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Is wind-mediated passive leaf movement  
an effective form of herbivore defence?
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INTRODUCTION

There is an extensive branch of ecology that has focused on 
understanding the interactions that occur between plants and 
their herbivores (Crawley 1983). The evolutionary arms race 
between plants producing chemical and structural grazing 
deterrents and grazing animals, have been studied in some 
detail (Strauss & Agrawal 1999). Plant/herbivore interactions 
have been shown to be important in regulating community 
structures and maintaining biodiversity (Rees et al. 2001).

The wind powered motion of flowers is known to have 
adaptive significance in attracting pollinators (Warren 
& James 2008) and it has been suggested that the passive 
movements of leaves may function as potential grazing de-
terrents (Yamazaki 2011) but as yet this has not been in-
vestigated and its ecological significance remain unknown. 
It has long been appreciated that the design of leaves influ-
ences how they move in the breeze (Vogel 1989, 2009) and 

that some species, notably within the genus Populus appear 
to have adaptions such as bilaterally flattened petioles which 
promote leaf movements, but previously this was consid-
ered to be an adaptation for light scattering (Roden & Pearcy 
1993). Here three different approaches are used to compare 
herbivory rates and invertebrate communities within pairs 
of tree species that differ in the mobility of their leaves, but 
frequently hybridise ensuring that they are otherwise similar, 
while analysis of the invertebrate communities associated 
with all native deciduous British trees is used to estimate 
how widespread the phenomena may be. 

MATERIAlS AND METHODS

Study species and field observation

Two pairs of study species were selected because although 
they have contrasting leaf morphologies (deemed likely to 
influence mobility) they are known to hybridise frequently 
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and thus considered likely to be relatively similar in terms 
of their chemical or other mechanical defences (Ferris et 
al. 1993, Fromm & Hattemer 2003). The first pair of spe-
cies was Quercus petraea (the Sessile Oak) which is distin-
guished from Quercus robur (the Pendunculate Oak) because 
its leaves have stalks which are likely to facilitate greater leaf 
movement. Similarly the second pair of species was Tilia 
platyphyllos (the large-leaved lime) which was considered 
likely to differ in leaf mobility from Tilia cordata (the Small-
leaved lime). The nomenclature of taxa used here follows 
Clapham et al. (1990).

The amount of invertebrate herbivore induced leaf dam-
age was assessed in two field sites in west Wales in Septem-
ber 2012. The Quercus field site was a semi-natural ancient 
deciduous woodland near Devils Bridge (latitude 53.378782 
longitude -3.838145) were both Quercus species co-oc-
cur in abundance. The Tilia field site was a more recently 
planted mature mixed woodland near Penrhyncoch (latitude 
52.434979 longitude -4.012251) at this site both Tilia species 
are co-occur in equally abundance. 

Two leaves were sampled randomly from each of 25 ran-
domly selected individual trees per species (the two Quercus 
species at the Devils Bridge site and the Tilia species at the 
Penrhyncoch site). Each leaf was scored for the presence or 
absence of herbivore damage. In those leaves that were dam-
aged, the percentage of leaf material that had been removed 
by invertebrate herbivores was estimated by eye (table 1).

Invertebrate communities

To avoid complications of the tree species having different 
geographic/ ecological ranges, and also differing in terms 
of their relative abundance, the phytophagous invertebrate 
communities associated with the four tree species were in-
vestigated by compiling information from the Biological Re-
cords Centre (2014). Total numbers of species of invertebrate 
herbivores associated with each tree were compiled and rela-
tive numbers of leaf mining and gall forming species were 
compared within tree species pairs (table 2).

The total number of phytophagous invertebrate species 
reported in the Biological Records Centre (2014) associated 
with each British native deciduous tree species was plotted 
against its mean petiole length (derived from Clapham et 
al.1990) (fig. 1). Mean petiole length was used as a surro-
gate for potential leaf mobility, as it has been suggested that 
the two are correlated (Vogel 1989, 2009) although petiole 
length may be a crude estimator of potential leaf movement, 
the existence of a longer petiole allows more scope for “leaf 
flapping”. A linear regression was performed on the upper 
limits of these data against petiole length class in one cen-
timetre groupings. Upper limits regression was used based 
on the assumption that factors other than leaf petiole length, 
such as chemical defences may also regulate invertebrate 
numbers.

