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Leaf drop affects herbivory in oaks
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Abstract Leaf phenology is important to herbivores, but

the timing and extent of leaf drop has not played an important

role in our understanding of herbivore interactions with

deciduous plants. Using phylogenetic general least squares

regression, we compared the phenology of leaves of 55 oak

species in a common garden with the abundance of leaf

miners on those trees. Mine abundance was highest on trees

with an intermediate leaf retention index, i.e. trees that lost

most, but not all, of their leaves for 2–3 months. The leaves of

more evergreen species were more heavily sclerotized, and

sclerotized leaves accumulated fewer mines in the summer.

Leaves of more deciduous species also accumulated fewer

mines in the summer, and this was consistent with the idea

that trees reduce overwintering herbivores by shedding

leaves. Trees with a later leaf set and slower leaf maturation

accumulated fewer herbivores. We propose that both leaf

drop and early leaf phenology strongly affect herbivore

abundance and select for differences in plant defense. Leaf

drop may allow trees to dispose of their herbivores so that the

herbivores must recolonize in spring, but trees with the lon-

gest leaf retention also have the greatest direct defenses

against herbivores.
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Introduction

Plant defense theory predicts that plants should invest more

in defenses if herbivore pressure or the cost of tissue loss

due to herbivory are high (Stamp 2003). One often-cited

driver of herbivore pressure is whether the plant is a pre-

dictable and apparent resource for herbivores or whether it

is ephemeral or difficult for herbivores to find (Feeny 1976;

Rhoades and Cates 1976). Recently, studies that manipu-

lated the timing of leaf-drop in two partially evergreen

plants suggested that an evergreen habit allows herbivore

populations to persist between seasons, and that herbivore

pressure may select for a deciduous habit in plants (Karban

2007, 2008). Despite the connection between the timing of

leaf drop and herbivore abundances on trees within a

species, the timing of leaf drop has not been used to explain

differences in herbivore abundances between species, and

herbivory has not been examined as a selective force to

explain differences in leaf persistence.

Many perennial plants lose their leaves during cold, dry,

or light-limited seasons, while others retain them year-

round. Differences in leaf retention among plant species

arise due to intrinsic trade-offs between several selective

pressures. Evergreens, plants that retain leaves year-round,

maximize the time available for photosynthesis and avoid

nutrient loss due to leaf drop, and deciduous plants avoid

the risks of snow or ice loading, photoinhibition, and

drought stress (Axelrod 1966; Chabot and Hicks 1982;

Aerts 1995; Williams et al. 1997; Augspurger et al. 2005).

Many plant species show an intermediate leaf drop

behavior that is difficult to categorize as either deciduous
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or evergreen. For example, many valley oak (Quercus lo-

bata) individuals retain some of their green leaves through

the winter while dropping the majority of leaves in the fall

(Karban 2007). Beech (Fagus grandifolia) and shingle oak

(Q. imbricaria) trees also retain a portion of their leaves

through winter, but these are senesced and brown (Otto and

Nilsson 1981). Even within traditionally evergreen or

deciduous habits, there is considerable variation in the

timing of leaf abscission among species. For example,

Ohio buckeye (Aesculus glabra) senesces and abscises its

leaves nearly 4 months prior to sugar maple (Acer sac-

charum) in the same community (Augspurger 2008). Many

tropical evergreens retain their leaves over many seasons,

whereas other evergreen plants, such as many evergreen

oaks, lose the majority of the previous year’s leaves shortly

after new leaf set (Goldberg 1985; Reich 1995).

