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Abstract: Environmental gradients (such as average annual temperature increasing towards the tropics) are numerous 
across the globe. Here I propose a theory, comprised of progressive hypotheses, which links temperature and water 
availability to the maintenance of high genetic and phenotypic diversity in the tropics through enhanced biotic 
interactions. In terrestrial ecosystems higher temperatures and water availability, by allowing higher rates of mobility, 
growth and reproduction of organisms, should lead to higher rates of encounter among individuals in communities. Due to 
this, interactions in wet and warm environments, such as tropical rainforests, should be both more frequent and more 
diverse regardless of the number of species present. This diversity of interactions is illustrated at the genotype level, 
stressing whether genotypes interact positively or negatively with other genotypes, and considering species, as well as 
individuals, as genotypes. Such biotic interactions in environments can generate strong genotype-environment interactions 
that can promote the maintenance of high levels of (functional) genetic and phenotypic diversity. This can subsequently 
facilitate coexistence and speciation processes. The paper finishes by proposing future research to test the hypotheses and 
hence the overall theory presented here.  

Keywords: Encounter rate, maintenance of genetic variation, genotype-environment interaction in fitness, phenotypic 
flexibility, water availability and temperature, diversity gradients. 

INTRODUCTION 

A Brief Review of Hypotheses that Explain Latitudinal 

Diversity Gradients 

 The distribution of diversity on Earth is not random, but 
displays several gradients (Ricklefs and Schluter 1993; 
Rosenzweig 1995; Hillebrand 2004; Mittelbach et al. 2007). 
These global patterns of species richness have interested 
researchers for over 100 years (Wallace 1878; Dobzhansky 
1950; Fischer 1960). Several hypotheses try to explain the 
latitudinal diversity gradient (reviewed in Willig et al. 2003; 
Mittelbach et al. 2007). The “time and area hypothesis” 
(Wallace 1878) states that because the tropics have occupied 
a large area for a long period of time, more species have 
accumulated there. However, evidence suggests that despite 
tropical habitats existing for longer periods of time relative 
to temperate ones this, by itself, does not explain the 
latitudinal diversity gradient (Mittelbach et al. 2007). 
Recently, Arita & Vázquez-Domínguez (2008) have pro-
posed a dynamic null model against which current gradients 
can be contrasted. However, ecological and evolutionary 
explanations are still needed to explain latitudinal diversity 
gradients. 

 The “effective evolutionary time hypothesis” (Fischer 
1960; Rohde 1992) states that because in ectotherms higher  
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temperatures lead to shorter generation times and higher 
mutation rates (from higher metabolic rates and subsequent 
free radical release), this will, in turn, generate faster 
divergence among populations. This divergence will be 
facilitated by the higher metabolic rates induced by higher 
temperatures, which will speed up selection due to 
accelerated physiological processes (Rohde 1992). Indeed, 
there is a widely documented positive relationship between 
available energy and species richness (Mittelbach et al. 
2001; Evans and Gaston 2005). Allen et al. (2002) framed 
this hypothesis in the context of the metabolic theory of 
ecology (MTE), explaining diversity gradients by linking the 
evolutionary and ecological processes to plant and animal 
metabolic rates. However, a recent attempt to test this 
hypothesis failed to support the model (Hawkins et al. 2007). 
Although the regression models of Hawkins et al. (2007) did 
not support the quantitative predictions of the MTE, they still 
found significant positive linear relationships between 
species richness and temperature in 32 out of 46 data sets, 
suggesting that temperature may explain the latitudinal 
diversity gradient. Other shortcomings of the effective 
evolutionary time hypothesis have also been highlighted 
(reviewed in Evans & Gaston 2005; Mittelbach et al. 2007). 
Hawkins et al. (2003) further showed that understanding 
water-energy relationships was crucial to understand the 
global patterns of diversity. In addition, Latimer (2007) 
showed how, at high temperature, water availability was a 
better predictor of species richness. Thus, additional 
explanations seem to be necessary for a better understanding 
of the patterns of diversity. These new explanations should 
identify the role of historical factors in current distributions 
as well as the interplay between regional and local ecological 
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patterns in the current distribution of biota (Ricklefs and 
Schluter 1993; Ricklefs 2004).  

 An alternative classic view that provides an explanation 
of the latitudinal diversity gradient is the “biotic interactions 
hypothesis” (Dobhanzky 1950; Fischer 1960; Currie et al. 
2004; Guernier et al. 2004; Mittelbach et al. 2007). Accor-
ding to this hypothesis, the relatively constant and mild 
climate conditions of the tropics allow biotic interactions to 
play an important role in diversification. The harsh environ-
ment of higher latitudes, in contrast, does not facilitate biotic 
interactions and diversification occurs at a lower rate. 
According to Dobhansky (1950), due to extreme climate 
conditions selection would be random and disastrous in 
higher latitudes and elimination would “acquire a differential 
character” from biotic interactions at lower latitudes. 
Schemske (2002) argues that diversity in the tropics may be 
originated from geographical differences in the pattern and 
magnitude of species interactions and that newly isolated 
tropical populations are forced into new coevolutionary 
pathways and hence species evolve along new trajectories. 
However, as Schemske himself recognizes, one caveat of the 
latter interpretation is that more diversity is necessary in the 
first instance in order to generate further diversity (Schemske 
2002). In addition, as currently formulated, the biotic 
interactions hypothesis does not successfully explain how we 
move from constant climate conditions to higher species 
richness. A possible link could be established if biotic 
interactions could contribute to the maintenance of higher 
genetic and phenotypic diversity within populations, which 
could consequently facilitate speciation and coexistence.  

