
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

ABSTRACT 
Broad scale ecological theory predicts that latitudinal 
variation in primary productivity will influence 
interactions between plants and their insect 
herbivores. Specifically, it has been hypothesized 
that herbivore-plant interactions are more intense 
and plant defenses are more developed at lower 
latitudes than at higher latitudes where productivity 
is lower. However, the ultimate outcome of 
insect-plant interactions may not be so easily 
predictable because it could be determined not 
only by plant traits at a particular location, but 
also by productivity driven trophic dynamics, 
insect population size, individual insect feeding 
rates, and other latitude specific ecological 
factors.  In this paper, I review the prior work on 
how insects, plants, insect-plant interactions, and 
tri-trophic interactions with specific regard to 
insect herbivory vary with latitude. Because these 
latitudinal gradients encompass the range of 
temperatures expected with climate change, I use 
this prior work to predict how that change could 
influence complex ecological interactions between 
insects, host plants and insect predators.  This led 
to the predictions that with warming, rates of 
herbivory will increase, there will be a lag in any 
concomitant increase in plant defense with these 
increases in herbivory, there should be a shift 
towards greater top-down control of herbivory, 
and specialist herbivores may be at greater risk.  
Insight on limitations of the predictive power of 
latitudinal studies and suggestions for future 
research in this area are offered.   

Can latitudinal studies predict potential effects of global 
climate change on insect herbivore - host plant interactions? 
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effects, plant defense, tri-trophic interactions 
 
INTRODUCTION 
The average surface temperature of the Earth is 
likely to increase by 1.1-6.4°C by the end of the 
21st century and this increase is progressing faster 
than previously predicted [1]. One of the more 
challenging goals of ecological entomology is to 
predict how these changes in temperature will 
affect insect populations and communities. There 
has been much research on how climate change 
might influence the physiology of individual insects, 
insect population abundances, and community 
biodiversity [2]. It is also widely recognized that 
biological interactions involving insects such as 
pollination, herbivory, and predation play an 
important role in the maintenance of biodiversity 
and in the provision of ecosystem services [3]. 
These complex ecological interactions are greatly 
affected by the biophysical environment as well. 
Thus, to truly understand the potential impact of 
global climate change on individual insect species 
we must also understand how this change will 
impact the ecological interactions in which they 
participate [3-4]. However, the influence that 
climate change can have on complex ecological 
interactions is much more insidious and less 
frequently considered than the effects on individual 
species, thereby, limiting our predictive power of 
the impact of climate change on insect species. 
One reason why the potential for climate change 
to influence ecological interactions of insects with 
other organisms is less frequently studied is that 
it is difficult to manipulate climatic variables 
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it is the single variable that changes with latitude 
at the same scale as that predicted with global 
climate change. Also, temperature has been reported 
as the dominant abiotic factor directly affecting 
herbivorous insects, it has been shown to affect 
their development, survival, range and abundance, 
and consumption rates of plants, and there is little 
evidence that CO2 or UVB directly affect insect 
herbivores [4, 6]. However, the potential of these 
other climate change drivers to interact with 
changes in temperature to influence insect-plant 
interactions will also be addressed in this review. 
 
Latitudinal studies  
Ecologists have long investigated latitudinal trends. 
This was initially driven by the desire to answer 
questions about why species diversity is higher at 
lower latitudes [7]. Other trends have also been 
observed with decreasing latitude including 
increased productivity, and length of growing or 
active season [8-10]. Numerous studies have also 
documented patterns of genetic diversity along 
latitudinal gradients; common patterns include a 
correlation between allelic frequencies and latitude 
[11-12], the loss of rare alleles along post-glacial 
colonization routes [13-14], and in some cases, a 
loss of genetic diversity at range limits resulting 
in greater diversity at mid-latitudes [14]. 

