegmann, 2009; Wolf et al., 2018; Young 
et  al.,  2017). Black rats likely died almost immediately due to the 
potency of brodifacoum rodenticide and the success of aerial bait-
ing (Parkes, Fisher, & Forrester, 2011); rat absence was verified with 
post-eradication baiting in summer 2012, and no rats have been ob-
served since the eradication (Wolf et al., 2018).

2.2 | Permanent plot setup

In 2007, before black rat eradication, we established seven 300-m2 
vegetation monitoring plots. These plots were established to track 
population dynamics among tree species over time, with a focus 
on understanding long-term dynamics of the dominant introduced 
C.  nucifera (65% of atoll forest canopy cover; Figure  2) within the 
atoll ecosystem (see Young et  al.,  2017). Therefore, plot locations 
were selected either in areas already dominated by C. nucifera (i.e., 
100% cover based on adult basal area), or areas considered potential 
expansion fronts, given the presence of adult C. nucifera in or adja-
cent to each plot (0%–37% basal area of C. nucifera, with at least one 
subadult C. nucifera present in the plot).

2.3 | Permanent plot tree measurements

At the initial survey (2007), we permanently tagged each adult tree 
(individuals with diameter  ≥  10  cm either at breast height (DBH; 
1.3 m) or below the base of their crowns). We measured each tree 
DBH and determined aboveground biomass using diameter-based 
allometric equations (Chave et  al.,  2005; Appendix S1) We also 
counted, measured (diameter at DBH or trunk base), and tagged all 
subadult trees (hereafter “juveniles”; <10  cm DBH and taller than 
1  m). We revisited each plot in four pre-eradication years (2007–
2010) and four years post-eradication (2014–2017) during the sum-
mer season. In each of these years, we confirmed if all previously 
tagged adult trees were present and alive, re-counted previously 
marked juvenile trees, and counted and tagged all newly recruited 
juveniles in each plot.

2.4 | Permanent plot seed counts and 
seed predation

For the large-seeded C. nucifera (2–3 kg fruit wet weight; (Dransfield 
& Cooke, 1999; Harries, 1978), we counted the number of predated 
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and viable drupes (hereafter referred to as “seeds”) on the ground 
using a series of 24 1-m2 seed count quadrats in each plot. For this 
tree species on Palmyra Atoll, predation always leads to seed death 
because seed predators burrow into the seed embryo. We included 
both predation of green, immature seeds (often attributed to rats 
gnawing into seed embryos while seeds are in the canopy) and pre-
dation of ripe, mature seeds on the ground (most likely from husking 
by the coconut crab Birgus latro) ((Harper & Bunbury, 2015). Rats 
are the only canopy seed predators in this system. Seed surveys 
were conducted in three years (2007, 2015, 2016, n  =  144 per 
year). Seeds of most tree species on the atoll (not including C. nu-
cifera) have previously been shown to be heavily predated by rats 
(Wegmann, 2009), though we did not measure predation of these 
seeds in our plots because these species were not present or be-
cause seeds of these species were not observed before rat eradi-
cation. We also estimated the number of immature and mature 
C. nucifera seeds in each tree in each plot in three years (2007, 2015, 
2016; Appendix S4).

We established that seed predation was the mechanism of change 
in C. nucifera abundance and biomass by comparing 1) predated and 2) 
viable seed counts in quadrats across eradication periods using gen-
eralized linear mixed effects models. For each of the two seed types 
(“predated” and “viable”), we specified a full model with seed number 
as the response variable, eradication status as fixed effect, plot as ran-
dom effect, and distributions appropriate per response variable (Zuur, 
Ieno, Walker, Saveliev, Anatoly, & Smith., 2009). We built all models in 
the lme4 package in R (R version 3.5.0, lme4 v 1.1–17, Bates, Maechler, 
Bolker, & Walker, 2015). We selected the best-fitting model by minimiz-
ing AIC values (MuMIn package v 1.42.1, (Burnham & Anderson, 2002)) 
and conducted post hoc pairwise comparisons between marginal 
means of pre- and post-eradication periods for best-fitting models that 
included this fixed effect (emmeans package version 1.4.5). We veri-
fied that model assumptions (including heteroskedasticity and lack of 
overdispersion and zero inflation) were met using the DHARMa pack-
age (version 0.2.0; Hartig, 2018; Appendix S2).

