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SUMMARY

. Previous studies have shown rates of seed predation in deciduous woodland to be high
(on average 60%) and extremely variable in space and time.

. Post-dispersal seed predation by forest rodents was examined simultaneously in five
areas of deciduous woodland surrounding Durham City, Co. Durham.

. This study investigated the influence of seed density, seed burial and seed species in
determining the rates of seed encounter and exploitation by rodents of both native and
exotic seed. The effect of within- and between-sites differences were also examined.

. Live-trapping studies and the use of exclosure treatments revealed that Apodemus
sylvaticus and Clethrionomys glareolus were the major seed predators. Together, they
were responsible for removing between 55-80% of the experimental seed supply.

. Seed burial accounted for a high proportion of the variation and significantly reduced
the frequency of rodent encounter compared to surface seeds at both seed densities.
Furthermore, it increased the variation in encounter due to density, species and site
effects. It had no significant influence, however, on the extent to which groups of ten
seeds were exploited once encountered.

. Variations in the frequency of seed encounter and exploitation were both strongly
affected by changes in seed density, with high densities increasing the chance of seed
detection and removal. Significant species effects were also detected for seed
encounter and exploitation.

. Seed predation was spatially patchy, between and within experimental sites, possibly
reflecting variation in the spatial distribution of seed predators.

. The selective nature of the seed predators, plus the relative patchiness of predation
intensity in space, suggest that post-dispersal seed predation may play an important

role in determining the distribution and/or abundance of deciduous woodland plants.
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3. INTRODUCTION

The literature concerning the impact of seed predators and their role following
seed dispersal by plants is voluminous (Watt 1919, 1923; Gashwiler 1970; Marshall & Jain
1970; Radvanyi 1970; Brown et al. 1975 Borchert & Jain 1978; Reichman 1979; Mares &
Rosenzweig 1978; Hay & Fuller 1981; Heithaus 1981; Abramsky 1983; Mittlebach &
Gross 1984; Jensen 1985; Price & Jenkins 1986; Klinkhammer 1988; Schupp 1988; Hulme
1994; Boman & Casper 1995).

Previous studies on the subject have shown rates of seed predation to be high and
extremely variable in space and time. So far, at least six major sources of variation have
been identified in the field: the effect of habitat and micro-habitat, season, seed species and
the impact of density and burial. Identifying these sources is fundamental, since post-
dispersal seed predation, defined as the consumption and killing of seeds in the field
(Crawley, 1992), can be a potentially strong agent of selection on plant dispersal patterns
(Willson & Whelan, 1990), influencing plant recruitment (Borchert & Jain 1978; Brown et
al. 1975; Mittlebach & Gross 1984), plant-species diversity (Janzen 1971; Hubbell 1980)
and plant community structure (Inouye et al. 1980).

In both tropical and arid environments seed predators have been shown to remove
substantial numbers of seeds and to affect the distribution and abundance of plants. Janzen
(1971) stresses the importance of seed predation as an explanation for high diversity in
tropical forests, and in deserts rates of seed loss recorded have been in the order of 70-
100% of available seeds removed per day (Brown et al. 1975; Reichman 1979; Abramsky
1983). Hulme (1994), studying post-dispersal seed predation in grassland, reports losses
of approximately 70-80 %.

Not only do granivores gather large numbers of seeds, but they also collect from
specific locations, thus affecting the distribution of the remaining seeds. Harper (1977)

notes that selective foraging by granivores "has a great effect on seed populations



remaining to germinate” and that selective granivory may cause changes in the density of
certain species. The demography of four species of Californian annual grasses, for
instance, was significantly affected by rodent granivory (Brochert & Jain, 1978). Seed
removal rates of 37-75% in these grasses reduced adult density in two species by
selectively decreasing the densities of the preferred seed species, thus influencing inter-
and intra-specific interactions among plants. In British oak and beech woodlands the
failure of natural regeneration of trees has been attributed to the destruction of seeds by
small mammals (Watt, 1919, 1923; Ashby, 1959).

Previous studies have shown rates of seed predation in deciduous woodland to be
high (on average 60%). Rodents can become significant seed eaters in European forests,
which often exhibit periodic fluctuations in the production of seed crops. Jensen (1985)
showed that in years of major seed production ("mast" years), a large number of beech
(Fagus sylvatica) nuts survive and retain the potential to germinate. In contrast, between
mast years rodents alone may consume large percentages of the seeds produced, thus
potentially affecting the regeneration patterns of many plant species (Telleria et al., 1991).

Many rodents have shown a response to small-scale differences in micro-habitat
(Hay & Fuller 1981; Price & Waser 1985; Hulme 1994). It is believed that the spatial
heterogeneity of the vegetation cover in a particular habitat may influence small mammal
abundance and subsequent patterns of seed predation (Price & Jenkins 1986; Hulme
1994). Coexisting species may differ in their affinities for foraging micro-habitats to the
extent that some species will avoid open areas and limit their use of open space in
response to increased levels of predation (Mittlebach & Gross 1984) or to avoid intra-
specific hostility by reducing direct encounters (Smal & Fairley, 1982). The degree of
responsiveness expressed, however, should involve trade-offs between the value of
specific food items and the costs associated with foraging in different micro-habitats.

Between-habitat differences in the degree of vegetation cover may also cause

variation in seed predation. Habitat differences in seed predation have been reported
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within grasslands and old-fields (Mittlebach & Gross 1984), between forests and grasslanc{
(Janzen 1982) and between wooded habitats and tree-fall gaps (Webb & Willson 1985;
Schupp 1988; Boman & Casper 1995). Generally fewer seeds are removed in open
habitats than in those with substantial vegetation cover.

Studies on the effect of seed species on rates of seed predation have brought to light
distinct predator preferences linked to differences in seed size (Smigel & Rosenzweig
1974; Gadekar 1975; Inouye er al. 1980, Abramsky 1983; Mittlebach & Gross 1984,
Jensen 1985; Hulme 1994; Boman & Casper 1995), handling time (Kaufman & Collier
1981; Price 1983, 1984) and nutritional content (Partridge & Maclean 1981; Kelrich er al.
1986; Jenkins 1988). One of the predictions of optimal foraging theory is that the optimal
diet should always include the food type of the highest rank, and that food types should be
added to the diet in rank order as food density decreases (Pyke et al. 1977). Following the
predictions, seed predators have mostly been shown to harvest larger seeds first when
presented with a range of seed sizes (Jensen 1985). As the range of seed sizes decreases,
so does selectivity and other characteristics take precedence in influencing seed choice
(Reichman 1977; Hulme 1993).

