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INVASIVE RODENTS ON ISLANDS

Direct and indirect effects of rats: does rat eradication
restore ecosystem functioning of New Zealand seabird
islands?
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Abstract Introduced rats Rattus spp.) can affect  controlled. Differences between island groups in soil
island vegetation structure and ecosystem functioning, and leaf chemistry and leaf production were largely
both directly and indirectly (through the reduction of explained by burrow densities. Community structure
seabird populations). The extent to which structure of woody seedlings differed by rat history and burrow
and function of islands where rats have been eradi- density. Plots on islands with high seabird densities had
cated will converge on uninvaded islands remains the most non-native plant species. Since mostimpacts of
unclear. We compared three groups of islands in rats were mediated through seabird density, the removal
New Zealand: islands never invaded by rats, islands of rats without seabird recolonization is unlikely to
with rats, and islands on which rats have been resultin a reversal of these processes. Even if seabirds
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return, a novel plant community may emerge.
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Introduction

Humans have introduced ratR4ttusspp.; Rodentia:
Muridae) to islands across the globe, suppressing or
eliminating populations of native seabirds (e.g.
Atkinson 1985 Blackburn et al.2004 Jones et al.
2008, reptiles (e.g. Whitakerl973 Towns and
Daughertyl994 Cree et al1995), large invertebrates
(e.g. Ramsey1978 Bremner et al. 1984, and
mammals (e.g. Burbidge and Mar®02) as a result

of predation by rats. In the past decade the rate at
which three rat speciefR( rattus R. norvegicusand

R. exulany have been eradicated from islands has
greatly accelerated. For example, a recent review
reported 332 successful rodent eradications from 284
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islands covering a total of 47,628 ha (Howald et al. recovery of native populations, including reintro-
2007). Many eradication campaigns are followed by duced species. To understand which processes are
re-introductions of native species. For example, a restored following the eradication of rats from
New Zealand Department of Conservation databaseseabird islands (in the absence of return of seabird
of translocations covering years through 1998 lists populations), we need to know the extent to which
415 events, including 43 bird species, three inverte- the impacts of rats on island functioning are direct
brate species, and bve lizard species (McHalick and thus potentially reversible once rats are elimi-
1998. Populations of some elements of the native nated, and to what extent they are indirect (via
biota (primarily sea and land birds, but sometimes seabird populations in this case) and require the
mammals, reptiles or invertebrates) are often care- return of seabird populations. There is much anec-
fully monitored following rat eradication (e.g. Gaze dotal evidence suggesting that rat impacts via
2001, Graham and Veitcl2002 Pascal et al2005 seabirds on aspects of island functioning such as
Sinclair et al.2005 Smith et al.2006. nutrient cycling or secondary productivity are
Our understanding of how the eradication of rats substantial, but no studies have aimed to specibcally
from islands affects island functioning, including answer this question.
vegetation dynamics and ecosystem processes, lags We used data from 21 islands located off the
behind our knowledge of how to remove invasive coast of the North Island of New Zealand to
rats. However, knowledge of these effects of rat evaluate impacts of rats on four sets of variables
removal may be particularly important for islands related to plant community structure and ecosystem
that host large colonies of nesting seabirds (e.g. processes. Previous publications on this system have
Sphenisciformes, Procellariiformes, Pelecaniformes, addressed differences in vegetation structure and
and Charadriiformes). Species in these groups fre- ecosystem properties between islands with and
guently act as important ecosystem drivers in the without seabird colonies (Fukami et aRk006
absence of rats. These birds feed at sea but nest onWardle et al.2007), but they have not distinguished
land, often at very high densities (Marchant and between those impacts of rats that are a function of
Higgins 1990 Furness1991). Thus, seabirds OOsub- changes in seabird density (referred to as OOindirect
sidize®O terrestrial plant and animal communitiesmpactsOO in this paper) and those that are not
(terrestrial birds, arthropods, reptiles, and marsupi- (referred to as OQOdirect effectsO0). We compared
als) as well as surrounding intertidal communities groups of islands with three different rat histories
with marine nutrients. As a result, there can be (Tablel): islands on which rats have never been
larger populations in the presence of seabirds than ispresent ¢ninvabep islands), islands on which rats
possible in their absence (e.g. Polis and Hue®6 are currently presentinvabep islands) and islands
Anderson and WaiR001 Markwell and Daugherty  on which rats have been eradicated or repeatedly
2002 Wolfe et al. 2009. The introduction of rats controlled (anacep islands). Two alternative
has resulted in large reductions or elimination of hypotheses were tested: (1) direct effects of rats
seabird populations from hundreds of islands, but are large and primarily responsible for differences
the subsequent eradication of rats from some of betweeninvabep and uninvaDeD islands in vegeta-
these islands has not necessarily resulted in thetion and ecosystem processes. This would result in a
immediate return of seabird colonies (Ga260Q reversal of most invasion impacts once rats are
Miskelly and Taylor2004). Yet native animals are removed; (2) indirect effects of rats via alterations
sometimes reintroduced before seabird coloniesin seabird populations are large and primarily
reestablish. For example, the terrestrial reptile responsible for differences betweearvabep and
Sphenodon punctatusvhich benebts from seabirds uninvapeD islands. This would result in little change
and their burrows (Newmari987, was released following the removal of rats unless seabird colonies
onto islands with little or no seabird recovery (Gaze recover.
2007). Although the removal of rats prevents further To test these hypotheses we focused on four sets of
negative impacts of rats on native species, it is variables that might show responses over the time
unclear whether other characteristics of seabird periods for which rats have been eradicated on some
islands will be restored that may be critical to the of these islands (2D20 years):
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1. Soil chemistry, soil moisture, and light environ- Results of this study will indicate how important
ment The presence of burrow nesting seabirds the re-establishment of seabird populations is likely
can have large impacts on soil structure and to be for the long-term restoration of vegetation
chemistry (e.g. Blakemore and Gibbs968 composition and ecosystem processes on these
Furness1991 Bancroft et al.2005g including islands.
on islands in our study system (Fukami et al.