Insects 
Much of the latitudinal work on insects has focused 
on documenting that the latitudinal ranges of 
insects are generally smaller at lower than at 
higher latitudes (Rapoport’s Rule). This has been 
shown to be due to the wider range of 
physiological tolerances at higher latitudes as a 
result of increases in climatic variation [15].  
Other work has focused on latitudinal gradients in 
body size (Bergmann’s Rule), though studies on 
various insect groups indicate that this varies 
greatly among taxonomic groups [16]. Long term 
studies of insect distributions have revealed shifts 
away from the equator and towards the poles for a 
variety of taxa [17-19]. Votinism, or the number 
of generations completed in one year in the field, 
has also been shown to increase with decreasing 
latitude for a variety of insect groups [20]. Life 
cycle stages such as the emergence of adults tend 
to be completed more rapidly at warmer, lower 
latitudes, but not all life-cycle stages show the 
 

over the scale of these interactions as they occur 
in the field.  One proxy for the predicted temporal 
change in climatic factors, specifically warming 
temperature, is the gradual change of this factor 
over small spatial scales with latitude. The mean 
temperature at sea level ranges from 20°C 
to -10°C or about 1°C per 145 Km from the tropics 
through temperate zones (Fig. 1) [1]. Latitudinal 
studies of natural communities can directly 
address how they may respond to warming, and 
extrapolating from these studies may be the best 
available approach for predicting how global 
changes in temperature will influence ecological 
interactions in the future [5]. This is particularly 
true for wide ranging insect-plant associations. 
The objective of this paper is to review latitudinal 
studies on terrestrial insects, plants and their 
interactions with specific regard to herbivory, and 
to assess the potential of this work to predict how 
these interactions might change as temperatures 
increase with global climate change. Although it 
is recognized that temperature is not the only 
global climate change driver that may affect 
biological interactions (e.g., increases in CO2) [4], 
 

Fig. 1. This plot shows the variation in surface temperature 
as a function of latitude, after removing the effects of 
varying surface elevation. Farther from the equator, 
temperature falls off by approximately 1°C for every 
145 km traveled North-South as indicated by the dashed 
line. Image created by Robert A. Rohde/Global Warming 
Art with land-sea surface temperature data [75-76]. 
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frequency of plants with alkaloids and latex, 
and reduced leaf protein content at lower latitudes 
[25, 31-33]. 
Latitudinal variation in traits such as toughness 
and variation in palatability and herbivory have 
been shown to persist when plants are reared in a 
common garden suggesting that this variation is 
constitutive and is likely under genetic control 
[25, 34]. These results suggest that greater 
herbivory pressure at lower, tropical latitudes may 
have provided selection for greater defense. Gene 
flow over large geographical distances can be 
limited and populations may be locally adapted, 
which could mute the relationship between abiotic 
conditions, leaf characteristics, herbivory, and 
herbivore predation [35]. Other traits that relate to 
plant-insect interactions like leaf N, carbon:nitrogen 
ratio, volatile release, and specific leaf area may 
not be under genetic control and are more closely 
tied to abiotic conditions rather than plant genotype 
[36].  

Herbivory 
Given that host plant communities vary somewhat 
predictably in their diversity, structure, and 
composition across biogeographic zones and that 
insect herbivory is tied to productivity which varies 
with latitude, the strength of plant-insect interactions 
should vary predictably across these zones [37]. 
This is supported by a well studied, wide ranging 
insect-plant association that is composed of 
temperate salt marsh species [34, 38-39]. These 
studies are significant because they focused on 
multiple plant species at sites within high and low 
latitude locations. They consistently found that 
northern plants were eaten more by herbivorous 
insects than southern plants. These differences 
were driven by differences in per capita effects 
and or interaction strength among species, and not 
by insect diversity or abundance. Reduced herbivory 
at lower latitudes was attributed to higher leaf 
toughness, and lower concentrations of palatable 
polar extracts and leaf nitrogen [38]. These 
latitudinal differences are consistent with standard 
predictions that insect-plant interactions are more 
intense at lower latitudes and that plants have 
evolved greater leaf defense in response to this 
pressure. However, they also consider climate, 
length of growing season, salinity and other factors
  