The reported effects of density on post-dispersal seed predation vary considerably
in time and space due to habitat (possibly related to local food abundance) and micro-
habitat effects, seed species present (Willson & Whelan 1990), nature and density of the
seed predators (Reichman 1979). In their studies Mittlebach and Gross (1984) report that
seed density has only a minor effect on predation rates, while others have found that a
smaller proportion of seeds survive at high density, with rates of removal rising with
increasing seed density (Webb & Wilison 1985; Hulme 1994). Rodents, which are thought
to locate their food by olfaction (Jennings 1976; Howard et al. 1968; Lockard & Lockard
1971) are, in fact, most efficient at detecting and exploiting larger seed clumps, which may

incidentally attract rodents from their usual foraging areas (Brown et al. 1975).



Seed burial has also been shown to influence seed predation rates. In previous
studies rates of seed loss for buried seeds have been substantially lower than those for
seeds exposed on the surface (Reichman 1879; Hulme 1994). For buried éeeds the
probability of encounter increases rapidly with seed size. Once buried, in fact, small seeds
are relatively safe from small mammal predation, but rodents have no difficulty in
detecting larger seeds that are buried at considerable depths (Crawley 1992). Furthermore,
burial has been found to reduce seed losses of low-density seeds proportionately more
than those at higher density. The nature of the soil in which the seeds are buried is also
important, and seed recovery rates by rodents have been shown to depend on the texture
of the soil and the particle size distribution relative to the size of the seeds in question
(Price & Waser 1985).

These studies suggest that the relative contribution of seed predation to seed
occurrence and plant dynamics varies over several orders of magnitude among plant
species and among communities. The magnitude and importance of each of these sources
of variation is largely unknown. With the exception of Hulme (1994), most studies on seed
predation, so far, have considered each of these sources separately and experimental data
needed to determine the general contribution of seed predation to the dynamics and
evolution of plant regeneration are lacking (Louda 1989). In an attempt to improve the
understanding of seed-seed predator interactions, this paper presents the results of a field
study on rodent granivory designed to :

1. examine the influence of between and within-habitat variation in determining rates of
seed removal by rodents;

2. assess the magnitude of individual effects on levels of post-dispersal seed predation by
examining the influence of seed density, seed burial, seed species, and within- and
between-habitat variation on the rates of removal of four seed species

3. determine whether the patterns of seed predation highlighted by Hulme (1994) in his

study on rodent granivory in grasslands also apply to woodland species.



The seed predators under investigation are two of the commonest murid rodents:
the wood mouse (Apodemus sylvaticus, L.), and the bank vole (Clethrionomys glareolus,
Schreber). The two species are widely distributed throughout Europe and their ecology
has been extensively studied (Ashby 1976; Flowerdew et al. 1985; Alibhai & Gipps 1991;
Flowerdew 1991; Gipps & Alibhai 1991). Both species rely heavily on seeds as a major

food source(Hansson, 1985).



4. MATERIALS AND METHODS

4.1 STUDY SITES

The experiments were undertaken simultaneously in five areas of deciduous
woodland surrounding Durham City, Co. Durham (Fig. 4.1). In all the sites the parent
rock is boulder clay of sub-glacial origin, containing a substantial sandy fraction that varies
in proportion between sites. Habitat characteristics for the different sites obtained using
the point-centered quarter method are summarised in Table 4.1.

The Houghall Wood, Hollingside Wood and Mountjoy sites all lie approximately
one mile south of the city centre and are found on sloping ground of varying degrees
immediately west of the floodplain of the river Wear (Ashby, 1976). The steepest of the
sites, Mountjoy (45%), faces east and has the highest density of trees/ha. It contains a
substantial canopy, composed of silver birch (Betula pendula), mountain ash (Sorbus
aucuparia), oak (Quercus petraea), beech (Fagus sylvatica), sweet chestnut (Castanea
sativa), and sycamore (Acer pseudoplatanus). The understorey vegetation consists
predominantly of holly (Ilex aquifolium) and locally occurring hazel (Corylus avellana).
An incomplete cover of bramble and ferns occurs at ground level.

The Houghall Wood site faces SE and is situated on sloping ground varying
between 10-30%. The transect, which runs from west to east, crosses a variety of
vegetational habitats in which Q. petraea is largely the dominant tree. Also present in the
canopy, however, are F. sylvatica, A. pseudoplatanus and B. pendula. The understorey
vegetation at the western end of the transect is composed of a mixture of elder (Sambucus
nigra), young mountain ash (S. aucuparia) and locally abundant Wych elm (Ulmus
glabra), while a contiguous stand of holly (/. aquifolium) runs parallel to the northern
edge of the transect; in the latter's eastern end the understorey vegetation is mostly absent
and is replaced, at ground level, by an incomplete cover of ferns (Dryopteris spp.), mosses

and a dense carpet of Vaccinium myrtillus.






LLT 88T £9°CLIL £9°799 91°868 ST9LY £ysuadp 3. [eI0],
Ly 98°ts 0£°0s v oL Ly'vs eaue [eseq Adoue)
- - - - - - 0 Sy'Te - - 0.1qp]3 smudj[)
or'vy 209¢ 8S'L 0L 91 - - €00 Sv'Te - - plpdnoNY Snqiog
€10 oT’L - - - - ¥1°0 SY'TT 080 €E'E8 D48 SNONQUIDS
68T ¢09¢ LTO ¢0'88 8¢°6C £8'C8 [4: 2% 683°8¢S - - vap.yad sn.anp
- - SO0 v€'6Z - - - - - - wnuaw)oriad v4221U0T
060 19°1¢C 6t'1 7088 900 el'ee 6’1 78°68 120 ¢S°6S wnijofinbo xagy
L8'ST 8Y'CC1 SP'T 60°CSe 8¢0 LS91 (4A\) Y XA ¢TSe LE'TOT DOUDAIAS SNV
- - 650 09°8S - - - - - - pupja4ap snjkio)
091 0t'L S60 9¢'LT1 0891 §0'S9C - - - - DANDS DIUDISD))
€10 oT'L (A4 0’88 o LS9T - - - - vynpuad viniag
89 P05 £0'8¢ 6£°S0T SO'e 6v'8vT e0'Te cLyel 0T'81 ¥6'0t1 snupypydopnasd 130y
vg aq vg 2d vg ad (4] ad vg aq
apIS3ul[io poop Aofjunopy 9IS NUBS POOA USTH jeard POOAA 1PuIys

