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ABSTRACT 

Many studies have reported deficient or intermittent patterns of natural 

regeneration in temperate deciduous woodland. The present study aimed to assess the 

relative impact of herbivore-mediated plant mortality on the natural regeneration 

dynamics of representative tree species (Acer pseudoplatanus, Betula pendula, 

Fraxinus excelsior, Ilex aquifolium, Sorbus aucuparia, Taxus baccata and Ulmus 

glabra) in representative temperate deciduous woodland (Shipley Wood and Derwent 

Gorge, County Durham). Sapling density and the density, spatial association and size 

distribution of adult tree populations varied significantly between tree species and 

study sites, reflecting contrasting patterns of current and historical regeneration. 

Rates of post-dispersal seed predation and seedling herbivory were quantified 

using field-based 'cafeteria' trials. Rodents were the principal agents responsible for 

seed predation, whereas seedling herbivory was attributable to a mixed suite of 

herbivores including invertebrates, rodents and larger mammals. Rates of seed 

predation and seedling herbivory varied significantly between tree species, most likely 

reflecting individualistic, trade-off responses to chemical and physical attributes. 

Fine-scale spatial variation most likely reflected the preferential foraging of rodents 

beneath protective vegetation cover. There was no consistent evidence to support the 

hypothesis that dispersed seeds may escape disproportionately high offspring 

mortality beneath parent plants resulting from increased herbivore activity. 

Natural seedling density varied significantly between years and between tree 

species, according to the abundance of viable seeds produced by conspecific adult 

trees. Although seedling survivorship varied significantly between species, the 

survivorship of each species was similar between years and between cohorts of the 

same year. Canopy cover, field layer cover or correlated factors were significant 

determinants of seed germination and seedling emergence, establishment and survival, 

according to age- and species-specific tolerances. 

In relative terms, patterns of natural regeneration were primarily herbivore-

limited (Acer and Taxus), microsite-limited (Betula, Fraxinus, Ilex and Ulmus) or 

limited by herbivores and microsites (Sorbus). The availabihty of viable seeds may 

have also limited the recruitment of Ilex, Sorbus, Taxus and Ulmus. Vegetative 

expansion, mast seeding, seed bank regeneration and repeated, prolonged 

reproduction may have reduced the actual impact of herbivory on natural 

regeneration, such that long-lived iteroparous tree species were unlikely to have been 

critically dependent on current recruitment. 
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CHAPTER 1 

GENERAL INTRODUCTION 

1.1 GLOBAL VEGETATION PATTERNS 

It is well established that large-scale, geographic patterns of global vegetation 

are determined by climatic variables, particularly the seasonality of temperature and 

precipitation, that may be incorporated into classification schemes and predictive 

models to describe the physiognomy and distribution of plant formations, or 'biomes' 

(Holdridge, 1947; Guetter & Kutzbach, 1990; Prentice et al, 1992). 

Forest ecosystems account for more than fifty per cent of total biosphere net 

primary productivity and more than eighty-five per cent of total biosphere biomass 

(Ricklefs, 1990; Whittaker & Likens, 1975). In a global biome model, Prentice et al. 

(1992) distinguished seven dominant tree types and ten unique combinations of 

dominant tree types that were constrained by the primary driving variables of annual 

accumulated temperature over 5"C, mean coldest month temperature and an index of 

drought incorporating the available water capacity of soil and the seasonality of 

precipitation (Tables 1.1 and 1.2). Tropical rain forest, dominated by tropical 

evergreens, was predicted to occur only in the wettest regions of the tropics 

(precipitation >95% of evaporative demand), where the mean temperature of the 

coldest month was greater than 15.5^C. In contrast, boreal evergreen and 

summergreen dominated taiga was predicted to occur where winters were cold (-19 to 

-3 5*̂ 0) and precipitation met over 75% of demand. Temperate summergreen trees, 

cool-temperate conifers and boreal summergreen trees dominated in temperate 

deciduous forest, that was predicted for climates with cool winters (-2 to S^'C) and 

65% of precipitation demand , and those with colder winters (down to -15°C) where 

precipitation was insufficient (<75% of demand) for boreal evergreen conifers. 

At a local scale, the unique interactions of climate, vegetation, topography and 

parent materials determine the characteristics of soils and the biological systems they 

support (Archibold, 1995). Intraspecific and interspecific competition for resources 

within plant communities and the loss of photosynthetic and reproductive material to 

herbivores may also influence plant recruitment and community composition. 



Table 1.1. Dominant tree types and corresponding environmental constraints (Tc, 
mean temperature of coldest month; GDDmin, growing degree-days over 5°C; a, 
Priestley-Taylor coefficient of annual moisture availability) described by Prentice et 
al. (1992). 