We suggest that leaf retention may affect both herbivore

abundance and leaf defensive investment (Fig. 1). Many

herbivores will need to recolonize trees with a more

deciduous habit each year, and the process of recoloniza-

tion may limit herbivore abundance on these plants. Trees

with a more evergreen habit experience greater persistence

by herbivores, but increased herbivore pressure selects for

greater investment in leaf defenses (Fig. 1). This model is

closely related to the classic plant apparency hypothesis

(Feeny 1976), which posits that more visible or findable

plants invest in greater defenses in order to evade herbi-

vores. The opposing hurdles of increased leaf defense in

evergreen trees and the need to recolonize less defended

deciduous trees may account for the weak (Opler 1978) or

non-existent (Faeth et al. 1981b) relationships observed

between herbivore diversity or abundance and leaf phe-

nology in early comparative studies.

Other aspects of leaf phenology have already been

shown to affect herbivore populations. The timing of leaf

set has been a robust predictor of herbivore abundances in

many systems (Hunter 1990, 1992; Aide 1993). As leaves

develop, they accumulate defenses such as tannins or

sclerotization, which reduce their palatability to most her-

bivores (Feeny 1970). This means that there is a narrow

window of opportunity for most herbivores to colonize a

plant and capitalize on its palatable leaf tissue (Aide 1993).

In different systems, plants that leaf out earlier (Hunter

1992) or later (Aide 1992) in the season accrue a higher

abundance of herbivores, presumably depending on the

match between herbivore oviposition or abundance and

leaf development. Despite the apparent importance of leaf

phenology in plant defense, it is not clear which aspects of

leaf phenology (i.e. timing of leaf set, speed of leaf

expansion, or leaf retention) and defense are most impor-

tant in determining herbivore associations among plant

species. In contrast to leaf set, the timing of leaf retention

has received little prior consideration in theories of plant

defense. Although less appreciated, leaf retention is

potentially very important for herbivores, as herbivores that

feed on deciduous plants must overwinter in a habitat

distant from their major food source and re-colonize their

host plant each year (Karban 2007).

In this study, we characterized leaf phenology (includ-

ing the timing of leaf set, duration of leaf maturation, and

leaf drop) and leaf toughness of 55 species of oaks in a

common garden in central California (Fig. 1a, b). Using

phylogenetically explicit regression models, we compared

these aspects of leaf phenology and toughness in oaks to

the abundance of leaf mining herbivores on the same trees.

Specifically, we tested whether herbivore abundance and

leaf defensive investment conformed to the expectations of

our leaf retention–herbivore hypothesis (Fig. 1).

Materials and methods

Study site

This study was conducted on 55 species of oaks (Quercus)

at the Shields Oaks Grove at the University of California at

Davis. Oak species were planted at this 5-ha site from 1962

Fig. 1 A conceptual diagram of the effect of leaf retention on

herbivore abundance. When trees are deciduous, folivore abundance

may be limited by rates of recolonization of leaves each spring (low

habitat persistence). As trees approach a more evergreen habit, the

persistence of over-wintering herbivores selects for greater leaf

defensive investment. As such, the abundance of herbivores on

completely evergreen trees will often be limited by plant traits that

reduce herbivore fitness. Trees with intermediate leaf retention

strategies, thus may accumulate the highest abundance of herbivores,

as they provide some refuge for over-wintering herbivores and lack

the substantial defensive investment of evergreen plants
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to 1971 as a taxonomic collection representing the taxo-

nomic diversity of Quercus (Cottam et al. 1982). While the

garden is not fully randomized, there is high interspersion

of taxonomic groups of oaks as well as trees with variable

phenologies (Pearse and Hipp 2009). At the time of our

study (2009–2010), all trees surveyed were mature (acorn-

bearing). A single native oak species. Q. lobata, is abun-

dant in regions adjacent to this site, and the majority of

herbivores at the site are found on this native tree species

(Pearse and Hipp 2009).