“PAYBWIT)SS OSTE A8 (BY/S901) SINISUSP 921 [80) pue (BY/;wu) sears Teseq Adous)) “poylows 1agrenb parsjuao
-qurod oty Sursn sAYIS 9AL} SY) JO YOBS 3B SI10dS [ENPIAIPUT JOJ PAJBWMSS (Bg) Seare [8SBq PuB (9(]) SONISUIP SOI0adS *I'p dqelL



The Science Site transect runs from east to west on NE-facing ground (slope 35%)
within Durham University's Science Site. It is largely dominated by sycamore and sweet
chestnut, but also present in the canopy are silver birch, beech and oak. The understorey
layer is dominated by holly, which tends to be present locally throughout the transect. At
ground level vegetation cover is sparse with localised clumps of ferns and bramble and an
abundance of leaf litter. A gap in the canopy of approximately 10m lies at midpoint in the
course of the transect, where pipe-laying was conducted before the commencement of the
experiment.

Approximately 2 miles from the centre of Durham, and west of the river Wear, lies
the fifth site, situated on a west-facing slope (20-30%) within Shincliffe Wood. The wood
runs parallel to the river's course and is dominated by beech, with sycamore also present at
relatively high densities. Ilex aquifolium and Sambucus nigra are the main constituents of

the understorey vegetation, while ferns and bramble largely dominate at ground level.

4.2 SEED EXPERIMENTS

Seed predation trials were conducted using replicate sets of feeding stations. In
each of the five sites 10 feeding stations were set up at 10 m intervals along a 100 m
transect.
Seeds were presented in the field in plastic petri-dishes 9cm in diameter and 1cm in depth,
filled with soil and secured to the ground using 5" nails. Three petri-dishes, set
equidistantly apart (1m) in a triangular array, were used at each feeding station. Taxon-
specific exclosures were utilised around 2 of the 3 feeding depots (Fig.4.2) to quantify the
relative impact of invertebrates and granivorous rodents on rates of seed removal and
exploitation. In the invertebrate treatments seeds were protected from rodents and other

seed-eating animals by a 30 x 30 x30 cm® 1.2 cm wire-mesh cage, buried 3-4 cm within
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in a unique, randomised order and presented so that the invertebrate, vertebrate and open
petri-dish trials at each feeding station exhibited the same seed/density/burial treatment at
any one time. The randomised sequence was replicated in each of the study sites.

Petri-dishes were exposed in the field for three consecutive days, after which
remaining seeds were collected and counted. Assessments were made of seed damage
(more than 50% of each seed remaining) and seed consumption in situ (less than 50%
remaining), and seed removal.

In an attempt to assess the identity of the seed predators, the presence of slugs or
faeces within the dishes, the nature of seed damage and evidence of seed caches or rodent
burrows lying in the immediate vicinity of the sampling stations was also recorded.

After each trial petri-dishes were supplied with a new set of randomly chosen seeds, at
different densities and burial regimes, until, by the end of the experiment, all feeding

stations had received the complete sequence of seed treatments.

4.3 RODENT TRAPPING

Density estimates and distribution of woodland rodents were obtained from
capture-mark-recapture studies on the small mammal populations at each of the study
sites. Live-trapping was conducted over three consecutive nights in mid-June, mid-July
and mid-August using a line of 10 Longworth traps set 10 m apart. Traps were laid along
the transects at each study site, within a 1m radius of each feeding station. They were
covered with leaf litter to minimise extremes of heat and cold and to conceal the traps
from passers-by. Traps were checked twice-daily, in the early morning and late afternoon,
and captured animals were individually marked using the fur-clip marking procedure
(Gurnell & Flowerdew, 1982). Date of capture or recapture, species, sex age and weight

were also recorded for each animal and estimates were drawn of the individual and
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combined numbers of Apodemus sylvaticus and Clethryonomis glareolus present at each
station, as well as overall number of rodents present at each site.
The seed exposure experiments were designed to fit between these monthly

samples so that seed predation could be related to rodent abundance.

4.4 DATA ANALYSIS

Data analysis followed Hulme (1994) and examined two components of seed
predation: seed encounter, considered as the probability of at least one seed being
removed; and seed exploitation, i.e. the proportion of seeds being removed once they were
encountered. Seed encounter was a binary variable (encountered or not encountered) and
enabled direct comparisons of density treatments. Seed exploitation was only applicable to
high densities and was described as the proportion of seeds being removed.

ANOVA was used to analyse the arc-transformed data of both seed encounter and
exploitation, and to detect between- and within-site variations due to differences in cage
treatment, burial, seed density and seed species utilised during the course of the
experiment. A posteriori multiple range tests (Tukey's Honestly Significant Difference
test) were used to compare treatment effects. Statistical significance and consistency of
trends among the data sets were used to explore the data in more detail. Correlation
analysis was used to compare percentage removal and encounter with rodent abundance

and habitat characteristics.
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S. RESULTS

5.1 ENCOUNTER OF SEEDS BY RODENTS

Significant variation in seed encounter occurred between treatments
(F=22.386; p<0.01) in the five sites (Table 5.1.). Seed detection in the fine mesh was
low compared to the coarse-mesh and petri-dish treatments to which rodents had
access (Fig. 5.1). In the coarse cage and open petri-dish treatments, in fact, seeds
experienced a two- to three-fold increase in the frequency of detection. No differences

in the rate of seed encounter were detected between the latter two.

Table 5.1 The percentage of total variation for encounter of seeds by rodents
estimated using ANOVA. The main effects of burial [bu], cages [ca], density [de],
species [sp] and site [si] are shown as well as all higher order interactions found to be
significant at the 0.05% (*) and the 0.01% level (**).

