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Abstract: Seabirds impose a high-nutrient, high-disturbance regime on the islands on which they nest, resulting
in higher nutrient cycling rates, plant nutrient uptake and leaf nutrient content. On islands off the coast of
New Zealand, seabird-dominated islands support greater densities of soil- and litter-dwelling consumer biota.
We predicted that islands with high seabird densities would have higher levels of leaf damage as a result of
higher densities of foliar consumers (herbivores and pathogens). Damage levels on leaves of six common tree
species were compared between 9 islands with active seabird colonies and 10 islands with low seabird densities
resulting from invasion by predatory rats. There were no consistent differences in leaf damage by chewing,
mining, or phloem-feeding herbivores across plant species; pathogen damage was lower on islands with high
seabird densities than on those with low densities, but this was driven by only two of the plant species. Instead,
plant species differed in which of several possible damage types responded to seabird presence, and in which
plant leaf traits responded to seabird-related environmental changes. Across plant species, those with more
resource-acquisitive leaf traits such as high percent nitrogen and low structural investment experienced higher
levels of chewing damage (which accounted for 66—100% of all damage), but not other damage types. We
conclude that the fertilisation and disturbance regimes imposed by seabirds do not lead to consistent changes
in consumer damage to plants, because of variable responses by both individual plant species and different

consumer groups.
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Introduction

The productivity of terrestrial plants is frequently limited
by nutrients, particularly nitrogen (N) and phosphorus (P)
(Epstein 1972; Vitousek & Howarth 1991). This often also
results in nutrient limitation for herbivores, and numerous
studies have found positive relationships between foliar N or
P concentrations and herbivore fitness or foliar damage, both
within and across plantspecies (e.g. Feeny 1970; Mattson 1980;
Scriber & Slansky 1981; Molinari & Knight 2010). Plants
on islands on which seabirds breed are likely to be released
from N and P limitation, because the seabirds deposit labile
N and P of marine origin, primarily in the form of guano,
thereby increasing nutrient availability to plants (see reviews
in Mulder et al. 2011; Smith et al. 2011). Seabirds impose a
high-nutrient, high-disturbance regime that selects for fast-
growing plant species with high light and nutrient demands,
leading to the dominance of these (Ellis et al. 2011). Further,
increased densities or biomasses on islands with higher seabird
densities have been found for a range of groups of above- and
below-ground consumer organisms, including invertebrate
scavengers and detritivores, insects, nematodes, spiders, and
reptiles (Polis & Hurd 1996; Markwell & Daugherty 2002;
Fukami et al. 2006; Towns et al. 2009; Kolb et al. 2010).
However, whether impacts of this seabird-imposed fertilisation
and disturbance regime extend to consumer damage on plants
has not been examined.

Islands off the east coast of northern New Zealand provide
an excellent system in which to study impacts of seabirds on
community structure and ecosystem function. Although all of
these islands were once home to high densities of burrowing
seabirds (Procellariiformes), many have been invaded by
non-native rats (Rattus rattus or R. norvegicus), resulting
in a mean reduction in seabird density of = 95% (Fukami
et al. 2006). Previous studies in this system have shown that
islands with high and low densities of seabirds differ in plant
community structure (Wardle et al. 2007; Grant-Hoffman
et al. 2010), and in below-ground properties such as soil
fertility (i.e. plant-available N and P), microbial activity,
litter decomposability, and litter- and soil-inhabiting biota
(Fukami et al. 2006; Mulder et al. 2009; Towns et al. 2009;
Wardle et al. 2009). Islands on which large seabird colonies
are retained (hereafter ‘seabird islands”) also have higher N
cycling rates, higher foliar N content and lower C:N ratios
than those on which seabird populations have been greatly
reduced or eradicated (hereafter ‘non-seabird islands’) (Wardle
et al. 2009). Despite this, above-ground biomass and canopy
density of shrubs and trees are actually reduced on seabird
islands (Wardle et al. 2007; Mulder et al. 2009). While chronic
disturbance of soils by burrowing and trampling by seabirds
may reduce plant growth, another factor that may contribute
is increased leaf consumption and damage by herbivores and
pathogens on these islands. We would expect higher rates of
plant consumption within a host species if plants have higher
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nutrient content and/or lower concentrations of secondary
compounds when released from nutrient limitation. We would
also expect higher relative abundances of plant species on the
‘acquisitive’ end of the leaf economic spectrum; such species
tend to have high foliar N concentrations, low leaf mass per
area (LMA), low investment in structural components (e.g.
lignin), low concentrations of secondary compounds, and high
leaf turnover rates relative to resource-conservative species
(e.g. Diaz et al. 2004; Wright et al. 2004), and higher rates of
consumption by herbivores (e.g. Coley 1983; Herms & Mattson
1992; Pérez-Harguindeguy 2003; Endara & Coley 2011).

