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Summary

1.

 

There is much interest in how herbivores interact with plant communities, but the
association between foliar traits and the feeding behaviour of  invading browsing
mammals has not been explored in this context.

 

2.

 

We investigated whether eight foliar traits predicted the preferences of invasive Red
Deer for 21 woody plant species in lowland forest in southern New Zealand.

 

3.

 

The four models with substantial support for predicting variation in two indices of diet
selection all included one or more traits related to foliar fibre (acid detergent fibre; acid
detergent cellulose; acid detergent lignin). In all models the coefficients were negative,
indicating that as the concentrations of foliar fibre increased, the preference of deer for
foliage decreased.

 

4.

 

Our results thus link the feeding behaviour of Red Deer with previously demon-
strated shifts in the composition of New Zealand forests towards understorey species
and leaf litter with high concentrations of foliar fibre.
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Introduction

 

A general (but not universal, McNaughton 1985) response
to an increase in the abundance of browsing mammals
is a reduction in the abundance of the most palatable
(‘preferred’) species and an increase in the abundance
of  the least palatable (‘avoided’) species (Augustine
& McNaughton 1998; Wardle 

 

et al

 

. 2001; Wardle &
Bardgett 2004). These browser-induced shifts in plant
community composition can alter litter quality and litter
decomposition rates (Pastor 

 

et al

 

. 1988, 1993; Wardle

 

et al

 

. 2001; Wardle, Bonner & Barker 2002), and alter
carbon and nitrogen storage (Tracy & Frank 1998; Wardle

 

et al

 

. 2001; Olofsson, Stark & Oksanen 2004).
As plant species that are preferred by herbivores often

have different ecophysiological traits to those that are
avoided (Coley, Bryant & Chapin 1985; Grime 2001),
plant traits could be useful predictors of the responses
of  plant communities to changes in the abundance
of herbivores (Vesk, Leishman & Westoby 2004). For
example, fibre content of leaves, and concentrations of
lignins and polyphenols, are negatively correlated with
palatability to invertebrate herbivores, and with below-
ground decomposition rate (Grime 

 

et al

 

. 1996; Wardle

 

et al

 

. 1998; Cornelissen 

 

et al

 

. 1999).

The nutritional value of  foliage to mammalian
herbivores is typically expressed as digestible energy or
digestible protein: these are the nutritional factors
most commonly limiting browsing mammals (Robbins
1993). However, leaves can have a variety of chemical
and morphological factors that can modify their
attractiveness to herbivores. There are three general
classes of  chemical factor (Cooper, Owen-Smith &
Bryant 1988): (1) nutrients such as N (a crude index of
protein is 6·25 

 

×

 

 N; Robbins 1993) and P, a major con-
stituent of bone; (2) fibre, which includes cellulose,
hemicellulose and lignin, the latter of  which is indi-
gestible to ungulates and reduces the proportion of
potentially digestible fibre in forage (Robbins 1993);
(3) secondary metabolites, a wide range of compounds
that are toxic or reduce the availability of nutrients. A
major suite of secondary metabolites are the phenolics,
which include condensed tannins – these act primarily
by binding with proteins and other macromolecules,
precipitating cellular proteins and inactivating diges-
tive enzymes (Robbins 

 

et al

 

. 1987; Robbins 1993).
Morphological traits that can affect the palatability
of  plants to herbivores include tree and branch size
(Hartley 

 

et al

 

. 1997); specific leaf area (SLA, Shipley

 

et al

 

. 1999; Pérez-Harguindeguy 

 

et al

 

. 2003); tensile
strength (Bond, Lee & Craine 2004); and spines
(Belovsky 

 

et al

 

. 1991).
Although cafeteria-style trials have shown that some

secondary metabolites can reduce the feeding efficiency
of browsing mammals (e.g. terpenes; Vourc’h 

 

et al

 

. 2002),

 

†Author to whom correspondence should be addressed.
E-mail: dave.forsyth@dse.vic.gov.au
‡Present address: Arthur Rylah Institute for Environmental
Research, 123 Brown Street, Heidelberg, VIC 3084, Australia.



 

496

 

D. M. Forsyth 

 

et al.

 

© 2005 British 
Ecological Society, 

 

Functional Ecology

 

, 

 

19

 

, 495–504

 

we know of only two published studies that have invest-
igated the effects of  foliar traits on the palatability of
a large sample of plant species from a community to a
browsing mammal. Cooper 

 

et al

 

. (1988) suggested that
the acceptability of 14 species of plants to hand-reared
Kudus (

 

Tragelaphus strepsiceros

 

) and Impalas (

 

Aepyc-
eros melampus

 

) was not related to any single chemical
factor, but rather to the difference between the concen-
trations of protein and condensed tannins. Tixier 

 

et al

 

.
(1997) described how seven tame Roe Deer (

 

Capreolus
capreolus

 

) feeding in an oak–beech woodland in France
preferred a relatively small number of the available species,
and that these preferences were negatively correlated
with fibre content.