2006, where the dominant seabird species are

burrow nesters. In turn, these variables are likely Methods
to affect plant productivity, seedling survival,

and invertebrate populations. Study sites

2. Tree foliar characteristicsPlant foliar chemistry
differs between islands with dense seabird pop- Twenty-one islands located off the warm temperate
ulations and those without (e.g. Wainwright et al. North-East coast of the North Island of New Zealand
1998 Anderson and Polid4999 Fukami et al. (Table 1; Fig. 1) were selected based on rat history,
2006, and we expected plant foliar characteris- size (similar ranges for each rat history), and the
tics to be strongly affected by seabird density. presence of well-developed multi-species secondary
Variables such as leaf nutrient content and forest. For purposes of this paper, we debne a
turnover rates are likely to reRRect the levels of manacep island as one on which active attempts at rat
nutrients available to plants as well as food eradication have taken place (whether successful or
availability and quality for herbivores. not), although we note that in some cases other

3. Community structure of woody seedlinGhanges invasive predators (e.g. mustelids on Motuoruhi) may
in the density and diversity of the woody seedlings also have resulted in low rat numbers.
following rat eradication may foreshadow changes  Generally, uninvabep islands have substantial
in the tree community. Vegetation in seabird seabird populations while the other two groups of
colonies is often very different from that away islands do not (Tabld), resulting in partial con-
from seabird colonies, likely as aresultof trampling founding of rat history and seabird density. However,
and nutrient deposition (e.g. Gillhat®56h Wait although we lack invaded or managed islands with
et al. 2005 Bancroft et al20050. Rats may have  very high seabird densities, there is signibcant
additional direct impacts on this community overlap in burrow densities betweeminvabeD and
through seed predation and herbivory on seedlings manacep islands as well as betweewanacep and
(e.g. Allen et al. 1994 Delgado Garcia200Q INvADED islands. The most abundant seabird species
Campbell and Atkinsor2002 McConkey et al. were Pelecanoides urinatrixdiving petrel, on Green
2003 Smith et al.2006. Rats can also reduce and Middle),Pufbnus buller{BullerOs shearwater, on
populations of seed dispersers (Traveset and RieraArchway, Aorangaia, Aorangi, and Tawhiti Rahi),
2005 and large herbivorous invertebrates (Ramsey Pterodroma macroptera (grey-faced petrel, on
1979, potentially inBuencing recruitment and Ruamahuaiti, Ruaméuanui, Whenuakura, Otata,

seedling growth of some species. and Motueka), andPelagodroma marina(white-
4. Invasion by non-native plantdf islands with faced storm petrel, on Ohinauiti).
different rat histories also differ in their suscep- Most islands have experienced some human hab-

tibility to invasion by non-native plants, this may itation in the past but none are currently occupied.
result in diverging long-term successional trajec- There were no signibcant differences in mean latitude,
tories. For example, islands on which rats have longitude, island size or distance to the mainland
been eradicated could be more susceptible to between islands with or without seabirds, or with
invasion by non-native plants, as they lack both different rat historiesR > 0.3 for all except latitude,
seabird-induced disturbances and omnivorous where P = 0.15 for rat history andP = 0.13 for
rats. Alternatively, high levels of disturbance by seabird presence). In the present study, all but two
seabirds may favour ruderal species (Maesako islands were visited between 10 February and 17 April
1991, Vidal et al. 2000, and many non-native 2004, and all islands were visited between 25 January
species are ruderal (DOAntonio etl&l99. and 19 April 2005 and between 15 February and 25
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Fig. 1 Location of islands.
Black diamondsepresent
INVADED islands,grey
squaresrepresentaNAGED
islands, andvhite circles %
represenuniNvADED islands. ’l
Abbreviations are as 4
follows AIG Aiguilles; AOA
Aorangia; AOI Aorangi;
ARYArchway; GRNGreen;
GOT Goat; HAU Hauturu;
MID Middle; MOA
MotukaramaramalMOE
Motutapare;MOlI

Motuoruhi; MOP
MotuhoropapaMOK
Motueka; OHI Ohinauiti;
OTA Otata; PAK Pakihi;

RNI RuamahuanuiRTI
Ruamahuaiti;TH Te Haupa;
TR Tawhiti Rahi; WHE
Whenuakura. Island details
can be found in Tabldé
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March 2006. Quantitative Sorenson indices (Magur- damaged seeds). On ornenacep island (Te Haupa)
ran 1988 for the three island categories based on and twoinvapbep islands (Hauturu and Pakihi) mice
mean stem densities for each woody species were agMus musculuswere also present.

follows: iINnvabep andmanacep = 0.618;invaDED and
UNINVADED = 0.609;MANAGED anduNiNvADED = 0.481.
Thusinvapep islands were compositionally similar to
both maNAGED and uNINvADED islands, butMANAGED
islands were less compositionally similardeinvapep
islands.