In this study we examined damage caused by foliar
herbivores and pathogens (collectively referred to as
‘consumers’) on islands with high versus low numbers of
seabirds, and explored whether variation in foliar traits can
explain variation in leaf damage. We focused on six common
woody plant species, and tested the following predictions:
(1) Across species, plants with traits maximising resource
acquisition will sustain higher levels of consumer damage than
those with traits favouring resource conservation; (2) Within
species, plants on seabird islands will have higher levels of
consumer damage to their leaves than those on islands with few
seabirds; and (3) Within species, greater consumer damage on
leaves on seabird islands can be explained by changes in leaf
foliar traits that are driven by seabird density. In combination,
our results will indicate whether the bottom-up effects of
seabird nutrient inputs that drive greater densities of consumer
biota below ground also drive higher foliar consumption rates
above ground.

Methods

Islands

Nineteen islands located off the warm temperate north-east
coast of the North Island of New Zealand (Appendix 1) were
selected based on seabird density, size (similar size ranges
for islands with and without seabirds), and the presence
of well-developed multi-species secondary forest. Nine
of the islands support seabird colonies (‘seabird islands’;
Appendix 1); the most abundant species are Pelecanoides
urinatrix (common diving-petrel), Puffinus bulleri (Buller’s
shearwater), Pterodroma macroptera gouldi (grey-faced
petrel), and Pelagodroma marina (white-faced storm petrel)
(all Procellariiformes). On the other 10 islands (‘non-seabird
islands’; Appendix 1), seabird numbers have been greatly

reduced by rats (R. rattus or R. norvegicus) that invaded
between 150 and 50 years ago (Fukami et al. 2006). Rats had
been eradicated from some of these islands before our study
began but seabird colonies were still at low densities, hence
they were classified as ‘non-seabird islands’ (Fukami et al.
20006). There were no significant differences in mean latitude,
longitude, island size, or distance to the mainland between
uninvaded and invaded islands (Fukami et al. 2006).

Most information available for both groups of islands
comes from two 10 x 10 m plots located in the most mature
secondary forests that could be found on each island (Fukami
et al. 2006). On seabird islands these plots were located on
colonies in which these birds nest underground. We obtained
an index of seabird density by counting burrow entrances
in the 100-m? area. Seabird densities on the seabird islands
ranged from 3.5 to 101 active burrows per 100 m? (mean =
36.5), while seabird densities on non-seabird islands ranged
from 0 to 8 burrows per 100 m? (mean = 1.5) (Appendix 1).
While this classification results in a small amount of overlap
in seabird densities between the two seabird status categories,
itallows for comparison with other papers on this system, and
we also explicitly evaluate relationships with seabird density.

Focal plant species

Six common species of broadleaved evergreen woody plants
were selected, all of which occurred in the forest on at least
half of the islands: Piper excelsum s.1. (Piperaceae), Melicytus
ramiflorus (Violaceae), Melicope ternata(Rutaceae), Coprosma
macrocarpa subsp. minor (Rubiaceae), Planchonella costata
(Sapotaceae) and Corynocarpus laevigatus (Corynocarpaceae;
hereafter all species are referred to by genus). These species
differ in their location along the leaf economic spectrum, as
indicated by LMA, leafturnoverrates, and foliar concentrations
of N, P, fibre, and lignin (Table 1).

Insect herbivore damage estimates and leaf
characteristics

Damage data were obtained between 10 February and 17 April
2004. For each species up to 10 plants per island were selected
(Appendix A; total number of plants = 651). Plants came from
within or near the 10 x 10 m plots, with additional randomly
selected plants located up to 20 m away if needed. From each
plant the outermost three leaves (leaflets for Melicope) on
each of three branches at a height of 1-2.5 m were selected
(i.e. nine leaves or leaflets total). For each leaf, we visually
estimated the proportion of its area affected by each type

Table 1. Leaf trait values of the six focal plant species. Values are means based on plants from non-seabird islands. Leaf
retention data are expressed as percent of leaves retained over 1 year (Mulder et al. 2009). ‘LEI” is the leaf economic index,
the value of the first axis of a principal component analysis on the leaf variables; low and high values indicate maximisation
of resource-acquisitive and resource-conservative properties respectively. Species are presented in order of increasing LEI.