An Outline of the Proposed Theory  

 Abiotic factors, such as temperature and water availa-
bility, show strong gradients across the globe. In terrestrial 
ecosystems, temperature and water availability decrease with 
latitude, and temperature decreases with altitude while 
precipitation can reach its highest at intermediate elevations 
(Walter 1975). Several discrete hypotheses have been put 
forward to link temperature and water gradients with 
biological diversity (e.g. Rohde 1992; Allen et al. 2002; 
Hawkins et al. 2003; Hawkins et al. 2007). Attempts to 
establish this link have been made, for instance, with respect 
to latitudinal gradients of species richness (species richness 
increasing towards the Equator) (reviewed in Willig et al. 
2003; Mittelbach et al. 2007). However, to the author’s 
knowledge no attempt has been made to establish a 
relationship between water availability and temperature, the 
frequency and diversity of biotic interactions, and the 
maintenance of (functional) genetic and phenotypic diversity 
at the global level. The maintenance of genetic and 
phenotypic diversity is important both from an evolutionary 
as well as from an ecological point of view. First, genetic 
diversity may enhance the rate of ecological speciation, as a 
lack of genetic diversity may constrain population fitness 
(Schluter 2000). Furthermore, given the growing evidence 
that developmental plasticity may also contribute to the 
generation of novelty and speciation (West-Eberhard 2003), 
the overall amount of phenotypic diversity (both from 
constitutive genes as well as from plasticity) may be an 
important determinant of diversification. Second, from an 
ecological point of view, species coexistence may largely 

depend on the available genetic diversity within interacting 
populations (Vellend and Heber 2005, Vellend 2006, Hughes 
et al. 2008), as well as on the degree of phenotypic plasticity 
(Peacor et al. 2006). Thus, understanding how temperature 
and humidity can affect biotic interactions and the 
maintenance of genetic diversity has the potential to alter our 
current view on how global warming and climate change 
could be linked to the maintenance of biodiversity on Earth. 

 In this paper, I use existing literature to develop a theory, 
comprised of logical and progressive hypotheses, which 
links temperature and water availability with the mainte-
nance of genetic and phenotypic diversity through increasing 
the rate of biotic interactions. Published literature is used to 
build up a comprehensive framework of testable hypotheses 
and to develop from them an integrated meta-theory. To the 
author’s knowledge the hypotheses have not been brought 
together in such a clear and progressive manner previously. 
Throughout this paper, biotic interactions are defined as 
Genotype-Genotype interactions (GxG), without regard to 
which species a genotype belongs to. Thus, for simplicity, 
both intra- and inter- specific interactions are considered 
similarly, even though it is acknowledged that they might 
differ substantially in mode, strength and direction.  

 Fig. (1) shows the causal links comprising the theory. 
The novelty of the argument is the realization that abiotic 
factors of global effect (e.g. water availability and tempera-
ture in terrestrial ecosystems) constrain the mobility, growth 
and reproduction of most organisms and, where these are 
less constrained (e.g. in tropical rainforests), the encounter 
rate among organisms (genotypes) is potentially higher, 
which leads to an increased frequency and diversity of biotic 
interactions. This may enhance diversity in a number of 
ways (Fig. 1), which leads to the series of hypotheses that are  
 

Fig. (1). Schematic representation of the theory that temperature 
and water availability can contribute to maintain genetic, 
phenotypic and species diversity by increasing the rate of biotic 
interactions (see text for details).  
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delineated in this paper. In summary, higher temperature and 
water availability allow biotic interactions to be more 
frequent and diverse, which leads to fluctuating selection, 
Genotype-Environment interactions in fitness (fitness GxE, 
i.e. the same genotypes have different fitness in different 
environments) and diffuse coevolution (as opposite to tight 
pair-wise coevolution), which allow the maintenance of high 
genetic diversity. Also, strong fitness GxE should lead to the 
evolution of the senses and the evolution of phenotypic 
plasticity in labile traits. Higher phenotypic diversity enha-
nces coexistence, and thus the maintenance of more species 
in communities, as well as ecological speciation. Further-
more, more encounters can lead to stronger interactions (as 
recognized in the tropics – e.g. Schemske 2002; Mittelbach 
et al. 2007), which will facilitate coexistence and speciation 
through tight pair-wise coevolutionary pathways. The net 
effect of all these processes should be to produce higher 
genetic and species diversity in warm and wet environments, 
such as tropical rainforests.  

 In aquatic environments, temperature alone could have a 
similar effect to water and temperature in terrestrial environ-
ments. A recent study involving the Major Histocompa-
tibility Complex (MHC) in Atlantic salmon (Dionne et al. 
2007) supports this view. These authors showed that, after 
including pathogen richness as a covariate in a linear model, 
there was an increase in allelic MHC richness with 
increasing temperature and with decreasing latitude. As 
predicted by the present theory, the diversity of neutral 
alleles (i.e. in microsatellite loci) showed a slope not diffe-
rent from zero with either temperature or latitude, strongly 
suggesting that temperature drives balancing selection (i.e. 
selection favoring different alleles in different environments) 
from biotic interactions. This is possibly the best evidence to 
date that biotic interactions enhanced by temperature entail a 
fine-grained selection mosaic (see below) that contributes to 
maintain higher genetic diversity. 

THE THEORY IN DETAIL 

 The theory that increased temperature and water 
availability lead to more diverse biotic interactions, which 
facilitate the maintenance of higher functional genetic 
diversity and plasticity in populations, could explain how 
climate links to higher diversity in tropical environments. An 
important virtue of the proposed theory is that differential 
diversification across latitudes can start with the same 
number of available species and genotypes at all latitudes. 
What follows is a detailed explanation of the hypotheses that 
comprise the core of the theory. 

Hypothesis 1: In Terrestrial Communities, the Encounter 
Rate Among Genotypes Depends on Temperature and on 

