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Increases in data availability and geographic ranges of studies
have allowed for more thorough tests of latitudinal gradients in
trophic interactions, with numerous recent studies testing
hypotheses that strength of interactions, herbivory, plant
chemical defense, and dietary specialization all increase with
decreasing latitude. We review the issues surrounding these
latitudinal gradients, discuss some methodological challenges,
and provide some caveats relevant to inferences from existing
approaches. To examine some potential issues with studies on
latitudinal gradients in dietary specialization, we simulate a
latitudinal gradient of communities that increase in diversity and
specialization towards the equator then test the power of different
sampling designs for detecting the gradient. Based on this simple
simulation, as well as apparent incongruities in the literature, we
conclude that subtle differences in sampling design can be
responsible for failure to detect existing gradients. Despite calls
for rejecting some latitudinal gradient hypotheses, itis clear thata
great deal of careful research remains to determine important
correlates of the well-established latitudinal gradient in diversity.
In particular, future studies should focus on replicated gradients,
greater emphasis on continuous sampling, and use of taxonomic
controls that allow for meaningful analyses across latitudes.
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Latitudinal gradients in multitrophic
interactions

The latitudinal diversity gradient is one of the strongest
and most conspicuous large-scale ecological patterns.
Numerous ecological, evolutionary, and statistical studies
have attempted to elucidate the causes and consequences
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of diversity changes with latitude [1-5,6°]. These studies
are putatively related to an actual large-scale gradient, but
most are focused on comparisons of tropical versus tem-
perate ecosystems rather than characterizing latitudinal
gradients per se [7]. This is probably justified in some
cases because the latitudinal gradient is not necessarily
linear—for example, it could exhibit more extreme
changes at around 24 ° latitude [8]. For plants and insects
involved in multitrophic interactions, one relevant
mechanistic hypothesis driving the diversity pattern is
that higher levels of ecological specialization (for both
producers and consumers) in the tropics have allowed for
greater numbers of species [2,3,9], thus a number of
empirical studies have attempted to document the lati-
tudinal gradient in consumer specialization [10-12,13°].
Correlated with these increased levels of ecological
specialization are hypothesized latitudinal changes in
plant chemical defense, predation, parasitism on animal
tissue, and herbivory, all of which contribute to main-
taining increased diversity (as well as the higher levels of
ecological specialization) in the tropics [14]. Indeed, there
is excellent evidence that the strength of some biotic
interactions is stronger at lower latitudes (e.g. herbivory
and arthropod predation; [14,15°°]). While attack rates
and overall mortality from parasitoids might not be higher
in the tropics [16,17], most empirical studies, including
meta-analyses, indicate that herbivory and predation are
more intense in tropical versus temperate ecosystems.
Again, the majority of these studies related to interaction
strength are simply tropical-temperate comparisons, not
gradients. In some cases, studies that address latitudinal
gradients in biotic interactions might indeed be gradients
(with continuous sampling across some large geographic
extent), but with sampling focused on temperate regions
and thus not necessarily informative with respect to issues
of global diversity [18°°,19°°,20,21]. One major challenge
for understanding latitudinal gradients in trophic inter-
actions is that standardized empirical data on predation
[15°°,22], parasitism [17], herbivory [18°°,19°°,23], chem-
istry [7,24,25,26°] and dietary specialization [12,14,27,28]
are either limited or are characterized by methodological
shortcomings or disagreements about the best approach.

Problems with common approaches to
studying latitudinal gradients in multitrophic
interactions

There are four effective approaches to addressing macro-
ecological questions about multitrophic interactions
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across large gradients: first, simulation and analytical
models relevant to assumptions and predictions of mech-
anisms that putatively generate diversity gradients; sec-
ond, exhaustive meta-analyses or other quantitative sum-
maries that use all available studies rather than subsets of
published studies [13°,29,30]; third, collection of samples
with comparable phylogenetic distributions [11] using
standardized methods; and fourth, broad sampling across
large numbers of taxa [31,32] using standardized meth-
ods. Some syntheses of the latitudinal gradient literature
have criticized existing methods and provide direction for
overcoming inconsistent methods or poorly framed
hypotheses [20]. Clearly each approach has strengths
and weaknesses, but continuing to combine these meth-
ods will lead to rapid progress in understanding biodiver-
sity. These approaches could also be combined with
network science, but currently most networks are unreal-
istic because they are based on scales that are irrelevant to
the assembly and function of communities, poor natural
history, or a mix of literature-based data of variable
quality [33-35]. Thus, it may not be surprising that tests
of latitudinal gradients using network parameters [27]
produce different conclusions than those derived from
other community data [36], as the use of networks may
address peculiar hypotheses about unrealistic systems [5].