Terms d.f Mean squares F Value
Burial 1 31.30 94.55 (**)
Cages 2 71.93 218.49 (**)
Density 1 18.46 56.07 (**)
Species 3 4.86 14.76 (**)
Site 4 10.79 32.78 (**)
Bu.Ca. 2 4.16 12.63 (**)
Bu.De. 1 7.96 24.18 (**)
Bu.Sp. 3 294 8.92 (**)
Bu.Si. 4 1.04 3.15 (%)
Ca.De. 2 2.18 6.61 (**)
Ca.Si. 8 3.04 9.22 (**)
De.Sp. 3 1.35 4.10 (**)
Sp.Si. 12 09 2.76 (**)
Bu.Ca.De. 2 1.10 335(%)
Bu.Ca.Sp. 3 3.12 3.12 (%)
Residual 2160 0.329

Total 2399 0.454

Burial of seeds in all cage treatments, at both densities, significantly reduced

the frequency of rodent encounter (F=69.36; p>0.01) compared to surface seeds. In
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Variations in the frequency of seed encounter were strongly affected by
changes in seed density. High seed densities increased the chance of seed depots being
detected, such that depots containing ten seeds (high density) were significantly more
likely to be detected (F=56.047; p>0.01) than depots containing only one seed (low
density) (Figs. 5.1, 5.2 and 5.3). Burial of seeds at the higher and lower seed densities
significantly reduced the frequency of seed encounter in all the exclosure treatments in
each of the five sites.

The frequency of seed encounter by rodents varied considerably from site to
site (F=32.785; p>0.01), ranging between 20.6% in Shincliffe Wood to 51.6% in Great
High Wood. Patterns of seed encounter were similar in the Shincliffe (20.6%), Science
(24.4%) and Mountjoy (30.3%) sites, but shifted considerably in magnitude in Great
High Wood and Hollingside, where rates of encounter were significantly higher at
51.6% and 49.4% respectively (Fig. 5.2.). Trapping confirmed that both Apodemus
sylvaticus and Clethrionomys glareolus were present in all sites, but that they differed

in relative abundance within each. (Table 5.2.).

Table 5.2 Apodemus sylvaticus (AS) and Clethrionomys glareolus (CG) captures
obtained in the five study sites using small mammal trapping techniques. Individual and
total number of rodents are presented for each site.

Sh GHW Ss Mo Ho
Species n n n n n
AS 0 4 6 4 3
CcG 13 2 2 9 9
Total 13 6 8 13 12

In Shincliffe Wood, for example, where no wood mice were caught bank vole
captures were high. Apodemus numbers in the Science Site, on the other hand, were
significantly greater than recorded numbers of bank voles found on that site. Overall,
total rodent numbers were greater in the Shincliffe Wood and Mountjoy sites, where
13 rodents were caught over the three trapping periods. The lowest catches were

recorded in Great High Wood (6 rodents).
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6. DISCUSSION

6.1 EFFICIENCY OF RODENT SEED PREDATION

Previous studies have shown that small mammals may play an
important role in woodland ecosystems by dispersing, burying and
consuming large quantities of seeds (Watt 1919, 1923 ; Ashby 1976; Price
and Jenkins, 1986). High seed losses are common in the case of forest
trees (Shaw 1968) and are thought to influence forest regeneration. The
destruction of acorn and beechmast by small woodland rodents is
considered, in fact, to be responsible for the failure of natural regeneration
in British oak and beech woodland (Watt 1919, 1923; Ashby, 1976).

During the present study there was abundant evidence of small
mammal activity. The high level of seed removal from the exclosure
treatments to which rodents had access, the appearance of rodent trails
close to the feeding stations, characteristic seed damage observed in seed
remains and the abundance of rodent droppings in or around the feeding
depots, all seem to suggest that rodents were indeed the major seed
predators. Seed predation by invertebrates, on the other hand, was
negligible and no evidence was found of feeding by other granivorous
rodents and birds ( i.e. squirrels, wood pigeons). Catches of Apodemus
sylvaticus and Clethrionomys glareolus, on the other hand, were
consistent throughout the trapping period, supporting previous field
studies which have shown rodents to be the main seed consumers in
woodland ecosystems.

Results from the present study have shown that rodents were efficient
at locating and exploiting the experimental seed supply. A number of seed
attributes and environmental factors, however, have been shown to
determine the probability of seed detection and exploitation. Most rodents

locate their prey by olfaction (Howard et al. 1968, Lockard & Lockard
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1971, Jennings 1976, Johnson & Jorgensen, 1981). Emission of volatile
chemicals by the seed are thought to provide cues as to the location,
identity and density of the food supply (Jennings 1976) as well as its
suitability as a food source. The detection of the food item and the
recognition of the food item as prey will depend, therefore, on a number of
factors, i.e. the olfactory acuity and foraging efficiency of the rodent
predators (Price, 1978) and the olfactory conspicuousness of the seed
(Reichman, 1981).

Wood mice are predominantly nocturnal (Greenwood 1978,
Montgomery & Gurnell 1985) and rely heavily on olfaction as a means of
habitat exploration. Studies on Apodemus (Jennings 1976) suggest, in fact,
that wood mice use olfaction in the detection of food items as prey. The
olfactory biology of the bank vole, on the other hand, has been relatively
ignored, perhaps due to the fact that this species is crepuscular in its
activity, and is therefore thought to rely predominantly on visual rather
than olfactory cues when foraging. Bank voles, however, have an
extremely varied diet (Hansson 1985) and are obliged to make complex
choices between different food types. It is fair to assume, therefore, that
olfaction may play a role in food detection, complementing visual and

gustatory cues.

6.2 THE EFFECT OF BURIAL

Environmental factors such as seed burial have been found to
influence the predation sequence and to affect the ability of rodents in seed
detection (Lockard & Lockard 1971, Hulme 1994). Buried seeds are
effectively concealed from predators which rely exclusively on visual

acuity as a means of detecting a food source. Encounter and retrieval of
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buried seed by rodents which rely on olfactory cues in a number of studies
was largely a function of burial (Reichman 1979) and burial depth
(Lockard & Lockard 1971, Reynolds 1958). A recent study conducted by
Hulme (1994) on mesic grasslands revealed that encounter of seeds by
rodents was significantly reduced when seeds were buried. Burial in the
experimental sites was also found to be a significant determinant in the
rates of seed predation by forest rodents.