Water Availability 

 Considering that endothermic vertebrates are just a small 
part of the total species pool on earth (e.g. Wheeler 1990), 
and are likely a small part of the total biomass of terrestrial 
ecosystems (e.g. Fittkau and Klinge 1973), we can conclude 
that most life on earth is ectothermic. In ectothermic 
organisms, an increase in metabolic rate induced from higher 
temperatures should lead to an increase in biological activity 
(such as mobility, growth and reproduction). Similarly, due 

to the risk of desiccation, a decrease in water availability 
should lead to a decrease in biological activity in most 
organisms, as is the case in desert animals and plants (Allee 
et al. 1949; Went 1949). Here I argue that an increase of 
biological activity induced by higher temperatures and water 
availability may lead to a higher encounter rate among 
genotypes, which will entail a higher frequency and diversity 
of biotic interactions. For instance, temperature enhances 
mobility in ectothermic animals (e.g. Allee et al. 1949; 
Bauwens et al. 1995) and, as a consequence, the encounter 
rate among potentially interacting individuals may also 
increase (e.g. bees and flowers - Herrera 1995; predator-prey 
ectothermic interactions - Kruse et al. 2008; agonistic 
interactions in male dragonflies - Baird and May 2003; 
encounter rate between males and females - Moya-Laraño et 
al. 2007). Also, in animals the probability of entering dia-
pause increases with latitude (e.g. Schmidt et al. 2005) as 
well as in deserts (Allee et al. 1949). Growth and repro-
duction is both water- and temperature-dependent in animals 
(Keilin 1959), plants (Kozlowski and Pallardy 2002; 
Cunningham & Read 2003) and fungi (Kope et al. 2008). All 
these effects should be reflected in the rate of biotic 
interactions. For instance, an increase in parasitic prevalence 
and/or load with decreasing latitude or with temperature (e.g. 
Merino et al. 2008; Salkeld et al. 2008) could be related to 
the enhancing effect of temperature on encounter rates, 
particularly when water is not a strong limiting factor for 
vector populations. Similarly, there is a higher prevalence of 
plant diseases in wet environments (Gilbert 2005). 

 The range of temperature and/or water availability within 
which biological activity is possible must also depend on 
local or regional (latitudinal, altitudinal) adaptation. This 
means that some species adapted to high latitudes or altitudes 
may have higher biological activity (metabolic rates) at 
lower temperatures (e.g. Alvárez et al. 2006; Cano and 
Nicieza 2006). However, despite such local/regional adapta-
tion, there should still be variation remaining to predict a 
strong latitudinal gradient in activity due to differences in 
temperature and water availability. 

 Faster growth and reproduction also involves a higher 
rate of space occupancy, which will also lead to higher 
encounter rates among genotypes. As biomass increases, new 
surface area is available for biotic interactions. For instance, 
when a plant grows at a high rate under relatively high 
temperature and high water availability, it will encounter 
relatively more new genotypes to compete and/or positively 
interact with (both below and above ground) while 
simultaneously offering relatively more surface to be 
attacked by herbivores and rootivores. Faster reproduction 
also involves a higher rate of propagule production and 
dispersal, which will be available for interactions with other 
organisms. This also potentially increases the encounter rate 
among genotypes at the regional scale.  

Hypothesis 2: A higher Encounter Rate Among 
Genotypes Increases the Diversity of Interactions 

 During its lifetime, an individual living in warmer and 
wetter environments will encounter other community 
individuals at a higher rate than an individual that lives in 
colder and/or drier environments. Thus, this individual 
experiences a more diverse biotic environment during its 
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lifetime. This process can be illustrated using a typical 
species accumulation curve, analogous to those used in 
diversity studies. Encounters with other organisms may be 
meaningful to the target individual in the sense that they may 
affect its fitness (i.e. interactions +/+, -/-, +/-, -/+, +/0; target 
individual on the left) or not at all (i.e. 0/0, 0/+, 0/-). From 
birth to death, an individual will encounter a portion of the 
genotypes composing the community. Just as if the 
individual was sampling genotypes as an insect collector, the 
accumulated number of new genotypes encountered will 
sharply increase over time, but will gradually decelerate 
(Fig. 2). The model is as follows: 

    

S
G

=
i
t

1+
i
t

S
max

 

Where SG is the cumulative number of different genotypes 
with which an individual interacts as it gets older (i.e. as time 
t elapses). Smax is the maximum number of different 
community genotypes with which an individual can interact. 

i denotes a coefficient that measures the rate of encounter 
with new genotypes in each habitat i. The central hypothesis 
is that for identical Smax, warm and wet environments have 
higher ’s (steeper accumulation curves) than temperate 

ones, leading to more diverse encounters (SG’s). Thus, in a 
warm and wet environment, the decelerating part of the 
collector’s curve will be less pronounced (Fig. 2), meaning 
that more new meaningful genotypes are encountered during 
the same lifespan in this environment when compared to a 
colder and/or drier environment. The encounter rate among 
genotypes will also depend on community size and the 
density, distribution and biomass of genotypes (i.e. how 
packed the community is). In general, since temperature 
affects ectothermic organisms more directly, the above 
effects should be less important in endothermic animals. 
However, the rate of encounter of endothermic animals with 
interacting ectothermic genotypes should also be affected. 

 An important assumption in the present hypothesis is that 
the shorter lifespans that some organisms experience at 
lower latitudes (Ziuganov 2000; Hautekèete et al. 2002; 
Rinde & Sjotun 2005; Heibo et al. 2005; Blanck and 
Lamouroux 2007) will not cancel out the temperature and 
water enhancing effect on the number and diversity of biotic 
interactions that an organism experiences during its lifetime 
(compare a and b in Fig. 2). The generality of this assump-
tion is supported by a number of facts: 1) There does not 
seem to be a general trend of shorter lifespans at lower 
latitudes depending on temperature. For instance, in aquatic 
ecosystems, Blanck and Lamouroux (2007) found that only 7 
out of 13 fish species showed a latitudinal gradient in 

 

Fig. (2). Accumulation curve showing the number of different genotypes encountered by a random individual during its entire lifetime in two 
types of environments. Insert - Rank-abundance curves for the genotypes with which the individual can potentially interact. Green lines - 
warm and wet environments (tropical areas); Red lines - cold and dry environments (temperate areas). The green and red dotted lines denote 
the maximum achievable lifespan for the species in tropical and temperate habitats respectively. The arrows within the rank-abundance 
curves indicate the number and type of genotypes encountered by a single individual. SG - cumulative number of different genotypes with 
which an individual interacts as it gets older (i.e. as time t elapses). Smax - maximum number of different community genotypes with which an 
individual can interact.  
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lifespan. 2) Although there is a general trend for organisms 
to increase their longevity at lower temperatures (Speakman 
2005), there are examples of quadratic patterns in which, 
below a certain threshold temperature, lifespan increases 
with temperature. This is the case with the beetle Ahasverus 
advena, where increasing the temperature from 10oC to 15ºC 
quadruples its lifespan (Jacob 1996). 3) Water availability in 
terrestrial environments seems to make animals live longer 
(e.g. Jacob 1996; Emana 2007; Tsunoda 2008) and thus, in 
tropical terrestrial environments, the joint effect of water and 
temperature on longevity can potentially cancel each other 
out. For instance, in the wasp Cotesia flavipes (Hymeno-
ptera: Braconidae), average lifespan at 20ºC and 45% RH is 
53 days, similar to that at 30ºC and 85% RH, which is 60 
days (Emana 2007). However, if lifespans are generally 
shorter in the tropics, this could lead to a faster individual 
turnover, as suggested by the high turnover rate shown by 
tropical trees relative to temperate forests (Stephenson and 
Mantgem 2005). A faster individual turnover rate will also 
contribute to a higher rate of encounter among genotypes in 
communities, thus contributing to the overall biotic 
interactions effect.  