2.5 | Short-term changes in aboveground biomass

We examined whether decreased rat seed predation led to a short-
term increase in plant aboveground biomass by measuring changes 
in the biomass of juvenile trees of all species (non-reproductive 
trees < 10 cm DBH and taller than 1 m). We converted juvenile tree 
counts for all species to dry biomass using species-specific equa-
tions or conversions based on data collected for juveniles elsewhere 
on Palmyra Atoll and from literature values (Ashish, Vidyasagaran, 
Kumar, & Ajeesh, 2015; Chave et al., 2005; Climate Action Reserve, 
2017; Young, McCauley, & Dirzo, 2011; Young, Mccauley, Guevara, 
et al., 2013). Because C. nucifera dry biomass is highly age-depend-
ent, we determined total juvenile tree biomass in plots only for years 
in which all juveniles had been longitudinally tracked for at least two 
years and could thus be separated into age classes (pre: 2008, 2009, 
and 2010; post: 2016; Appendix S3).

F I G U R E  2   (a) Palmyra Atoll, Central Pacific, with vegetation plot 
distribution across the atoll. The palm tree Cocos nucifera occurs 
in mixed and monoculture stands in 65% of the forested portions 
of the atoll. Repeated photos taken in the same season (August-
September 2010 and 2015) of one vegetation plot one year before 
(b) and four years after (c) rodent eradication illustrate how rodent 
presence limits juvenile tree recruitment. (For reference, fronds 
on the ground in photograph (b) are 2 meters in length; tallest 
understory palms in left of photograph (c) are 2.5 meters in height 
and the average height of seedlings in this photograph is 1.5–2 
meters)
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To quantify juvenile tree biomass change, we used generalized 
linear mixed effects models to determine whether eradication al-
tered juvenile biomass. We specified a full model with total juvenile 
biomass (in dry grams) as the response variable, eradication status 
as fixed effect, plot nested within year as the random effect, and 
a Tweedie error distribution, which is used to measure biomass 
values in datasets with potential zero-inflation and high skewness 
(Dons, Bhattarai, Meilby, Smith-Hall, & Panduro,  2016; Lecomte 
et al., 2013). For all models, we chose models and assessed model 
fits with the same model selection process used for the seed mod-
els. For these models, we used the glmmTMB package (version 1.0.0) 
to accommodate the Tweedie distribution and compared marginal 
means with the emmeans package (version 1.4.5). To verify that 
changes in juvenile biomass were not due to environmental condi-
tions in the years in which biomass could be assigned, we also ran 
a repeated measures ANOVA for juvenile tree numbers across all 
sampling years (2007–2010, 2014–2017) to verify that changes were 
consistent and compared annual precipitation (in cm) between pre- 
and post-eradication years using a Mann–Whitney U test, (Lafferty 
et al., 2018, Appendix S4).

2.6 | Demographic modeling and estimates of long-
term biomass change

Changes in juvenile abundance and biomass reflect immediate re-
sponses to seed predation release but are not necessarily indicative 
of the longer-term outcomes for the tree community. Because of 
the long lifespans of the trees on the atoll (70 + year lifespan with 
a time to maturity of 12 or more years; Malhotra & Welfare, 2017; 
Navarro et al., 2008) compared with the relatively short time period 
of this study, we used demographic models to predict how these 
changes may lead to long-term shifts in total plant biomass. Because 
we had data on all life stages for C. nucifera and not for other spe-
cies, and because this species is the most abundant species on the 
atoll, we modeled this species only and assume that any changes 
in this species reflect a magnitude of change that is representative 
of biomass changes for the tree community. Because C.  nucifera 
can persist in the juvenile stage using stores from their large seed 
for a variable amount of time (3–6  months up to one year, (U. of 
Hawai'i Cooperative Extension Service, 1996)) depending on grow-
ing conditions, we used stage-structured (in lieu of age-structured) 
demographic models, which separate populations of a species into 
discrete stages in which each stage shares the same probabilities 
of survival, growth, and reproduction (vital rates) and tracks these 
population stages over time given specified initial population sizes 
(Caswell, 2001; Rist et al., 2010).