Species %N %P LMA % Leaf % Fibre % Lignin LEI
(gm™) retention
Piper excelsum G.Forst. 3.16 0.37 42 3 26.9 8.6 —2.53
Melicytus ramiflorus J.R Forst. & G.Forst. 2.66 0.37 52 3 34.6 8.4 —1.21
Melicope ternata J.R.Forst. & G.Forst. 2.26 0.25 58 7 29.2 7.6 —1.08
Coprosma macrocarpa Cheeseman 1.45 0.19 70 2 31.6 9.9 0.11
Corynocarpus laevigatus J.R.Forst. & G.Forst. 2.46 0.19 85 25 38.2 12.5 2.19
Planchonella costata (Endl.) Pierre 2.77 0.17 79 28 36.4 19.7 2.52
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of damage that could be distinguished. For all plant species
except Piper we classified damage types by feeding guild
into that caused by ‘chewers’ (all forms of herbivory caused
by the chewing mouthparts of caterpillars and beetles, e.g.
holes, rasps, edge bites); ‘phloem-feeders’ (caused by insects
such as aphids and psyllids, and usually evidenced by small
holes and a discoloured area surrounding them); and ‘miners’
(evidenced by mine traces left by larvae). If leaf area had been
removed, e.g. by chewers, damage was expressed relative to
the estimated leaf area originally present.

Since in most cases the herbivore species responsible
for the damage was not seen, we primarily described types
of damage (e.g. holes on the edges of the leaf versus near
the midrib, rasping, mining). However, the same organism
may sometimes have been responsible for multiple types
of damage, or multiple species may have caused damage of
similar appearance. Leaves of Piper had only one type of
damage (chewing by larvae, primarily Cleoria scriptaria,
Geometridae; Beever 1987; Hodge et al. 2000). Since Piper
leaves have a very consistent ‘heart’ shape we established an
allometric equation describing the undamaged leaf area on
the basis of length and maximum width (area in cm® = 0.644
x (length in cm x width in cm) + 12.02, R*= 0.96, N = 40;
leaves ranged from 4.7 to 12.0 cm in length and 5.3 to 15.6 cm
in width). We then predicted undamaged leaf area, measured
actual leafarea, and calculated leafarea lost to herbivory as the
difference between the two. We recorded damage that could be
ascribed to ‘pathogens’ (indicated by appearance of hyphae or
asci) on all plant species. Since leaf area or LMA may differ
between invaded and uninvaded islands, we also calculated the
biomass affected by damage (= % of area damaged x LMA)
forall species; however, these results were qualitatively almost
identical to area-based results, so we report areal results only.

Our estimates of leaf damage do not take into account
the potential loss of entire leaves during or after herbivory.
However, there were no differences in leaf turnover rates
between invaded and uninvaded islands (Mulder et al. 2009),
and the species with the highest turnover rate (Piper) exhibits
no change in rate of leaf loss when protected from herbivores
(Hodge et al. 2000). Therefore, loss of entire leaves is unlikely
to bias estimates of consumer damage with respect to the
presence of seabirds.

Weused data on leaf chemistry and morphology measured
on each of the six plant species on each island presented in
previous studies (Mulder et al. 2009; Wardle et al. 2009).
Briefly, we obtained fresh leaf area, dry mass, and LMA on all
leaves, and concentrations of N, P, condensed tannins (vanillin
method; Broadhurst et al. 1978), and total phenolics (Price &
Butler 1977) on foliage from three individuals per species per
island (Mulder et al. 2009). Thirty fully expanded leaves from
at least five individual plants per species were collected and
bulked for determination of concentrations of lignin, cellulose,
and fibre (Wardle et al. 2009).

Data analysis

Analyses were performed using SAS (version 9.2, SAS
Institute). In evaluating impacts of seabird density, islands
rather than individual plants were the experimental units; we
used means of all leaves for each species—island combination.
Where appropriate, data were log o-transformed to meet model
assumptions. Means in text are means = SEM.

Principal components analysis (PCA) was used to generate
a ‘leafeconomicindex’(LEI) to indicate the relative location of
eachofthe six plantspecies along the ‘leafeconomic spectrum’

(sensu Wrightetal. 2004). We ran PCA on LMA, leafretention
(% leaves remaining on the plant after 1 year), and foliar %N,
%P, % lignin and % fibre, using values from non-seabird
islands (Table 1). Values for the first PC axis provided the
LEI values. This axis explained 68% of variation; LMA, leaf
longevity, fibre and lignin loaded positively, and leaf %N and
%P loaded negatively. To test whether interspecific variation
in leaf damage could be explained by the LEI we regressed
means for the damage variables (chewing, phloem-feeding,
mining, pathogen, and total % damage) against LEI.

We used a split-plot ANOVA to test whether there were
overall effects of seabird status on damage by consumers
across the six plant species. Islands were included as the
whole-plot level, seabird status as the whole-plot treatment,
and plant species identity as the subplot treatments. Blocks
were generated by matching pairs of islands (one seabird, one
non-seabird) by latitude and size (see last column in Appendix 1;
because we had an odd number of islands, in one case we used
atriplet). Response variables were chewing, phloem-feeding,
mining, pathogen, and total percent damage. For individual
plant species we tested for differences between seabird and
non-seabird islands by running separate one-way ANOVAs
with each island as the experimental unit. We then performed
linear regressions between each response variable and nesting
seabird density (using the log o-transformed number of burrow
entrances per plot) across the 19 islands.