Recent prominent latitudinal gradient studies that did not
utilize networks [7,12,13°,18°°,24,28,32,37,38] are also not
without flaws and have been characterized by opportu-
nistic and haphazard selection of sites, study organisms,
methods, and assumptions, such that there is no phylo-
genetic control or no broad representation of the most
influential species from a majority of feeding guilds
within an ecosystem. Standardized effect sizes and clear
measures of interaction strength have also often been
lacking in these studies, with an associated lack of under-
standing of the ecological relevance or natural history of
the estimated statistics. For many studies, sites and taxa
are not selected to test hypotheses about latitudinal
gradients, rather they are haphazard collections of data-
sets from well-studied field stations or university-
associated study sites [28,32]. The location of field sites
is often (and necessarily) a matter of logistic or political
convenience, while an ideal latitudinal gradient would
be designed to control for a number of confounding
variables—for example, only including lowland forests
across South America. It would be far more powerful to
have a continuous gradient across specific longitudinal
bands or within biogeographic regions. It is difficult to
determine how many sites should be added to achieve a
full, informative gradient. Certainly one could only use
2 or 3 sites to generate a parameter estimate and to see if it
is different from zero, but the real question is how many
sites are needed for adequate statistical power, and for
that question a few sensible guidelines should be consid-
ered. First, actual power analyses are essential for consid-
ering selection of sites, whether they be formal statistical
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analyses or simple considerations of tradeoffs between
breadth and depth of data across the gradient. Second, to
really get at the issues associated with the latitudinal
species diversity gradient, it is important to sample right
at the points where the greatest rates of change are
expected—the transitions from subtropical to tropical,
rather than samples within temperate or tropical latitudes.
"Third, if there are good theoretical reasons to expect other
nonlinear responses, the areas where nonlinearity are
expected should be better sampled, otherwise latitude
still reverts to a nominal variable (tropical versus temper-
ate) and the statistical power of a continuous or ordinal
variable is potentially squandered. This approach may
clarify issues associated with the fact that latitudinal
gradient studies have found different results depending
on where the gradient was situated and which ecosystems
were or were not included. Such issues related to globally
distributed field sites have hidden complexity and pitfalls
which we address further below using a simulation
approach. Although we focus largely on sampling
schemes involving site-specific community data, it is
worth noting that latitudinal gradients in interactions
can also be studied from a phylogenetic perspective in
which species (and the latitudinal position of their ranges)
are the unit of replication, which shifts the emphasis to
questions of evolutionary history. Egan ez a/. [39], for
example, found that transitions to herbivory in clupeoid
fishes were more common at lower latitudes.

In contrast to dietary specialization, which has been the
subject of frequent study over the past decade [28,36,37],
there is a dearth of thorough studies on latitudinal gra-
dients in predation and plant chemistry. Many of the
studies that do exist (predation/parasitism [14,16], chem-
istry [18°°,19°°,20,24,38,40]) are affected by the method-
ological issues mentioned above or by a restricted focus
on individual enemy taxa or broad classes of defensive
compounds that are not meaningful (see Ref. [41] for a
review of the chemical ecology of individual compounds
versus mixtures). When modern metabolomics methods
are not available, a productive alternative is the use of
bioassays, for example where plants are sourced across a
latitudinal gradient and exposed to a single herbivore
[19°°] or seeds are experimentally placed in the field to
study predation [42°]. One particularly appealing
approach would be to examine latitudinal gradients in
the phytochemical landscape [43], which would focus on
variation in plant defenses and multitrophic consumer
densities across study sites. Gradients in the phytochem-
ical landscape could be examined by focusing on the same
genus across a carefully designed gradient, or at least a
focus on species in the same plant family, and by quanti-
fying one or a small number of well characterized
defenses (rather than classes of putative defenses, such
as tannins). A rigorous, scaled-up version of that approach
would be to select a group of plants at each site in the
gradient that are separated by similar phylogenetic
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distances [11]. Alternatively, one could attempt broader,
ecosystem-level measures of defense. This would require
either large scale bioassays [31] or metabolomics
approaches [25] that include carefully selected taxa from
ecosystems across a full latitudinal gradient. The selec-
tion of taxa is challenging and current approaches include
focusing on a single taxon that spans a broad latitudinal
gradient, or the phylogenetic pairing of species at differ-
ent sites. Neither approach is perfect: in the former, broad
distribution of a taxon does not necessarily imply useful
distribution of species and potentially ignores the role of
taxa with restricted ranges; the latter option (taxonomic
pairing of species) is more difficult to implement in a
design with continuous latitudinal sampling. The
approach utilized by Miller and Hanson [31] was strong
because they examined the effects of hundreds of tropical
versus temperate plant species on a dietary generalist
caterpillar, but this was unreplicated at the consumer
level and was not a true gradient. The metabolomics
approach [25], comparing one tropical and temperate site,
also suffered from these issues.