Many species of browsing mammal established in
New Zealand between the 1770s and 1920s, with Red
Deer (

 

Cervus elaphus scoticus

 

 Lönnberg) now the most
widespread (Challies 1990). Because browsing mammals
were previously absent, there has been special interest
in the effects of these species on forest ecosystems.
Numerous exclosure studies have demonstrated that
introduced ungulates have modified the distribution
and abundance of species in the ‘browse layer’ (assumed to
be 

 

≤

 

200 cm for Red Deer, Nugent, Fraser & Sweetapple
1997) in New Zealand, with unpalatable ferns and
monocotyledonous species increasing and the palat-
able broadleaved species declining (Wardle 

 

et al

 

. 2001
and references therein). Comparisons of ecosystem pro-
cesses inside and outside 30 long-term exclosures
throughout New Zealand also revealed that ungulates
can alter soil C and N storage, but these effects were more
spatially variable than above-ground effects (Wardle

 

et al

 

. 2001). Wardle 

 

et al

 

. (2002) demonstrated that the
foliage of understorey species that declined in abund-
ance following the invasion of  New Zealand forests
by deer contained less fibre than those that had increased
in abundance, and that fibre concentration was negatively
correlated with the rate at which leaf litter decomposed.

The objective of this study was therefore to examine
the relationships between foliar traits and diet selec-
tion by invasive Red Deer in a heterogeneous forest
landscape in New Zealand. This was achieved by esti-
mating the relative preferences of Red Deer for plant
species within the browse tier, and then examining
which of eight foliar traits best predicted those prefer-
ences. In doing this we also examined spatial variation
in the availability of food to Red Deer in the study area.

 

Methods

 

 

 

We conducted our study in the Waitutu Ecological
Region of Fiordland National Park on the southern
coast of South Island, New Zealand (46·4

 

°

 

S, 167·2

 

°

 

E;
Fig. 1). Annual rainfall varies from 1600 to 2400 mm,
and the mean January and July temperatures are 12 and
5 

 

°

 

C, respectively (Ward 1988). The Waitutu Ecological
Region contains a chronosequence of 13 marine ter-

races that arose during the repeated cycles of glacial
and interglacial periods during the Quaternary (Ward
1988). We focused on a 916 ha area of the chronose-
quence characterized by terraces of two ages (Fig. 1).
Recent ‘alluvial’ terraces, formed less than 10 000 years
ago, constituted 105 ha of the study area. Floods deposit
silt on these terraces in most years, making these the
most fertile of the terraces in the chronosequence
(Wardle, Walker & Bardgett 2004; Coomes 

 

et al

 

. 2005).
The dominant canopy species on this terrace are

 

Nothofagus menziesii

 

 and 

 

Weinmannia racemosa

 

, with
scattered emergents of 

 

Dacrydium cupressinum

 

 and

 

Dacrycarpus dacrydioides

 

. Subcanopy trees include

 

Melicytus ramiflorus

 

 and 

 

Schefflera digitata

 

. The under-
storey usually has a dense cover of ferns, including the
tree ferns 

 

Dicksonia squarrosa

 

 and 

 

Cyathea smithii

 

,
and Crown Fern (

 

Blechnum discolor

 

) (Mark 

 

et al

 

.
1988; Coomes 

 

et al

 

. 2005). Plant nomenclature follows
the New Zealand Plant Names database (Allan
Herbarium 2000).

‘Glacial’ terraces are 80 000 years old, are less fertile
and less well drained than the alluvial terraces (Coomes

 

et al

 

. 2005), and constituted the remaining 811 ha of the
study area. The dominant canopy species on the glacial
terraces are 

 

D. cupressinum

 

, 

 

Metrosideros umbellata

 

,

 

W. racemosa

 

, 

 

N. menziesii

 

, and 

 

Nothofagus solandri

 

var. 

 

cliffortioides

 

. These forests have an understorey of

 

Coprosma foetidissima

 

, tree ferns and Crown Fern
(Coomes 

 

et al

 

. 2005). Red deer were introduced within

 

≈ 

 

50 km of the study area in 1901 and 1904, and were
common throughout the Waitutu Ecological Region
by the late 1940s (Holloway 1950).

 

   

 

Two hunters systematically stalked the study area dur-
ing 4–13 January 2002 and attempted to shoot all deer
encountered. Each hunter had a trained indicator dog
and stalked independently.

Fig. 1. Location of study area, southern South Island, New
Zealand.
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As most of  the deer were using the alluvial terrace
at night, the hunters typically stalked the alluvial
terraces at dawn and tracked deer to the glacial terrace,
where they were shot. The hunters shot a total of 24 deer:
one hunter killed 13 and the other 11 deer. The location
of each shot deer was recorded with a global position-
ing system (GPS, Garmin eTrex, Garmin International
Inc., Olathe, KS, USA). The lower jaw of each deer was
removed for subsequent ageing using the cementum
annuli method (Fraser & Sweetapple 1993).