 Data on the seed beetle Stator limbatus (Chrysomelidae, 
Bruchinae) suggest that the assumption of no cancellation of 
biotic interactions by shorter lifespan may hold true. First, a 
study that investigated temperature-dependent selection on 
male body size for taking off and reaching females (Moya-
Laraño et al. 2007) found that temperature mediated the rate 
at which males and females interacted, with a larger 
percentage of males being able to reach females at 30ºC 
(28% ± 6) than at 20ºC (7% ± 2; paired t-test, t7 = 3.8, P = 
0.007). Average percentages were calculated across 8 
experimental replicates (corresponding to 8 lines of artificial 
selection for large or small body sizes) from each of which 
tens of beetles were released at each temperature (thus the 
paired test). Additional data for the same selection lines 
(Stillwell et al. unpublished data) show that adult lifespan of 
mated females is 5.5 ± 0.0 days at 34ºC and 17.6 ± 0.7 days 
at 22ºC. Thus, while the encounter rate with males can be 4 
times greater at higher temperatures (28/7), the ratio of 
lifespan at high and low temperatures is only approximately 
3 times. Thus, higher temperature alone would still lead to a 
higher rate of sexual encounters despite shortening the adult 
lifespan. Provided that, as expected, these beetles are 
engaged in other types of biotic interactions (e.g. Fox 2000; 
Stillwell et al. 2007), the rate of interactions at high 
temperatures must be even higher under natural conditions. 

 A higher encounter rate among genotypes can potentially 
lead to more frequent direct interactions, as well as more 
frequent indirect ecological effects (Wootton 1994). There-
fore, the number (and thus the diversity) of interacting 
genotypes encountered by an individual should be higher in 
the tropics. But, how can this highly interacting environment 
lead to the maintenance of greater amounts of genetic 
diversity? 

Hypothesis 3: Biotic Interactions Enhance the 
Maintenance of Genetic Diversity 

 The maintenance of genetic variation in traits under 
selection is a central question in evolutionary biology and it 
is not completely clear what factors contribute to it in natural 

populations (Felsenstein 1976; Hedrick 1986; Bulmer 1989; 
Curtsinger et al. 1994; Rowe and Houle 1996; Tomkins et al. 
2004; Byers 2005). Continuing directional and/or stabilizing 
selection could erode genetic variation of traits (Fisher 
1930), and it is still not well understood how substantial 
genetic variation for future response to selection is main-
tained. Balancing or fluctuating selection across space and 
time (i.e. in heterogeneous environments) may contribute to 
the maintenance of genetic polymorphisms of individual 
loci, especially when selection is soft (Dempster 1955; 
Felsenstein 1976; Hedrick 1976, 1986, 2006, 2007); that is, 
when selection is density and frequency dependent (Wallace 
1975). Furthermore, variable selection in heterogeneous 
environments can also contribute to the maintenance of 
genetic variation. For instance, Kassen (2002) documented 
that in 11 out of 12 cases populations in heterogeneous 
environments maintained higher genetic variation than in 
homogeneous environments. For variable selection to 
maintain genetic diversity of polygenic traits, genotype and 
environment must interact (GxE) in the sense that the rank-
order in the mean fitness of genotypes changes depending on 
the environment (i.e. the reaction norms for fitness cross 
among genotypes) (Gillespie and Turelli 1989; Mitchell-
Olds 1992; Zhivotovsky and Gavrilets 1992; Wade 2007). 
Since the genotypes (and thus the phenotypes) of interacting 
individuals are part of an individual’s environment, for biotic 
interactions we can say that the rank order of mean fitness of 
genotypes changes according to the identity of the genotype 
with which they are interacting (i.e. a GxG interaction in 
fitness, e.g. Ferrari et al. 2007; Tétard-Jones et al. 2007). 
Therefore, theoretically, in an environment in which biotic 
interactions are more important as selective agents than 
abiotic factors, where soft selection is more frequent, and 
where each GxG encounter can potentially contribute to an 
increase in fitness GxE, genetic diversity should be more 
easily maintained. Indeed, multispecies interactions have 
been proposed to enhance the maintenance of genetic 
variation (Strauss and Irwin 2004). Below, I propose a 
mechanism by which genetic diversity can be maintained 
from more frequent and diverse biotic interactions. 

Concept: Interaction Drift – Biotic Interactions Maintain 
Fine-Grained Environments that Enhance Genetic 

Diversity 

 A fine-grained environment is an environment that 
fluctuates substantially over an individual’s lifetime (Levins 
1968). Abiotic factors such as water availability and 
temperature have higher seasonal fluctuations at higher 
latitudes. However, overall these fluctuations will produce an 
environment of coarser grain (i.e. they fluctuate less often 
over the lifetime of an individual) when compared to the 
fluctuations induced from a high rate of meaningful biotic 
encounters, which should entail an environment of relatively 
finer grain (i.e. there is a high number of interactions of 
variable effects during an individual’s lifetime). Therefore, 
the grain of the environment must increase with latitude, 
with the tropics being fine-grained heterogeneous environ-
ments due to the relatively higher rate of biotic interactions 
allowed by water and temperature. 