same response [21]. Specialist insects which are 
dependent on specific seasonal plant resources 
may exhibit less of a response in voltinism to 
changing temperature. Diapause or the timing of 
emergence may be temperature dependent, but is 
more often driven more by photoperiod [22]. In 
some cases, temperature has the opposite than 
expected effect on diapause where higher 
temperatures slow diapause development and 
emergence occurs earlier at cooler sites because of 
limited time for emergent phases of the life-cycle 
[22-24]. Also, because termination of diapause is 
often a response to fluctuating abiotic cues, 
insects may be able to adjust as the abiotic 
conditions change, and thus the presence of winter 
diapause could moderate the effects of climatic 
warming because of this adjustment [22].  
There is evidence that there is greater herbivory 
by insects at lower latitudes, possibly due to the 
fact that abiotic conditions are less severe and 
exert less control of insect populations, or because 
plant productivity is more predictable [25]. 
Independent of latitude, warmer temperature has 
been shown to increase consumption rates of leaves 
perhaps due to increased metabolism, and insect 
growth and development [2, 6] and latitudinal 
studies reflect this with higher herbivory rates at 
warmer/lower latitudes [21]. Temperature has been 
shown to be a more important factor for influencing 
lepidopteran species richness in northerly regions 
[26] while water availability is more limiting at 
lower latitudes [27]. 

Plants 
Latitudinal studies on plants show increased 
primary productivity, rates of photosynthesis, and 
length of growing season moving from the poles 
towards the tropics [8-10]. Plant growth rate, also 
greater at lower latitudes, may be a more significant 
determinant of insect herbivory than rates of 
production because fast growing plants have more 
nutrient content and less defensive chemistry, and 
tend to be more palatable than slower growing 
plants [8, 28-29]. One study, however, found 
differences in leaf toughness by latitude, but no 
difference in the carbon:nitrogen  ratio [30]. A 
number of studies have demonstrated higher 
phenolics, tannins, a greater complexity of chemical 
constituents, greater mechanical defenses, greater 
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could have significant impacts on herbivore-plant 
communities [43-44]. Although well documented 
at lower latitudes, study of this phenomenon is 
lacking in temperate zones.   

Tri-trophic control of insect herbivores  
Herbivore populations are controlled by a 
combination of availability and quality of food 
resources (bottom-up) and predators and parasitoids 
(top-down). The relative importance of top-down 
and bottom-up controls has been disputed for 
decades [45-47]. More recently, it has been 
hypothesized that as productivity increases (high 
latitudes to low latitudes) there is a shift from 
bottom-up control to top-down control [8, 48-50].  
Support for this has been found in aquatic systems 
and in several terrestrial systems [8, 42, 48-50], and 
in a meta-analysis comparing tri-trophic interactions 
in tropical versus temperate communities [51]. In 
addition to differences in primary productivity,  
higher insect, plant, and ecosystem structural 
diversity at lower latitudes may also be a cause of 
greater top-down control closer to the equator 
[40]. It should be noted that because insect 
parasitoids and their hosts have discrete 
generations, the timing of which often depends on 
temperature, climate change would likely disrupt 
the interaction [52]. 
 
Predictions  
Based on our current knowledge of latitudinal 
effects one can make the following predictions 
about how gradual increases in temperature with 
global climate change might influence plant-insect 
interactions: 

1. As temperate ecosystems warm, rates of 
herbivory will increase 
Multiple factors may contribute to this.  Populations 
of insects will be under reduced control by abiotic 
conditions. Also, because insects tend to be more 
vagile than plants, their migration northward 
should exceed that of local plant hosts which 
should increase both the diversity and abundance 
of insects in relation to plants. Warming has the 
potential to increase insect diversity particularly at 
higher latitudes [53].  There is already evidence of 
recent increases in insect outbreaks [54-55] and 
diversity [30] at northern latitudes. With warming 
there could be an increase in voltinism, and per 

as possible causes. In a pilot study of Lindera 
benzoin in 10 sites along a gradual latitudinal 
gradient, the mean proportion of leaves with 
herbivory decreased with increasing latitude 
(Fig. 2). Another study found that the rate of 
decrease of folivory with increasing latitude was 
greater in warmer regions suggesting the intensity 
of insect-plant interactions might be more 
susceptible to temperature change in warmer 
temperate climates [40]. One study, however 
found no significant differences in herbivory with 
latitude for insects from a diversity of feeding 
guilds, but only on a single host plant [30]. The 
latitudinal gradient in herbivory is further 
validated by the fossil record which shows a 
greater diversity of insect leaf feeding during 
warm climate intervals [41]. 
Another latitudinal pattern in herbivory is that 
at lower latitudes a larger proportion of the leaf 
consumption by insects is on younger leaves 
because older leaves are better defended than 
ephemeral younger leaves [25]. This pattern varies 
with the successional stage of the forest and small 
scale differences in productivity [25, 42]. Because 
insect herbivores must find not only a specific 
plant, but one at the appropriate developmental 
stage, the interaction is more tightly bound and 
any phenological changes caused by independent 
response of plants and insects to warming 
 