Leaf characteristics that best explained consumer damage
were identified using an information theoretic (Akaike’s
Information Criteria, AIC) approach (Akaike 1973). Candidate
variables for island-level comparisons included foliar
characteristics that were likely to impact herbivores and be
affected by seabird density: LMA, foliar %N, condensed
tannins, total phenolics, lignin, fibre, cellulose, and canopy
density. Because for most species data for lignin, fibre and
cellulose were available for a smaller number of islands than
the other leaf variables (see sample sizes in caption to Table
3) and their inclusion therefore reduced our power to detect
relationships, we reran models without those variables where
they were not retained in the best models. We selected among
competing models using AIC adjusted for small sample size
(AICc; Burnham & Anderson 1998) and evaluated the relative
importance of each variable by summing Akaike model weights
across all models that included that variable (Burnham &
Anderson 1998; Arnold 2010). Variables with high model
weights (>0.55) were always included in the ‘best’ model
(lowest AICc score), but some variables in top models had low
model weights (<0.5), and were considered not well supported.

To determine whether seabirds affected leaf trait values
we ran separate one-way ANOVAs for each species, with
each island as the experimental unit and seabird status as the
explanatory variable. We also performed linear regressions
between each response variable and nesting seabird density
(using the log;(-transformed number of burrow entrances per
plot) across the 19 islands.

We wanted to evaluate whether the observed differences
inleaf damage on islands with different seabird densities could
be explained by shifts in leaf trait values induced by seabirds.
Because our sample size (N = 19 islands) was insufficient
for structural equation modelling, we visually combined the
results of the three sets of relationships (i.e. seabirds on leaf
trait values, leaf trait values on damage levels, and seabirds on
damage levels). Although this did not allow us to formally test
the importance of indirect effects of seabirds on damage levels
via leaf trait values, when connections between all three sets
of variables are absent then such indirect effects are unlikely.
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Results

Overall damage levels and differences between plant
species

Mean total damage levels to leaves across all plant species
on all islands ranged from 5.8% to 20.3%, with most of the
damage on all plant species attributable to chewing insects
(66—100% of damage percent; Fig. 1). Plant species differed
in their mean damage levels for all damage variables (Fig. 1).
Only chewing damage was related to species’ LEI scores (R*
=0.61, t4,=-2.51, P=0.07); the other damage types showed
no relationships (R>< 0.01 for pathogen and mining damage;
R?=0.32 for phloem-feeding damage; P> 0.2 for all).

Damage levels on seabird vs non-seabird islands

There were no consistent differences in damage levels between
seabird and non-seabird islands (Fig. 2). Split-plot analyses
including all six host species revealed no significant differences
in chewing damage (Fig. 2a; F;g= 0.83, P = 0.39), mining
damage (Fig. 2b; F; g = 1.50, P = 0.26), or phloem-feeding
damage (Fig. 2¢c; F;g= 1.10, P = 0.33). However, leaves
had significantly lower pathogen damage on seabird islands
(Fig.2d; F, §=9.74, P=0.014), which was driven by Melicytus
and Planchonella (Fig. 2d).
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When damage levels were examined for individual plant
species there were only three significant differences (out of 21
comparisons) between seabird and non-seabird islands (slightly
more than the one expected by chance at o = 0.05). Chewing
damage on Planchonella was approximately three times greater
on seabird than non-seabird islands (£ ;; = 5.67, P = 0.036;
Fig. 2a); mining damage for Coprosma was around twice as
high on seabird islands (Fig. 2b; F; 15=5.23, P=0.037); and
pathogen damage for Melicytus was around three times as
high on non-seabird islands (Fig. 2b; (£} ;5= 6.42, P=0.023).
These relationships were confirmed using regressions across
the 19 islands with burrow density as the independent variable
(chewing damage on Planchonella: positive, R* = 0.38,
P =0.025; mining damage on Coprosma: positive, R*=0.25,
P=0.040; pathogen damage on Melicytus: negative, R*=0.32,
P=0.018), as was one additional relationship (Corynocarpus:
positive relationship for mining damage, R*=0.40, P=0.050).
For Coprosma two additional relationships suggested trends:
a negative relationship with chewing damage, R> = 0.18,
P =0.086, and a positive relationship with phloem-feeding
damage, R> = 0.23, P = 0.054. Overall, most damage types
on most species did not differ according to island status or
seabird burrow density.