Measurements

Forests on all islands in the study are undergoing
secondary succession following past human distur-
bance, especially bre, most recentf0 years ago

For all plots we obtained an index of seabird (Atkinson 2004). Most measurements were con-

density by counting burrow entrances in 108 piots
on each island (Tabl&). Burrow densities on unin-

ducted in 10-mx 10-m plots located the most
mature secondary forests that occurred on each

vaded islands averaged 29.8 burrow per® m island, avoiding successions dominatedNdgtrosid-

(range= 3.5D101); given the high temporal and eros excelsa(Fukami et al. 2006. In 2004, we

spatial variation in rat populations and severe logis- established two haphazardly selected plots on islands
tical constraints inherent in visiting 21 islands, it was without seabirds, and two plots on seabird colonies
not possible to obtain a density estimate of rat on islands with seabirds. In 2005, we added two
populations. Our rat presence classibcations areadditional plots in order to increase the range of
based on the knowledge of local conservation ofbcers seabird densities represented within each island: on

and our observance of signs of rat activity (e.g.

seabird islands this resulted in the selection of two
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1676 C. P. H. Mulder et al.

areas with relatively low burrow densities (Talle total phenolics (Price and Butle977). To estimate

On very small islands it was not always possible. On rates of leaf turnover and productivity (as leaves
all islands we maximized variation in slope and produced per unit of stem diameter) in 2005 we
aspect between plots where possible. selected four branches on up to ten randomly selected

Soil samples (down to 30 cm) were collected from individuals per species. Stem diameter was measured
one 0.5-mx 0.5-m subplot within each plot (for and all leaves distal to that point on the branch
islands with seabirds, only from the two plots on were marked with fabric paint. In 2006 these plants
seabird colonies) and analyzed for %N, %P, %C, were relocated, marked and unmarked leaves were
Olsen P, and pH. In each plot 21 1%mlots were counted, and stem diameter re-measured. Leaf annual
randomly located and all woody seedlings identibed. turnover was calculated as the proportion of leaves
From these data we calculated number of species atthat were lost between sampling dates 1 year
two scales (the 1-mquadrat scale and the 100°m  apart). Since number of days between sampling dates
plot scale) and evenness Yrbax/H, where His the was not identical for all islands, we also calculated
ShannonbWeiner diversity index) at the 100 m the proportion of leaves surviving on a per-day basis,
scale. Evenness values can range from zero to onebut this did not change any of the results so they are
(maximum evenness). In seven f-quadrats per plot  not presented here. We calculated two additional
we measured soil temperature (at 5 cm depth), soil variables we expected to be correlated (within a
moisture (using a Delta-T thetaprobe), canopy cover species) with productivity: the relative change in leaf
(using a spherical densiometer, Forest Densiometers,numbers between years (number of leaves on the
Bartlesville, OK) and litter weight (g dry weight from  stem in 2006/number of leaves on the stem in 2005),
a 0.1 nf area). All plant species were identibed in and the change in the number of leaves per mm of
each of four vertical strata (0D0.3 m, 0.3B2 m, stem diameter [(number of leaves in 2066number
2b5 m, 5D12 m, 12b25 m), and were classiped a®f leaves in 2005)/stem diameter)].

OOnativeOO or OOnon-native®d based on the Flora of New

Zealand [ittp://nzRBora.landcareresearch.cojniVe
report both the number of species per island and the
number of records (sum of occurrences in all strata
for two plots per island; non-native species occurred
only in the lowest two strata).

We sampled six evergreen trees from these
islands: Coprosma macrocarpaubsp.minor (Rubi-
aceae)Corynocarpus laevigatugCorynocarpaceae),
Melicope ternata(Rutaceae)Macropiper excelsum
s.l. (Piperaceae)Melicytus ramif3orus(Violaceae),
and Planchonella costatgSapotaceae). These spe-
cies were found on most (55D90%) of the islands. For1. We compared the mean values of vegetation and
each species we sampled up to ten individuals per soil variables for islands with the three different
island; where possible plants from within the 108 m rat histories. If effects of rats are primarily direct,
plots were used, but in most cases randomly selected  then we would expect the largest differences
individuals were added to obtain the desired sample betweeninvabep and uninvapep islands, with
size. From each tree the outermost three leaves (or,  similar values for MANAGED and UNINVADED
for M. ternata leal3ets) on each of three branches at a islands (for variables that respond quickly to rat
height of 1D2.5 m were collected (nine leaves or removal) or values fomanacep islands that are
lealBets per plant). To examine changes in leaf between those fanvabep anduninvabep islands

Analyses

All analyses were performed in SAS (version 9.1;
SAS Institute, Cary, NC, USA). Individual islands
served as the units of replication; means per island
were used for analyses unless indicated otherwise.