The rumen contents of  each deer were stored in
separate plastic bags and frozen within 4 h. In the
laboratory each of the defrosted rumen samples was
thoroughly mixed, and a subsample of 50 g was washed
over a 5·6 mm sieve and sorted macroscopically follow-
ing Nugent 

 

et al

 

. (1997).
Previous work has indicated that a 5·6 mm sieve is a

reasonable compromise between sorting time and the
accuracy of the estimated diet of deer in New Zealand
forests (Nugent & Challies 1988; Nugent 1990; Nugent

 

et al

 

. 1997). The sorted material, including the uniden-
tified component, was then oven-dried (60 

 

°

 

C, 48 h) and
weighed (

 

±

 

0·5 g). The proportion of each plant species
in the diet of a deer was thus estimated using dry
weight (DW).

 

  

 

We estimated standing biomass using the method of
Nugent (1990) immediately after stalking ended. The
DW of available forage in the two terrace types was
estimated by harvesting all potentially edible material
within 2·0 m of ground level on 292 randomly located
plots; 75 plots were on the recent alluvial terrace and
217 on the glacial terrace (Fig. 1). We used a stratified
random sampling design because casual observation
indicated that species preferred by deer in other New
Zealand forests (Forsyth 

 

et al

 

. 2002) were much more
abundant on the alluvial terrace compared with the
glacial terrace. Also there was a greater diversity of tree
species on the alluvial terrace relative to the glacial
terrace (Mark 

 

et al

 

. 1988; Coomes 

 

et al

 

. 2005), and
having more plots per unit area would increase our
probability of sampling these species.

We used a GPS to navigate to the 3·14 m

 

2

 

 plots. All
green foliage, small twigs, lichen and fungi from within
each plot were harvested by hand, following Nugent

 

et al

 

. (1997). Bryophytes were present on a small
number of plots, but were not included in the study
because previous work had shown this group to be a
minor component of deer diet in New Zealand forests
(

 

≤

 

3% DW; Nugent & Challies 1988; Nugent 1990;
Nugent 

 

et al

 

. 1997; see Results). The wet weight of
each species in each plot was recorded (

 

±

 

0·5 g) and a
subsample stored in a plastic bag and frozen within
10 h of collection. The subsamples were oven-dried
(60 

 

°

 

C, 48 h) in the laboratory and DW subsequently
calculated for each species on each plot. Our total
estimates of  forage availability were corrected for

the stratified random sampling design following
Cochran (1977).

 

    

 

There are many ways to estimate diet selection (Manly

 

et al

 

. 2002). We used two indices to estimate diet selec-
tion by Red Deer in the Waitutu Ecological Region.
We first used a modified form of Ivlev’s index of elec-
tivity (

 

I

 

, Loehle & Rittenhouse 1982):

(eqn 1)

where 

 

i

 

 denotes the 

 

i

 

th species; 

 

u

 

i

 

 is the proportion of
species 

 

i

 

 in the diet of deer; and 

 

π

 

i

 

 is the proportion of
species 

 

i

 

 available to deer. This method has previously
been used to estimate diet selection by White-tailed
Deer (Nugent & Challies 1988), Fallow Deer (Nugent
1990) and Red Deer (Nugent 

 

et al

 

. 1997) in New Zea-
land forests. 

 

I

 

 ranges from 

 

−

 

1 (for species available but
not ingested; ‘avoided’) to +1 (for species ingested but
not sampled; ‘preferred’). Following Nugent (1990), 

 

I

 

was estimated for species that constituted >0·2% of the
diet and >0·1% availability. However, we also estimated

 

I

 

 for one species (

 

Peraxilla colensoi

 

) that was not sam-
pled on plots but was present in 18 rumens in large
amounts (a mean 25% of the DW biomass of woody
species).

We next used a method that accounts for individual
variation in diet selection, and for the fact that the
availability of  resources was estimated rather than
censused (Manly 

 

et al

 

. 2002). In the Manly index, the
selection ratio (

 

w

 

) for the 

 

j

 

th deer and the 

 

i

 

th resource
can be estimated as:

(eqn 2)

where 

 

u

 

ij

 

 is the number of category 

 

i

 

 resources used by
deer 

 

j

 

; 

 

4

 

i

 

 is the estimated proportion of the resources
available in category 

 

i

 

; and 

 

u

 

+j

 

 is the number of resource
units used by deer 

 

j

 

. The selection ratio for the sample
of deer was then averaged as:

(eqn 3)

where 

 

n

 

 was the number of deer sampled. A useful way
of interpreting selection ratios is to standardize them
(

 

B

 

i

 

) so that they add to 1:

(eqn 4)

As we were interested only in browse species, we
ignored other components of the diet in our analyses.
The dominant types of forage thus excluded were
introduced grasses (mean 28·0% of deer diet by DW)
and unidentified woody (4·4%) and fern (3·1%) stems.
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Fresh leaves were collected from species belonging to
one of four plant groups: angiosperm trees, angiosperm
shrubs, conifer trees or ferns. Data are presented for
each of these four groups. Four individuals of each
species were randomly sampled on both alluvial and
glacial terraces during the forage availability work. SLA
was determined on fresh leaves using a leaf-area meter
(LiCor Area Meter Li-3100, Lincoln, NA, USA) fol-
lowing Poorter & de Jong (1999). Material was oven-
dried (60 °C, 48 h) and total N and phosphorus were
determined using the acid digest and colorimetric methods
(Blakemore, Searle & Daly 1987). We used the acid
detergent method (Rowland & Roberts 1994) to estimate
percentage acid detergent fibre (ADF), percentage acid
detergent cellulose (ADC), and percentage acid deter-
gent lignin (ADL). Estimates of percentage condensed
tannins used the vanillin method of Broadhurst & Jones
(1978). Total phenolics were estimated using the method
of Price & Butler (1977). Because samples of P. colensoi
were not collected from within the study area in January
2002, samples were collected in February 2004 and the
foliar traits were estimated as for the other species.