Oak traits

All leaf traits were scored for 1–4 trees per oak species

resulting in a survey of 126 trees (22 species with three

representatives, 20 species with two representatives, 16

with one representative, and 1 with four representatives). In

most cases, every individual of a species at this site were

included in the study. Leaf retention was scored once per

month from September through the following April. Visual

estimates of percent leaf drop (proportion of leaves drop-

ped or senesced) were conducted by two observers (I.S.P.

and R.K.) on all trees. Green leaf retention was calculated

for each date as (1 - proportion leaf drop). As the varia-

tion in leaf retention occurred from November to March,

our leaf retention index was condensed into a season-wide

estimate by plotting green leaf retention between Novem-

ber and March and integrating under the curve, resulting in

a unit of ‘‘leaf retention months’’, which varied from 0—

deciduous to 4—evergreen (Southwood and Henderson

2000). In the spring, leaf phenology was observed twice

weekly. During this period, we recorded the first visible

bud break on each tree (timing of leaf set). We recorded the

first observation of sclerotized leaves, i.e. leaves that were

thick, lignified, and darker green, as the timing of leaf

maturity and calculated the speed of leaf maturation as the

number of days between leaf set and leaf maturity. Data on

leaf toughness was recorded on all trees in this study in

2008 (Pearse and Hipp 2009). Leaf toughness was recorded

for three leaves per tree with a penetrometer (Chatillon &

Sons, Kew Gardens, New York) as grams required to

punch a 3-mm-diameter needle through the lamina.

Diameter at breast height (DBH) and the number of indi-

viduals per tree species were recorded. Species averages

were calculated for all leaf traits and are used in subsequent

analyses.

Leaf miners

The relative abundance of leaf mines was recorded on each

tree by two observers (R.K. and I.S.P.) as mines observed

in a cumulative 2-min count. Summed counts were log-

transformed prior to analysis. Counts were made in both

July and September 2010, as the focal leaf miners are

multivoltine. Timed counts were used in this case over

estimations of absolute abundance (such as exhaustively

counting mines on a subset of leaves), as there were large

interspecific differences in leaf size and morphology

(lobes, serration, etc.), which would likely bias direct

abundance estimates (Connor et al. 1997). A subset of leaf

mines was collected and identified as members of the

Cameraria sp. (Gracillariidae) species group based on

mine morphology and adults reared from mines (Needham

et al. 1928; Opler 1974). Taxonomic delimitations within

this genus are poorly defined, and the majority of Came-

raria sp. individuals at this site conformed to the C. lo-

batiella species complex based on native host presence at

our site. Cameraria species range from monophagous to

oligophagous, and at least 17 species have been identified

from oaks in western North America (Powell and Opler

2009). While collections revealed only Cameraria species,

other leaf miners are known from this site including

Stigmella sp., and these species may be included as a small

component of mine counts. Both genera Cameraria and

Stigmella have worldwide distributions and are strongly

associated with oaks (Needham et al. 1928; Powell and

Opler 2009).

Phylogeny and statistical analysis

A robust AFLP phylogeny of oaks was taken from a pre-

vious study on the same trees (Pearse and Hipp 2009). The

phylogeny was ultrametricized prior to analysis using

penalized likelihood, and branch tips were pruned back to

the nodes of multiple accessions of the same species (Pe-

arse 2011). We calculated phylogenetic distance to a local

native (Q. lobata) in order to correct for a known rela-

tionship of leaf miners to different non-native oak species

(Pearse and Hipp 2009). This data is identical to that of

Pearse and Hipp (2009) except that two tree species were

omitted from the current study do to inaccessibility for

mine surveys. We analyzed the distribution of mine

abundance and leaf traits across species and individuals by

calculating interspecific variation in each trait as the vari-

ance explained by species, and the phylogenetic signal (a

measure of evolutionary conservatism) in each trait as

Pagel’s lambda (Pagel 1994).