Tree type Tc GDDmin a 
Min max min Max 

Tropical evergreen 15.5 0.80 
Tropical raingreen 15.5 0.45 0.95 
Warm-temperate evergreen 5 0.65 
Temperate summergreen -15 15.5 1200 0.65 
Cool-temperate conifer -19 5 900 0.65 
Boreal evergreen conifer -35 -2 350 0.75 
Boreal summergreen 5 350 0.65 

Table 1.2. Combinations of dominant tree types constituting forest biomes described 
by Prentice etal. (1992). 

Forest biome Dominant tree types 

Tropical rain forest Tropical evergreen 

Tropical seasonal forest Tropical evergreen, Tropical raingreen 

Tropical dry forest/savanna Tropical raingreen 

Broad-leaved evergreen/ warm Warm-temperate evergreen 
mixed forest 

Temperate deciduous forest Temperate summergreen. Cool-temperate conifer, 
Boreal summergreen 

Cool mixed forest Temperate summergreen. Cool-temperate conifer, 
Boreal evergreen conifer, Boreal summergreen 

Cool conifer forest Cool-temperate conifer. Boreal evergreen conifer, 
Boreal summergreen 

Taiga Boreal evergreen conifer, Boreal summergreen 

Cold mixed forest Cool-temperate conifer. Boreal summergreen 

Cold deciduous forest Boreal summergreen 

1.1.1. Characteristics of temperate deciduous forest 

Climatic conditions in temperate forest regions alternate between warm, moist 

summers and mild winters. Seasonality is determined more by temperature than by 

precipitation, according to latitude and continentality. Seasonal variation has favoured 



the widespread development of deciduous broad-leaf forests in the northem 

hemisphere (western and central Europe, eastern Asia and eastern North America) 

(Archibold, 1995). In the southern hemisphere, temperate deciduous forests are 

restricted to the drier parts of the southern Andes. Deciduous tree species are replaced 

by conifers on higher slopes and broad-leaved evergreens in more southerly locations 

(Eyre, 1968), reflecting gradients of temperature and drought, respectively. 

Although most of lowland Europe receives between 500 and 750mm annual 

precipitation, climatic conditions become progressively drier eastwards towards the 

continental interior (Archibold, 1995). In maritime locations, including the British 

Isles, temperatures t3^ically average 3-5''C in the winter and 15-17''C in the summer, 

rarely exceeding 30*'C. In contrast, average summer temperature increases to 

approximately 22''C eastwards through the temperate deciduous forest region of 

central Russia and average winter temperatures decrease from -4 to -15'̂ C. 

The vegetation dynamics of temperate deciduous forest reflect the 

physiological responses of plants to seasonal variation in climate (Archibold, 1995). 

Tree growth resumes in the spring in response to longer day lengths and increasing 

temperatures. Incident radiation penetrating to the forest floor decreases from 50-70% 

when trees are leafless, to less than 10% when leaves are fully expanded (Tasker & 

Smith, 1977). Consequently, many shade-intolerant herbaceous species flower in the 

early spring to precede the maximum cover of the canopy. These are replaced by more 

shade-tolerant species as the canopy develops and by evergreen species in autumn and 

winter. Tree species also vary in light requirements, reflecting competitive ability and 

successional status. Leaf senescence marks the end of the growing period, when trees 

enter leafless winter dormancy in response to shorter days and cooler temperatures. 

Deep innate dormancy is typically broken by exposure to low temperatures for more 

than one month, until chilling requirements have been satisfied. Long, warm spring 

days then stimulate bud break and the growth of new buds and twigs. 

In mature temperate deciduous forest, net primary productivity averages 10 

tonnes per hectare per year and plant biomass typically ranges from 120 to 300 tonnes 

per hectare above ground and 30 to 80 tonnes per hectare as roots (DeAngelis et al, 

1981, cited in Archibold, 1995). In European mixed oak forest, Duvigneaud & 

Denaeyer-De Smet (1970) estimated the partitioning of total aerial production each 



year between new woody growth (50%), new foliage (26%) and fruits, flowers and 

other materials returned as litter (17%)). Shrub and herbaceous field layer species 

contributed a further two and five per cent of total annual production, respectively. 

Excluding large trunks, litterfall in deciduous forest ranges from 324 to 624 grams per 

square metre per year, with leaves contributing 53 to 88 per cent of total litterfall 

(DeAngelis et a/., 1981, cited in Archibold, 1995). 

Soils of the European deciduous forest region are characterised by abundant 

biological activity, high nutrient content and a deep, rich humus layer. These 'brown 

earths' are slightly acidic, typically ranging from pH 5.5-6.5. 'Podsols' may develop 

beneath dense deciduous woodland where cool humid conditions, canopy shade or an 

accumulation of acid litter slow decomposition (Mackney, 1961). 