 

Intraspecific differences in foliar traits between the two
terraces were examined using general linear models
(GLM). It was necessary to average foliar traits across
the two terraces for analyses of foliar traits and diet
selection because deer were utilizing both terraces.
Differences in foliar traits among the four plant groups
were examined using GLMs.

The distribution of I was strongly skewed towards
both maximum (+1) and minimum (−1) values. To model
these data, we transformed values of I to an ordinal
rank. We constructed three categories: 1 (eaten less than
expected from its availability; avoided) = −1·00 to −0·75;
2 (eaten in approximate proportion to its availability)
= −0·74 to +0·74; 3 (eaten more than expected from its
availability; preferred) = +0·75 to +1·00. Manly’s index
(B) was best described by a negative binomial distribution.

Our aim was to identify which foliar traits best
explained variation in Î and B. As models including

multiple individual foliar traits can be confounded if
foliar traits are intercorrelated, we also used ordina-
tion to summarize each species according to the eight
foliar traits in combination. Foliar trait data were first
standardized to have a mean of 0 and a variance of 1
using PROC Standard in  ver. 8.0 (SAS Institute
1997). A factor analysis (PROC Factor in  ver. 8.0)
was then used to summarize among-species variation
in the standardized foliar trait data. We assessed the
correlations between the ordination scores for each
species on the first two axes with each of the individual
foliar traits. Variation in Î was modelled using propor-
tional odds models (PROC LOGISTIC in ). All
models satisfied the proportional odds assumption
(Guisan & Harrell 2000). Variation in B was modelled
using generalized linear models (PROC GENMOD in
) with a log link and negative binomial error.

These regression models formed the basis of  13
candidate models (Table 1). We also included Cooper
et al.’s (1988) ‘best model’ [preference is a consequence
of  the difference between protein (indexed by N;
Robbins 1993) and condensed tannins] in our candidate
set. We examined how each of our 13 candidate models
predicted variation in each index. For each index we
used the small-sample unbiased Akaike’s information
criterion (AICc) and Akaike’s weight (wi) to identify
which models were best supported by the data (Burnham
& Anderson 2002). The best model has the smallest
AICc, and models within two AICc units of the best
model are considered to have ‘substantial support’
(Burnham & Anderson 2002). The goodness of fit for
all models with substantial support was determined
using log-likelihood ratios relative to a null model
(Guisan & Harrell 2000). Model coefficients (±1 SE) are
also presented for those models with substantial support.

Results

 

On both alluvial and glacial terraces, available forage was
dominated by the ferns B. discolor, Blechnum procerum
and C. smithii: together these three species constituted
85% of the total available biomass (Table 2). In terms
of biomass available to deer per unit area, ferns were

Table 1. Thirteen candidate models for explaining variation in the preferences of Red Deer for plant species in Waitutu
Ecological Region, New Zealand
 

Model 
number Foliar predictors Justification

1 None (null model) Deer preferences are not related to foliar traits
2–9 Each foliar trait individually† Deer are responding to a single foliar trait
10 Factor analysis axis 1 Deer respond to suites of foliar traits
11 Factor analysis axis 2 Deer respond to suites of foliar traits
12 6·25 N – condensed tannins Ungulates select species based on difference between total

protein and total tannins (Cooper et al. 1988)
13 Full model Deer respond to all foliar traits

†Traits: acid detergent cellulose, fibre, lignin; phosphorus; nitrogen; phenolics; tannins; specific leaf area.
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more abundant on the glacial terrace than on the allu-
vial terrace (Fig. 2). Although there was little biomass
available to deer from the three conifer tree species
(Table 2), there was more on the glacial compared with
the alluvial terrace (Fig. 2). Of the nine angiosperm
trees considered, all but two (M. umbellata and Neo-
myrtus pedunculata) were, after correcting for the dif-
ferent areas of the terraces, either more or similarly
abundant on the alluvial relative to the glacial terrace
(Table 2). Of  the three angiosperm shrubs, only

Cyathodes juniperina was less abundant on the alluvial
terrace relative to the glacial terrace.

     

Twelve male and 12 female Red Deer were shot through-
out the study area (Fig. 1). The estimated median ages
for males and females were 25 months (range 1–54)
and 37 months (range 13–61), respectively.