We used three different approaches to examine the
relative importance of direct versus indirect impacts,
and predict the likelihood that islands will return to a
OOpre-rat®d state:

morphology and chemistry we obtained dry mass, (for variables that change more slowly). If effects
leaf area, %N and %C (by Leco, Laboratory Equip- of rats are primarily indirect, then we would
ment Coorporation), %P and %K (semi-micro- expect large differences betweeoNiNvVADED
Kjeldahl method, Blakemore et a987, condensed islands (which have high mean burrow densities)
tannins (vanillin method, Broadhurst et 4B78, and and the other two categories (which have low
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mean burrow densities), but similar values for
INVADED and MANAGED islands. Differences in
means between the three rat histories were
examined by ANOVA followed by contrasts
between rat histories.

We examined the extent to which rat history
could explain variation in vegetation and solil
variables after seabird density effects had been
accounted for. If rat effects are primarily indirect,
we would expect any differences between rat

either of the other two categories, we would
expect time since eradication to correlate with the
variables investigated, but no indication that long-
term eradication will result in convergence with
values for uninvaDeD islands. Relationships
between time since start of rat control (time
between year in which control started and 2004)
and response variables were examined by simple
regression. We could not perform this analysis for
soil chemistry data (we had values for only three

MANAGED islands) or for tree data (no single tree
species was present on all bwevacep islands)

histories to be explained primarily or entirely by
differences in burrow densities. To determine the
effects of rat history after accounting for seabird
density we ran a hierarchical (Type I) ANCOVA
including the logg of the seabird burrow density
(number of burrow entrances in each 108 m
plot) and rat history. The burrow density was
based on the plots in which the data were
obtained, or for variables not directly associated
with plots, on all data available.

3. For those variables for which we had data for all
PvemanaGeD islands, we examined the extent to
which time since eradication could explain veg-
etation and soil variables. If rat effects are
primarily indirect, we would not expect time

Results
Burrow densities

Burrow densities differed between rat histories (values
based on all plots)uninvapep islands had a mean of
29.74+ 10.3 burrow per 100 fplot, signiPcantly
more than manacep islands (5.2t 4.4 burrows/
100 nf, F(1,18)= 4.51,P = 0.048) onnvapep islands
(0.7+ 0.4 burrow/100 i, F119= 7.74, P =
since eradication to correlate with the variables 0.012), although those latter two categories did not
investigated. In contrast, ifvanacep islands  differ signibPcantly from each otherF( 15 = 0.14,
follow a different successional trajectory than P = 0.72).

Table 2 Results of analyses for direct and indirect rat effects for soil and environmental variables

Variable Rat history F P Burrow R? F P Rat history F P
density after burrow
U M ' density

Soil temperature ) 19.F° 22.68 168 264 0.099 P 0.06 1.06 NS 15) 2.60 NS
Soil moisture (%) 10.6 119 140 1.28 NS Negative 0.20 4.78 0.042 D 0.09 NS
Soil pH 52 69 67 808 0.004 Negative 0.66 30.12<0.001 D 0.15 NS
Soil (%C) 11.2 53 49 450 0.028 Positve 0.37 9.18 0.008 b 0.28 NS
Soil (%N) 092 048 040 553 0.015 Positve 0.41 10.89 0.005 D 043 NS
C:N ratio 120 117 1243 071 NS b 0.00 0.00 NS 1.05 NS
Soil total P (%) 048 0.1& 0.1 279 0.093 Positve 0.26 547 0.034 D 0.18 NS
Soil Olsen P 23 57 37 320 0.068 Positve 0.49 1477 0.002 D 0.25 NS
Litter mass (g/rf) 179 233 170 08 NS D 0.02 040 NS 116 NS
Canopy cover (%) 19.2 161 123 1.20 NS Negative 023 573 0.027 b 0.12 NS

Values are means per rat histoky NINVADED; | INVADED; M MANAGED) based on mean values per island. Comparison of rat histories
was by ANOVA followed by contrasts between rat histories; signibpcant differences (bold t&& &5.05 are indicated by different
letters. Effects of burrow density and rat history after burrow density were evaluated using an ANCOVA with burrow density entered
prior to rat history. OONSOO indicakesadue >0.1. N = 21 for soil temperature, moisture, litter weight and canopy cover, and

N = 19 for soil chemistry variables

1=



1678 C. P. H. Mulder et al.

Soil and environmental variables Fig. 2 Relationship between seabird burrow density andpsoil
chemical or environmental characteristidBlack diamonds
representinvabeD islands, grey squaresrepresentMANAGED
islands, andwhite circlesrepresentuninvapep islands.a Soil

pH; b soil %N; ¢ soil %; Olson P (mg kg'); d soil moisture
Soil pH, %C, %N, total P, and Olsen P, differed (%); ecanopy cover (%) litter mass (g m< dry weight). All
according to islandsO rat history, but not soil C:N ratio Values are means per island across two plots (pH, %N, Olsen P)
Table2). All sianip t diff bet or four plots (canopy cover, soil moisture) except litter weight,
(Table?2). Slgm cant difrerences were between . iqp js presented on a means per-plot basis (see text for
the uninvapep islands and one or both of the other explanation). Because the number of plots per island used
categories, which did not differ from each other. differed between the variables, mean burrow density for islands
Furthermore, in all but one case, differences in rat differs between panels

history effects could be attributed entirely to differ-

ences in seabird burrow density (Fabc); in no  tend to be greater for plants on uninvaded islands
case did rat history explain any additional variation than for the other two categories (signibcantly so for
beyond this. Thus, seabird density can explain C. macrocarpaandM. ramif3orus Fig. 3b), resulting

differences in soil chemical characteristics but there in a general pattern of highest LMA on uninvaded