 Fischer (1960) has already hypothesized that the intensity 
and direction of selection changes from place to place 
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depending on the relative contribution of biotic and abiotic 
factors. Fluctuating selection in fine-grained heterogeneous 
environments, such as those composed mostly of biotic 
interactions, should therefore be rather diffuse. This is 
because each genotype x genotype encounter is a potential 
selective agent acting upon a target population and each 
encounter may differ substantially depending on the identity 
of the genotypes that encounter each other. These selective 
agents will have, on average, small population effects (as 
they will affect at most the two individuals encountering 
each other) and from one agent to another the direction of 
selection will change frequently, thus setting the basis for the 
maintenance of high genetic diversity within populations and 
species. Interactions with multiple biotic selective agents 
entail opposite selective pressures within generations 
(DeWitt and Langerhans 2003; Gómez 2008), supporting the 
hypothesis that a biotic environment has a fine grain in terms 
of natural selection. Widespread multiple biotic selective 

agents acting in opposite directions could be responsible for 
the fairly small magnitude of directional selection found in 
nature (Kingsolver et al. 2001). Indeed, the order in which 
genotypes interact with each other and the associated fitness 
effects may largely contribute to diffuse coevolution. 

 I define interaction drift (analogously to genetic and 
ecological drift) as the random effect that the order and 
identity of GxG interactions may have on an individual’s 
fitness. From birth to death, an individual will encounter a 
number of meaningful genotypes with which it will interact. 
The rank-abundance curve of genotypes (Fig. 3a) has been 
considered without regard to which species each genotype 
belongs to, and a similar-shaped curve for plant genotypes 
across species can be found in Whitlock et al. (2007). What 
follows are the results of a simulation (a code written in R 
can be obtained from the author upon request), in which I 
simulated the history of encounters of 50 individuals sharing 

       

 

Fig. (3). A simple simulation showing how stronger interaction drift from more frequent biotic interactions can increase GxE in tropical 
environments and contribute to the maintenance of higher genetic diversity. a) Rank-abundance curve of positively and negatively 
interacting genotypes. b) The lifetime fitness of 50 individuals with identical genotypes and with identical potential to interact with the same 
genotypes will drift apart depending on the random subsample of genotypes that they encounter and the order in which they encounter them. 
c) A similar simulation to b) but with 50 individuals sharing an adaptive genotype, which prevents interactions with those genotypes that 
have strong negative fitness effects (deviation from mean fitness<-0.9).  
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identical genotypes and which interacted randomly with 
individuals (and hence genotypes) that followed the rank-
abundance curve highlighted above. Fig. (3b) shows the 
lifetime fitness of these 50 individuals. Across individuals, 
fitness will drift apart depending on the random subsample 
of genotypes that each individual encounters and also on the 
order in which these genotypes are encountered. From left to 
right, each step represents the fitness effect (positive or 
negative) of an interacting genotype on the target individual 
during its entire lifetime. Here, for simplicity, the fitness 
effect of each genotype x genotype interaction varies from 0 
to 1 arbitrary units (positive interactions to the target geno-
type – successful foraging, mutualism) or from 0 to -1 (nega-
tive non-lethal interactions – parasitism, predation threat). 
All individuals start with the average fitness in the popu-
lation (reflecting average genotypes), which has been 
centered to zero (dashed and double dotted horizontal line in 
Fig. 3b). I only consider those individuals that reproduce 
successfully, and thus viability selection has been ignored. 
The green vertical line depicts an arbitrary boundary on the 
number of interactions between temperate and tropical 
habitats. The important fact to highlight is that drift is higher 
because, on average, an individual will interact with more 
genotypes in the tropics. 

 Although a large proportion of interactions will not occur 
in a random order (habitat selection, searching behavior and 
decision making, for example, bias the order of interactions), 
it is reasonable to think that some will (but see next section). 
As interactions occur in sequential order, the order of 
interactions may cause fitness to drift, as in other examples 
of random biological drift (Fig. 3b). The important evolu-
tionary effect of interaction drift is that across genotypes 
within the population it leads to an increase of GxE and thus 
can potentially contribute to maintain genetic diversity 
within populations. Since in wet and warm (tropical) envi-
ronments individuals will interact with more genotypes and 
thus with a higher diversity of them (Fig. 2), drift will have a 
stronger effect leading to higher GxE and thus to the 
maintenance of higher genetic diversity (Fig. 3b). Supporting 
the hypothesis that the order in which environments are 
experienced may affect the patterns of natural selection, an 
experiment with the butterfly Pieris rapae suggested that the 
temporal order and duration of environmental conditions 
affected selection on thermal performance curves 
(Kingsolver et al. 2007). In addition, when adaptive geno-
types are subject to interaction drift, the biotic niche space 
can be expanded. 

Hypothesis 4: Genotype Coexistence - A Higher Rate of 
Biotic Interactions Increases the Biotic Niche Space 

 There is evidence that in the tropics “diversity begets 
diversity” (e.g. Fischer 1960, MacArthur 1969; Williams 
1975; Wills et al. 1997). According to MacArthur (1969), an 
increase in species richness leads to the establishment of new 
niche axes, which subsequently allow the accommodation of 
yet more species in the community. A similar pattern can 
occur at the genotype level, if more and more diverse biotic 
interactions increase the biotic niche space allowing the 
accommodation of more genotypes in the community. This 
can be better understood if we consider that interaction drift 
leading to strong GxE - from more frequent and more 

diverse biotic interactions in wet and warm environments - 
increases the chances for adaptive genotypes to be 
maintained in communities. Here, the niche space would be 
expanded because the fitness-enhancing effect of an adaptive 
trait would be stronger when more encounters occur during 
an individual’s lifetime. Indeed, if we include a deterministic 
component to the interaction drift simulation above, such as 
a genotype having evolved adaptive behavior that helps 
prevent interactions with encountered genotypes that cause a 
substantial decrease in fitness (-0.9), what we see is an 
important non-linear effect in which fitness becomes 
increasingly asymmetrically positive as more encounters 
occur from left to right (Fig. 3c). This means that there are 
more opportunities for genotype maintenance in the 
community. Thus, the more encounters individuals expe-
rience, the wider the biotic niche space. Hence, the net effect 
of mixing adaptive behavior with interaction drift is that 
average fitness tends to rise with the increasing number of 
biotic encounters that an individual experiences during its 
lifetime (Fig. 3c). In other words, more frequent and diverse 
encounters increase interaction choice. Thus, all other things 
being equal (e.g. physiological, developmental and physical 
constraints, resource limitation), the number of opportunities 
for different genotypes to persist in communities increases 
substantially when more and more diverse encounters are 
experienced by each individual; i.e. the biotic niche space 
has been widened. Assuming that each species in a com-
munity counts as a different genotype, this mechanism could 
also have implications for species coexistence. Thus, an 
increase in biotic niche space from a higher encounter rate 
allows more room for specialization, which has been shown 
to be substantially more important in the tropics (Dyer et al. 
2007). 