A total of 38 genera and 44 species were recorded in
the 24 rumens. However, three species formed the bulk
of the browse component of the diet (Table 2): Griselinia
littoralis (34%), P. colensoi (25%) and W. racemosa (20%).
Bryophytes were recorded in seven of the 24 rumens
and comprised only 0·03% of the diet. Ivlev’s and
Manly’s indices indicated similar diet preferences for
most species (Table 2). Species with a low Î (approach-
ing −1·0) also had a low W (approaching 0) and B
(approaching 0: avoided, Manly et al. 2002); species
with a high Î (approaching 1·0) also had a high W and
B (approaching 0·3: preferred). Note that W does not
have an upper limit (is very large for highly preferred
items in some situations; Manly et al. 2002). A simple
way to interpret these data is by the standardized selection
ratio (Bi), which is the estimated probability that species

Table 2. Forage availability, use and selection by Red Deer in the Waitutu Ecological Region, New Zealand. Each of the 21 species
is classified according to growth form. Both use and availability are presented as percentage of total dry mass of those species
 

 

Plant species

Used by deer Available to deer (%) Selection 

% N Alluvial Glacial Total† Îi Wi Bj

Ferns
Blechnum colensoi 0·0 0 0·0 0·1 0·1 −1·00 0 0·000
Blechnum discolor 0·3 2 13·9 41·0 54·9 −0·99 2 0·003
Blechnum procerum 0·0 0 2·9 23·0 25·9 −1·00 0 0·000
Cyathea smithii 0·0 1 3·8 1·4 5·1 −0·99 0 <0·001
Dicksonia squarrosa 0·7 4 0·2 1·5 1·8 −0·44 5 0·007
Polystichum vestitum 0·0 1 0·3 0·0 0·3 −0·90  0 <0·001

Conifer trees
Dacrydium cupressinum 1·0 4 0·1 0·2 0·3 0·54 8 0·010
Podocarpus hallii 0·0 2 0·0 1·4 1·4 −0·96 0 <0·001
Prumnopitys ferruginea 0·0 0 0·0 0·2 0·3 −1·00 0 0·000

Angiosperm trees
Carpodetus serratus 4·2 14 0·1 0·1 0·1 0·94 34 0·042
Griselinia littoralis 33·7 23 0·1 0·5 0·6 0·97 274 0·337
Metrosideros umbellata 0·0 0 0·1 0·5 0·6 −1·00 0 0·000
Nothofagus menziesii 4·3 22 0·6 0·8 1·4 0·50 35 0·043
Nothofagus solandri var. 
cliffortioides

1·0 11 0·4 1·5 1·9 −0·33 8 0·010

Pseudopanax crassifolius 6·3 9 0·1 0·5 0·1 0·97 51 0·063
Pseudopanax simplex 1·6 7 0·0 0·1 0·1 0·87 13 0·016
Pseudowintera colorata 0·0 0 0·7 1·8 2·5 −1·00 0 0·000
Weinmannia racemosa 20·2 21 0·3 0·9 1·2 0·88 164 0·202

Angiosperm shrubs
Coprosma foetidissima 1·8 7 0·0 0·1 0·1 0·88 14 0·018
Cyathodes juniperina 0·0 0 0·0 1·2 1·2 −1·00 0 0·000
Peraxilla colensoi 25·1 18 0·0 0·0 0·0 1·00 203 0·250

Total† 100·0 24 100·0 1·000

†Due to rounding, totals sometimes differ slightly from the sums of rows and columns shown. N is the number of deer rumens 
that the species was recorded in. ‘Alluvial’ and ‘glacial’ are the contributions of those two terraces to the total availability. Îi is Ivlev’s 
electivity index; Wi is Manly’s index; Bj is a standardized selection ratio (see text). Plant names follow Allan Herbarium (2000).

Fig. 2. Mean available biomass (standing vegetation <2 m
and litter) of the four plant growth forms on the two terraces.
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i would be the next one selected if  all of  the species
were presented in equal abundance (Manly et al. 2002).
Hence G. littoralis, P. colensoi and W. racemosa were all
similarly highly preferred, and the three Blechnum spp.,
C. smithii, C. juniperina, M. umbellata, Podocarpus hallii,
Prumnopitys ferruginea and Pseudowintera colorata
were all similarly avoided. The other species occupied a
continuum between the extremes of preferred and avoided.

Whereas all but one (D. squarrosa) of the six ferns
and one (D. cupressinum) of the three conifers were
avoided, seven of the 12 angiosperms were preferred,
two were eaten in proportion to their availability, and
three were avoided (Table 2). Of the seven preferred
angiosperms, one was a tree (W. racemosa) and six were
shrubs, one of which was a hemiparasitic mistletoe
(P. colensoi) not recorded on any of the 292 plots sam-
pling forage availability. The DW biomass available to
deer per unit area was greater on the alluvial compared
with the glacial terrace for all the preferred angiosperms
(except for P. colensoi). Conversely, the DW biomasses
of the two avoided angiosperms were both higher per
unit area on the glacial terrace.

Across all four plant groups, there was a general
relationship between the available biomass of a species
and its use by deer (Fig. 3). The most abundant species
were all strongly avoided, and the most preferred
species were the least abundant. However, there was a
continuum between these two extremes.