Issues in the design of latitudinal studies, with
a focus on ecological specialization

In contrast to the phytochemical landscape, consumer
specialization is a parameter that suffers less from a lack of
empirical data and more from an overabundance of defi-
nitions that differ in assumptions and interpretation, as
well as in complex associations with other parameters,
such as abundance and sampling intensity [44]. Because
consumer specialization is relatively well studied, and
global gradients in dietary specialization have been
reported numerous times [28,32,36,45,46], it also provides
a useful context for more rigorous examination of issues in
the design of latitudinal studies. As mentioned above,
many if not all of the largest studies to date have utilized
data from field sites selected for reasons other than the
careful sampling of global gradients. Given the
importance to the field of ecology of the latitudinal
gradient in diversity and related patterns, it is noteworthy
that the consequences of relevant sampling designs have
received little attention.

We used a recently published simulation framework [35]
to generate an artificial world of plants and herbivores
with qualitatively realistic latitudinal gradients in species
richness and diet breadth (Figure 1). The gradient in diet
breadth among simulated communities was created by
varying alpha, the shape parameter from the discrete,
truncated Pareto power law, which we have used else-
where [28] to quantify variation among communities in
consumer specialization and generalization (higher values
of the shape parameter indicate assemblages of more
specialized herbivores). In the simulation of communi-
ties, alpha was linked to the diversity of plants and
herbivores such that high levels of diversity were associ-
ated with high levels of specialization—a pattern that has

Figure 1
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Simulated latitudinal gradient, utilizing the multitrophic model
described by Pardikes et al. [35]. Individual points are simulated
communities characterized by plants and associated herbivores. For
each community, we fit a discrete, truncated Pareto power law [50],
and extracted alpha, the shape parameter. Higher values of alpha
correspond to communities more dominated by specialist consumers.
The relationship (shown as the dotted line) between alpha and latitude
was estimated with a simple linear regression, and the slope of this
regression is taken as the point of comparison for simulated
resampling of the latitudinal gradient, as shown in Figure 2. The
latitudinal gradient shown here is qualitatively similar to the empirical
gradient reported in Forister et al. [28], in which alpha ranges from
approximately 2 to less than 0.5 across 50° of latitude.

been documented empirically by numerous studies
(Figure 1). To investigate how the design of latitudinal
studies impacts the discovery and quantification of such
patterns, we separately generated thousands of sampling
schemes that differ in the number of sites studied, the
specific location of sites studied, and the depth of sam-
pling at each site. We then took those simulated sampling
schemes and returned to the simulated world to ask if a
particular combination of sampling sites would better
discover the true latitudinal gradient (the ‘true’ gradient
in this case is the slope from our simulated world). We also
used network parameters from these same simulated
communities to examine how networks, especially those
at the broader scales that are reported in the literature,
produce different inferences about gradients.