Because rats are known seed predators and seedling herbivores 
in island ecosystems (Harper & Bunbury, 2015), eradication may have 
had a significant effect on both seed and seedling life stages. Rats 
may alter 1) fecundity (adult seed production) through pre-dispersal 
predation, 2) seed survival and germination through post-dispersal 
predation, and 3) juvenile survival and recruitment to adulthood 

through herbivory of seedling apical meristems or of the large seeds 
attached to seedlings. Indirectly, changes in juvenile abundance may 
lead to altered intra- and interspecific competitive dynamics (Silva 
Matos, Freckleton, & Watkinson,  2013). We determined whether 
rats had altered each vital rate by determining each rate for each 
plot within a given year. We then compared vital rates among years 
using repeated measures ANOVAs or Wilcoxon signed-rank tests 
(Appendix S3). Based on the results of these tests, we created two 
vital rate (i.e., Leftkovich) matrices for later use in stage-structured 
population models, one representing vital rates with rats present 
in the community and one representing vital rates with rats absent. 
When vital rates did not vary significantly (α = 0.05) among years, 
we used the same vital rate across all plots and years. When vital 
rates varied across eradication periods (i.e., with and without rats), 
we averaged vital rates across plots within each eradication period, 
resulting in a different value for that vital rate with and without rats 
present.

To determine whether changed vital rates altered future abo-
veground biomass, we ran demographic model simulations for each 
vegetation plot with each of the two vital rate (Leftkovich) matrices 
(n = 14 simulations). We used a starting population vector for all sim-
ulations of population sizes for each plot in the pre-eradication time 
period. We ran each model over one juvenile generation (12 years). 
We converted the yearly population increase in each life stage from 
these models to biomass by multiplying the total number of new ju-
veniles by the biomass of one age-one juvenile and the total number 
of new adults by the biomass of an age-twelve individual minus an 
age-eleven individual (thus only accounting for the biomass added 
as it became an adult). We summed this total biomass per plot per 
rodent status and tested whether the total added plant aboveground 
biomass was significantly different with and without seed predation 
using a Wilcoxon signed-rank test. In addition, we determined pop-
ulation growth rates (λ) for each matrix. We also determined model 
elasticities, which measure the relative importance of changes in 
each vital rate compared with all other vital rates and therefore indi-
cate which vital rates determine population growth rate (λ).

3  | RESULTS

3.1 | Permanent plot seed counts and seed 
predation

Rat eradication significantly decreased the total number of predated 
seeds (Figure 3a) and increased the total number of viable seeds in 
vegetation plots (Figure 3b). We observed 44 predated seeds in 22 
of 144 quadrats (15% of quadrats) pre-eradication and 15 predated 
seeds in 11 of 218 quadrats (5% of quadrats) post-eradication). Of 
these, we only observed mature predated nuts (brown with husk tear-
ing, indicative of B. latro predation) following eradication and we only 
observed a total of 11 seeds in this category (of a total of 59 observed 
predated seeds). We observed 12 viable seeds in 8 of 144 quadrats 
(6% of quadrats) before eradication, and 87 viable seeds in 54 of 218 
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quadrats (25% of quadrats) post-eradication. The best model for the 
number of viable seeds had a negative binomial error structure and 
included eradication status as the fixed effect and plot as a random 
effect (marginal R2  =  .13, conditional R2  =  .28, pairwise difference 
between pre- and post-eradication marginal means significant with 
p-value < .001; Appendix S2). The best model for the number of pre-
dated seeds had a Poisson error structure and included eradication 
status as a fixed effect and plot as a random effect (marginal R2 = .15, 

conditional R2 = .58, pairwise difference between pre- and post-erad-
ication marginal means significant with p-value < .001; Appendix S2).