 

Across all plant groups, the only differences in foliar
traits (mean ± SE) between the two terraces were P
(GLM: F1,32 = 16·76, P = 0·0003, alluvial terrace 0·19 ±
0·02%, glacial terrace 0·09 ± 0·01%) and SLA (GLM:
F1,32 = 9·06, P = 0·005, alluvial terrace 215 ± 22 cm g−1,
glacial terrace 130 ± 18·2 cm g−1). After combining the
data from both terraces, there were significant differ-
ences in some foliar traits among the four plant groups.
Foliar N concentrations varied more than twofold across
the four plant groups (GLM: F3,17 = 3·89, P = 0·03) with
higher concentrations in ferns (1·51 ± 0·16%) relative
to angiosperm trees (0·90 ± 0·12%). Foliar P concen-
trations varied threefold among the four plant groups
(GLM: F3,17 = 4·05, P = 0·02) with significantly higher
concentrations in ferns (0·18 ± 0·02%) relative to both

angiosperm trees (0·10 ± 0·02%) and conifers (0·06 ±
0·04%). Foliar ADC varied 1·5-fold among the four
plant groups (GLM: F3,17 = 4·20, P = 0·02) with higher
concentrations in ferns (32·7 ± 2·2%) relative to angio-
sperm trees (23·4 ± 1·7%). Foliar ADF varied 1·5-fold
among the four plant groups with higher concentrations
in ferns (63·4 ± 3·3%) relative to angiosperm trees (43·8
± 2·5%), conifers (44·6 ± 5·7%) and shrubs (47·5 ± 4·6%)
(GLM: F3,17 = 5·56, P = 0·05). Foliar tannins, ADL,
phenolics and SLA did not differ significantly among
the four plant groups (GLM: P > 0·05 in all instances).

Foliar traits were strongly intercorrelated, indicating
that differences among species were driven by suites of
foliar traits rather than by individual traits (Table 3). The
first two axes from the factor analysis accounted for
>70% of total variation in the eight foliar traits (Table 4).
The first axis described variation in foliar nutrients and
chemical defences, while the second related to variation in
the concentrations of foliar fibre (ADF, ADC and ADL).

     
   

The model including only ADF best explained variation
in the diet preferences of deer estimated using Ivlev’s

Table 3. Correlations among eight foliar traits (N = 21)
 

Trait Nitrogen Phosphorus ADF ADC ADL Tannins Phenolics

Phosphorus 0·86***
ADF 0·32 0·41
ADC 0·01 0·13 0·76***
ADL 0·42 0·42 0·76*** 0·17
Tannins −0·54* −0·47* 0·21 0·18 0·18
Phenolics −0·55* −0·47* −0·08 −0·04 −0·04 0·78***
SLA 0·66** 0·57** 0·05 0·05 −0·02 −0·56** −0·38

ADC, ADF, ADL = acid detergent cellulose, fibre, lignin; SLA = specific leaf area.
*P < 0·05; **P < 0·01; ***P < 0·001.

Fig. 3. Relationship between available and used vegetation.
Note that both axes are on a log scale.
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index (Table 5). A likelihood ratio test also indicated
that fibre was a significant variable in predicting Îi

(χ2 = 12·81, df = 1, P = 0·0003). The coefficient for ADF
in that model was −0·17 ± 0·06 (R2 = 0·46). Hence, as
the concentration of foliar ADF increased, the prefer-
ence of deer for that species decreased. The second factor
analysis axis also had substantial support (Table 5).
A likelihood ratio test also indicated that this factor
analysis axis was a significant variable in predicting Îi

(χ2 = 11·49, df = 1, P = 0·0007). The coefficient for the
factor analysis axis was −1·79 ± 0·65 (R2 = 0·42). The
other 11 candidate models all had ∆i ≥ 5·2, indicating
that they had almost no support (Burnham & Anderson
2002).

Two models had substantial support for explaining
variation in the diet preferences of deer estimated using

Manly’s index (Table 6). The model containing only
ADC had the most support, and a likelihood ratio test
also indicated that cellulose was a significant variable
in predicting Bi (χ2 = 7·01, df = 1, P = 0·008). The
coefficient for ADC in that model was −0·26 ± 0·09
(R2 = 0·16), indicating that as the concentration of foliar
cellulose increased, the preference of deer for that spe-
cies decreased. The model containing ADF also had
substantial support (Table 6), and a likelihood ratio
test also indicated that fibre was a significant variable
in predicting Bi (χ2 = 5·67, df = 1, P = 0·02). ADF in
this model had a similar coefficient to that estimated
for Ivlev’s index (−0·126 ± 0·048, R2 = 0·22). Again, as
the concentration of foliar fibre increased, the prefer-
ence of deer for that species decreased.