Fig. 2. In a pilot study of L. benzoin at 10 sites along a 
continuous latitudinal gradient within PA. The mean 
proportion of leaves with herbivory significantly decreased 
as latitude increased. From: Mooney and Niesenbaum, 
Unpublished data. 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

capita consumption rates. Warming will increase 
rates of primary production, plant growth rate, and 
the proportion of younger leaves all of which 
could lead to increased herbivory.  

2. There will be a lag in any concomitant increase 
in plant defense with increases in herbivory 
Many aspects of plant defense are under genetic 
control, and higher levels of defense at lower 
latitudes are likely constitutive, evolved traits in 
response to higher levels of herbivory [25, 34, 56]. 
For many defensive traits, it may take generations 
for plants to exhibit any evolved response to 
increased pressure by herbivores. Induced responses 
and defense related volatile release, leaf C and N 
may respond more quickly as these are more 
closely tied to abiotic conditions. Plants, especially 
woody perennials, tend to have much longer 
generation times than insects further intensifying 
this lag.  Many temperate zone herbivorous insect 
species have already shifted their distribution 
northward in response to recent warming [57-59]. 
Given their rapid generation time, insects have 
already begun to experience genetic change in 
response to recent climate change [55], which 
may allow them to adapt to northern host plants 
therefore intensifying herbivory during this lag.  

3. There should be an eventual shift to greater 
top-down control of herbivory, but existing,  
more complicated tri-trophic interactions  
will be easily disrupted  
As productivity increases with warming, there 
theoretically should be a shift from greater 
bottom-up to more top-down control of herbivory.  
Even over small spatial scales, increases in 
productivity due to the formation of tree fall gaps, 
led to greater predator/parasitoid control of 
herbivory [42]. However, due to the greater 
complication of having three trophic levels that 
depend on one another’s development time and 
other phenological characteristics, changing climate 
could disrupt such complex interactions.  Alterations 
in seasonal synchrony among plants, insect 
herbivores, and their natural enemies in response 
to recent warming has already been observed and 
is resulting in higher levels of herbivory i.e. less 
top-down control [60], and range shifts may also 
result in a decoupling of tri-trophic interactions 
because of different rates of dispersal [61].  
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Furthermore, it has been argued that generalist 
natural enemies of host specific herbivores may 
restrict host-plant range (enemy free space 
hypothesis) [62]. Disruptions of these interactions 
may therefore indirectly influence the ranges of 
plants, herbivores, and their enemies.  Tri-trophic 
interactions including host plant selection and 
cuing of herbivore predators and parasitoids rely 
on the release of plant volatile organic compounds 
(VOCs). Changes in temperature may disrupt VOC 
emission patterns by plants and their perception 
by insects thereby further disrupting these complex 
interactions [63]. Unfortunately, latitudinal studies 
of tri-trophic interactions and of VOC release by 
plants are few in number, particularly in temperate 
zones. 

4. Specialist herbivores and their interactions 
with their host plants have greater potential  
to be altered or disrupted by climate warming 
Constrained ecological relationships like herbivores 
that specialize on one or a few plant host species 
may be more easily altered by migration and 
population changes that occur with climate change 
[64]. Species that exhibit highly evolved host plant 
interactions over narrow ranges or in “at-risk” 
microhabitats are in danger of extinction [65].  
Specialist Lepidoptera species are declining in the 
United Kingdom, while generalist species are 
increasing [65-67]. The general consensus is that 
the greater redundancy in interactions exhibited 
by generalists leads to greater stability of that 
community; however, others have argued that 
climate variables will have a greater effect on 
generalists than on specialists which are more 
dependent on host plant diversity [68]. When 
insects not only specialize on a particular species, 
but also can only consume leaves of a specific 
age, the compounded effects of changes in penology 
and host plant abundance with warming will 
severely impact those herbivore-plant interactions 
[42-43].  
 