Results from the re-sampling of the simulated world show
clear effects of sampling design on inferences about
gradients (Figure 2). For example, when we examined
the difference between the observed and true latitudinal
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Results from 8000 simulated latitudinal gradient studies in which different artificial sampling schemes were applied to the simulated world. Each
panel shows the difference between the true latitudinal pattern (the slope from Figure 1) and the slope estimated by resampling the simulated
world. Note that here (in contrast to Figure 1), each point is not an individual community or geographic location, rather each point is the outcome
of a single, multi-location latitudinal study. Results from 500 simulated studies are shown in each panel, which are organized by the number of
sites studied (from 3 on the left to 15 on the right) and the depth of local sampling (from 2% to 66% of local plant-herbivore interactions
observed, from top to bottom). In each panel, the gray circles are individual studies that fail to reject the null of no latitudinal pattern, while black
circles indicate studies that detect the pattern (P < 0.05); the fraction of statistically significant studies is shown in the upper right of each panel.
The x axis for all panels is the latitudinal spread (or breadth) of each simulated study. With greater numbers of sites sampled (from 3 to 15), the
latitudinal spread necessarily compresses towards the high end.
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Changes in network parameters resulting from pooling adjacent sites that were simulated across a latitudinal gradient. Four commonly used
indices are examined, two that are related to dietary specialization (Pareto alpha and fraction of extreme specialists) and two that are related to
edge diversity in a network (interaction diversity and connectance). Alpha is the shape parameter from the discrete, truncated Pareto power law,
and it provides a useful estimate of dietary specialization. Fraction of extreme specialists is simply the proportion of all individuals that utilize only
one host. Interaction diversity is the Shannon entropy of all sampled edges in a network. Connectance is the fraction of all possible links that
actually exist in a network. The first column is based on site specific sampling. In the middle column, networks were assembled by pooling sets of
three consecutive sites (a focal site, and one on either side). For the right column, we pooled eleven sites—five sites on either side of a focal site.
Pooling of data in this context means that if a particular herbivore is found in association with one host plant at one site and a second host at
another site, the pooled data would have the herbivore associated with two hosts (even though it only ever attacks one host locally). In all cases,
communities were sampled to a depth of 10% (similar to the second row of panels in Figure 2). The latitudinal gradient for alpha and fraction of

Current Opinion in Insect Science 2019, 32:68-76

www.sciencedirect.com



pattern for studies that each contained three sites and
sampled local communities to a depth of 2% (i.e. that
fraction of local interactions was recorded; Figure 2, top
graph on the left), the vast majority of studies suffered
from type 2 error, failing to reject the null of no relation-
ship between consumer specialization and latitude. Of
the studies that correctly recovered a latitudinal pattern,
most tended to slightly overestimate the strength of the
latitudinal relationship, although a few studies found, by
chance, a latitudinal pattern that was significant and more
positive than the true slope. As the number of sites
sampled increases (along the columns from left to right
in Figure 2), the type 2 error decreases; as sampling
intensity within each site increases (from top to bottom
among the panels), accuracy increases with the recovered
slopes converging on the true slope.

However artificial they may be, these results are poten-
tially sobering for certain real world designs. With only
3 sites sampled (the left column of Figure 2), an increase
in local sampling intensity (from 2% to 66% of interac-
tions recovered) results in a negligible increase in power
to reject the null of no latitudinal relationship (never
rising above 13% of studies detecting a pattern). The
depth of local sampling for most researchers will be
related to years of effort, thus one conclusion from our
power analyses is that when years are limiting, the impor-
tance of having more sites is elevated. It is also interesting
to note that the influence of geographic breadth (the
latitudinal span covered, as shown on the X-axes of
Figure 2) is not as pronounced as one might expect: with
only 3 or 5 sites samples, greater latitudinal breadth brings
the average estimated slope only a bit closer to the true
slope. Of course, a more realistic biotic gradient may not
be linear, especially as one shifts from temperate to
tropical ecosystems, and in that case, a greater latitudinal
breadth could be considerably more important. Another
positive note from these results, provided that model
assumptions are realistic, is that complete local sampling
is not necessary for recovery of a latitudinal gradient in
dietary specialization. Consider studies with 10 sites and
10% of local interactions observed: 96.8% of those studies
detect the latitudinal gradient with only slight overesti-
mation of the negative strength of the pattern.

This approach also gives a glimpse into issues with
curation of data based on assumptions about the abun-
dance of particular interactions, such as rare specialized
feeders, and how those assumptions can have substantive
consequences for inferences. For example, singletons (in
which a particular herbivore is observed exactly once) are
frequently excluded from community data. This is
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typically presented as a conservative measure, since
the confidence in that observation of a plant—insect inter-
action link might be low and these singletons could be
transient species [47]. However, the exclusion of single-
tons from the simulated world that we have analyzed here
could have substantive consequences. For our simulated
networks, without singletons, the fraction of studies
recovering the true latitudinal gradient never rises above
34% even under the most rigorous conditions (15 sites and
66% of interactions observed; results not shown). It can
also be noted that the inclusion of singletons is inherently
related to an issue of type two error in studies of latitudi-
nal gradients. In datasets from the most diverse commu-
nities, the numbers of individuals observed for all species
(including the most rare) are lower than in less diverse
communities (for a given level of sampling effort). One
consequence could be that the discovery of generalists
becomes more difficult at higher levels of diversity, thus
producing a latitudinal gradient of specialization. This
possibility highlights the value of high quality data and
the need for long years of study at any diverse location;
although, as we find in our simulation results, the value of
sampling depth might (counter-intuitively) be less impor-
tant than the value of dense geographic sampling. A
second issue potentially giving rise to an erroneous infer-
ence of a latitudinal gradient is taxonomic uncertainty.
Where uncertainty is high (i.e. fewer formally described
species) it could be more difficult to link occurrence
records, such that a particular herbivore is observed on
two different host plants but recorded as a unique mor-
phospecies in both cases. Beyond these issues, false
discovery rates within a frequentist framework are well
understood, and we would only expect 5% of studies to
report a correlation between latitude and ecological spe-
cialization if, in fact, the actual slope relating latitude and
ecological specialization is zero. Considering meta-anal-
yses and qualitative reviews, we are not aware of any
authors who have suggested that 5% or fewer of published
studies have reported a latitudinal gradient.