The depth at which the seed or seeds are buried may affect odour
concentrations to the extent that olfactory conspicuousness decreases with
increasing depth of burial. As volatile molecules diffuse, their
concentration decreases at a rate directly proportional to the distance from
the seed (Reichman & Oberstein 1977; Reichman 1981). Furthermore, soil
characteristics, such as soil particle size, moisture content or temperature,
may influence odour diffusion and adversely affect subsequent seed
detectability (Reichman 1981; Johnson & Jorgensen 1981).

Results from the present experiment support these findings and burial
was found to significantly reduce the frequency of rodent encounter for all
seed species. This was found to be particularly true for the smaller seeds,
ash and elm. Reichman (1981) suggests that seeds emanate volatile
chemicals at a rate inversely proportional to seed size. Given this
assumption, one could explain why burial is a more effective means of
escape for smaller seeds than for larger ones. By burying smaller seeds the
effect of seed size is augmented and olfactory conspicuousness is further
reduced, thus explaining why smaller seeds in the experiment were
encountered less frequently than larger ones. Similarly, patches of higher
seed densities were found to be more vulnerable to predation than low-
density seed treatments. It is not clear, to what an extent this is a function
of clumped seeds being more conspicuous and therefore affecting rates of

seed detection (Price & Jenkins 1986), yet the probability of rodent
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encounter during the predation trials appeared to be significantly affected
by patch size.

Depth of burial and soil attributes have also been shown to affect the
probability of a buried seed being harvested once it has been encountered
(Lockard & Lockard 1971; Price & Heinz 1984). Although the willingness
to dig up buried seeds has been shown to be species-specific in rodents
(Johnson & Jorgensen 1981), all rodents will generally avoid deeply buried
seeds, presumably as a result of the higher energetic costs involved
(Lockard & Lockard 1971; Reichman & Oberstein 1977; Reichman 1979,
Heithaus 1981; Abramsky 1983) and the higher predation risks associated
with foraging in any one patch for an extended period of time. Seeds in
previous studies have been retrieved from considerable depths (Lockard &
Lockard 1971; Reichman & Oberstein 1977) and Apodemus sylvaticus had
no difficulty in detecting and removing seeds buried underneath a 3cm
layer of peat moss (Jennings 1976). Seeds in the current experiment were
buried 1 cm below the soil and burial was found to have no significant
effect on the rate at which seeds were exploited once they had been

encountered.

6.3 THE EFFECT OF DENSITY

As previously stated, results in this study have shown a pronounced
effect of density on the rates of seed encounter, with single seeds being
encountered approximately half as frequently as seeds present in groups of
ten. Tests on the rates of seed exploitation, on the other hand, did not
enable direct comparisons of density treatments, although previous studies
using artificial and/dr natural seed clumps have shown removal rates to

increase with increasing seed density (Brown et al. 1975; Price 1978;
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Reichman 1979; Heithaus 1981; Price & Waser 1985). Presumably, the
value of clumped seeds (even less profitable ones) is higher than the value
of individual seeds, and certainly in energetic terms foraging in high-
density patches should be more cost-effective than foraging for dispersed

seeds.

6.4 THE EFFECT OF SEED SPECIES

It has been mentioned that smaller seeds were encountered less
frequently than larger ones during predation trials and that seed size may
have affected odour conspicuousness and subsequent seed detectability by
rodents. Once a seed has been encountered, however, it can either be
harvested or ignored. Previous studies, which have examined rodent seed
predation on two or more species, have almost always found significant
variation in the rates of seed removal of different seed types (Inouye et al.
1980; Abramsky 1983; Mittlebach & Gross 1984; Jensen 1985; Kelrich et
al. 1986; Willson & Whelan 1990; Boman & Casper 1995). In all the
studies one obvious and potentially relevant trait is seed size. Results from
the present investigation have shown that, out of the four seed species, the
larger seeds, yew and mung (Table 5), were consistently preferred to seeds

of Fraxinus excelsior and Ulmus glabra.

Table § Characteristics of the experimental deciduous tree and exotic seed
species. Seeds of Fraxinus excelsior and Ulmus glabra were husked prior
to analysis. Weight is expressed in (g/dwt); energetic content in (kcal/dwt).

Seed species Weight Energy
content
Taxus baccata 0.075 8
Mung beans 0.058 0.16
Fraxinus excelsior 0.045 0.21
Ulmus glabra 0.035 0.01
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The results are in accordance with field and laboratory experiments
conducted by Jensen (1985) on seed preference of forest rodents in
Denmark, in which the larger seeds of Quercus, Fagus and Corylus were
harvested preferentially with respect to ash and elm, which showed low
preference ratings. In Jensen's study (1985) rodents were also found to
harvest seeds with the highest energetic value. The optimal foraging theory
predicts, in fact, that foragers should maximise net energy intake per unit
time spent foraging (Schoener 1971; Pyke et al. 1977). Testing this
prediction, however, demands measurements of individual foraging efforts
which unfortunately, due to temporal constraints, were not obtained. Data
from Jensen (1985), Reichman (1976) and Hulme (personal
communication) have shown that large seeds generally contain more
energy than smaller seeds. Moreover, in their experiments Kelrich et al.
(1986) found that total calories per seed were highly correlated with seed
weight. This prediction was borne out in yew, which ranked highest on the
rodents preference hierarchy, but not in mung, which in terms of energy
content, ranks lower than ash (Table 5) and yet was harvested in greater
proportion.

Size, however, is not the only attribute which determines a seed's
energetic value. The cost of seed processing, i.e. the seed's handling time,
has also been found to affect rates of seed selectivity (Price 1983; Kelrich
et al. 1986). One of the major components affecting handling time is the
period required for a forager to remove the husk (Rosenzweig & Sterner
1970). Rodents are sensitive to this cost and have been found to prefer
husked over unhusked seeds (Kaufman & Collier 1981). It is possible,
therefore, that the avoidance in this study of Fraxinus excelsior in favour
of mung beans, is a result of the presence in the latter species of a
comparatively thick husk. Mung, by contrast, possesses a very thin seed

coating. Arguably, however, the use of commercially available mung
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beans, which are unfamiliar to the local seed predator populations, might
have suffered untypically high rates of predation if the seeds were

especially attractive.