Limitations  
Using latitudinal studies to predict the effects of 
temperature rise on insect-plant interactions has 
many obvious limitations. One such limitation is 
that although they are helpful in predicting 
response to gradual temperature change, they do 
not readily take into account other climate change 
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traits because they are closely related. This could 
lead to the spurious appearance of latitude-driven 
differences in herbivory and herbivory related traits. 
Studies of wider ranging plant-insect interactions 
along a gradual gradient could alleviate this problem.
Many latitudinal studies of insect-plant interactions 
and host plant quality do not apply consistent 
methods, and have been limited in their geographic 
distribution resulting in inconsistent and 
contradictory results [74]. Results also appear to 
be ecosystem dependent so research from a 
diversity of ecosystems should be a priority [74].  
Collaborative research agendas like the World 
Herbivory Project supported by the Australian 
Research Council, Macquarie University, the 
Australian Geographic and the Amazon Conservation 
Association ought to help mitigate this.  Project 
participants are applying standard methods at 
approximately 100 sites around the world to study 
herbivory. 
 
CONCLUSIONS 
To better predict the future distribution and 
abundance of insects, the possible effects of 
climate change must be considered from the 
perspective of multi-trophic interactions, and 
should consider differential responses of species 
at each trophic level. One way to do this may be 
to study these interactions over latitudinal clines 
in temperature using consistent methods that 
consider several traits simultaneously. Future 
work needs to consider insect herbivore and host 
plant phenotypic and genotypic flexibility and 
responses of each to climate change in concert [2].  
We must consider climate change effects not only 
in terms of differential range expansion, but also 
with respect to habitat change, fragmentation and 
loss; and species invasion which are occurring 
concurrently with climate change. Despite the 
predicative potential of latitudinal studies especially 
when considered together with experimental 
variation of climate variables and local response 
to recent warming, actual impact on complex 
insect-plant interactions may unfortunately only 
become apparent in the long term. 
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drivers that either will interact with temperature or 
independently influence insect-plant interactions.  
Predicted increases in atmospheric CO2 will most 
definitely impact the plant side of the interaction 
with potential increases in primary production, 
and shifts towards higher carbon:nitrogen ratios.  
This could result in increases in carbon based 
defenses such as phenolics and tannins [44] and 
decreases in alkaloid concentrations [69]. It has 
been shown that elevated CO2 and O3 decreased 
defense and increased levels of herbivory in Quaking 
Aspen [70]. Others predict that warmer temperatures 
will result in increased nitrogen availability and 
carbon-based secondary compounds are therefore 
expected to decrease [71]. Increases in CO2 
should not directly influence insect herbivores 
[2, 72]. Changes in nitrogen availability that may 
also occur with climate change [4] and would 
likely influence the carbon-nitrogen balance in 
plants which ultimately can determine rates of 
photosynthesis and allocation to defense [44].   
Increased solar ultraviolet-B (UV-B) radiation 
reaching the earth's atmosphere, due to stratospheric 
ozone depletion is another consequence of climate 
change [73]. Although this is not expected to 
directly affect insects [2], it may indirectly affect 
them because plants often respond to increased 
UV-B radiation with the production of phenolics 
which also serve as deterrents to insect feeding.  
Other drivers such as increased cloud cover and 
changes in water balance could also influence 
productivity and allocation to defense which in 
turn may drive levels of herbivory. It is clear that 
multiple factors acting simultaneously will result 
in higher order effects and do present a challenge 
to predicting the future responses of ecological 
interactions and communities to global climate 
change [4]. 
Generalizations of results from where multiple 
populations are sampled only at extremes of a 
latitudinal gradient may be limited by the confounding 
influences of genetic relatedness, plasticity and 
latitude. Many herbivory-related traits in plants 
are genetically determined, and in any given 
species, populations at either end of a latitudinal 
distribution are likely to be more closely related 
as a result of local adaptation or common 
ancestry. Thus, plants from nearby sites at a 
particular latitude could share herbivory-related
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