3.2 | Short-term changes in aboveground biomass

There was a significant increase in juvenile tree biomass following 
eradication (Figure 3c), increasing from an average of 0.69 (SD 0.50) 

F I G U R E  3   aA stage-structured demographic model for Cocos nucifera (a). The value on each arrow indicates a rate of survival or 
transition within or between stages. Only fecundity (number of mature seeds produced per adult tree per year) significantly changed 
following eradication. (Statistical significance across years with and without rats denoted with *, statistically indistinguishable change 
denoted by “ns”.) Black rats predated seeds (b), controlling viable seed numbers (c) (values given in terms of the average number of seeds 
per square meter quadrat). Juvenile abundance (d) increased from an average 0.23 to 1.67 per square meter in each plot. In the first three 
generations (12 years), projected additional aboveground tree biomass in Cocos nucifera (e) significantly increased from an average of 1.42 
to 5.73 Mg/ha as population growth rate (λ) increased. (f) Forest aboveground tree biomass along a temporal trajectory: invaded (left), 
immediate eradication response (center), and long-term projections of increased tree biomass in the absence of rodent seed predators (right), 
where changes at each temporal step are indicated by increasingly darker colors. (vector images: Ana Miller-ter Kuile and Shutterstock)
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to 9.48 (SD 5.97) Mg/ha (n = 27). This increase was primarily driven 
by increases in juvenile C. nucifera, which accounted for 73% of the 
total increased juvenile biomass, though two other species (Pa. tecto-
rius and Pi. grandis) also increased in biomass (Figure 4). Juvenile bio-
mass was best predicted by a model with eradication status as fixed 
effect and plot as random effect (pairwise difference between mar-
ginal means: p-value <  .001; Appendix S2). This is consistent with 
results from yearly juvenile abundance repeated measures ANOVA. 
Precipitation was not significantly different across pre- and post-
eradication years (Appendix S4).

3.3 | Demographic modeling and estimates of long-
term biomass change

Modeled future aboveground biomass significantly increased fol-
lowing eradication (Figure  3d). Fecundity significantly increased 
following eradication, increasing from 4.14 (SD 8.99) to 11.05 
(SD 12.23) viable seeds per tree per year. No other vital rates sig-
nificantly changed between pre- and post-eradication (Table  1, 
Appendix S3). In the first juvenile generation (12 years), there was an 
increase in the added aboveground biomass in the plots (Wilcoxon 
signed-rank test, p-value =  .02), with aboveground biomass added 
via recruitment increasing from an average of 1.42 (SD 0.82) to 5.73 
(SD 3.62) Mg/ha per plot. Examination of elasticities for both models 
shows adult survival has the greatest effect on population growth 
rate (Table 1).

4  | DISCUSSION

Black rats, through seed predation, reduced juvenile recruitment and 
aboveground biomass of the introduced palm tree species C. nucifera 

(a 24-fold increase). Through seed predation or seedling herbivory, 
black rats also limited juvenile recruitment and biomass of at least 
two native tree species (Pa. tectorius and Pi. grandis), but to a lesser 
degree (11-fold). These data support a previous finding of the recent 
increases in seedling abundance on Palmyra Atoll (Wolf et al., 2018) 
and further elaborate on the mechanisms driving these increases. 
Specifically, the present study illustrates that rat seed predation op-
erated as a key control on introduced C. nucifera populations. Here, 
we show, based on demographic models informed by repeatedly 
surveyed permanent plot data, how increases in fecundity (undam-
aged seed production) and juvenile recruitment in C.  nucifera will 
lead to an increase in adult recruitment in this species, increasing 
total aboveground biomass and changing the species composition of 
biomass pools on the island. In this system, in particular, the nega-
tive effects of the non-native C. nucifera on island food webs, even 
in the presence of black rats, are well-established (C. nucifera deters 
nesting seabirds, thus removing guano subsidies; reviewed in Young 
et al., 2017). This study demonstrates that this negative effect could 
be compounded by the eradication of an introduced seed predator 
(black rats), thus highlighting the need for further management inter-
vention. More broadly, while island rodents are known to consume 
seeds and fruit (Drake et al., 2011), this study provides an important 
demonstration of how seed predation can influence entire island 
ecosystems from short-term changes for plant community compo-
sition, to long-term shifts in ecological functions related to plant 
biomass, such as carbon storage and decomposition (i.e., ecosystem-
level eradication: Zavaleta, Hobbs, & Mooney, 2001).