Seedling leaf mobility – field experiment 

In autumn of 2012, bulked seeds of Quercus petraea and Q. 
robur were collected at the two field sites above and sown 
individually in 7-cm pots. These were over wintered outside 
and by spring 2013 had started to germinate. In May 2013, 
the seedling’s identification was confirmed on the basis of 
leaf morphology and then they were randomly allocated into 
three treatments: Control (no movement), low mobility and 
high mobility. Twenty five seedling of each species were as-
signed to each motion treatment and located a random posi-
tion across random in two 5 × 5 racks. Each of the six racks 
securely held 25 pots each containing a single seedling. The 
racks were mounted on multi-functional flask shakers, two 
per treatment. The six shakers were placed in an open area 
within a mixed deciduous woodland containing abundant 
mature trees of both Quercus species, the site was located 
near llanfarian (latitude 52.366533 longitude -4.049759). 
The two control (no motion) racks were place in sheltered 
locations, the mobility treatments were set to reciprocat-
ing linear mode where the platform moves back and forth 
horizontally. The low mobility treatments were set to oscil-
late 30 opm (oscillations per minute) and the high mobility 

Number of damaged leaves from 25 Mean percentage damaged area +/- std P

Quercus petraea 8 6.38 (3.29)
0.003

Quercus robur 20 13.50 (5.64)
Tilia platyphyllos 12 10.83 (4.17)

0.005
Tilia cordata 22 17.05 (6.48)

Table 1 – Field observations of levels of phytophagous invertebrate damage to leaves sampled in two field sites.
The P values quoted are derived from one-way analysis of variance. 

leaf miners Gall midges Gall wasps Other invertebrates Total

Quercus petraea 18 9 65 84 176
Quercus robur 21 10 62 181 274
Tilia platyphyllos 2 6 0 10 18
Tilia cordata 4 6 0 37 37

Table 2 – Numbers of phytophagous invertebrate species associated with tree species differing in leaf mobility.
Data from Biological Records Centre (2014).
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treatments set to oscillate at 300 opm. These treatments were 
designed to most closely represent the effect of constant uni-
directional wind. All treatments were left in the open until re-
coding in early September when each seedling was assessed 
and the presence or absence of herbivore damage recorded. 

Leaf mobility – laboratory experiment 

Direct experimental measures of the effect of leaf form/ mo-
bility on adhesion were made as an estimate of the likely 
ability of external feeding invertebrate herbivores to graze 
successfully in windy conditions. Single undamaged leaves 
of contrasting pairs of species were attached to opposite ends 
of a 15-cm rod. leaves were not attached by the petiole but 
by taping the adjoining twig to the rod. To each leaf a 0.5-
g paperclip was attached using a small piece of ‘Blu-Tack’. 
Once both paperclips were attached, the rod was rotated 
between the palms of the hands for one minute. The time 
taken for the paperclips to fall from the leaves (or not) was 
recorded for both leaves. This simple pairwise comparative 
approach was used as it is known to be difficult to effectively 
simulate appropriate gusty wind conditions in a wind tunnel 
(Vogel 1989). 

RESUlTS

Field observation

Fifty leaves of each species were collected randomly from 
all four species. In both genera the putatively more mo-
bile species were found to have significantly less damaged 
leaves with 8 in Q. petraea compared with 20 in Q. robur 
(Chi squared = 7.143, P = 0.008) and 12 in T. platyphyl-
los compared with 22 in T. cordata (Chi squared = 4.458,  

P = 0.035). Of those leaves that were damaged, one-way 
analysis of variance revealed that the extent of the damage 
was significantly less in the more mobile species with 6.4% 
in Q. petraea compared with 13.5% in Q. robur (P = 0.002) 
and 10.8% in T. platyphyllos compared with 17.0% in T. cor-
data (P = 0.005).