Regeneration within established temperate woodland is largely confined to 

openings in the canopy, or 'gaps', created by disturbances (Peterken, 1996). 

Accordingly, gap-phase regeneration is spatially and temporally irregular; its timing 

and composition depending on gap size, the coincidence of mast seeding and gap 

formation, and the response of individual species to the dynamics of canopy structure 

and ground conditions. Small canopy gaps, formed by the loss of individual trees or 

small groups, are more typical of temperate woodland than large canopy gaps, created 

by catastrophic disturbances. In Britain, wind is the principal source of canopy 

disturbance, although fire, drought, pathogenic fungi, herbivory, flood damage, snow 

and ice may occasionally cause substantial damage to natural woodland. 

Five unique responses to gap-formation have been recognised (Bazzaz, 1983, 

cited in Peterken, 1996); 1) Crown expansion - canopy gaps closed by lateral growth 

of canopy, subcanopy and understorey trees and shrubs; 2) Sprouting from mature 

trees - sprouts arising from snags, prostrate trunks and layered branches, often of 

individuals damaged in disturbance event; 3) Advance regeneration - anticipatory 

regeneration of shade-tolerant species from seedlings and saplings established beneath 

undisturbed canopy; 4) Seedling regeneration - regeneration of seedlings established 

after disturbance from dormant or recently dispersed seeds derived from a local 

source; 5) Regeneration from immigrant seed - regeneration of seedlings established 

after disturbance from seeds derived from a distant source. The significance of each 

regeneration response depends on the species involved and the scale, severity and 



duration of the disturbance event. Seedling regeneration and vegetative regrowth most 

likely constitute a mixed response to mild, small-scale disturbances of short duration. 

1.1.2. Status of temperate deciduous forest 

Although temperate deciduous trees are widely distributed throughout Europe, 

much of the continuous forest cover has been historically removed for agriculture, and 

that which remains is predominantly secondary growth that has recolonised 

abandoned farmland and logged sites (Archibold, 1995). Invariably, these semi-

natural woodlands are fragmented in their distribution, representing 'island' 

communities within an agricultural and urban landscape, and are subject to varying 

degrees of human disturbance. 

A fragmented woodland system may be far from stable, since there is a 

minimum critical island size necessary to perpetuate natural forest conditions and the 

survival of native plant and animal species. Forest edges have higher tree density and 

species richness than forest interiors, and are dominated by shade-intolerant species 

that are dependent on side lighting and the drying effects of wind (Ranney et al., 

1981). Since the proportion of edge per unit area of forest increases progressively 

with decreasing island size, forest fragmentation would favour edge species (shade-

intolerant) over interior species (shade tolerant), depending on the frequency and size 

of existing canopy gaps (Levenson, 1981). 

Changes in forest structure and distribution following clearance may also 

influence the composition of fauna. Although many species have been able to adapt to 

the changed conditions, becoming more widely distributed, others have disappeared 

from forest island communities. Whitcomb et al. (1981, cited in Archibold, 1995) 

found that forest island size was negatively correlated with bird density and positively 

correlated with the diversity of species associated with the forest interior, according to 

species-dependent minimal area requirements. The number of 'edge' species also 

increased in smaller forest islands (consistent with Hoffrneyer & Hansson (1974) for 

Apodemus spp.), whereas generalist species that occupied a variety of habitats 

occurred at a similar frequency in all sizes of forest island. 

1.2. REGULATION OF PLANT POPULATIONS AND COMMUNITIES 

An understanding of the principal factors underlying plant demography and 

community structure is clearly fundamental to the conservation of existing temperate 



deciduous woodland. Many interacting biotic and abiotic factors have been found to 

influence plant survival and reproduction, according to physiological, morphological 

and phenological plant traits (Crawley, 1997). Environmental determinants of plant 

performance include fire, drought, waterlogging, shade, disturbance, low nutrient 

availability, soil acidity, heavy metals, atmospheric pollutants, wind exposure and 

extremes of temperature. For example, large seeds of Castanea mollissima and 

Quercus rubra produce vigorous seedlings beneath dense shade, whereas small-

seeded light-demanding species, including Betula lenta and B. populifolia, grow 

poorly beneath shade (Grime & Jeffrey, 1965). Ring porous woods, including 

Quercus spp., are particularly sensitive to xylem breakage during freeze-thaw cycles, 

while diffuse porous woods, including Betula spp., are able to maintain hydraulic 

conductance (Sperry et al., 1994). Drought desiccation (Watt, 1919) and low 

temperature (Jones, 1959) may also limit the germination of Quercus spp. seeds. 