Soil chemistry

is no evidence for direct effects of rats. islands (Fig.3c). However, the LMA difference was
signibcant for only one specieB(ternatg Table 3).
Environmental variables Leaf morphology also did not show a consistent

relationship with burrow density, and for the one
Only soil temperature showed marginally signibcant signibcant relationship (a negative one for leaf mass in
differences according to islandsO rat history; soil M. ramiRoru$, rat history still explained variation
moisture, litter weight and canopy cover showed no after accounting for burrow density (TabB.
differences (Table€). However, seabird density was Thus, although there is evidence that rats directly
negatively correlated with soil moisture, primarily affect leaf morphology for some species, there is little
because high values were limited to islands with no evidence that plants omanacep islands are more
burrows (Fig.2d). In addition, there appeared to be a similar to rat-free islands than islands on which rats are
relationship between canopy cover and burrow den- still present.
sity (Fig. 2e), but this relationship was driven entirely
by one outlier; when this was removed, there was no Leaf chemistry
relationship E; 15)= 0.77,P = 0.45). Furthermore,
although there was no signibcant negative relation- In contrast to the leaf morphology results, there were
ship between litter mass and burrow density, closer large differences between rat histories in tree leaf
inspection of the data on a per-plot basis (Rf). chemistry, particularly for %N (Pve of six tree species
suggests that this is because islands with few burrowshad signibcant differences), but also for %P (two
can have either low or high litter mass, but islands species) and %K (two species) (TaldeFig. 4). In
with many burrows $20) generally have low litter every case, %N was lower fonvapep than for
mass. When we examined the bPvenaceD islands UNINVADED islands, while the reverse was true for %K.
only, time since eradication did not explain any of the However, there was no consistent patterniaracep

variation in physical variables(> 0.1 for all). islands, which sometimes had the highest %N and
sometimes the lowest. In all cases where there were

Tree characteristics signibcant differences between rat histories, seabird
burrow density was strongly and positively related to

Leaf morphology %N or %K, but in about half the cases signibcant

differences between rat history categories continued to
There were few differences between rat history exist after this was taken into account. In contrast,
categories in leaf morphological variables, and no seabird burrow density did not explain differences in
evidence for intermediate values @aNAGeD islands the foliar %P ofC. laevigatusand P. costata which
(Fig. 3; Table3). There was no consistent pattern were different according to rat history. Including a
across species for leaf area (F8n). Leaf mass did  second-order regression term for the burrow density
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Fig. 3 Leaf morphology (meas: SEM) for six tree species
by rat history. Values are based on means for individual leaves
on each island. Abbreviations: COPm@oprosma macrocar-
pa; CORIae Corynocarpus laevigatysMACexc Macropiper
excelsum;MELram Melicytus ramiorus MELter Melicope
ternatg PLAcos Planchonella costataFor C. laevigatusand

P. costata the values for managed islands haveemwor bars
because they are represented by only one islariceaf area
(mm?); b leaf mass (g)¢ leaf mass per area (g ™). Different

explained much of the variation in leaf chemistry, it
alone did not account for the rat history differences.

Leaf turnover and leaves per unit stem

No species showed signibcant differences in %
annual turnover between rat historieB ¥ 0.1 for
all). For C. macrocarpaandM. ramiRorusthere were
signibcant differences according to rat history for
proportional change in leaf number between years
(number of leaves in 2006 divided by number in
2005; Tabled). Both of these species pl#s costata
also showed differences in number of leaves added
per unit of stem diameter; in all casesyvabeb
islands had the lowest values (Talfle There was a
positive relationship between proportional change in
leaf number and burrow density f@. macrocarpa
but after this was included in the model, rat histories
continued to differ. There was also a signibcant
positive relationship between change in leaf number
per unit of stem diameter foC. macrocarpaand

P. costatg and in both cases this accounted for the
signibcant differences between rat histories
(Table4). Thus we have some evidence for both
direct and indirect impacts of rats on leaf production
for some species.

Woody plant community structure

ManageD islands had the highest seedling densities,
but lower numbers of species than did tieapep
islands. Minacep islands had much lower evenness
than the other two groups of islands (Fig.Table5).
Seedling species density (# species at the?lamd
100 nt scales) and evenness, but not seedling density
(1-m? scale), were explained by seabird burrow
density. However, signibcant differences remained
after accounting for burrow density, with the largest
differences betweeranaceD anduNINvVADED islands.
Thus for seedling structure we have evidence for both
direct and indirect effects of rats.