The ecological and conservation outcomes on Palmyra Atoll 
highlight the importance of considering seed predation as a 

F I G U R E  4   aIn our plots, C. nucifera is the species with highest 
adult tree biomass (a) and juveniles of this species had the most 
marked biomass response to black rat eradication (b). (vector image: 
Shutterstock)

TA B L E  1   Rates of survival, growth, and reproduction (vital 
rates), elasticities (relative importance of each rate for population 
growth), and population growth rates (λ) for stage-structured 
demographic models of Cocos nucifera with and without rat seed 
predation (vital rate determinations in Appendix S3)

Model (growth 
rate, λ)

Vital rate (per 
year) Value Elasticity

With rats 
(λ = 1.06)

Seed to juvenile 
transition

0.34 0.06

Juvenile survival 0.60 0.09

Juvenile to adult 
transition

0.03 0.06

Adult survival 0.97 0.72

Fecundity 4.04a  0.06

Without rats 
(λ = 1.15)

Seed to juvenile 
transition

0.34 0.11

Juvenile survival 0.60 0.11

Juvenile to adult 
transition

0.03 0.11

Adult survival 0.97 0.57

Fecundity 11.05a  0.11

aSignificantly different based on quadrat seed counts. 
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critical management element associated with the removal of in-
vasive rodents. On Palmyra, juvenile recruitment and biomass of 
an introduced tree (C.  nucifera) responded at greater magnitudes 
(2–5 times) than other tree species to seed predation release, even 
though all these tree species were heavily targeted by rodent 
seed predators and have seen some population recovery follow-
ing eradication (Wegmann, 2009; Wolf et al., 2018). The differen-
tial responses of plant species to rat eradication may be due to rat 
food preference, inability to effectively kill seeds of a species (thus 
providing a benefit as a seed disperser), the reproductive ability of 
the tree, the tree's ability to escape predation by other seed pred-
ators when rats are not in the system, or a combination of these or 
other factors (Clark, 1981; Hayes & Barry, 2008; Nigro et al., 2017; 
Young, Mccauley, Guevara, et al., 2013). In this system, it is likely 
that the differential advantage of C. nucifera comes from the nat-
ural history of the tree, since evidence from rat husking stations 
on Palmyra Atoll suggest that rats predate seeds of most of the 
canopy trees in this system and cause seed mortality in the ma-
jority of predation events for all seed species, thus providing lit-
tle or no benefit as a seed disperser for this or other tree species 
(Wegmann,  2009). Although we saw some evidence that the co-
conut crab (Birgus latro), the only native seed predator effective at 
predating C. nucifera seeds once they reach the ground, is predating 
some seeds in the absence of rats, the relative rarity of this pre-
dation compared to rat predation suggests that coconut crabs will 
not compensate for rats in the short term. However, the increased 
frequency with which coconut crabs are now observed in C. nucif-
era forests following black rat eradication suggests this is a process 
that warrants longer-term monitoring (Nigro et al., 2017). B. latro 
and other terrestrial crabs in this system (hermit crabs: Coenobita 
brevimanus and Coenobita perlatus and land crabs: Cardisoma car-
nifex and Cardisoma rotundum) preferentially predate seeds of rare 
tree species, so the disproportionate immediate benefit to C. nu-
cifera may only be exacerbated by seed selection of native seed 
predators for seeds of rarer canopy trees (Nigro et al., 2017; Young, 
Mccauley, Dunbar, et al., ). The conservation implications of the in-
creased competitive advantage of an introduced tree (C. nucifera in 
this case) means that the detrimental effects of yet another inva-
sive species become magnified by rat eradication (i.e., Bergstrom 
et al., 2009). On Palmyra, the negative effects of this tree species 
are already known: C. nucifera deters seabird nesting on Palmyra, 
thus stopping the provision of seabird guano to native plant com-
munities dependent on these subsidies. In this system, in particular, 
the effects of rat eradication on C. nucifera make imperative an ex-
tensive secondary intervention to remove and control this invasive 
species.