Many deciduous trees, including Betula spp. and Populus spp., regenerate after fire by 

sprouting from surviving stems or root stocks (Crawley, 1997) and certain wind-

dispersed species, including Acer spp. or Fraxinus spp., are able to persist in habitats 

subject to erratic, large-scale disturbance (Grime, 1979). In oak woodland, Goldberg 

(1985) found that Lysiloma divaricata only survived on acid soil i f soil pH was 

artificially increased, whereas Quercus albocincta showed no significant response to 

increased soil pH. 

Biotic interactions influencing plant demography and community structure 

include disease, parasitism, intra-specific competition and inter-speciflc competition. 

For example, competition with herbs may significantly reduce the growth of tree and 

shrub seedlings, including Acer rubrum (red maple) and Cornus racemosa (gray 

dogwood) (Gill & Marks, 1991). In deciduous forest, Goldberg (1985) found that the 

removal of field-layer vegetation was necessary to prevent the competitive exclusion 

of L. divaricata and Q. albocincta seedlings. Streng et al. (1989) reported that 

damping-off disease and proximity to conspecific adults were significant factors 

limiting the recruitment of tree species, including Acer rubrum and Ulmus 

americanum (american elm). Many investigations have also found 'herbivory', the 

consumption of living plant material by animals, to be a critical factor influencing 

plant performance and demography (Crawley, 1988). 



L3. IMPACT OF HERBIVORES ON PLANT PERFORMANCE 

The diversity of herbivores is reflected in the diversity of feeding habits and 

plant tissues consumed (Table 1.3). Relative to decomposers, herbivores consume a 

relatively low proportion of net primary productivity, averaging ten per cent in most 

natural ecosystems (Crawley, 1983). It is the timing, specificity and intensity of 

herbivory that determine the impact of herbivores on plant performance. For example, 

nectar drinking, bud removal and wood felling (Table 1.3) are likely to have markedly 

different influences on plant survival and reproduction. 

Herbivores may have either direct or indirect effects on plant communities. 

Indirect effects include defoliation that influences habitat structure and the 

microclimate (including temperature, relative light intensity and airflow) experienced 

by other plant species. Herbivory may also influence nutrient cycling, through the 

input of readily available nutrients, including faeces and carrion (Duffey et al, 1974; 

Owen, 1980), the outflow of nutrients following severe defoliation (Swank et al., 

1981) or the increase of light penetration, soil temperature and organic decomposition 

(Collins, 1961). Large herbivores may also alter soil structure by compaction and 

puddling, influencing plant community composition (Duffey et al., 1974). 

1.3.1. Impact on plant survival 

Under certain circumstances, rates of herbivory may be sufficient to directly 

influence plant survival. For example, at a peak density of over one hundred per 

hectare, populations of Lepus americanus (snowshoe hare) stripped and decapitated 

more than one million young Pinus banksiana (jack pine), leaving only forty 

undamaged trees within an area of ten hectares (Rowan, 1954). Populations of 

Loxodonta africana (African elephant) may also destroy vast numbers of trees when 

elevated above local carrying capacity (Kortland, 1984), such as in Terminalia 

glaucescens woodland when herbivore-mediated tree mortality increased from 

twenty-four to ninety-six per cent over a nine year period (Laws et al., 1975). 

Peterken (1966) also recorded severe herbivore-mediated tree mortality following 

winter browsing by rodents and deer. After five years, the survival of Ilex aquifolium 

(holly) was only 7.3%) under open pines and 0.008% under deep conspecific shade. 

Edenius (1993) simulated the winter browsing of Pinus sylvestris (scots pine) by 

Aloes aloes (moose) and found that tree mortaHty often occurred two or more years 



Table 1.3. Plant tissues and the herbivores that feed on them (Reproduced from 
Crawley, 1983). 

Tissue Mode of feeding Examples of feeders 

Leaves Clipping 
Skeletonizing 
Holing 
Rolling 
Spinning 
Mining 
Rasping 
Sucking 

Ungulates, slugs, sawflies, butterflies, etc. 
Beetles, sawflies, capsid bugs 
Moths, weevils, pigeons, slugs, etc. 
Microlepidoptera, aphids 
Lepidoptera, sawflies 
Microlepidoptera, Diptera 
Slugs, snails 
Aphids, psyllids, hoppers, whitefly, mites, etc. 

Buds Removal 
Boring 
Deforming 

Finches, browsing ungulates 
Hymenoptera, Lepidoptera, Diptera 
Aphids, moths 

Herbaceous 
stems 

Removal 
Boring 
Sucking 

Ungulates, sawflies, etc. 
Weevils, flies, moths 
Aphids, scales, cochineals, bugs 

Bark Tunnelling 
Stripping 
Sucking 

Beetles, wasps 
Squirrels, deer, goats, voles 
Scales, bark lice 

Wood Felling 
Tunnelling 
Chewing 

Beavers, large ungulates 
Beetles, wasps 
Termites 

Flowers Nectar drinking 
Pollen eating 
Receptacle eating 
Spinning 

Bats, humming-birds, butterflies, etc. 
Bees, butterflies, mice 
Diptera, microlepidoptera, thrips 
Microlepidoptera 

Fruits Beneficial 
Destructive 

Monkey, thrushes, ungulates, elephants 
Wasps, moths, rodents, finches, flies, etc. 