Plant species density (# species at the 1GGcale)

letters indicate signibcant differences in means between rat Was negatively related to time since Prst eradication

histories P < 0.05) in contrasts following ANOVA for the
overall effect of rat history

(to account for non-linear relationships) sometimes
improved the model but did not eliminate the signif-
icant rat history effects. Thus, although seabird density

1=

(F@1,4)= 28.5,P = 0.013), and the pattern suggests
that values for this variable omanacep islands are
becoming more similar to that afninvapep islands
over time (Fig.6). However, seedling density and
evenness were not related to time since eradication
(P> 0.1).
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4 «Fig. 4 Leaf macronutrient concentrations (me&nSEM) for
A o nnvabep @ six tree species by rat history. Abbreviations: COPrsaCo-

351 I mANAGED ab a prosma macrocarga CORIlae= Corynocarpus laevigatys
3] EINVADED b 4 b MACexc = Macropiper excelsum MELram = Melicytus
b b ramiBorus MELter = Melicope ternata PLAcos= Plancho-
251 b a nella costata For C. laevigatusand P. costata the values for
a managed islands have nerror bars because they are
| a b b represented by only one islana%N; b %P; c %K. Different
15
1
0.5
ol (P > 0.3 for both). There was no relationship between
COPmac CORlae MACexc MELram MELter PLAcos time since eradication and either variable for the
06 MANAGED islands P > 0.3 for both). Thus, differences
b ] UNINVADED between islands in terms of rat histories can be

letters indicate signibcant differences in means between rat
051  [AMANAGED explained by seabird burrow densities.
M INVADED
0.44
03] Discussion
a a . . -

0.2 a a The well-known negative impacts of rats on seabird

b b populations were reRected in the burrow densities for
-1 our three rat history groups: on average, burrow

Leaf %N
n

Leaf %P

histories P < 0.05) in contrasts following ANOVA for the
overall effect of rat history

| densities omwvabeD islands were only 2% of those on

COPmac CORlae MACexc MELram MELter PLAcos UNINVADED islands. Although burrow densities on

MANAGED islands were higher than those owabpep

] UNINVADED islands, they were still only 17% of those on
5 MANAGED b P UNINVADED islands. Foruninvabep islands, the values
B INVADED g for burrow densities used here are likely to be higher
4 é 7 than means for whole islands because two plots per
x a % . ) .
2 abb é g island were placed on seabird colonies; nevertheless,
§ ? g g it is clear that mostuninvapep islands contain
2| 1 a f % % % substantial seabird populations, while mesNAGED
A A A A A - -
4 ? é é 4 é or iINnvaDeD islands do not. Other studies have shown
1 g é g é g g that recolonization by seabirds following extirpation
. é ﬁ: Z é é é may happen slowly, if at all (Gaz200Q Miskelly

COPmac CORlae MACexc MELram MELter PLAcos and Taylor 2004 Parker et al.2007. Our results
support the notion that seabirds may not rapidly
recolonize islands without active management: of our

Non-native plants Pve maNAGED islands, four had some seabird nests

located in the sampling plots, but only one

Plots in forests oruninvapep islands had a signib-  (Whenuakura) had a colony of similar size to those

cantly greater number of non-native plant species and on mostuninvapep islands, and that island supported

non-native species records (species per plot and tiera colony of grey-faced petreP(erodoma macroptera

height) than onnvabep or manaceD islands (Fig.7a). gouldi), a large seabird that may not have ever been
Both the number of species and the number of recordsentirely eradicated by rats (Imber et a000.
increased with burrow densityF(; 17y= 4.95, P = Our results demonstrate that these changes in

0.040 andF(;,17y= 10.41, P = 0.005 respectively;  seabird densities associated with rat invasion are
Fig. 7b), and rat history did not explain any variation likely to result in strong indirect impacts of rats on
after seabird burrow density was accounted for vegetation dynamics and soil: for every type of

1=



1683

Direct and indirect effects of ratg.

ab

CONTROL

—“N\\

MANAGED

UNINVADED

R

b
CONTROL
CONTROL

Ta

MANAGED
Rat history

“D

MANAGED

©
—

UNINVADED
UNINVADED

Ke)

© < [aV)

o

(;w 12d #) Ausuap Bujpass

(;wool/ saivads) Ausianip Bulpaas

T T
> O N © I T O N - O

o -
. o
o
ssouuang

0.05

0.25
0.2
impacts of seabirds on soils are consistent with earlier

letters indicate signibcant differences in means between rat
studies that have demonstrated that seabird burrow

histories P < 0.05)
cant relationships with seabird burrow densities. The

Fig. 5 Woody seedlings community characteristics (mean
SEM) by rat historya Density (# plants per 1-fquadrat);b
species richness (# species per 109;r evenness. Different
variable examined there were at least some signib-
density strongly affects soil pH and nutrient content,
particularly %N, through transportation of nutrients
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Table 5 Results of analyses for direct and indirect rat effects for seedling community variables

Variable Rat history F P Burrow density R? F P Rat history after F P
burrow density

Density(# ind. per) M=1>U 349 0.052 D 008 b NS b 236 NS

# Species (per 100fh |>M = U 5.14 0.017 Negative 0.39 14.37 0.00B 253 NS

# Species (per R) I>U=M 438 0.028 Negative 0.12 3.08 0.097b 263 NS

Evenness U=I1>M 596 0.010 Positive 0.16 4.65 0046 U>I1>M 4.08 0.036

Text in bold indicates signibcant differences or relationship® at 0.05; NS indicates &-value> 0.1. N= 21. U UNINVADED,