6.5 SPATIAL EFFECTS

Rodents have shown species-specific microhabitat and habitat
preferences (Brown et al. 1975; Hay & Fuller 1981; Heithaus 1981;
Mittlebach & Gross 1984; Webb & Willson 1985; Klinkhamer 1988;
Hulme 1994; Boman & Casper 1995). Studies on the behaviour of
Apodemus sylvaticus (Brown 1956; Montgomery & Gurnell 1985;
Flowerdew 1991) have shown this species to be highly adaptable and
therefore present in a wide variety of habitats. Clethrionomys glareolus,
on the other hand, is limited in its spatial distribution by the presence of
ﬁeavy vegetation cover (Watts 1968; Corbet & Southern 1977; Smal &
Fairley 1982; Gipps 1985; Alibhai & Gipps 1991).

The differential use of space by these two species is thought to be the
result of distinct predator avoidance strategies. Apodemus is mainly
nocturnal and is therefore little affected by the presence of substantial
vegetation cover (Ashby 1976). The bank vole, by comparison, is partly
diurnal and relies more heavily on ground cover for protection (King
1985). It was assumed, therefore, that differences in the density as well as
the macro- and micro-habitat use of rodent predators might reflect spatial
variation in the rates of seed encounter and exploitation. In other words,
that the vulnerability of seeds within and between sites may have depended
on the structure of the existing vegetation and on the relative abundance of

Apodemus and Clethrionomys.
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Results, however, have shown no correlation between total tree
density and rodent abundance. It can be argued that if rodents, particularly
bank voles, are responding to heterogeneous levels of ground cover, total
tree density estimates obtained for the five sites, are not an adequate term
of comparison. Canopy density, in fact, may have no effect on the
distributions of rodents. Unfortunately, ground cover estimates were not
obtained. In addition, although rates of seed removal were high, no
correlation was found between rodent abundance and frequency of seed
encounter or exploitation by rodents. Arguably, the deployment of a single
trap per feeding station might lead to competition for traps among rodents
and consequent failure to determine reliable estimates of population
densities. Southern (1973), however, states that reasonably consistent
population estimates will be extrapolated if at least 20% of the traps
remain unoccupied throughout each trapping period, a condition which
was always fulfilled during the course of this study.

Differences in the behavioural response to traps may also distort
population estimates. Using live-traps, Tew and co-workers (1994) have
shown that residual odours within the traps, may selectively attract
different rodent species and different age and sex classes within the rodent
populations. Apodemus and Clethrionomys, in fact, have shown marked
preferences for traps previously occupied by conspecifics and in wood
mice by members of the opposite sex. Furthermore, wood mice avoided
traps which had previously held bank voles. If rodents species show
differential response to heterospecific and conspecific residual odours, then
the assumption of equal trappability throughout the sampling population,
which underlies capture-mark-recapture studies and trap-based
descriptions of space use, would be questionable. Traps utilised in the
current study, however, were diligently washed prior to each trapping

session. Moreover, the effect of odour has been shown to be particularly
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important when catches are high relative to the number of traps deployed.
Catches being low, it is highly unlikely that residual odours played a
significant role in trap avoidance or attraction in the two rodent species.
More simply the deployment of only ten traps per site was insufficient to
provide reliable population estimates when population densities were low
and only managed to provide an insight into the site's species composition.
Higher trap numbers would have been needed to carry out systematic
sampling and obtain reliable quantitative data (Gurnell & Flowerdew
1982). The number of traps deployed in this study were a compromise
between the researcher's ability to operate trap-lines during time of high
catches and the need to trap in several sites simultaneously. Only by
reducing the number of sites, would it have been possible to increase trap

numbers and therefore obtain reliable population estimates.

6.6 SEED PREDATION IN DECIDUOUS WOODLAND COMPARED TO
PREDATION IN GRASSLANDS

Hulme (1994) investigated seed predation by Apodemus sylvaticus
and Microtus agrestis in two grassland sites (dry grassland and meadow)
on a wide variety of herbaceous seed species, which varied in size between
0.37 mg (Poa pratensis) to 2.53 mg (Festuca pratensis). The study, which
simultaneously examined the effects of seed species, seed burial, seed
density, season, habitat and microhabitat differences on the rates of seed
encounter and exploitation, revealed marked variation in predation rates.
Experimental seed burial reduced predation rates in both sites, by 98% and
40-90% respectively. The larger the buried seed, the more likely it was to
be eaten by small mammals. Seed density effects accounted for a

significant percentage of the variation, with single seeds encountered less
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frequently than seeds at high densities. Species effects were significant for
seed exploitation, but not for encounter. Most of the spatial variation was
attributed to within- rather than between-habitat effects, with strong
emphasis on small-scale spatial differences occurring within each site.
Results from the present study have shown some similarities with
Hulme's findings. Experimental seed burial, seed density and seed species
all showed marked effects on the variation in seed encounter and
exploitation experienced by the native and exotic seed species. In contrast
to Hulme's work (1994), a significant amount of the variation was due to
differences between the sites rather than to variation within the sites
themselves. The failure to detect within-site differences, however, was
most probably due to lack of information concerning ground cover
vegetation and subsequent patterns of rodent abundance. Differences
between-habitat, however, were highly expected due to the distance
between the sites and their contrasting plant species and vegetation

structure.
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7. CONCLUSIONS

Seed predation trials in this study have shown that rodents are
important seed harvesters in deciduous forest ecosystems, removing
between 60-70% of the experimental seed supply. As in other studies
investigating small mammal predation (Brown et al. 1975; Ashby, 1976;
Borchert & Jain 1978; Heithaus 1981; Abramsky 1983; Hulme 1994;
Boman & Casper, 1995), there was enormous spatial variation in predation
rates.

The probability of a seed being encountered is dependent on seed
burial, seed density and seed species, as well as between-site variations
most probably linked to differences in rodent abundance. The extent to
which seeds are exploited is slightly less variable and has been shown to be
largely a function of seed species effects. The role of seed size and relative
energy values on determining rates of seed consumption requires further
investigation.

In conclusion, the selective nature of the seed predators, plus the
relative spatial patchiness of predation rates, suggest that post-dispersal
seed predation may play an important role in determining the distribution

and/or abundance of deciduous woodland plants.

