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Landscape heterogeneity is a general feature of natural environments, strongly affected
by habitat fragmentation. It can affect a population’s dynamics and probability of
extinction. Fragmentation increases among-patch isolation and decreases patch size,
resulting in a reduction in available resources in smaller patches. To persist, animals
must be able to translate the variation imposed by fragmentation into adaptive energy
allocation strategies that enable populations to avoid extinction. This means that
physiological adaptations are expected to reflect changes in landscape configuration,
especially in the size of the natural habitat patches and degree of isolation among them.
We propose a novel, integrative conceptual framework in which spatial characteristics
of the environment, imposed by fragmentation, lead to specific life-history traits that
increase survival (at the individual level) and decrease the likelihood of extinction (as an
emergent property at the population level). We predict that a resource allocation trade-off
between the life-history traits of reproduction and dispersal along a fragmentation
gradient will emerge. Populations occurring in patches of different sizes and isolations
along gradients of fragmentation and productivity will exhibit differences in the strength
of the dispersal-reproduction trade-off. Emerging from this framework are several
explicit and testable hypotheses that predict that the dispersal-reproduction trade-off
will be shaped by landscape heterogeneity imposed by fragmentation. Hence, this
trade-off serves as the mechanistic link that translates environmental variation created by
fragmentation into variation in species abundances and population dynamics by lowering
local extinction probability and increasing overall population persistence.

Keywords: landscape ecology, habitat fragmentation, resource allocation tradeoff, dispersal-reproduction
tradeoff, landscape physiology, productivity gradient, fragmentation gradient

INTRODUCTION

Here, we develop a framework that integrates two disparate fields of study, landscape ecology
and evolutionary physiology; promoting an emerging new field, landscape physiology. Landscape
ecology relies on correlations among landscape and population/community parameters but usually
ignores individual-level mechanisms. Evolutionary and ecological physiology, in contrast, are
mechanistic disciplines that focus on the microhabitat and often ignore landscape-level processes.
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This framework generates explicit and testable hypotheses of
how an organism translates habitat characteristics resulting from
fragmentation per se (the condition of reduced patch size and
greater isolation among patches), through the physiological
mechanism of resource allocation strategies, into population
dynamic parameters of reproduction, survival, and abundance.
Integrating across physiology and the landscape in one unified
framework will extend our ability to understand population
extinction and persistence in light of current increases in habitat
loss and climate change.

Landscape heterogeneity is one of the general features
of natural environments. Habitats are distributed in space
(hereafter, natural patches), are of different sizes and are at
different distances. Natural patches of different size provide
individuals with variable abiotic and biotic resources and niche
opportunities and therefore may change the fitness of an
individual. Different distances between natural patches require
different dispersal efforts and may affect the energy and resources
devoted to dispersal at the expense of energy and resources
devoted to growth and fecundity in a particular natural patch. In
the context of this paper, resources refer to nutritional and energy
resources such as from carbohydrates, lipids, and proteins.

One form of landscape heterogeneity related to human impact
is habitat fragmentation. Habitat fragmentation stresses the
linkage between spatial elements and emphasizes the challenges
organisms face in evolving strategies of resource allocation to life
history traits. In this paper, we focus on the coupling of patch
size and isolation in the context of habitat fragmentation, but also
consider cases where size and isolation are decoupled to reflect
large heterogeneous contexts.

Habitat fragmentation, a dominant feature of many
landscapes, can result from habitat loss, due to, among
others, road or city construction, and can affect a population’s
dynamics and probability of extinction (Fahrig, 2002, 2003;
Reed, 2004; Hanski et al., 2013). This is especially true in regions
where intensive use of agriculture has resulted in extensive
fragmentation of natural habitats (Belanger and Grenier, 2002;
Green et al., 2005; Millennium Ecosystem Assessment, 2005;
Giladi et al., 2011). Climate change may possibly exacerbate
the degree of fragmentation of natural habitats (Karieva
et al., 1992; Klapwijk and Lewis, 2001; Opdam and Wascher,
2004). Fragmentation has multiple effects, leading to: (i) loss
of total habitat area, (ii) reduced average habitat patch size,
and (iii) increased distances among patches (the latter two
reflect fragmentation per se effects; e.g., Gavish et al.,, 2012).
Intensification of habitat fragmentation may result in a decline in
species abundances and diversity, due to the differential within-
and among-patch effects of fragmentation. At the within-
patch level, small patch size leads to a reduction of suitable
habitat, lower habitat quality and fewer resources, and thus to
reduced population sizes and higher probability of extinction
(MacArthur and Wilson, 1967). At the among-patch level,
increased fragmentation may lead to greater distances among
patches (low connectivity) and, possibly, to lower recolonization
rates and a lower probability of replacement by individuals of
that species from nearby habitats (Brown and Kodric-Brown,
1977; Hanski and Gilpin, 1997; Hanski and Gaggiotto, 2004).