Discussion

   

Our results demonstrate a community-level relationship
between foliar fibre (ADF, ADC and ADL) and diet
selection by invasive Red Deer: species with low foliar
fibre tended to be preferred by Red Deer, and those
with high foliar fibre tended to be avoided. We are un-
aware of any published studies that have investigated
how the traits of a receiving plant community influence
diet selection by an invasive mammalian herbivore.
Two other studies have reported a negative relation-
ship between the preferences of indigenous Cervidae
for foliage and the fibre content of foliage. Danell et al.
(1994) observed that the feeding preferences of
reindeer (Rangifer tarandus) for nine plant taxa showed
a strong negative relationship with ADF. Similarly, the
preferences of tame Roe Deer for oak-woodland species
had a negative relationship with ADF (Tixier et al. 1997).
Acid detergent fibre is composed of cellulose, lignin
and ash, with further sequential treatments destroying
the cellulose (ADC) and lignin (ADL) components,

Table 4. Summary of factor analysis using eight foliar traits
from 21 species. The eigenvalue and the percentage of total
variation explained are provided for the first two axes of the
factor analysis. The correlation between each of the eight
foliar traits and the species’ scores for each of the factor
analysis axes are presented
 

 

Trait

Factor analysis axis 
(eigenvalue, % of total variation explained) 

Axis 1 (3·50, 44%) Axis 2 (2·31, 29%)

ADC 0·18 0·68***
ADF 0·43 0·89***
ADL 0·41 0·70***
Phenolics −0·71*** 0·33
Phosphorus 0·89*** 0·09
Nitrogen 0·92*** −0·02
SLA 0·72*** −0·28
Tannins −0·67*** 0·62**

ADC, ADF, ADL = acid detergent cellulose, fibre, lignin; 
SLA = specific leaf area.
*P < 0·05; **P < 0·01; ***P < 0·001.

Table 5. Comparison of the 13 candidate models predicting variation in Ivlev’s index (I ) of diet selection to eight foliar traits
(N = 21 species). Models with ∆i ≤ 2 have substantial support (Burnham & Anderson 2002) and are shown in bold
 

Rank Candidate model K AICc ∆ i wi

1 Acid detergent fibre 3 39·6 0·0 0·63
2 Factor analysis axis 2 3 40·9 1·3 0·32
3 Acid detergent lignin 3 45·4 5·9 0·03
4 Intercept 3 49·6 10·1 0·00
5 Factor analysis axis 1 2 50·2 10·7 0·00
6 Tannins 3 51·0 11·4 0·00
7 Specific leaf area 3 52·1 12·6 0·00
8 Acid detergent cellulose 3 52·2 12·6 0·00
9 6·25 N – tannins (Cooper et al. 1988) 3 52·2 12·6 0·00
10 Nitrogen 3 52·4 12·8 0·00
11 Phenolics 3 52·4 12·8 0·00
12 Phosphorus 3 52·4 12·8 0·00
13 Full model 10 63·3 23·7 0·00

K = number of estimated parameters in the model. In a logistic model the error term is assumed and need not be included in 
K (Burnham & Anderson 2002). ∆i = difference in AICc between best model (models with smallest value of AICc) and model i. 
wi = Akaike’s weight, which indicates the weight of evidence in favour of model i.
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respectively (Rowland & Roberts 1994). Cellulose
cannot be digested by vertebrates without symbiotic
gastrointestinal microflora, and lignin is largely indi-
gestible (Robbins 1993). Our model selection procedure
identified models containing ADF, ADC and ADL, or
a factor analysis axis reflecting variation in these three
variables, as the best predictors of the diet preferences
of Red Deer based on both Ivlev’s and Manly’s indices
(Tables 5 and 6). There was relatively little support
(wi ≤ 0·05) for models containing other variables. Our
results are therefore consistent with earlier studies sug-
gesting that structural fibre is an important determinant
of foliar palatability for both vertebrate and inverte-
brate herbivores (Cornelissen et al. 1999; Schädler
et al. 2003).

Three species comprised 78% of the browse eaten by
deer in our study area. Although previous studies have
shown both G. littoralis and W. racemosa to be com-
mon in the diet of Red Deer (and other Cervidae) in
New Zealand forests, P. colensoi has not been recorded
as eaten by deer (Forsyth et al. 2002). Introduced grasses
comprised a substantial proportion of the total diet
(28%), and are known to be particularly attractive to
Red Deer in summer (Challies 1990). Introduced grasses
were only observed on small areas of  the alluvial
terrace regularly disturbed by flooding. The presence
of introduced grasses would have increased the attrac-
tiveness of the alluvial terrace to deer relative to the
glacial terrace.

Foliar fibre explained 46 and 16% of the variation in
Ivlev’s and Manly’s indices of Red Deer diet selection,
respectively. The unexplained variation can be attrib-
uted to at least four factors. First, the foliage of some
species may have contained secondary metabolites
that we did not measure, but which acted as important
deterrents for deer (e.g. terpenes; Vourc’h et al. 2002).
Second, plant morphological traits can decrease the
rate at which foliage is removed by ungulates per unit
time (Hartley et al. 1997; Shipley et al. 1999), and a