33



8. ACKNOWLEDGMENTS

My greatest thanks go to my supervisor, Dr. Philip E. Hulme who was
always available to comment and discuss aspects of the project. His advice
was fundamental in both the experimental and theoretical evolution of this
study.

All my gratitude goes to Mark Cook for helping me with the final
corrections and to Kelly Papapavlou for her constant support.

Special thanks also go to my good friends Alexandra Krause, who shared
the field work, rain or shine, and provided moral support through the
worst of times, Julian Mallinson and Panos Giannakos who allowed me to
share their lab and were extremely helpful at all times.

Last but not least from the Biological Science Department staff I would
very much like to thank Jack Warner and Gordon Bainbridge who were

ever helpful in providing all the experimental material and equipment.

34



9. LITERATURE CITED

Abbott, H. G. & Quink, T. F. (1970). Ecology of eastern white pine seed
caches made by small forest mammals. Ecology 51:271-278.

Abramsky, Z. (1983). Experiments on seed predation by rodents and ants in
the Israeli desert. Qecologia (Berlin) 57: 328-332.

Alibhai & Gipps (1991). Bank vole. In G.B. Corbet and S.Harris (Eds.). The
Handbook of British Mammals (Third Edition). Oxford: Blackwell, pp.
192-203.

Ashby, K. R. (1967). Studies on the ecology of field mice and voles
(Apodemus sylvaticus, Clethrionomys glareolus, and Microtus agrestis)
in Houghall Wood, Durham. Journal of Zoology (London) 152: 389-513.

Borchert, M. I. & Jain, S. K. (1978). The effect of rodent seed predation
on four species of California annual grasses. Oecologia (Berlin) 33:
101-113.

Boman, J.S. & Casper, B.B. (1995). Differential post-dispersal seed
predation in disturbed and intact temperate forest. American Midland
Naturalist 134: 107-116.

Brown, L.E. (1956). Field experiments on the activity of the small mammals
Apodemus, Clethrionomys and Microtus. Proc. Zool. Soc. Lond., 126:
549-164.

Brown, J. H., Grover, J. J., Davidson, D. W. & Lieberman, G. A. (1975).
A preliminary study of seed predation in desert and montane habitats.
Ecology 56: 987-992.

Crawley, M.J.(1992). Seed predators and Plant Population Dynamics. In M.
Fenner (ed.) Seeds. The Ecology of Regeneration in Plant Communities,

CAB International, Wallinford, pp. 157-191.

35



Gadekar, H. (1975). Ecological conditions limiting the distribution of Fagus
sylvatica L. and Abies alba Mill. near Scwarzenberg (Lucerne)
Switzerland. Verdff. Geobot. Inst. Ziirich 54: 1-92.

Gardner, G. (1977). The reproductive capacity of Fraxinus excelsior on
the Derbyshine limestone. Journal of Ecology 65: 107-118.

Gashwiler, J.S. (1970). Further study of conifer seed survival in a western
Oregon clearcut. Ecology 51: 849-854,

Gipps, J.HW. & Alibhai, 1991. Field vole. In G.B. Corbet & S. Harris
(Eds.) The Handbook of British mammals (Third Edition). Oxford:
Blackwell, pp.203-208.

Greenwood, P.J. (1978). Timing of activity of the bank vole (Clethrionomys
glareolus) and the wood mouse (Apodemus sylvaticus) in a deciduous
woodland. Oikos 31: 123-7.

Greenwood, J. J. D. (1985). Frequency dependent selection by seed
predators. Oikos 44: 195-210.

Gurnell, J. (1985). Woodland Rodent Communities. Symp.Zool.Soc.Lond.
55:377-411.

Gurnell, J. & Flowerdew, J.R. (1982). Live Trapping Small Mammals: A
Practical Guide. Reading: Mammal Society.

Hansson, L. (1985). The food of bank voles, woodmice and yellow-necked
mice. Symposium of the Zoological Society of London 55: 141-168.

Hay, M. E. & Fuller, P.J. (1981). Seed escape from heteromyid rodents:
the importance of microhabitat and seed preference. Ecology 62: 1395-
1399,

Harper, J.L (1977). Population biology of plants. Academic Press, London.

Heithaus, E. R. (1981). Seed predation by rodents on three ant-
dispersed plants. Ecology 62: 136-145.

Howard, W. E,, Marsh, R. E. & Cole, R. E. (1968). Food detection by deer

mice using olfactory rather than visual cues. Animal Behaviour 16: 13-17.

36


http://Symp.Zool.Soc.Lond

Hubbell, S.P. (1980). Seed predation and the coexistence of tree species in
tropical forests. Oikos 35: 214-229.

Hulme, P.E. (1993). Post-dispersal seed predation by small mammals. Symp.
Zool.Soc. Lond. 65: 269-287.

Hulme, P.E. (1994). Post-dispersal seed predation in grassland: its
magnitude and sources of variation. Journal of Ecology 82: 645-652.

Inouye, R.S., Byers, G.S. & Brown, J.H. (1980). Effects of predation and
competition on survivorship, fecundity and community structure of desert
annuals. Ecology 61: 1344-1351.

Janzen, D.H. (1971). Seed predation by animals. Annual Review of Ecology
and Systematics 2. 465-492.

Jenkins, S. H. (1988). Comments on relationships between native
seed preferences of  shrub-steppe  granivoresand seed nutritional
characteristics. Oecologia (Berlin) 75: 481-482.

Jennings, T. J. (1976). Seed detection by the woodmouse Apodemus
sylvaticus. Oikos 27: 174-177.

Jensen, T. S. (1985). Seed-seed predator interactions of European beech,
Fagus sylvatica and forest rodents, Clethrionomys glareolus and
Apodemus flavicollis. Oikos 44: 149-156.

Johnson, T.K. & Jorgensen, C.D. (1981). Ability of rodents to find buried
seeds. Journal of Range Management 34: 312-314.

Kaufman, L. W. & Collier, G. (1981). Economics of seed handling.
American Naturalist 118: 46-60.

Kelrick, M. I., MacMahon, J. A.,, Pamenter, R. R. & Sisson, D. V.
(1986). Native seed preferences of shrub-steppe rodents, birds and
ants: the relationships of seed attributes and seed use. Qecologia
(Berlin) 68: 327-337.