For a population to persist, individuals within the population
translate the abiotic and biotic variation they experience,
including those imposed by fragmentation, into energy allocation
strategies to life history traits. These life history traits in turn,
affect demographic parameters that enable the population to
avoid extinction. Life-history traits are strongly shaped by natural
selection and result in adaptive states that should increase
survival and enhance fitness (Roff, 1992; Stearns, 1992). In
particular, natural selection acting on physiological priorities of
energy allocation will result in tradeoffs in investment of limited
energy and resources that maximizes fitness (Stearns, 1989; Zera
and Harshman, 2001). A major physiological trade-off is one that
involves dispersal and fecundity. We propose that a dispersal-
reproduction trade-off serves as the physiological, mechanistic
link by which organisms translate environmental variability
experienced in fragmented habitats into life history traits that
result in population persistence within those habitats (Hughes
et al., 2003; Aguette and Schtickzelle, 2006; Guerra, 2011; King
et al., 2011; Bonte et al.,, 2012). Here we focus on animals, but
similar considerations are applicable to other organisms as well.

Life history evolution is largely concerned with phenotypic
traits such as reproduction and survival that directly affect
fitness (Roff, 1992; Stearns, 1992). Ecological and evolutionary
physiology seeks to understand the mechanisms underlying these
phenotypes (Garland and Carter, 1994; Feder et al., 2000; Karasov
and Martinez del Rio, 2007). For example, the life history
traits of body size and development time are regulated by eight
signaling and hormonal pathways in insects (Nijhout et al., 2013;
Gokhale and Shingleton, 2015), which result in 40,320 possible
permutations of the control of growth (Davidowitz, 2016). This
large number of possible combinations can be distilled into three
physiological traits (Davidowitz, 2016) that explain 99% and 93%
of the response of body size and development time, respectively,
to simultaneous directional selection (Davidowitz et al., 2016).
Thus, we can understand how two life history traits co-evolve, by
understanding three underlying physiological mechanisms.

The allocation of resources is of major concern in
understanding the physiology underlying life history traits:
the strategies that have evolved to allocate resources and
energy to one trait over another (Ricklefs and Wikelski,
2002). Such resource allocation strategies underlay constraints
and tradeoffs among life history traits (Zera and Harshman,
2001; Boggs, 2009; Flatt and Heyland, 2011) and that of the
landscape physiology framework presented here. Specifically,
fecundity and dispersal are the life history traits of interest in
this framework, whereas the strategies of resource allocation
are the physiological mechanism that underlies these traits.
Because this framework focuses on resource allocation strategies
imposed by landscape fragmentation, it is considered a landscape
physiology framework.

In this paper, we posit that spatial characteristics of the
environment, imposed by fragmentation, force specific adaptive
states of life-history traits to increase survival (at the individual
level) and avoid extinction (as an emergent property at the
population level). We argue that studies of life-history traits and
population dynamics should incorporate spatial characteristics of
fragmentation (e.g., landscape configuration and habitat patch
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characteristics) in order to better understand how physiology
constrains an individual’s allocation strategy. We propose
the integration of two distinct fields—landscape ecology and
evolutionary physiology—into Landscape Physiology. While the
need to integrate these two fields has been previously suggested
(Chown et al., 2004; Chown and Gaston, 2008; Bonte et al.,
2012; Ellis et al., 2012), the integration of physiology and life-
history into landscape-level processes is still extremely rare
(Ellis et al., 2012). A deep understanding of populations in a
fragmented landscape requires knowledge of population and life-
history parameters that a physiological perspective can provide
(Berwaerts et al.,, 1997; Templeton et al., 2001; Hanfling et al.,
2004; Bakker et al., 2010; Willi and Hoffmann, 2012; Hanski
et al.,, 2013). We are still lacking a clear understanding of the
physiological mechanisms by which organisms are able to cope
with the effects of fragmentation in ways that scale upwards and
reduce the probability that populations will be lost.

Below, we first provide background on dispersal-reproduction
resource allocation tradeoffs in general. We then present the
landscape physiology framework that explains how animals
translate habitat heterogeneity due to fragmentation into
resource allocation strategies to dispersal and reproduction.
Last, we describe three explicit hypotheses that emerge from
this framework.