peculiarity of the New Zealand flora is the high fre-
quency of the small-leaved tangle-branched growth
form (‘divaricate’, Greenwood & Atkinson 1977). The
divaricate growth form has been considered an adap-
tation to browsing by Moa (Greenwood & Atkinson
1977; Bond et al. 2004; but see Howell, Kelly & Turnbull
2002), and is likely to reduce the feeding efficiency of
deer (sensu Owen-Smith 2002). Third, because both
food availability and use were estimated with error, our
indices also had error (Manly et al. 2002). Some of the
24 deer sampled would have had home ranges partially
outside the study area, where food availability was not
quantified. Apart from increasing sample sizes, we can
see no way around this problem in a field study like this:
the alternative to a field study is a cafeteria-style trial,
but these are difficult when a large number of resources
are to be compared (Manly et al. 2002). Fourth, all
indices of diet selection are a simplification of a complex
process (Hanley 1997). There are many indices with
which to assess diet selection, and we attempted to
assess the robustness of our results by using two indices
(Manly et al. 2002). That similar models were selected
for both indices indicates that our results are robust.

   , 
    
   

Numerous studies in New Zealand have described pat-
terns of understorey vegetation change that reflect a
systematic decline in the distribution and abundance
of species identified in this (Table 2) and other studies
(Forsyth et al. 2002) as preferred by introduced deer,
and a concomitant increase in the distribution and
abundance of species that are avoided by deer (Holloway
1950; Wardle et al. 2001; Coomes et al. 2003). If  deer
reduce the abundance of preferred plant species, then
we would expect that preferred species will always be
rare and avoided species may be common. There are

Table 6. Comparison of the 13 candidate models predicting variation in Manly’s index (B) of diet selection to eight foliar traits
(N = 21 species). Models with ∆ i ≤ 2 have substantial support (sensu Burnham & Anderson 2002) and are shown in bold
 

 

Rank Candidate model K AICc ∆ i wi

1 Acid detergent cellulose 3 −−−−6301·9 0·0 0·51
2 Acid detergent fibre 3 −−−−6300·5 1·3 0·26
3 Intercept 2 −6297·6 4·3 0·06
3 Factor analysis axis 2 3 −6296·7 5·1 0·04
5 Acid detergent lignin 3 −6295·6 6·2 0·02
6 Phosphorus 3 −6295·4 6·5 0·02
7 Specific leaf area 3 −6295·4 6·5 0·02
8 Nitrogen 3 −6295·1 6·7 0·02
9 Phenolics 3 −6295·0 6·9 0·02
10 Factor analysis axis 1 3 −6294·9 6·9 0·02
11 Tannins 3 −6294·9 7·0 0·02
12 6·25 N – tannins (Cooper et al. 1988) 4 −6291·8 10·0 0·00
13 Full model 9 −6283·7 18·2 0·00

K = number of estimated parameters in the model including 1 df for estimate of dispersion (Burnham & Anderson 2002). 
∆ i = difference in AICc between best model (models with smallest value of AICc) and model i. wi = Akaike’s weight, which 
indicates the weight of evidence in favour of model i.
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no long-term quantitative data on changes in species
abundance in the Waitutu Ecological Region with which
to test the prediction that deer browsing is responsible
for the rarity of preferred species, but the pattern in
Fig. 3 fits the prediction: deer avoided the most abund-
ant species, and the species preferred by deer had low
abundances.

Comparisons of  vegetation inside and outside ex-
closures throughout New Zealand revealed that both
the vegetation response and litter decomposition rates
were strongly negatively correlated with foliar fibre
(Wardle et al. 2001, 2002). Our results suggest a link
between the feeding behaviour of introduced deer and
long-term changes in understorey composition, litter
quality and litter decomposition rates. The foliar fibre
concentration of a species is negatively associated with
the probability of  deer removing foliage from that
species (this study), and hence is negatively correlated
with the long-term change in abundance of that species
in the presence of deer (Wardle et al. 2001). Wardle et al.
(2002) showed that the deer-induced shift in the under-
storey composition of New Zealand forests has led to
poorer quality litters with lower decomposition rates.

Wardle et al. (2001) described spatially variable effects
of ungulates on soil C and N storage. One possible rea-
son for the variation is the heterogeneous distribution
of preferred plant species in the landscape. In our study
area, all the preferred species were more abundant, per
unit area, on the alluvial terrace relative to the glacial
terrace. Relative to the alluvial terrace, the glacial ter-
race is considerably more acidic and has higher C : N,
C : P and N : P (Wardle et al. 2004; Coomes et al. 2005).
As ungulates tend to maximize foraging time in areas
of the landscape where preferred foods are most abund-
ant (Wallis deVries & Schippers 1994), their impacts
on both above-ground and below-ground processes
would probably be greatest in those areas. Most of the
plant species preferred by Red Deer in the Waitutu
Ecological Region are fast-growing and shade-intolerant
angiosperms (Coomes et al. 2003) that grow on the
most fertile and least waterlogged terrace. We there-
fore predict that the long-term effects of Red Deer will
be greater on the alluvial terrace compared with the
glacial terrace.

Conclusion

We have shown that foliar fibre was the best predictor
of diet selection by invasive Red Deer in a lowland
temperate New Zealand forest. Our study thus links
the feeding behaviour of Red Deer with previously
demonstrated changes in understorey composition,
litter quality and decomposition rates.
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