Seeds Predation 
Boring 
Sucking 

Deer, squirrels, mice, finches, pigeons 
Weevils, moths, bruchids 
Lygaeid bugs 

Sap Phloem 
Xylem 
Cell contents 

Aphids, whitefly, hoppers 
Spittlebugs, cicadas 
Bugs, hoppers, mites, tardigrades, etc. 

Roots Clipping 
Tunnelling 
Sucking 

Beetles, flies, rodents, ungulates, etc. 
Nematodes, flies 
Aphids, cicadas, nematodes, etc. 

Galls Leaves 
Fruits 
Stems 
Roots 

Hymenoptera, Diptera, aphids, mites 
Hymenoptera 
Hymenoptera, Diptera 
Aphids, weevils, H3mienoptera 



after severe browsing. 

Although mature perennial plants with submerged perennating organs 

adequately survive a single defoliation, repeated successive defoliations may deplete 

resources sufficiently to reduce survival rates. For example, defoliation by 

Malacosoma disstria (forest tent caterpillar) did not significantly influence the 

mortality of Populus tremuloides (quaking aspen) unless trees were subject to three 

successive heavy defoliafions (Churchill et al., 1964). Similarly, Stephens (1971, 

cited in Crawley, 1983) found that three successive heavy defoliations of Quercus sp. 

by Lymantria dispar (gypsy moth) resulted in mortality rates of up to eighty per cent, 

compared to only five per cent mortality following a single defoliafion, consistent 

with natural rates of survival. However, mortality rates were significantly greater 

following single defoliations of Pinus strobus (white pine, 28%) and Tsuga 

canadensis (hemlock, 68%). 

In many cases, the impact of herbivory is disproportionately greater than the 

extent of tissue removal. For example, ring-barking and bark-stripping by vertebrate 

herbivores, including Rodentia, Lagomorpha and Artiodactyla, has the effect of 

separating phloem and cambial tissue from woody xylem and breaking the 

carbohydrate link between leaves and roots, often resulting in tree mortality (Gill, 

1992). Similarly, slugs may severely damage newly established plant populations by 

felling young shoots at ground level (Harper, 1977). Plants are effectively destroyed 

despite the consumption of relatively little tissue. 

Disproportionate mortality may also follow herbivory by insects that directly 

attack phloem and cambial layers or indirectly act as vectors for plant pathogens. 

Species of elm bark beetle (Scolytus spp. and Hylurgopinus rufipes), for example, are 

responsible for the transmission of the Dutch elm disease fungus, Ceratostomella 

ulmi, which causes mortality by blocking phloem (Strobel & Lanier, 1981). Dixon 

(1971) found that the removal of phloem sap from saplings of Tilia vulgaris (common 

lime) by Eucallipterus tiliae (lime aphid) had the effect of suppressing root growth, 

which subsequently restricted total mass increase to eight per cent that of uninfested 

saplings. 



1.3.2. Impact on plant growth 

Herbivores may directly reduce plant growth by reducing photosynthetic area 

and rates of assimilation (leaf damage), interfering with water uptake, nutrient uptake 

and carbohydrate flow (stem and root damage) and weakening the physical structure 

of the plant (stem damage) (Crawley, 1983). Increased susceptibility to pathogens and 

the diversion of production to wound repair are also likely to suppress plant growth 

and reproduction. In Pinus-Sorbus forest, Dinesman (1967) recorded a reduction of 

forage biomass from 181 to 109 kg ha'̂  following browsing by Alces alces. Of this 

biomass reduction, only 3.5 kg ha"' resulted directly from consumpfion, with the 

remaining 68.5 kg ha"' resulting from the reduced growth of damaged trees. Mclnnes 

et al. (1992) also found that browsing by 4̂. alces significantly decreased tree biomass 

(from 230 to 150 trees ha"'), preventing the recruitment of preferred saplings and 

reducing canopy tree diversity. Bergstrom & Danell (1995) artificially stripped the 

long-shoot leaves of Betula pendula to simulate browsing by A. alces and recorded 

reduced shoot height growth and leaf biomass in the year following damage. Xylem-

feeding by Magicicada septendecim (cicada) was effective in reducing ring width in 

the wood of Quercus ilicifolia (scrub oak) by up to thirty per cent, without influencing 

fecundity (Karban, 1980). 

The timing of defoliation is critical when leaves are produced synchronously. 