King, C.M. (1985). Interactions between woodland rodents and their
predators. Symp. Zool.Soc.Lond., 55: 219-247.

37



Klinkhammer, P. G. L., de Jong, T.J. & van der Meijden, E. (1988).
Production, dispersal and predation of seeds in the biennial Cirsium
vulgare. Journal of Ecology 76: 403-414.

Lockard, R. B. & Lockard, J. S. (1971). Seed preference and buried
seed retrieval of Dipodomys deserti. Journal of Mammalogy 52: 219-221.

Louda, S.M. (1989). Predation in the dynamics of seed regeneration.
Ecology of Soil Seed Banks (eds M.A. Leck, V.T. Parker & R.L.
Simpson). Academic Press, San Diego, pp. 25-51.

Mares, M. A. & Rosenzweig, M. L. (1978). Granivory in North and South
American deserts: rodents, birds and ants. Ecology 59: 235-241.

Marshall, D. R. & Jain, S. K. (1970). Seed predation and dormancy in
the population dynamics of Avena fatua and A. barbata. Ecology 51: 886-
891.

Mittelbach, G. G. & Gross, K. L. (1984). Experimental studies of
seed predation in old-fields. Oecologia (Berlin) 65: 7-13.

Montgomery, W 1. & Gurnell, J. (1985). The behaviour of Apodemus. Symp.
Zool. Soc. Lond., 55: 89-115.

Parmenter, R.R., MacMahon, J.A., Vander Wall, S.B. (1983). The
measurement of granivory by desert rodents, birds and ants: A comparison
of an energetics approach and a seed-dish technique. Journal of Arid
Environments 7: 15-92.

Partridge, L. & Maclean, R. (1981). Effects of nutrition and peripheral
stimuli on preferences for familiar foods in the bank vole. Animal
Behaviour 29: 217-220.

Price, M.V. (1978). The role of microhabitat in structuring desert rodent
communities. Ecology 59: 910-921.

Price, M. V. (1983). Laboratory studies of seed size and species selection
by heteromyid rodents. Oecologia (Berlin) 60: 259-263.

38



Price, M. V. & Heinz, K. M. (1984). Effects of body size, seed density,
and soil characteristics on rates of seed harvest by heteromyid rodents.
Oecologia (Berlin) 61: 420-425.

Price, M. V. & Jenkins, S. H. (1986). Rodents as seed consumers
and dispersers. In Seed dispersal. 191-235 (ed. Murray D. R.). pp. 191-
235. Academic Press, Sydney. |

Price, M. V. & Waser, N. M. (1985). Microhabitat use by heteromyid
rodents: effects of artificial seed patches. Ecology 66: 211-219.

Pyke, G.H., Pulliam, R.H. & Charnov, E.L. (1977). Optimal foraging: a
selective review of theory and tests. Quarterly Review of Biology 52: 137-
154.

Radvanyi, A. (1970). Small mammals and regeneration of white spruce
forests in western Alberta. Ecology 51: 1102-1105.

Reichman, O. J. (1977). Optimization of diets through food preferences
by heteromyid rodents. Ecology 58: 454-457.

Reichman, O. J. (1979). Desert granivore feeding and its impact on
seed densities and distributions. Ecology 60: 1085-1092.

Reichman, O. J. (1981). Factors influencing foraging in desert rodents. In
Foraging behaviour: ecological, ethological and psychological approaches
195-213 (Eds. Kamil, A. C. & Sargent, T. D.). Garland Press, New York.

Reichman, O. J. & Oberstein D. (1977). Selection of seed distribution types
by Dipodomys merriami and Perognathus amplus. Ecology 58: 636-643.

Reynolds, H.G. (1950). Relation of Merriam kangaroo rats to range
vegetation in southern Arizona. Ecology 31: 456-463.

Rosenzweig, M. L. & Sterner, P. W. (1970). Population ecology of desert
rodent communities: body size and seed husking as bases for
heteromyid coexistence. Ecology 51: 217-224.

Schoener, T.W. (1971). Theory of feeding strategies. Annual Review of
Ecology and Systematics 2: 369-404.

39



Schupp, E. W. (1988). Seed and early seedling predation in the forest
understory and in the tree fall gaps. Oikos 51: 71-78.

Shaw, M.W. (1968). Factors affecting the natural regeneration of sessile oak
(Quercus petraea) in North Wales. II. Acorn losses and germination under
field conditions. Journal of Ecology 56: 647-660.

Smal, C.M. & Fairley J.S. (1982). The dynamics and regulation of small
rodent populations in the woodland ecosystem of Killarney, Ireland.
Journal of Zoology, (Lond). 196: 1-30.

Smigel, B. W. & Rosenzweig, M. L. (1974). Seed selection in
Dipodomys merriami and Perognathus penicillatus. Ecology 55: 329-
339.

Southern, H.N. (1973). A yardstick for measuring populations of small
rodents. Mammal Review 3: 1-10.

Tellerfa, J.L, Santos, T. & Alcédntara, M. (1991). Abundance and food-
searching intensity of wood mice (Apodemus sylvaticus) in fragmented
forests. Journal of Mammology 72: 183-187.

Tew, T.E.,, Todd 1.A., Macdonald, D.W. (1994). Temporal changes in
olfactory preference in murid rodents revealed by live-trapping. Journal of
Mammology 75: 750-756.

Watt, A. S. (1919). On the causes of failure of natural regeneration in
British oak-woods. Journal of Ecology T. 173-203.

Watt, A. S. (1923). On the ecology of British beechwoods, with
special reference to their regeneration: I. The causes of failure of
natural regeneration of the beech (Fagus silvatica). Journal of Ecology
11: 1-48.

Watts, C.H.S (1968). The foods eaten by wood mice (Apodemus sylvaticus)
and bank voles (Clethrionomys glareolus) in Wytham woods, Berkshire.
Journal of Animal Ecology 37: 25-41.



Webb, S. L & Willson, M. F. (1985). Spatial heterogeneity in post-
dispersal predation on Prunus and Uvularia seeds. QOecologia (Berlin) 67:
150-153.

Willson, M.F. & Whelan, C.J. (1990). Variation in post-dispersal survival of
vertebrate dispersed seeds: effects of density, habitat, location, season and

species. Oikos 57: 191-198.