Invertebrate communities

Across the UK biological records, the species with the po-
tentially more mobile leaves (Q. petraea and T. platyphyllos) 
were found to be associated with notably fewer invertebrate 
herbivore species than were their less mobile comparators 
(table 2). Of the invertebrates associated with Q. petraea a 
significantly greater proportion are leaf miners or gall form-
ing species than is the case with Q. robur (Chi squared = 
15.241, df = 3, P = 0.002). The numbers of invertebrate spe-
cies associated with Tilia were too low for the relationship to 
be statistically verified. 

Figure 1 reveals that the native British deciduous trees 
with long petioles tend to be associated with relatively low 
numbers of phytophagous invertebrate species. In contrast 
species with short petioles may or may not have large num-
bers of phytophagous invertebrates associated with them. 
The upper limits regression analysis shows that a significant 
amount of the variation in invertebrate numbers can be ex-
plained by leaf petiole length R2 = 0.651. 

Seedling leaf mobility – field experiment 

The results presented in table 3 demonstrate that leaves of 
both Q. petraea and robur in the high mobility treatment 
appeared to be equally totally immune to attack from inver-

Figure 1 – Plot of number of phytophagous invertebrate species listed in the Biological Records Centre (2014) against mean petiole length 
(cm) for all British native deciduous trees. Open circles represent all the native British trees, filled circles are the upper limit values of 
invertebrate numbers which are regressed against petiole length class in one centimetre groupings. 1. Quercus robur; 2. Quercus petraea; 
3.Tilia cordata ; 4. Tilia platyphyllos; 5. Salix caprea; 6. Populus tremula; 7. Populus nigra; 8. Acer campestre; 9. Fraxinus excelsior.
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tebrate herbivores, and no statistical test was possible. In 
contrast in the sheltered location both species were equally 
and frequently targeted by herbivores (Chi squared = 0.243,  
P = 0.622). Only at the intermediate level of leaf mobility 
was there a significant difference observed between the spe-
cies. Here Q. petraea was observed to be significantly less 
damaged than was robur (Chi squared = 7.20, P = 0.007).

Leaf mobility – laboratory experiment 

The results indicate that invertebrate herbivores would be 
less able to graze successfully on the more mobile species. 
The paperclips were observed to fall significantly more of-
ten from both Q. petraea (22 from 30) and T. platyphyllos 
(27 from 30) compared with 12 from 30 in Q. robur and 
7 from 30 in T. cordata (Chi squared = 7.77, P = 0.005) and 
(Chi squared = 27.15, P < 0.001) respectfully. In addition the 
time taken for paperclips to fall was significantly shorter in 
the species with the more mobile leaves. Average times for 
paperclips to fall were: 18s Q. petraea compared with 40s 
Q. robur and 12s T. platyphyllos compared with 42s T. cor-
data. Very similar results were also observed (but not report-
ed) with model leaves made from card.

DISCUSSION

The three forms of evidence reported here (estimates of leaf 
damage in table 1, numbers and types of associated phy-
tophagous invertebrates in fig. 1 and table 2, and direct ex-
perimentation in table 3) all provide support for Yamazaki 
(2011) who suggested that wind mediated leaf movement 
may be an effective form of grazing deterrent. Comparison 
of otherwise very similar species within these two genera re-
veals that enhanced leaf mobility appears to deter herbivory. 
Table 3 reveals that the observed difference between species 
in levels of herbivore damage was specifically associated 
with intermediate levels of leaf agitation. Non-mobile leaves 
were observed to be most attached by invertebrates, while 
none of the mostly highly mobile leaves were attacked irre-
spective of species. Collectively these observations suggest 
that the leaves of Q. petraea are actually adapted to be more 
mobile in intermediate levels of agitation and that this move-
ment is an effective form of herbivore deterrent. Although 
the field experiments were performed using seedling plants 
that will experience different wind conditions to mature 
trees, leaf herbivory is likely to be more important in terms 
of affecting evolutionary fitness at this stage.