In general, the most problematic treatments of latitudinal
gradients are those that examine network parameters
across latitudes without consideration of network scale
[36]. Even if the scales from which data are derived are
somehow standardized (e.g. plot-based networks [8]),
there is a tendency for researchers to choose a scale for
network assembly that is larger than the scale at which
meaningful interactions actually take place. This is an
understandable bias, since a greater spatial scale allows for
the accumulation of more data, but the consequence is
that networks often span regions or ecosystems with clear
barriers to dispersal and gene flow between them. We

(Figure 3 Legend Continued) specialists disappears with pooling. Connectance and interaction diversity retain the positive slope, but the
magnitude of the slope and y-intercepts change considerably with pooling. Note that the upper left panel (site-specific sampling of the alpha
parameter) overestimates the true slope as seen in Figure 1. This overestimation is consistent with a bias resulting from sampling 10% of possible

interactions (Figure 2).
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examined this issue in the context of detecting latitudinal
gradients, by pooling the simulated communities
described above (Figure 1) that are from neighboring
latitudes and examining four network parameters across
the global gradient: the alpha parameter from the dis-
crete, truncated Pareto distribution of diet breadth, the
fraction of extreme specialists (with a diet breadth of one
host), network connectance, and interaction diversity
(Shannon entropy). For all parameters, site-specific sam-
pling provides a different picture than pooling sets of
three or eleven consecutive sites (Figure 3), and this
change is most severe for the alpha estimate of speciali-
zation and the fraction of specialists, for which the latitu-
dinal gradient disappears with the modest pooling of
eleven neighboring sites. The other network parameters,
connectance and interaction diversity, retain the same
type of relationship across the latitudinal gradient (i.e. a
positive slope), but the parameter estimates (slope and
y-intercept) also change in magnitude. Thus, network
studies of latitudinal gradients should consider these
scaling issues, especially if the associated inferences
are that there is no latitudinal gradient in a specific
parameter, such as specialization. This is especially true
if the intent is to detect gradients in local interactions, as
may be the case for ecological interactions that affect
diversity.

Conclusions

A recent paper [48] suggested that a latitudinal gradient in
species interactions is a ‘zombie idea’ that refuses to die.
Regardless of the details of individual studies, the com-
plexity of the issue (a global ecological gradient) should
make one suspicious, @ priori, of any claims that our
relatively young science is somehow done with this impor-
tant issue. Such a suggestion would be analogous to a
geneticist from years past evaluating a handful of studies
and suggesting that the organization of genetic material in
the nucleus is sufficiently understood; in fact, of course, the
organization of genetic material is still an object of impor-
tant study, and the complexity of genetics is ultimately
embedded in the complexity of any large-scale organismal
pattern. Thus there is no particular reason to think that the
issue of global interaction gradients has been laid to rest,
and we should expect (indeed, hope for) many more years
of both controversy and progress. In our simple simulation,
we have focused on a single measure of consumer diet
breadth. However, there is no reason to think that similar
conclusions would not be had for other indices studied at a
global scale, perhaps even human consumption of natural
resources [49°°]. Ecologists have a long tradition of encour-
aging but rarely implementing power analyses, which can
be useful both for experimental design and the interpreta-
tion of results. Given the expenses associated with gener-
ating latitudinal data, this is certainly an area of ecology that
should pay closer attention to the value of Monte Carlo
(resampling) perspectives on both real and simulated data
[5]. Finally, there are a number of important approaches

that should be especially fruitful for understanding large-
scale gradients in coming years, including the use of meta-
bolomics and detailed phytochemical landscape data, more
studies of natural enemies, and better integration between
community simulations and empirical results.
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