Explaining damage levels using leaf characteristics

The extent to which leaf characteristics could explain damage
levelsacross islands was highly variable by species and damage
type (Table 2). As expected, relationships between damage
levels and phenolics were negative, while those with %N and
LMA were generally positive (except on one occasion for
Corynocarpus). Unexpectedly, relationships with tannins were

positive, as were those for cellulose (again with an exception
for Corynocarpus). Relationships with canopy density were
not consistent, while fibre and lignin were never included in
the best models. Generally, variables that explained damage
were most easily identified for mining and phloem-feeding
damage (for which there were usually one or two best models)
and most difficult to identify for pathogen damage. Although
there were significant effects of seabird status or seabird density
in at least one plant species for almost all variables (Table 3),
only foliar N and LMA showed consistent responses for >2
plant species.

To evaluate whether differences in damage levels under
high densities of seabirds (Fig. 2 and second paragraph of
the Results) could potentially be mediated by shifts in leaf
trait values, we visually combined the results for shifts in
leaf trait values due to seabird status or density (Table 3) with
those exploring relationships between leaf trait values and
damage levels (Table 2). Some of the observed differences in
damage levels between seabird and non-seabird islands could
be explained by shifts in leaf trait values for Coprosma and
Corynocarpus (Fig. 3d,e), butnot for Melicytus or Planchonella
(Fig. 3b,f). For the two species for which there were no
observed differences in damage levels (Piper and Melicope),
there was no evidence for shifts in leaf traits that could result
in opposing impacts on damage levels (Fig. 3a,c).

Discussion

We expected that increases in nutrient availability driven
by large seabird populations would indirectly affect leaf

Table 2. Results of AIC models aimed at identifying combinations of leaf variables that best explain damage at the whole-
island level. LMA refers to leaf mass per area (g m2); CD is canopy density (% of sky obscured); all other leaf traits are
measured as percentages. Only variables from models with AICc scores within 2.0 of the best (lowest AICc) model are
included. A ‘+’ indicates a positive relationship, a ‘=’ a negative relationship; for variables with strong support (model
weight > 0.55) weights are in parentheses. Where inclusion of lignin, fibre, or cellulose was not supported (indicated with

‘NI”), the analysis was rerun without these variables.

Damage type Species No. of N R?2 LMA Nitrogen Phenolics Tannins Cellulose Fibre Lignin CD
models

Piper 5 13 0.25 NI NI NI
Melicytus 1 17 042 +(0.71) —(0.84) NI NI NI

Chewing Melicope 1 10 0.58 +(0.94) NI NI NI
Coprosma 6 17  0.12 t NI NI NI
Corynocarpus 3 10  0.57 - - + + NI NI NI
Planchonella 6 13 0.29 +(0.58) + - NI NI NI +
Melicytus 1 17 045 +(0.84) —(0.78) NI NI NI +
Melicope 5 12 <0.10 — - - NI NI NI +

Mining Coprosma 2 17 0.14 +(0.58) NI NI NI -
Corynocarpus 1 10  0.53 +(0.77) NI NI NI
Planchonella 1 10 0.77 +(0.64) —(0.88)
Melicytus 5 17 0.04 NI NI NI
Melicope 1 7 0.83 +(0.57) +(0.67)

Phloem-feeding  Coprosma 2 17 046 +(0.76) +(0.81) NI NI NI
Corynocarpus 1 9 0.98 —(0.96) —(0.97) —(0.94) +(0.96)
Planchonella 1 10 0.34 +(0.60)
Melicytus 5 17 0.05 NI NI NI
Melicope 2 12 0.29 - +(0.64) NI NI NI

Pathogen Coprosma 3 14 0.49 + + - - NI NI NI -
Corynocarpus 7 17 0.09 f f NI NI NI
Planchonella 5 13 <0.02 - - - + NI NI NI +
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Table 3. Leaf traits of plants on non-seabird and seabird islands. Values are mean + SEM with islands as replicates. ‘LMA’
refers to leaf mass per area. Asterisks refer to significant differences in means between non-seabird and seabird islands (*P
<0.05, **P < 0.01). A § indicates a significant relationship between the variable and seabird burrow density (§ P < 0.05,
§§P < 0.01, §§§P < 0.001). Number of islands for most variables (with N for fibre, cellulose and lignin in parentheses):
Piper = 14(16); Melicytus = 17(16); Melicope = 12(8); Coprosma = 17(17); Planchonella = 13(11), Corynocarpus = 9(9).