For example, when adults of Quercus spp. were defoliated by seventy-five per cent 

early in the growing season, wood production was reduced by fifty per cent, whereas 

subsequent removal at a similar intensity had a negligible effect on growth (Franklin, 

1970; Rafes, 1970). Plants are particularly tolerant of grazing when the confinuous 

production of new leaves is able to compensate for the loss of young leaves. 

Herbivores may also influence plant shape by browsing leading shoots and 

terminal leaf buds, promoting lateral growth and branching, or browsing lower foliage 

leaving high inaccessible crowns (Crawley, 1997). Galling insects may also generate 

distinctive plant morphologies. Plant size distribution may depend on herbivore 

preferences, according to plant susceptibility (Crawley, 1983). 

1.3.3. Impact on plant fecundity 

Reduced photosynthetic area and carbohydrate assimilation following 

significant defoliafion may also reduce plant fecundity. For example, when Rockwood 

(1973) subjected six Costa Rican tree species to two artificial defoliafions in the same 

10 



year, eighty per cent of the defoliated trees failed to fi^it, while only thirty per cent of 

the intact trees lacked fruit. Stickler & Pauli (1961) found that the removal of young 

upper leaves, as often occurred during browsing, was much more significant in 

reducing fecundity than removing older leaves. As seed production is typically 

carbohydrate-limited, defoliation is most likely to influence fecundity when plants are 

competing for resources, including light (Crawley, 1983). Root-feeding herbivores 

that reduce water uptake, nutrient uptake and carbohydrate flow may also reduce plant 

fecundity and lead to increased herbivory by leaf-feeding insects (Crawley, 1997). 

Herbivores reduce plant fecundity directly by destroying flowers on the plant. 

In forests of Pinus radiata (Monterey pine) in New Zealand, for example, Trichosurus 

vulpecula (common bushtail possum) consume large quantities of pollen prior to 

anthesis and female strobili between pollination and fertilisation, which may combine 

to reduce seed production by up to forty per cent (Crawley, 1983). At the same time, 

Fringilla coelebs (chaffinch) may also destroy up to fifty per cent of developing 

female strobili. In southern England, the gall wasp Andrious quercus-caliois infests 

acorns of Quercus robur (pedunculate oak), which responds by shedding the entire 

peduncle (Darlington, 1974). The total loss of infested and uninfested acorns may 

exceed ninety per cent. 

Herbivory may delay plant flowering, as a result of either flower bud damage 

or a reduction in protein and carbohydrate supply (Crawley, 1983). This may be 

particularly detrimental to plant fecundity i f exposure to frost damage is increased late 

in the season or rates of encounter with pollinators are reduced. In general, the impact 

of herbivory on plant fecundity depends on the timing of defoliation and the potential 

for compensation. Early defoliation following synchronous leaf production may 

reduce or completely inhibit flowering, whereas defoliation may have little effect on 

the fecundity of plants with continuous leaf production (Crawley, 1983). Seed 

production is particularly sensifive to herbivory, with a reduction in seed size or seed 

production typically following defoliation subsequent to flowering. Fruiting trees of 

Quercus robur from which all herbivorous insects had been removed consistently 

produced 2.5 to 4.5 times more seeds than fruiting trees from which insect herbivores 

had removed 8-12% leaf area (Crawley, 1985). 
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1.3.4. Anti-herbivore defence 

Herbivores may influence plant growth and fecundity indirectly, when plants 

are required to redirect producfion toward wound repair, defensive structures and 

inducible toxins that afford some degree of protection against herbivore attack. 

In many plants, defence mechanisms are induced as a direct response to 

herbivory. Pinus sylvestris, for example, modifies phenol metabolism to produce 

novel defensive chemicals following damage by Neodiprion sertifer (european pine 

sawfly) (Thiegles, 1968). Defensive compounds are produced secondary to principal 

biochemical processes and include enzyme inhibitors, haemagglutinins and 

cyanogenic glucosides (Freeland & Janzen, 1974). 

'Rapidly-inducible' chemical defences, typically protease inhibitors, may 

significantly reduce subsequent herbivore damage. For example, Bryant & Kuropat 

(1980) found that leaves of Betula papyrifera ssp. humilis (Alaska paper birch) that 

had regenerated after severe defoliation were significantly more resistant to attack 

from Lepus americanus (snowshoe hare). Similarly, the defoliation of Larix decidua 

(European larch) by Zeiraphera diniana (larch budmoth) resulted in delayed leaf 

producfion, lower nitrogen levels, higher fibre and .resin concentration, and tougher 

leaves, which in turn suppressed the survival and adult fecundity of moths over the 

subsequent four to five years (Bahensweiler et al., 1977). Fowler & Lawton (1985), 

however, found only limited evidence to support the effectiveness of rapidly-inducible 

plant defences against insect herbivores. West (1985) provided unequivocal evidence 

that plant defensive responses may directly influence the dynamics of a herbivore 

population. When twenty-five per cent leaf area was artificially removed from adult 

Quercus robur, deaths of lepidopterous leaf-mining larvae (Phyllonorycter spp.) from 

unknown causes were fifty to one hundred per cent greater than controls. 