The relationship between oak leaf phenology, leaf

toughness, and miner abundance were analyzed as a mul-

tiple regression using phylogenetically explicit generalized

least squares (pGLS) (Paradis et al. 2004), a method that is

a generalization of phylogenetic independent contrasts

(Garland et al. 2005). Factors were standardized prior to

analysis in order to yield standardized coefficients. Our full

model included predictor variables: leaf set, leaf matura-

tion, leaf retention, leaf toughness, and phylogenetic
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similarity to the local native oak (Q. lobata). The full

models included both the linear and quadratic effects of all

phenological and defensive factors on mine abundance in

either July or September. Models were reduced using

AICc. The predictor variables of the final models had no

variance inflation factors (VIF) greater than 4, suggesting a

lack of problematic colinearity between predictors. The

relationship between leaf retention and leaf toughness was

analyzed separately as a simple pGLS regression, as our a

priori hypothesis (Fig. 1) suggested that there should be

some degree of correlation between these factors. R2 values

may be interpreted as the total variance explained in the

response variable by the system of predictors, partial r2

values from a GLS analysis are not readily interpreted and,

consequently, are not presented in this study (Lavin et al.

2008). We tested for the correlation of potential con-

founding factors (1) the number of individuals per species

and (2) the size (DBH) of individual trees with miner

abundance. As we found no correlation, we dropped these

factors from further analyses. All statistics were calculated

in R using packages: ape, geiger, and MASS (R Core

Development Team 2008; Paradis et al. 2004; Venables

and Ripley 2002; Harmon et al. 2008). Phenology and leaf

mine abundance data were deposited with Dryad.

Results

We surveyed the timing of leaf set, the duration of leaf

maturation, and a leaf retention index on 55 species of oaks

in a common garden and related this to the abundance of

leaf mining herbivores. Estimates of leaf miner abundance

were consistent between the two observers (July mines:

df = 118, r = 0.32, P = 0.0003; September mines:

df = 118, r = 0.55, P \ 0.0001). All aspects of leaf phe-

nology, defense, and miner abundance varied significantly

among tree species, (Fig. 2b; Table 1; P \ 0.001 for all

variables). Leaf traits and mine counts varied in their phy-

logenetic signal, a measure of evolutionary conservatism

(Table 1). Initial correlations found no relationship between

the size of individual trees (DBH) and miner abundance

(July mines: df = 118, r = 0.12, P = 0.199, September

mines: df = 118, r = 0.17, P = 0.061), and no relationship

between the number of individuals per species and miner

abundance (July mines: df = 55, r = 0.23, P = 0.083,

September mines: df = 55, r = 0.14, P = 0.305).

Phylogenetically explicit multiple regression models

showed that leaf phenology (leaf retention, the timing of leaf

set, the duration of leaf maturation) and leaf toughness col-

lectively accounted for 38 and 63 % of the variation in miner

abundance in July and September, respectively. The top

model predicting leaf mines in July contained the factors: leaf

retention (linear and quadratic effects), leaf set (linear and

quadratic), leaf maturation (linear), and phylogenetic dis-

similarity to the local native (linear). The top model pre-

dicting leaf mines in September contained the factors: leaf

retention (linear and quadratic effects), leaf set (linear), leaf

maturation (linear), and leaf toughness (linear and quadratic).

We found that leaf retention over winter was a strong

predictor of herbivore abundance in the following year, even

after accounting for effects of leaf toughness, spring phe-

nology, and phylogenetic relationships. There was a

Fig. 2 a The phenology of oak leaves over 1 year showing: (1) leaf

drop, (2) leaf set (3) leaf expansion, and (4) fully expanded leaves,

when traits such as toughness may affect herbivores. b Patterns of leaf

set and drop for oak species in the UC Davis Arboretum. Thick lines

indicate the presence of over 75 % of leaves, thin lines 50–74 % leaf

retention, and dotted lines 1–49 % leaf retention. Circles indicate the

date of bud burst for each tree species. All data are averaged over 1–4

individuals for each oak species. Species are shown in order from

highest to lowest leaf retention
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unimodal relationship between leaf retention and miner

abundance, where oak species with an intermediate leaf

retention index accumulated more miners in July (Table 2)