Species Seabird island LMA (g m2) Nitrogen (%) Fibre (%)  Cellulose (%) Lignin (%)  Tannins (%)  Phenolics (%)
Piper No 41 +£3 3.05+0.10% 27.04+1.1 16.53+0.7§§ 8.68 £ 0.7 0.13+0.01 2.73+0.17§
Yes 44+ 3 3.42+0.14 27.51+1.0 15.04+£1.0 10.81 £ 0.6 0.12+0.01 3.05+0.48
Melicytus No 52 +£2§ 2.51+0.14 34.62+1.0 2447 £0.8 8.49+0.4 0.17+0.02 0.70 £0.05
Yes 53+7 2.87+0.11 33.83+1.3 25.00+ 1.5 8.29+0.4 0.19 +0.02 0.82 +0.08
Melicope No 48 + 6* 226+0.16 29.23+23 19.03 £2.0 7.57+04 0.14 + 0.06 1.88 £0.22%
Yes 69 +4 2.24+0.10 29.62+ 1.7 2044 £1.2 7.10£1.0 0.12+0.02 2.52+£0.16
Coprosma No 62 + 4% 1.45+£0.04%*§ 31.53+1.1 21.47+0.6 1028 +2.0** 0.11 +0.01 0.44 £ 0.06
Yes 82+9 1.64 +0.03 3318+ 1.2 20.51+0.9 13.34+£0.7 0.12+0.01 0.49+0.08
Corynocarpus No 81 +03 2.04+0.14 38.23+£1.8 25.06 1.0 1246 £0.6 0.10+0.018§§ 0.84 £0.05
Yes 91 +07 2.31+0.22 3944 +£2.6 2480+1.7 14.68 £ 1.6 0.12+0.02 092+0.16
Planchonella  No 75+3 2.46 +£0.07** 36.38+2.8 16.45£0.5 19.68 £ 2.6 0.12 £0.02 0.73 £0.09
Yes 82+8 3.03+0.15 36.61 £1.7 1796 £ 1.1 18.03 1.0 0.10+0 0.71 £0.06
(a) Piper (b) Melicytus
(No relationships between - -7 LMA > chewing
leaf traits and damage) seabirds %N %
phenolics & = mining
(c) Melicope (d). Coprosma
7 chewing chewing
%N
. cellulose hloem - 4 LMA phloem
seabirds §\ ) P ; seabirds %N feeding
\ tannins feeding tannins
~ canopy density
pathogen
(e) Corynocarpus (f) Planchonella
LMA — > phloem
o B )
seabirds %N ; feeding seabirds LMA —>-
\/ cellulose A
tannins /

Figure 3. Potential linkages between foliar responses to seabirds and damage responses by foliar consumers via changes in leaf traits
for each of the six plant species (see Table 1). These diagrams are visualisations of the relationships identified in Tables 2 and 3 and in
Fig. 2, and are intended to depict whether impacts of seabirds on leaf trait values could explain shifts in the levels of damage caused
by foliar consumers (or, in the case of multiple and opposing effects, lack of shifts in damage levels). For simplicity only leaf traits that
affect at least one damage type (middle box of each panel) and only damage types that are explained by leaf trait values or seabirds are
shown. LMA refers to leaf mass per area. Arrows between the left and middle boxes indicate impacts of seabird presence or density on
leaf traits (from Table 3); arrows between the middle and right boxes indicate correlations between leaf traits and damage levels (from
Table 2). Solid arrows indicate positive relationships, dashed arrows indicate negative ones. Damage types with dark grey shading
show significant differences between seabird and non-seabird islands or significant responses to increased seabird density (P < 0.05),
whereas those with light grey shading show marginally significant relationships (0.05 < P < 0.10) (from Fig. 2 and second paragraph of
the Results). Bold arrows leading to boxes with heavy margins indicate pathways through which impacts of seabirds on leaf traits could
explain observed changes in damage levels.
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consumers, resulting in increased leaf damage on seabird
islands. This prediction was not supported: there was no
consistent difference between seabird and non-seabird islands
in herbivore damage (chewing, mining or phloem-feeding),
and pathogen damage was higher on non-seabird islands than
seabird islands across all species. In fact, there were only three
significant differences for any plant-damage-type combination
between seabird islands and non-seabird islands across 21
comparisons (and one additional effect of seabird density);
while higher than expected by chance at o= 0.05, these results
provide little support for the notion that damage by herbivores
or pathogens is consistently affected by seabird colonies.

The reason for the lack of consistent response of damage
levels to seabird status becomes apparent when the effects of
seabirds on leaftraits are evaluated (Table 3). We had expected
that shifts in seabird density would lead to consistent shifts in
leaf'traits that in turn would drive consistent shifts in consumer
damage levels, but neither prediction was supported (Fig. 3).
While all but one leaf trait responded to seabird presence or
density inatleast one host species (11 significant relationships,
many more than the two expected by chance at o= 0.05), the
manner in which they did was highly individualistic: only
%N and LMA increased consistently (three of six species;
Table 3). Leaf traits that explained damage levels also varied
across plant species and across damage types (Table 2; Fig. 3,
connections between middle and right-hand boxes). While
some shifts in consumer damage on seabird islands could be
explained by changes in mean leaf trait values (Fig. 3, black
arrows), in other cases they could not (e.g. chewing data on
Planchonella). In sum, the lack of consistent seabird effects
was due to species-specific responses of plant chemistry or
morphology to seabird density (and associated impacts), and
the effects that were found could not always be explained by
the foliar characteristics we measured.