Plants may be distinguished according to the probability that they will be 

encountered by animal grazers (Feeny, 1976). Species that are 'apparent' to herbivores 

tend to occur conspicuously in specific habitats, depending on non-selective, dose-

dependent defence mechanisms to reduce grazing intensity. The distribution of 

'unapparent' species tends to be patchy and unpredictable, incorporafing a number of 

habitat types and secondary defences, which provide further protection from specific 

herbivores. 
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1.3.5. Plant compensation 

Plants exhibit a variety of mechanisms that may partially or fully compensate 

for the effects of herbivory. Plant compensation was reported by Nielsen & Ejlerson 

(1977) investigating the defoliation of Fagus sylvatica (beech) by the weevil 

Phyllobius argentatus. The consumption of lower shaded leaves, with low rates of 

photosynthesis and normal rates of respiration, had little effect on tree productivity by 

improving the overall balance between photos3mthesis and respiration. Alternatively, 

the removal of upper leaves from a plant may increase light penetration and the rate of 

photosynthesis of previously shaded lower leaves. 

Many plants compensate for herbivory by the mobilisation of stored 

carbohydrates. Kigel (1980) found that plants with greater carbohydrate reserves had 

higher initial rates of leaf regrowth following complete defoliation. Seedling-like 

plants of Quercus robur continued to regenerate one-year-old shoots after as much as 

twenty years of repeated browsing to ground level by rabbits {Oryctolagus cuniculus) 

(Crawley & Long, 1995). 

Plants may also shift the distribution of photosynthate following herbivory in 

order to maintain a balanced shoot/root ratio. Typically, when roots are damaged, an 

increased proportion of net production is directed towards root growth, and when 

shoots are defoliated, the shift is towards shoot growth (Crawley, 1983). 

Alternatively, plant defoliation may increase the photosynthetic rate per unit area of 

surviving leaf ('unit leaf rate', ULR), stimulate the development of buds that would 

otherwise remain dormant or increase the subsequent survival of remaining plant 

parts. When leading shoots of Pinus sylvestris were artificially defoliated to simulate 

herbivory, the growth of new shoots below the damage was increased (Honkanen et 

al., 1994). Damage to buds also had a positive effect on growth. Plant competition 

may significantly influence the compensation response of herbivore-damaged plants. 

Betula pendula showed reduced growth following defoliation, irrespective of 

intraspecific competition, whereas browsed plants showed enhanced growth only 

when intra-specific competition was low (Hjalten et al., 1993). 

Alternatively, compensation may operate at a population level, when 

herbivore-mediated plant mortality has the effect of ameliorating intraspecific 

competition (Crawley, 1983). Reduced plant density and competition are compensated 

for by an increase in the net recruitment or net productivity of surviving plants. 
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Overall, moderate herbivory may replace natural rates of self-thinning, having little 

effect on equilibrium plant population density. 

1.3.6. Plant benefits from herbivore activity 

Although herbivores generally have a destmcfive influence on plant growth, 

fecundity and survival, there are many cases where plants benefit from the activity of 

herbivores. Such interactions, including the inadvertent transfer of pollen between 

flowering plants by animals consuming pollen and nectar, are more appropriately 

described as 'mutualistic'. 

For many plant species, animals are necessary agents of primary and/or 

secondary seed dispersal (Murray, 1986; Chambers & MacMahon, 1994). 

Mechanisms of animal-dispersal include 'endozoochory', via the consumption and 

subsequent regurgitation or egestion of seeds, 'ectozoochory', the transport of seeds 

attached externally to animals and 'synzoochory', from the failed predation of cached 

seeds. 

Seeds dispersed by ectozoochory become attached to the dispersal agent by 

either chemical (viscid exudates or mucilage) or physical (hooks or spines) adhesion. 

Whereas ectozoochory relies on the characteristics of diaspores, synzoochory is a 

function of the general behaviour of hoarding granivores. Caching is a means of 

hoarding food against subsequent periods of deprivation and concealing resources 

from intraspecific and interspecific competitors (Price & Jenkins, 1986). Seed 

germination and seedling establishment may follow i f the cache remains undisturbed. 