and September (Fig. 3a) than either completely deciduous or

evergreen species. Leaf toughness decreased miner abun-

dance in September (Fig. 3d) but not in July (Table 2). Leaf

toughness covaried significantly and positively with leaf

retention (r2 = 0.63; Fig. 4) but not with leaf set or matura-

tion, suggesting that defensive investment in completely

evergreen species may cause a lower abundance of miners on

these leaves. The unimodal relationship between leaf reten-

tion and herbivore abundance as well as the concomitant

increase in leaf toughness by trees with high leaf retention is

consistent with our conceptual model relating leaf retention

and herbivore abundance (Fig. 1). Phylogenetic distance

from a local oak (‘‘non-nativeness’’) was added to initial

models to correct for taxonomic affinities of miners for native

oak species (Pearse and Hipp 2009). Oak species that are

phylogenetically similar to a local native oak (Q. lobata)

accumulated more early season mines, but phylogenetic

similarity, i.e. ‘‘phylo non-nativeness’’, was not predictive of

mine abundance later in the season (Table 2).

We also found that aspects of spring leaf phenology led

to interspecific differences in leaf mine abundance the

following summer, though their effect on miner abundance

was less apparent by fall (Table 2). Miner abundance in

July (Fig. 3b) was highest on oak species with an earlier

leaf set, and miner abundance in September showed a

similar, but less significant, pattern (Table 2). Additionally,

leaf mine abundance in July was greater on trees with faster

leaf maturation (Fig. 3c), and the relationship between

speed of leaf maturation and miner abundance in Septem-

ber was similar, but less consistent (Table 2).

Discussion

We found that the leaf retention index (i.e. the timing of

leaf drop or senescence) as well as the timing of spring leaf

Fig. 3 The abundance of leaf miners in September shows a a humped

relationship with the length of leaf retention (in leaf-months), b a

decreasing relationship with later dates of leaf set, c a decreasing

relationship with faster leaf maturation, and d a decreasing relationship

with greater leaf toughness. Leaf minerabundance for each graph is shown

as the residual variance in log transformed leaf miner abundance in a

model that accounts for all variables except for that explanatory variable.

Each oak species is represented by a point

Table 1 The proportion of interspecific variance and phylogenetic

signal (lambda) of each model variable

Trait Interspecific variation (R2) Lambda

Leaf mines—July 0.7 0.67

Leaf mines—September 0.71 0

Leaf retention index 0.87 1

Leaf set 0.77 0.68

Leaf maturation 0.29 0.28

Leaf toughness 0.84 0.92

Lambda ranges from 0 to 1, where a signal of 1 indicates that this trait

is similar in closely related species and a signal of 0 indicates little

role of evolutionary conservatism in the distribution of the trait
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expansion affected the abundance of a common herbivore

across 55 oak species in a common garden (Fig. 3), even

after correction for other factors affecting leaf miner

abundance. The phenology of leaf drop has, until recently,

received little consideration as a factor that influences

herbivore abundance. Recently, studies of intraspecific

variation in leaf retention have shown that trees that retain

a portion of their leaves throughout winter accumulate

more galls in the following year, which is consistent with

our study of leaf miners (Karban 2007, 2008). The effect of

leaf abscission may be particularly strong for the oak–leaf

miner interactions, as many oak leaf miners over-winter on

or near host leaves, which provide a source of colonists

each spring (Needham et al. 1928). Indeed, past surveys of

leaf miner abundance have found that leaf mines are less

abundant in years following an early leaf drop (Connor

et al. 1994), and that premature leaf abscission may be

induced in plants to reduce herbivore loads (Faeth et al.

1981a). Interestingly, the importance of leaf drop in a

common garden setting suggests a trend of in situ coloni-

zation of oak trees by their own miner populations, which

contrasts with previous studies on leaf miners that

emphasize immigration (Connor et al. 1983).