While shifts in plant communities led to immediate changes for 
the island ecosystem (i.e., Nigro et al., 2017; Wolf et al., 2018), our 
demographic models highlight that the effects of seed predation 
release on island ecosystems can potentially reverberate through 
decades (or even longer periods) of succession dynamics. Similar to 
other systems modeling palm demography, population growth rate 
(and thus total biomass) is disproportionately determined by changes 

in the number of seedlings that germinate, survive, and reach adult-
hood (Pinard & Putz, 1992). Increased total tree biomass in C. nucif-
era on Palmyra will likely alter a diverse range of ecological functions 
on the atoll, including carbon storage, nutrient cycling, and primary 
productivity (Bello et  al.,  2015; Chave et  al.,  2006; Sayer,  2006; 
Sayer et al., 2011, 2012; Sayer, Powers, & Tanner, 2007). Currently, 
the increase in the proportion of biomass in juvenile life stages (an 
increase from 0.08% to 1.43%) has likely altered rates of decom-
position and soil respiration through an increase in the number of 
juveniles germinating and then dying in the understory (Chomel 
et  al.,  2016; Quested, Eriksson, Fortunel, & Garnier,  2007). In the 
long term, a shift in the species composition, and therefore of pro-
ductivity and biomass (increasingly more C.  nucifera -dominated), 
has the potential to substantially alter rates of decomposition and 
nutrient cycling (Quested et al., 2007). The demographic models ig-
nore potential responses in other seed predators (here, land crabs) or 
stochastic events that may alter successional dynamics (i.e., storms, 
climatic conditions) but highlight that island responses to seed pre-
dation release may occur on long time scales and in other island sys-
tems successional trajectories may be reasonably predicted using 
modeling approaches.

These ecosystem-level effects of invasive rodents and their 
eradication have important implications for the management and 
restoration of islands and island biodiversity. While the ecologi-
cal regime-shifting potential of invasive rodents on seabird islands 
has been observed across many islands in New Zealand (Fukami 
et al., 2006), this work from Palmyra Atoll contributes to a smaller 
body of literature examining ecological regime shifts through the 
mechanisms of seed predation and the ecosystem effects of rodent 
seed predator eradication (Grant-Hoffman et al., 2010a, 2010b). In 
the case of Palmyra, unlike on the islands of New Zealand, the effects 
of seed predation are decoupled from those of burrowing seabirds 
since Palmyra does not have nesting populations of these seabirds 
and demonstrates that seed predation alone can be an important 
ecological driver. In all these cases, invasive plants often become 
common on islands following eradications, making subsequent man-
agement necessary or advised to curb island ecosystem degradation 
(Grant-Hoffman et  al.,  2010b). On Palmyra as with other tropical 
atolls where abandoned agro-forestry has shifted plant communi-
ties in favor of cultivated crops, the effects of rat eradication may 
increase the rate of spread of naturalized crop plants, putting much 
of the remaining habitats for important island species (i.e., island 
endemics and nesting seabirds) in greater jeopardy (Thaman, 2016; 
Young et al., 2017). These studies emphasize the need to view erad-
ications as part of holistic management plans to avoid ecological re-
gime shifts (i.e., Zavaleta et al., 2001).

The observed plant responses on Palmyra suggest important 
insights for future island rodent eradications. Foremost, it is im-
perative to revisit the trophic ecology of invasive rodents and re-
fine eradication efforts considering all organisms likely to respond 
to eradications. Specifically, as seeds and fruit constitute the ma-
jority of the diet of black rats (Shiels & Pitt, 2014), eradication ef-
forts of this species need to document plant responses. This may 
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change the prioritization of islands for rodent eradication based 
on the restoration of important elements of the flora that support 
island fauna (Capizzi, Baccetti, & Sposimo,  2010; Harris, Gregory, 
Bull, & Courchamp,  2012; Holmes, 2019). Incorporating plant re-
sponses into eradication monitoring may require a combination of 
field and modeling approaches since many plants, including those 
in this study, respond on longer time scales than the time span of 
most eradication monitoring programs. Appropriate temporal scales 
need to be built into eradication programs because long-lived trees 
are foundational species that shape ecosystem structure and func-
tion (Ellison et  al.,  2005). With Palmyra Atoll as a case study, the 
immediate recoveries of island communities following release from 
the effects of rats may be outweighed by the long-term expansion of 
invasive tree species, favoring ecosystem processes that are actively 
detrimental to native biodiversity (Young et al., 2017). Many islands 
host multiple invasive species and often these species interact, so 
eradications should be done with care to ensure recovery of stable 
and regenerating ecosystems rather than deteriorated alternative 
ecological states (Suding et al., 2004; Tershy et al., 2015). Indeed, 
understanding the interactions between invasive species on islands 
and how these influence ecosystems therein is an important area of 
current and future study that starts with understanding the breadth 
of ecological effects of invasive species.
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