Hypothesis 5: Multidimensionality - Connecting the n-
Dimensional Niche to the G-Matrix 

 Importantly, a high encounter rate with different geno-
types can make the pattern of selection multidimensional, 
meaning that different selective agents can act simulta-
neously, and independently, on different traits. In niche 
theory terms, I hypothesize that fluctuating selection (GxE) 
would occur in orthogonal niche dimensions (e.g. McPeek 
1996; Nosil & Sandoval 2008), which would be more likely 
to affect genetically uncorrelated traits, thus contributing to 
maintain non-correlated genetic variation among different 
traits. In other words, the fact that selection occurs in ortho-
gonal niche dimensions could promote the accumulation and 
maintenance of mutations that are not pleoitropic (non-
correlational mutations). Hence, high-latitude environments, 
where selection from temperature fluctuations dominates, 
will tend to impose selection in fewer dimensions, just 
because there will be a lower diversity of biotic selective 
pressures. In low-latitude environments, where diverse biotic 
selection occurs, selection on multiple dimensions will tend 
to be more common. This should be especially true once a 
population is simultaneously engaged in a relatively high 
diversity of biotic interactions (e.g. predation, competition, 
parasitism, mutualism). Thus, the multidimensional niche 
effect from biotic interactions proposed by MacArthur 
(1969), which would allow the accommodation of yet more 
species, can be further expanded to include multidimensional 
fluctuating selection. Thus, these additional niche axes 
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would allow the accommodation of more species/genotypes 
and enhance the accumulation of non-correlated mutations. 

 There are several definitions of genetic diversity for both 
discrete and continuous traits (reviewed in Hughes et al. 
2008). I use a definition of genetic diversity that is an app-
roximation based on the infinitesimal model for quantitative 
traits, in which the breeding values for a trait are determined 
by the summed effects of many loci, each of which contri-
butes a small part (Schluter 2000). An extension of genetic 
diversity from discrete traits to quantitative traits can be 
allelic richness (Hughes et al. 2008), which can be thought 
of as the average number of alleles in each of the loci that 
contribute to a quantitative trait. In addition, I use another 
definition of genetic diversity which relies on the number 
and magnitude of orthogonal axes in which the genetic 
variance-covariance matrix of quantitative traits (G) can be 
decomposed, also called the genetic degrees of freedom 
(Schluter 2000). All other things being equal, evolution will 
follow the genetic line of least resistance (Lande 1979), i.e. 
the direction of the G axis that absorbs most of the variation 
in G (gmax). The matrix G can thus be decomposed into 

independent axes that can be thought of as the possible 
directions that evolution can take or as the genetic degrees of 
freedom. These axes are arranged from the highest to the 
lowest proportion of variance absorbed (Fig. 4) (See Schluter 
2000). Schluter (2000) proposes the adoption of Levin’s 
index of diversity (L) to quantify the evenness in the 
decomposition of G into orthogonal axes: 

   

L = 1

p
i

2
 

where pi is the proportion of total additive variance accoun-
ted for by direction (axis) i. If all the variance is in the first 
direction (gmax), L = 1 and if the variance is equally distri-
buted, L = m, where m is the number of traits under consi-
deration. Thus, I hypothesize that when compared to 
temperate environments, tropical environments should have 
higher genetic diversity within traits (allele richness), 
coming from a fine-grained fluctuating environment, and 
also higher genetic diversity (L) coming from multidimen-
sional fluctuating selection (Fig. 4). Values presented in Fig. 
(4) are arbitrary. However, the Levins’ indices of evenness 

 

Fig. (4). a) More frequent and more diverse biotic encounters in the tropics can lead to the maintenance of higher multidimensional genetic 
diversity if more biotic encounters also mean a higher number of dimensions in which selection occurs. The end result may be a higher 
evenness among the axes in which the genetic variance-covariance matrix (G) can be decomposed (higher multidimensional genetic diversity 
according to a Levins index of evenness). b) Since a higher diversity of biotic encounters in the tropics entails an environment of finer grain, 
the evolution of reaction norms for labile traits (e.g. behavior) should be enhanced. As a consequence, in the tropics phenotypic variance-
covariance matrices (P) would be more diverse (Levin’s index, see text) than G matrices.  
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(Ltemperate = 1.1, Ltropics = 3.5) lay within the range reported in 
the literature (Schluter 2000). 
 Supporting the hypothesis that different types of interac-
tions lead to higher multidimensional genetic diversity, a 
meta-analysis of genetic correlations between plant resis-
tances to multiple enemies showed that the degree of genetic 
correlation among resistance traits was higher when both 
enemies were of the same kind (either pathogens or herbi-
vores), and decreased when the two enemies were of 
different kind (Leimu & Koricheva 2006). The stability of 
the G-matrix over evolutionary time is currently under dis-
cussion (e.g. Jones 2003; Revell 2007). In general, fluc-
tuating selection and low or fluctuating correlational selec-
tion and mutation (Turelli 1988, Revell 2007) can contribute 
to destabilizing the G-matrix in terms of direction and the 
degree of correlation among traits. Certainly, a fine-grained 
biotic environment with diverse selective pressures and 
strong interaction drift could lead to unstable G-matrices that 
would maintain high, uncorrelated genetic variation across 
orthogonal axes (but see Herrera et al. 2002).  