Leaf defensive traits including chemical and physical

defenses have been the focus of theories about herbivore–

plant interactions (Stamp 2003). In this study, we found

that leaf toughness inhibited the accumulation of leaf

miners in September (Fig. 3d), but had little effect on

miner abundance earlier in the season (Table 2). Leaf

toughness covaried significantly and positively with leaf

retention (Fig. 4), but not with leaf set or maturation. Plant

traits such as leaf toughness have been shown to inhibit the

feeding of generalist chewing herbivores on oaks (e.g.,

Pearse 2011), though the plant traits that affect leaf miners

are less clear (Faeth et al. 1981b). Also, leaf toughness in

oaks correlates with some putative leaf defenses such as

phenolic content, specific leaf area, and peroxidase activity

(Pearse 2011), but not with others such as volatile profiles

and tannin content (Pearse et al. 2013; Pearse 2011). In

combination, the scarcity of herbivores on both purely

deciduous and purely evergreen trees, and the investment

in a leaf defense by purely evergreen trees suggests that

leaf retention has a major influence on herbivore abun-

dance and can influence selection of plant defenses.

The timing of leaf set and leaf maturation in spring have

played prominent roles in theories of plant–herbivore

associations (Hunter 1992; Aide 1993). Miner abundance

in July (Fig. 3b) and September (Table 2) were higher on

Table 2 A phylogenetically corrected GLS multiple regression of the phenology of 55 oak species on the abundance of leaf mines (log

transformed)

July mines September mines

Standard coefficient ± SE P value Standard coefficient ± SE P value

Leaf retention 0.034 ± 0.048 0.492 0.118 ± 0.089 0.191

Leaf retention (quad) -0.109 ± 0.054 0.049 -0.226 ± 0.084 0.009

Let set -0.155 ± 0.038 0.002 -0.143 ± 0.058 0.018

Leaf set (quad) 0.088 ± 0.022 0.003 – –

Leaf maturation -0.139 ± 0.034 0.002 -0.083 ± 0.047 0.088

Leaf maturation (quad) – – – –

Leaf toughness – – -0.304 ± 0.086 0.001

Leaf toughness (quad) – – 0.076 ± 0.039 0.056

Phylo non-nativeness -0.227 ± 0.092 0.017 – –

Phylo non-nativeness (quad) – – – –

Mine abundance was recorded at two dates in the season (July and September)

– Factors that were dropped from the final model using AICc

Fig. 4 The positive relationship between leaf retention and leaf

toughness (puncture force in g/cm required to push a penetrometer

through leaf lamellae)
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trees that set leaves earlier in the season. This is consistent

with other studies, which have shown that oaks with earlier

leaf set accumulate greater herbivore populations (e.g.,

Hunter 1992). Miner abundance in July (Fig. 3c) was

highest on oak species that matured leaves quickly, and

miner abundance in September showed a similar, but less

consistent pattern (Table 2). This contrasts with other

studies, which have suggested that developing leaves are

less defended than mature leaves, and plants with slower

leaf maturation are more vulnerable to herbivore attack

(e.g., Aide 1993). This difference is likely due to the

presence of Cameraria leaf miners as late season herbi-

vores and their ability to colonize and consume fully

mature oak leaves (Needham et al. 1928; Opler 1974).

In conclusion, our results showed that leaf phenology

explains much of the variation in herbivore abundance

among oak species. While additional factors certainly also

influence miner affiliations with oaks, we provide novel

evidence consistent with the hypothesis that leaf drop may

reduce herbivore populations (Figs. 1, 3a), as herbivores

must recolonize leaves of these trees each year (Karban

2007, 2008). Moreover, trees that retain their leaves

throughout the season possess traits such as leaf toughness

that inhibit herbivore abundance. The phenology of leaf

drop and expansion strongly influence risks due to her-

bivory, which then may provide selection shaping plant

defenses.
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