I InvaDED, M manaAGeD. Comparison of rat histories was by ANOVA followed by contrasts between rat histories. A 00=00 indicates no
signibcant difference between adjacent valuess@@@ndicates signibcant differences between adjacent values as well as between the
highest and lowest values. Effects of burrow denskyR and partialR? values) and rat history after burrow densiy, ) were

evaluated using an ANCOVA with burrow density entered prior to rat history. SeesFa. mean values

with the other two island categories, and this could not

o

L0 %NVADED ) be explained by seabird burrow density. Previous
E 8 studies have established that rats selectively consume
87 MANAGED seeds and possibly seedlings (Delgado Ga2€iaq
8 2 ) % Campbell and Atkinso999 2002 Meyer and Butaud
- INVADED 2008this volume), and it seems likely that the species
il dominating the seedling community had particularly
é 2 low rates of consumption by rats, possibly coupled
1 with high longevity in the seed bank. However, it is
o T - T s = unclear at this stage whether such differences in the

seedling community will persist as this new cohort
ages. Seedling species density (# species per )0 m
Fig. 6 _Species richne_ss pf the woody seedling plotted agginst was the only variable that could be explained by time
years since prst eradication for managed plots. The additional ;0 1ot control was initiated, and this variable did
values black diamond and white circjendicate the mean: .

SEM for the two other groupsnzapep anduninvADEeD islands). appear to show convergence with values frorm-
Signibcant differences between means per category areVADED islands soitis possible thatthe communities will

# Years since first eradication

provided in Table4 become more similar over time. However, if these
differences do persist, then the removal of rats may result
from the ocean to the land (e.g. Warti961 in different (and simpler) tree communities than those

Blakemore and Gibb4968 Furness1991 Okazaki found on eithernvabep or uninvADED islands. Finally,
et al. 1993 Mulder and Keall2001; Roberts et al.  there may be direct impacts of rats on the seedling
2007. Effects of seabird density on leaf chemistry community thatthis community-level analysis could not
are also consistent with previous studies that point to identify. For exampleStreblus banksi{(Moraceae), a
evidence of increased rates of plant nutrient supply tree species known to be vulnerable to rats (Campbell
from the soil resulting from fertilization effects of and Atkinson1999 was present on MOSININVADED
seabirds (Wainwright et alL998 Anderson and Polis  islands but only one of thewapep and none of the
1999. MANAGED islands (pers. obs). In the absence of a local
In contrast to the strong and consistent effects of seed source, regeneration of this species (and any others
seabirds, only a few variables showed responses thatextirpated by rats) is likely to be a very slow process.
could be attributed to direct effects of rats (i.e. Although we did not expect to bnd direct effects of
differences between rat histories that could not be rathistory onleaf morphology and chemistry of trees as
explained by effects of seabird density). The best opposed to indirect effects related to seabird burrow
evidence for direct impacts was for seedling commu- density, we found six instances where such effects
nity structure:manacep islands had particularly low  were highly signibcant (and another bve which were
evenness (dominance by only a few species) comparedmarginally signipcant; by chance we would expect

1=
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by rats had the highest number of non-native plant

number of species species. This is particularly surprising becausex-
[ number of records ; ;
5 | vaDED islands generally have severely restricted

access and are visited by people less frequently than
islands in the other two categories; those who do visit
are required to take precautions designed to further
reduce the accidental introduction of seeds. It should
be kept in mind that only small total areas of islands
were sampled; we do not know if the entire island

Number of non-native species or records Q
w

2 Rora differs among the three island categories in
i ab b b numbers or proportions of non-native plant species.
A %:b_ The relationship between seabird density and numbers
UNINVADED MANAGED INVADED of non-native plant species also supports the conten-
Rat history tion that the presence of seabirds creates conditions
b 12 that are particularly favourable for non-native ruderal
§ A # species . plants (Ellis2009. Numerous studies have found that
g 10 o #records of invasives  ~ invasive non-native plant species do best under high
& o // light and high nutrient regimes (factors generally
8 8 7 associated with human disturbance, DOAntonio et al.
a | // 1999, and in our study high seabird burrow densities
2 61 e were correlated with both high nutrient levels and low
'g canopy cover (high light availability). On Mediterra-
§ nean islands, high densities of yellow-legged gulls
s (Larus michahelliy were shown to favour establish-
L'é ment by ruderal, wind-dispersed species with small
E seeds, characteristics typical of many invasive plant
03‘ i 0 0 %0 00 120 species (Vidal et al2000. In New Zealand, a thin

litter layer may favour invasive plants over native
plants (McAlpine and Drake2003, and seabird
Fig. 7 Non-native plants by rat history and burrow densly.  islands generally had little litter. In addition, seabirds

Mean (SEM) cumulative number of species or records (sum of 4y actively transport seeds within or between islands
occurrences of non-native species in different strata) for two

100-n? plots. Different letters indicate signipcant differences in (Gillnam 1956a Nogales et al2001, Burger 2003.
means between rat historieB &« 0.05); b number of species  Although these results need to be conbrmed by

(solid_ line) or records@ashed lingplotted against seabird burrow  |arger-scale studies specibcally aimed at relating
density seabird densities (and possibly seabird species) to
susceptibility to invasion by non-native plants, these
approx. two atx = 0.05 and four at: = 0.1) These  preliminary results do suggest that these islands with
effects primarily involved rats directly infuencing dense seabird populations are particularly vulnerable
mean leaf mass and %N. The differences were notto invasion by non-native plants, and that over the
limited to one or two tree species, making it less likely long-term this may result in very different plant
that a small number of extreme species are driving the communities from the current ones or from those on
results. Similarly, there were differences between rat MANAGED Or INVADED islands.
histories in leaf production (number of leaves in 2006 It is apparent that the reversal of the main human
compared to the previous year) for two tree species thatimpact responsible for degradation of our islands (the
could not be explained entirely by burrow density but introduction of rats) is by itself unlikely to result in