Hypothesis 6: Strong GxE from Biotic Interactions may 
Lead to Adaptive Flexibility 

 Substantial GxE in the tropics from interaction drift 
could be counteracted by adaptive plasticity (Schlichting and 
Pigliucci 1998). Indeed, phenotypic flexibility of labile traits 
is theoretically more likely to evolve in fine-grained 
environments (Via & Lande 1985). Thus, at least in labile 
traits, more biotic encounters in the tropics could also lead to 
the evolution of wider and more flexible reaction norms. 
Since a prerequisite for phenotypic plasticity is that orga-
nisms should be able to sense the changes in the environment 
to later change their phenotypes accordingly (Schlichting and 
Pigliucci 1998), an important prediction is that where biotic 
interactions are more frequent and diverse, more accurate 
senses should evolve. Returning to Fig. (2), individuals in 
the tropics will be selected to accrue as much information as 
possible about their biotic environment just because they 
encounter more and more diverse genotypes per unit of time. 
This alone should set the basis for the adaptive evolution of 
the senses since a higher diversity of phenotypes needs to be 
identified. An individual that is able to distinguish most of 
the phenotypes that it encounters and to respond to them 
accordingly by phenotypic plasticity, will have higher fitness 
than an individual unable to distinguish among phenotypes. 
Thus, the evolution of accurate senses and the evolution of 
phenotypic flexibility should go hand and hand when biotic 
encounters are frequent. Animals have been known for a 
long time to have accurate senses; a fact that is also being 
acknowledged lately for plants (Karban 2008). Furthermore, 
the multidimensionality of the biotic environment in the 
tropics should also be reflected in the evolution of reaction 
norms, allowing the evolution of independent norms of 
reaction among traits leading to multidimensional plasticity 
and high phenotypic diversity (Fig. 4).  

 The norms of reaction depend on the identity of the 
species with which interaction occurs (e.g. Relyea 2001; 
Callaway et al. 2003). Actually, biotic interactions are 
thought to be at the core of phenotypic plasticity (Agrawal 
2001). Among plastic traits, behavior is the most responsive 
and labile trait in animals (West-Eberhard 2003) and 

possibly in plants (Karban 2008). A prediction that comes 
from all of the above is that behavioral plasticity should 
increase with decreasing latitude. Wider behavioral plasticity 
should contribute to decrease the effect of the stronger 
interaction drift in the tropics. Morphological and physiolo-
gical plasticity, although not as responsive, are also influen-
ced by biotic interactions (Agrawal 2001) and should also 
co-variate with latitude.  

 In summary, a biotic, warm, wet, fine-grained and 
multidimensional environment can potentially facilitate the 
maintenance of high genetic diversity within populations as 
well as potentially promote the evolution of flexible and 
complex reaction norms.  

Hypothesis 7: Interactions in the Tropics should be both 
Stronger and More Diverse 

 One of the hypotheses that aims to explain the latitudinal 
diversity gradient of species richness is the “biotic interac-
tions hypothesis”, which is based on the premise that 
interactions are stronger in abiotically mild tropical 
environments (see earlier review) (Schemske 2002; Willig et 
al. 2003; Mittelbach et al. 2007). Since in the tropics abiotic 
factors of global effect do not constrain the pace of life, 
populations have more time to interact, which can reasonably 
lead to stronger interactions among populations (Mittelbach 
et al. 2007). However, at the genotype level, the strength of 
interactions among genotypes could decrease when a higher 
diversity of genotypes is encountered by each individual, as 
more opportunities to diversify interactions and to dilute the 
effects of particular interactions occur. A higher encounter 
rate means finding both more of the same genotype, and a 
higher diversity of genotypes (Fig. 2), which may even 
widen the biotic niche (Fig. 3c). Even if we consider each 
species as a different genotype, this should be true. Whether 
interactions tend to be stronger or more diverse will depend 
on the distribution of interacting genotypes. Higher evenness 
in the distribution of genotypes should lead to more diverse 
and weaker interactions in the tropics.  

 Thus, by increasing the encounter rate among genotypes, 
tropical environments should have both stronger and more 
diverse interactions. Stronger interactions should lead to 
higher pair-wise rates of coevolution and cospeciation, while 
diverse interactions should lead to diffuse coevolution, 
stronger GxE and the maintenance of more genetic and 
phenotypic variation. Both processes could work together 
causing a net acceleration of species diversification in the 
tropics. Higher levels of specialization in the tropics (e.g. 
Dyer et al. 2007) could, in turn, be explained, in addition to 
that from wider niche spaces, by this net effect of accelerated 
species diversification. Furthermore, more species can be 
maintained in the tropics because higher genetic and pheno-
typic diversity can also increase species coexistence (e.g. 
Vellend and Heber 2005; Peacor et al. 2006; Vellend 2006; 
Hughes et al. 2008), and can facilitate the establishment of 
populations in novel habitats by their use of previously 
unutilized resources (e.g. Jasmin and Kassen 2007). 

A FRAMEWORK OF TESTABLE HYPOTHESES 

 The theory presented here suggests clear avenues for 
future research. However, one important task before a 
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research programme starts will be to list a set of traits that 
are more likely subject to biotic than to abiotic selection, or 
that at least we can be sure are not solely affected by abiotic 
selection (e.g. animal running speed, foraging efficiency, 
growth rate, body size, coloration, boldness). Among the 
possible tests of the theory, the prediction that more diverse 
genotype x genotype encounters occur as we approach the 
tropics (hypothesis 1) could be tested with field observations 
quantifying the rate of encounters in target individuals within 
populations across latitudinal (or altitudinal) gradients. 
However, to test this hypothesis at the genotype level would 
require genotyping most individuals of most species in 
communities, which may be unfeasible. Nevertheless, one 
possible approximation is considering that each species in 
the community is a different genotype. Therefore, estimating 
rank-abundance curves of species and measuring species-to-
species interactions, one can test whether, once having 
controlled for species richness and abundance, encounters 
are more frequent and diverse at lower latitudes. Further-
more, the same approach could be used to test the hypothesis 
that interactions (not just encounters) are stronger and more 
diverse at lower latitudes (hypothesis 7). In parallel, one 
could test the assumption that shorter lifespans at lower 
latitudes do not cancel out more frequent and more diverse 
biotic interactions. 