In an earlier more extensive field study (Southwood et 
al. 2005), examined the invertebrate communities associated 
with Q. robur and Q. petraea over a five year period. The 
focus of their study was comparing native and alien species 

of Quercus and therefore they were less interested in the dif-
ferences between Q. robur and Q. petraea, however, their 
results were generally consistent with those reported here. 
Southwood et al. (2005) found many more species of inver-
tebrate herbivores and more than twice as many individual 
invertebrates on Q. robur than on Q. petraea. This observa-
tion therefore appears to hold within a site (Southwood et 
al. 2005) and across the UK ranges Q. robur and Q. petraea 
(table 2). Southwood et al. (2005) also report relative pro-
portions invertebrate orders associated with Q. robur than on 
Q. petraea, which does not allow leaf miners or gall form-
ing species to be identified and found very few differences. 
However, it is noticeable that orders, Neuroptera, Opiliones 
and Thysanoptera which are unlikely to have strong powers 
of adhesion, occurred proportionally at twice the frequency 
on Q. robur than on Q. petraea.

The observation that proportionately there were signifi-
cantly more leaf miners and gall forming species associated 
with the more mobile leaves of Q. petraea (table 2) indi-
cates that on the less mobile leaves of Q. robur they are be-
ing competitive excluded by the greater numbers of external 
feeding phytophagous invertebrates. Thus, niche differentia-
tion and community structure within these invertebrates may 
be influenced by leaf form and mobility. 

Given the wide range of leaf forms found in native Brit-
ish trees, petiole length is probably a crude estimator of leaf 
mobility. However, fig. 1 reveals that there are twelve native 
deciduous tree species with longer leaf petioles than Q. pet-
raea, this equates to one third of British trees that could be 
employing leaf mobility as a form of herbivore defence. The 
species with long petioles include: Fraxinus excelsior (Ash), 
Populus nigra (Black Poplar), Populus tremula (Aspen) and 
Tilia platyphyllos (large leaved lime) which are seen to be 
associated with lower numbers of phytophagous invertebrate 
species, suggesting leaf mobility may be an effective form of 
defence. However, there are many tree species with smaller, 
lower mobility leaves with short petioles that are not associ-
ated with high numbers of invertebrate species. This clearly 
relates to them deploying other forms of grazing deterrents. 
Some of these other forms of defence appear to be more ef-
fective than is enhanced leaf mobility. As with other forms of 
grazing deterrent, leaf mobility does not appear to be abso-
lutely effective and there is evidence of an evolutionary arms 
race because invertebrates are known to have a range of ad-
aptations to avoid being dislodged or to reattach themselves 
after being detached (Eigenbrode & Jetter 2002). 

If leaf movement really is an effective form of grazing 
deterrent as the results reported here indicate, it begs the 
question; why aren’t all leaves highly mobile? Yamazaki 
(2011) suggested that the answer may lay in balancing se-

Treatment Quercus petraea Quercus robur P

No motion control 17 20 0.622
low mobility (30 opm) 4 16  0.007
High mobility (300 opm) 0 0 Not valid

Table 3 – Total numbers of herbivore damaged seedling out of a sample of 25 per treatment.
P values are based on chi square tests with one degree of freedom.
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lection; more mobile leaves may have an increased risk of 
damage in windy conditions. Vogel (1989) demonstrated that 
leaf form may be important in limiting damage in extremely 
windy conditions. In wind tunnels leaves that could move 
and fold together were better able to avoid wind damage. 
This theory is supported by anecdotal evidence from the field 
sites used here. Following widely reported storm events in 
June 2012, disproportionate leaf fall appeared to occur from 
both Q. petraea and T. platyphyllos, although this was diffi-
cult to quantify and this possibility demands further research. 
This observation suggests that the selection in favour of en-
hanced leaf mobility, to deter herbivores demonstrated here 
may be balanced by selection to reduce leaf movement and 
direct wind damage.
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