Responses of consumer groups

Species-specific responses by both plants and herbivores to
changes in resource availability are consistent with previous
work. Numerous studies have found increasing invertebrate
herbivore damage, survivorship, growth, and reproduction
(both within and across species) as foliar N concentrations
increase (e.g. Mattson 1980; Scriber & Slansky 1981;
Donaldson & Lindroth 2007; Molinari & Knight 2010), in line
with the three positive relationships we found between %N
and damage by herbivores. However, plants in high-nutrient
environments may increase allocation to N-based defence
compounds such as alkaloids or cyanogenic compounds
(Bryantetal. 1983; Herms & Mattson 1992). Such compounds
could account for the negative correlation between %N and
damage by phloem-feeders on Corynocarpus, in which
[-nitropropanoic acid is a defence chemical in its fruit and
nectar; its occurrence in leaves is unknown (Connor 1977).
Herbivores can also engage in compensatory feeding when
leaf quality is low (review in Haukioja 2003), which could
help explain why most plant—consumer combinations showed
no relationship. Leaf N content may also be related to other
plant or plant community traits that can in turn promote attack
by herbivores or pathogens. For example, a spatially explicit
study evaluating relationships between soil and plant traits on
islands with different seabird densities found that tree basal
area was a better predictor of leaf %N in Melicytus ramiflorus
than was soil ammonium, soil nitrate, or burrow density
(Durrett2014). Tree densities are lower on seabird islands than
non-seabird islands (Wardle et al. 2007); such trees could be

less susceptible to herbivores or pathogens because they are
healthier or because they are spaced further apart, countering
any positive effects of increased %N.

It is unclear why pathogen damage across species was
lower on seabird islands. Seabirds reduce canopy densities
(Mulder et al. 2009), which in turn could reduce humidity in
the understorey and this could result in conditions unsuitable
for leaf pathogens (e.g. Tapke 1931; Loria et al. 1982; Lopez-
Bravoetal.2012). We therefore expected either canopy density
or LMA (which is affected by light levels) to explain pathogen
damage levels, but neither did. Lower canopy densities on
seabird islands could also result in greater evapotranspiration
inthe understorey (e.g. Hawthorne et al. 2013) so we expected
that this could result in lower rates of damage caused by
phloem-feeders (which are sensitive to leaf turgor; Jones &
Coleman 1991; Huberty & Denno 2004). There was some
evidence this was the case because damage by phloem-feeders
was positively related to canopy density (for Melicope and
Corynocarpus) and negatively to LMA (for Corynocarpus);
moreover damage levels to both of these species on seabird
islands were less than halfthat on non-seabird islands (Fig. 2¢),
although neither difference was statistically significant. Island-
scale measurements of canopy density or LMA are rather
crude indicators of plant water potential or humidity at the leaf
surface, and more direct measures might link the impacts that
seabirds have on plant water status and subcanopy humidity
to damage by these consumers.

Our expectation that that herbivore damage would be
negatively correlated with leaf structural components and
concentrations of secondary compounds for most species was
not supported. Neither lignin nor fibre consistently predicted
herbivore damage, and relationships with cellulose content
and tannin concentrations were primarily positive; only
concentrations of phenolics showed the expected negative
correlation, and only for 2 out of 21 comparisons (only one
more than expected under a = 0.05). Furthermore, there were
no consistent differences across plant species between seabird
and non-seabird islands for any of these variables. Many plant
species show induced responses to herbivore damage that
result in greater concentrations of secondary compounds such
as tannins, particularly in fast-growing species (see review in
Karban & Baldwin (1997) and meta-analysis in Nykédnen &
Koricheva (2004)); this could account for the observed positive
relationships with damage in some species, as could the ability
of'some herbivores to metabolise tannins (Haukioja2003). We
measured condensed tannins, which are traditionally thought
to reduce herbivore activity through protein precipitation
capacity, but recent studies suggest that tannin oxidation may
play a major role, particularly for arthropods (Appel 1993;
see review in Salminen & Karonen 2011). Condensed tannins
show lower oxidation activity than another tannin group, the
ellagitannins (Barbehenn et al. 2006; Salminen & Karonen
2011), and may therefore be less important in reducing leaf
consumption by arthropods. Our measure of total phenolics did
include the ellagitannins, and this may explain the two negative
correlations between total phenolics and damage levels in the
absence of correlations with condensed tannins, as well as the
unexpectedly low total damage levels in Melicope, the species
with the highest concentrations of phenolics.