 The manipulation of both temperature and water 
availability in the laboratory (and hopefully natural) 
communities can serve to test the hypothesis that higher 
temperature and water availability leads to a higher rate (and 
diversity) of genotype x genotype encounters in a variety of 
systems (hypothesis 2). Bi-factorial experiments would also 
help to uncover the separate and joint effects of water and 
temperature on the rate of genotype encounter. Additionally, 
by measuring traits subject to biotic selection, some of the 
above field observations and laboratory experiments might 
be used to test the hypotheses that selection in these fine-
grained biotic environments is often fluctuating and 
multidimensional (hypotheses 3 and 5) and that the biotic 
niche space is wider (hypothesis 4).  

 Evidence that the frequency and diversity of GxG 
interactions leads to variation in fitness (e.g. Ferrari et al. 
2007; Tétard-Jones et al. 2007) across interacting genotypes 
(analogously to GxE interactions – Byers 2005) could be 
used to support the hypothesis that the fine-grained nature of 
biotic interactions can enhance the maintenance of genetic 
diversity (hypothesis 5). Also, experimentally manipulating 
the order of interacting genotypes and estimating fitness can 
serve to demonstrate the potential effect of interaction drift. 
This should lead to the maintenance of higher amounts of 
genetic and phenotypic variation. Thus, the general predic-
tion that populations have higher genetic and phenotypic 
diversity across gradients of water and temperature (and 
latitude/altitude) should also be tested. Whenever possible, 
these tests should control for other sources of genetic 
diversity, such as population size (often mediated by area), 
geographic origin and phylogenetic relationships. Evidence 
that genetic diversity decreases with latitude has been found 
in a few taxa (reviewed and criticized in Evans and Gaston 
2005). However, the effective evolutionary time hypothesis, 
which predicts higher rates of nucleotide substitution with 
decreasing latitude, also predicts higher genetic diversity at 
lower latitudes (Rohde 1992; Allen et al. 2002). Neverthe-

less, an important difference between the effective evolu-
tionary time hypothesis and the theory presented here, is that 
the latter is based on natural selection in fine-grained biotic 
environments. Thus, like the evolutionary time hypothesis, 
the present theory predicts higher genetic diversity for 
functional genes (i.e. those subject to selection) in warmer 
environments. What is new, however, is that unlike the 
effective evolutionary time hypothesis, this theory also 
predicts higher genetic diversity for functional genes in 
wetter terrestrial environments and no relationship between 
the diversity of neutral genes (those not subject to selection) 
and temperature or water availability. This theory is 
extensible to aquatic environments, where these predictions 
should only work for temperature, as water is not a limiting 
factor. Indeed, the findings in Atlantic salmon (Dionne et al. 
2007) (see the Introduction), which show a positive 
correlation between the diversity of functional (MHC) genes 
and temperature, but no relationship between neutral (micro-
satellite) genes and temperature, are consistent with the 
predictions of the present theory but not with the effective 
evolutionary time hypothesis. 

 Experiments in quantitative genetics (Falconer & McKey 
1996; Roff 1997; Lynch & Walsh 1998), with populations 
coming from different locations within water-temperature 
gradients, could also be used to test the hypothesis that 
populations coming from warm and wet environments have 
higher (multidimensional) genetic diversity of traits that are 
subject to biotic selection (hypothesis 5). Similarly, the 
hypothesis that there is more flexibility in those labile traits 
subject to biotic selection (hypothesis 6) in populations that 
live in warm and wet environments could be tested in 
common garden experiments. In these experiments one 
would check if the norms of reaction for traits subject to 
biotic selection are wider and more flexible in populations 
coming from warm and wet environments relative to 
populations coming from cooler and/or drier environments. 
The prediction would be that, when transferred to 
environment B, those individuals coming from relatively wet 
and warm populations that have been reared in environment 
A, would reach phenotypes closer to those individuals 
originally reared in environment B. On the other hand, when 
transferred to environment B, individuals coming from drier 
or cooler populations reared in environment A, should 
achieve phenotypes that would be farther away from the 
typical individuals reared in environment B. Ideally, in order 
to assign all the observed variation to plasticity, for each 
population origin, one should use individuals sharing the 
same genotypes in each environment (A and B). Further-
more, this hypothesis also predicts more accurate senses in 
wet and warm environments. In some taxa, this prediction 
could be tested by measuring the sensitivity ranges of the 
different senses across gradients of temperature and water. 

 In addition, we would need further modeling to test the 
effects of interaction drift and its implications for adaptive 
evolution within networks of interacting genotypes. For 
instance, individual-based models (DeAngelis and Mooij 
2005) within mutualistic and antagonistic networks, inclu-
ding limiting resources, could be implemented to reveal 
whether more frequent and more diverse interactions truly 
lead to the maintenance of higher amounts of genetic 
diversity coming from interaction drift and wider biotic 
niche spaces. 
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 Lastly, since the biological activity of ectotherms is more 
tightly linked to temperature, all the predictions above 
should apply more closely to ectotherms than to endotherms. 
Indeed, in birds and mammals, the latitudinal diversity 
gradient could be explained by a higher extinction rate at 
higher latitudes rather than by a higher rate of species 
formation in the tropics (Weir and Schluter 2007).  

CONCLUDING REMARKS 

 Since the present theory predicts more functional genetic 
and phenotypic diversity in warm and wet environments and 
genetic and phenotypic diversity have been linked to both 
speciation and species coexistence, it can help to explain the 
latitudinal diversity gradient and other diversity gradients 
across the globe. For instance, it can explain why deserts are 
relatively less diverse than other areas of identical latitude 
where rainfall is greater. Also, altitudinal gradients in 
diversity can be explained at least partially by this theory.  

 Lastly, ongoing, human-induced global climate change is 
making abiotic gradients change at rates that have no 
precedents in the history of the Earth (Climate Change 
2007). While the trend is for an increase of temperature 
across our planet, rainfall, and thus water availability for 
terrestrial biota, will increase in some parts of the planet and 
decrease in others (Climate Change 2007). Thus, this theory 
also predicts a concomitant change in genetic and phenotypic 
diversity with climate change that can eventually affect the 
genetic pool and thus the fate of natural populations. 
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