Dispersal by endozoochory (including Aquifoliaceae, Comaceae and 

Rosaceae) may be deliberate or accidental, i f animals feeding on foliage consume 

seeds not specifically adapted for dispersal. Alternatively, plants may invest in 

rewards, typically in the form of a fleshy fruit, to attract seed consumption. To prevent 

premature consumption, unripe fruit often contain toxic secondary compounds that are 

subsequently broken down during ripening. This is usually advertised by a colour 

change to which specialist frugivores, with colour vision, are likely to be sensitive. In 

temperate woodlands, birds are particularly important dispersers of seed by 

endozoochory (Snow & Snow, 1988) while carnivore species, including Meles meles 

(badger), Martes foina (stone marten), Vulpes vulpes (red fox) and Ursus arctos 

(brown bear) may be seasonally important (Herrera, 1989; Giannakos, 1997). 
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The dispersal of nut fruits by synzoochory (including Corylaceae, Fagaceae 

and Hippocastanaceae) is particularly effective in temperate regions where a 

seasonally severe climate favours the widespread hibernation of mammals and the 

accumulation of nut caches as winter food stores. However, seed production must be 

sufficient to compensate for the loss of dispersed seed to herbivores and unfavourable 

microhabitats. As a result of seed caching by Eutamias amoenus (Klamath 

chipmunk), E. townsendii (Townsend's chipmunk) and Citellus lateralis (golden-

mantled ground squirrel), up to ninety per cent of Purshia tridentata (bitterbrush) 

seedlings emerged in clusters, consisting an average of twelve seedlings (West, 1968). 

Herbivores were deterred by the infestation of Crataegus monogyna 

(hawthorn) fruits by insects (Courtney & Manzur, 1985) and Apodemus sylvaticus 

(woodmice) rejected acorns of Quercus robur that contained larvae of the weevil 

Curculio glandium (Crawley & Long, 1995). Since invertebrates are less likely to 

contribute to seed dispersal than vertebrates and partial damage may reduce seed 

palatability to vertebrates, the impact of invertebrates on plant processes is more 

likely destructive than beneficial. Although animal dispersal predominates in 

temperate deciduous woodland, the seeds of many trees (including Aceraceae, 

Betulaceae, Oleaceae and Ulmaceae) are dispersed by wind and invariably germinate 

in the spring following a period of dormancy (Grime et al., 1988). 

1.4. IMPACT OF HERBIVORES ON PLANT DEMOGRAPHY 

The impact of herbivory on plant performance does not necessarily imply that 

herbivores significantly influence plant population dynamics. In fact, the precise 

mechanisms that regulate natural plant populations are poorly understood. In extreme 

cases, herbivory may directly cause the mortality of mature, established plants. More 

typically, however, mature plants compensate or defend against herbivore attack such 

that herbivory may only influence plant growth and fecundity or increase the 

susceptibility of mature plants to alternative mortality factors, such as water-logging, 

drought and air pollution (Crawley, 1988). Herbivores most often increase plant 

susceptibility to inter- and intra-specific competition (Whittaker, 1979, Crawley, 

1988). Herbivory that has a negligible impact on plant mortality rate may be more 

appropriately considered as 'parasitism'. 
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Seedlings are particularly vulnerable to defoliation or suppression during early 

establishment when seed reserves have been depleted, growth and survival first 

depend on the products of photosynthesis and compensatory ability is least developed 

(Crawley, 1983). The destruction of seeds by herbivores is likely to have an even 

more predictably adverse effect on individual plants, when compensation is limited 

and a single attack may be sufficient to destroy the plant. Seeds and seedlings are also 

highly preferred by many herbivore species. The nutritional value of vegetation 

differs according to the content of lignin and other indigestible materials. Herbivores 

may assimilate only 15% of the energy in wood, relative to 30-40% in shrubby 

material, 60-70%) in young vegetation and as much as 80%o in seeds (Archibold, 

1995). 

Despite the extensive literature detailing the impact of herbivores on plant 

performance, relatively few studies have attempted to describe the complex 

interactions between herbivory and plant population dynamics (Crawley, 1988; 

Hulme, 1996b). Dramatic changes in plant communities following herbivore 

exclusion (Ross et al., 1970; Linhart & Whelan, 1980) are more likely to support the 

regulation of plant populations by herbivory than the influence of herbivores on plant 

performance. Since herbivores principally influence the mortality of individual plants 

at seed and seedling stages, it is by the destruction of seeds and seedlings during plant 

recruitment that herbivores are most likely to regulate plant populafion dynamics via 

mortality. 

1.4.1. Impact on natural regeneration 

Evans (1988) broadly defines natural regenerafion as "raising high forest from 

seed directly from parent trees...without resorting to planting, direct sowing or 

coppicing". Recruitment from seed follows a continuous multi-step sequence of 

events, including seed production, dispersal and germination, and seedling emergence, 

establishment and survival. 

For the majority of plant species investigated in the field, the consumption of 

seeds prior to and following dispersal from the parent accounted for a significant 

proportion of plant mortality (Crawley, 1988). I f the term 'predafion' is used broadly 

to describe the behaviour of an animal that hunts, kills and consumes a food item of a 
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