Our failure to find consistent impacts of seabird density on
leaf damage may be driven by factors other than leaf quality. For
example, increased top-down regulation exerted by predators
ofherbivores may have prevented increased herbivore density
and leaf damage even when foliar quality was improved (e.g.
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Hairston et al. 1960; Marquis & Whelan 1994; Schwenk et al.
2010). Although we cannot rule this out, it does not explain
the differences we did see. There may also have been direct
impacts of predation by rats on larger invertebrate herbivores
on the non-seabird islands (Towns et al. 2009; St. Clair 2011).
This isunlikely; damage by chewing insects, the guild with the
largest body size, tended to be higher on rat-invaded islands,
and damage levels on islands with a history of rat invasion but
on which they were controlled at the time of data collection
(Appendix 1) were not higher than on islands with rats present
(data not shown).

In contrast to the results across species, interspecific
comparisons of damage levels among the six species were
consistent with expectations (Prediction 1) for one damage
type — chewing damage (the predominant type of damage)
decreased as plants showed more resource-conservative traits
— but other damage types showed no pattern. Caution should
be taken in applying these results to a wider range of species.
Most forests on these islands are in relatively early stages
of succession after fires and other disturbances (Atkinson
2004), and this pattern may not hold over a wider range of
species or communities characteristic of later successional
stages. Moreover, leaf traits may be driven by factors other
than resource availability; for example, taller species such
as Planchonella and Corynocarpus may suffer more than
subcanopy species from salt and wind exposure on small
islands, and thus require greater investment in thick cuticles
and structural components (Alpha et al. 1996).

Conclusions

Our study demonstrates that large shifts in seabird density on
New Zealand islands do not have consistent impacts on the
level of leaf damage inflicted by herbivores and pathogens.
This result is in sharp contrast to most other above- and
below-ground processes evaluated on this set ofislands, which
differ greatly between those with and without high densities
of seabirds (e.g. Fukami et al. 2006; Wardle et al. 2007, 2009;
Towns et al. 2009). Furthermore, we also demonstrated that
while all plant species exhibited changes due to seabirds in
leaf chemical or morphological traits known to be important
for driving herbivores and pathogens, these were not consistent
across plant species. Such species-specific responses to the
fertilisation and disturbance regime imposed by seabirds may
explain why we did not observe the types of positive impacts
on above-ground consumer activity that we see for consumer
densities below ground in this system (e.g. Fukami et al. 2006;
Towns et al. 2009).
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Appendix 1. Location and characteristics of islands used in this studg and sampling scheme for the six focal species.
Seabird density is the mean number of burrow entrances for two 100-m~ plots per island. An asterisk indicates that rats on
this island have been eradicated or controlled in recent years. Numbers for plant species indicate individuals sampled on
that island. Species abbreviations: COPMAC = Coprosma macrocarpa; CORLAE = Corynocarpus laevigatus; PIPEXC =
Piper excelsum; MELRAM = Melicytus ramiflorus; MELTER = Melicope ternata and PLACOS = Planchonella costata.
Block refers to block identity for the split-plot analyses.

Island Seabird Lat. (°S) Long. (°E) Area(ha) COP COR PIP MEL MEL PLA Block
density MAC LAE EXC RAM TER COS
Seabird islands [uninvaded by Rattus spp.]
Green 101 36.64 175.85 2.5 0 0 6 4 0 2 6
Middle 85 36.60 175.84 13.5 0 6 4 10 5 1 7
Archway 38 35.49 174.74 6.3 0 0 0 0 10 10 4
Tawhiti Rahi 32.5 35.45 174.71 158.2 9 10 0 10 10 10 1
Ruamahuanui 22.5 36.95 176.09 324 0 0 10 10 6 10 8
Aorangi 18 35.48 174.72 107.1 9 10 0 10 10 0 3
Ruamahuaiti 15 36.97 176.06 25.5 10 0 10 10 0 0 9
Aorangaia 13 35.48 174.41 5.6 5 9 0 0 10 5 2
Ohinauiti 3.5 36.71 175.88 5.9 10 0 10 10 7 10 5
Non-seabird islands [invaded by Rattus rattus or R. norvegicus|
Otata* 8 36.41 174.58 15.0 10 0 10 10 0 0 4
Motuhoropapa* 0 36.41 174.57 8.6 0 0 10 10 10 0 2
Motutapere* 0 36.78 175.40 45.6 10 10 10 10 5 6 9
Motueka 5 36.82 175.80 6.2 10 3 10 10 10 10 5
Aiguilles 1 36.03 175.39 74.7 9 10 0 10 0 9 1
Hauturu 0.5 37.21 175.89 10.3 10 0 10 10 0 0 9
Goat 0.33 36.26 174.80 13.4 10 0 7 10 0 0 3
Motukaramarama 0 36.68 175.37 10.1 0 1 10 10 0 5 7
Motuoruhi 0 36.73 175.40 58.0 10 0 10 10 5 4 8
Pakihi 0 36.54 175.10 110 10 3 10 10 1 6 6
Total no. of plants 122 62 127 164 88 88
Total no. of islands 13 9 14 17 12 13