Burrow density

for which we do not have an explanation. restoration to an uninvaded state: although there are
There is the potential for large and rapid changes some direct effects of rats on vegetation structure,
in the plant communities on theninvabep islands: most of the impacts of rats are mediated through

forests on islands which have never been invaded reduced seabird densities, and densitieSveRAGED

1=
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islands are considerably lower, on average, than onrestoration of these islands is especially challenging:
UNINVADED islands. There is also little evidence that an original ecosystem state is difbcult to debne and the
MANAGED islands as a group are becoming more restoration goal is often a fuzzy and moving target,
similar to uninvaDED islands over time: with the  making it difPcult to assess the success of restoration
exception of some soil chemistry variablegwAaceD (Simberloff1990.
islands were not usually intermediate between  Our results provide evidence that upon removal of
INVADED anduNINvADED islands, and the only response rats from islands, seabird colonies need to be re-
variable that showed a relationship with time since established if vegetation processes and ecosystem
eradication was species richness. functioning are to be restored. Methods exist that
Whether the return of seabirds in densities similar to increase the rate at which seabird colonies are estab-
those prior to invasion will result in restoration to a lished, such as translocation of nestlings and acoustic
pre-invasion state is less clear. On the one hand, attraction (e.g. Kres$983 Miskelly and Taylor2004
variables related to ecosystem processes such as soiPriddel et al.2006, but they are not widely used.
physical and chemical properties (moisture, pH, %C, However, although seabird colony reestablishment
%N, %P, and Olsen P), leaf chemical characteristics may result in the restoration of many aspects of
(%N and %K), and, to a lesser extent, leaf productivity, ecosystem functioning, differences in species compo-
do show strong positive relationships with seabird sition compared to uninvaded islands may persist.
density. On the other hand, there are several indica- Furthermore, the re-establishment of seabird colonies
tions that plant community composition GANAGED may make the islands more susceptible to invasions by
islands may not converge to thatwfinvapep islands. non-native plants, thus making invasive plant moni-
First, the low plant diversity (dominance by a few plant toring programs particularly important. Without active
species) ofwanacep islands may alter competitive management beyond rat eradication and encourage-
interactions and, coupled with the extirpation of some ment of establishment of seabird populations, plant
tree species, result in long-lasting changes in vegeta-community composition on islands previously popu-
tion composition. Second, the disturbance regimes lated by rats may require a much longer time to
imposed by seabird colonies may increase the vulner-converge, or in some cases may never converge, with
ability of manacep islands to invasion by or rapid that of islands that have never been invaded.
expansion of populations of non-native plant species,
an example of a OOsurprise effectOO following eradielg;knowledgmc_snts Forpermis_;iorjto work_ ontheislands they
tion of an invasive alien species (Caut et2008this ?gﬁgvﬁgéoirw ‘;‘:’hlllcgh@tt?‘a'a"’k‘;e’ @;ﬁﬁeﬁglﬁézzaaz)ﬁm?ﬂfhﬁ;;the
volume). If this occurs early on in the recovery paoa, Ngdi Puu, Ngdi Rehua, and Nafiwai, as well as the
process, when the vegetation is still quite different Ruamahua (Aldermen) Islands Trust, the Ngamotuaroha Trust,

from that ofuninvabep islands, it may lead to different  John McCallum, Oho Nicolls, Bryce Rope, and the Neureuter

impacts than oruninvapep islands. These situations ~ [2miY: We thank the New Zealand Department of Conservation
for facilitating our visits to the islands they administer. We also

could lead tO_SUCCGSSionaJ trajectories uinvADED ~ thank Larry Burrows, Ewen Cameron, Ellen Cieraad, Brian
and maNAGED islands that do not converge. In this Daly, Aaron Hoffman, Holly Jones, Brian Karl, Rau Kirikiri,
sensepNINvADED andMANAGED islands may represent  NoraLeipner, Phil Lyver, Richard Parrish, Gaye Rattray, James

two alternative stable states (Scheffer and CarpenterXussell: and Dan Uliassi for assistance. The comments of two
anonymous reviewers improved the manuscript. This study was

2003 Suding et al.2004. In other words MANAGED supported by the Marsden Fund of the Royal Society of New
islands may remain different in community composi- Zealand, the U.S. National Science Foundation (DEB-0317196),
tion from uninvaDED islands even after rat eradication  the hNe;N Zealand Foundég'on for R%S_eg"?h: ‘Science ﬁ”d
and seabird reintroduction. If so, restorationved- Technology (Sustaining and restoring biodiversity OBI), the
. . . New Zealand Department of Conservation, and the Japan
AGED islands to the original uninvaded state may society for the Promotion of Science.
require additional management such as active intro-
duction and removal of plant species. To further
complicate matters, many seabird dominated islands
are undergoing sgcondary su.ccess'lon following man,y Allen RB, Lee WG, Rance BD (1994) Regeneration in indig-
years of human disturbance, including past bre and in enous forest after eradication of Norway rats, Breaksea
some cases cultivation (Atkinsor2004. Hence Island, New Zealand. New Zeal J Bot 32:429D439
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