Similar to many other trade-offs, the dispersal-reproduction
trade-off emerges because organisms have finite resources to
invest in growth, maintenance, survival and reproduction.
Allocation of resources to any one of these functions reduces
the amount available to the others (de jong, 1993). Such
resource allocation decisions directly affect fitness and therefore
underlie the evolution of traits in general and life-history
traits in particular (Stearns, 1989, 1992; Boggs, 2009). Resource
allocation strategies are influenced by the amount of available
resources: reduced nutrient availability can significantly magnify
a trade-off (increase the slope of the tradeoff), whereas
increased nutrient availability can reduce or eliminate a trade-off
(decrease the slope of the tradeoff) (Kaitala, 1987; Chippindale
et al., 1993; Nijhout and Emlen, 1998; Zera and Harshman,
2001; Harshman and Zera, 2007). Ever-changing physiological
priorities throughout ontogeny govern the relative allocation
of resources to organismal processes as a function of nutrient
input (Zera and Harshman, 2001; Boggs, 2009). For example,
under stressful conditions, allocation to storage or maintenance
can take precedence over allocation to reproduction (Perrin
et al., 1990; Rogowitz, 1996), or resources can be reallocated
from existing structures, as in the case of flight muscle
histolysis and the subsequent reallocation of these resources
to reproduction (Marden, 2000; Stjernholm et al., 2005). Such
dispersal-reproduction trade-offs are well-documented in the
context of migration in birds (Proctor and Lynch, 1998; Gill,
2006) and insects (Johnson, 1963; Rankin and Burchsted, 1992;
Dingle, 1996), where development of reproductive organs is
postponed until after migration.

Dispersal-reproduction trade-offs are also evident at smaller
geographic scales of daily dispersal and foraging patterns
(Van Dyck and Baguette, 2005; Bonte et al, 2012). In
Trinidadian guppies, Poecilia reticulate, fast-start locomotor

performance decreases with increased wet mass as pregnancy
advances (Ghalambor et al., 2004). Gravid females of the
side-blotched lizard (Uta stansburiana) display diminished
locomotory endurance relative to post-gravid females (Miles
et al.,, 2000), reproductive effort and locomotor performance
are inversely correlated in the garter snake, Thamnophis sirtalis
(Seigel et al., 1987), and carrying single-egg clutches significantly
affect stamina and sprint speed in brown anole lizards,
Anolis sagrei (Cox and Calsbeek, 2009). Small-scale movement-
reproduction trade-offs are well-documented in insects as well.
By far the best-studied example is that of wing dimorphic morphs
of insects (Harrison, 1980), in which wingless morphs typically
invest more resources and invest them earlier into reproduction
compared to winged morphs (Roff, 1986, 1990, 1994; Zera et al.,
1999; Zera and Brink, 2000; Zera and Larsen, 2001). Flightless
brachipterous male planthoppers, Prokelisia dolus, have a 3-
fold mating advantage over long-winged, macropterous males
(Langellotto et al., 2000). In wing monomorphic species, weight
loads associated with reproduction in the cabbage white butterfly,
Pieris brassicae, impair flight performance (Almbro and Kullberg,
2012). Range expansion in response to global warming in the
speckled wood butterfly, Pararge aegeria, has led to increased
dispersal ability associated with reduced reproductive investment
(Hughes et al., 2003). A recent review, however, showed that
flight-fecundity tradeoffs in wing monomorphic insects may
not be universal (Tigreros and Davidowitz, 2019). The trade-
off between dispersal and reproduction can be very sensitive,
as seen in the grasshopper Stenobothrus lineatus, where mean
egg laying was reduced by a rate of 0.36 eggs per day with
each meter increase in mean daily dispersal radius (Samietz and
Kohler, 2012). In the context of fragmentation—the focus of this
paper—Gibbs and Van Dyck (2010) showed that females of the
speckled wood butterfly from fragmented forest habitats that
were forced to fly decreased investment into eggs, indicating the
existence of a dispersal-reproduction trade-off. More importantly
for the argument of this paper, they showed that butterflies from
open, highly fragmented agricultural landscapes that were forced
to fly did not suffer from reduced longevity as did butterflies
from the unfragmented landscapes, suggesting that butterflies
from fragmented landscapes were physiologically better able to
cope with the increased dispersal demands relative to those from
non-fragmented landscapes (Gibbs and Van Dyck, 2010).

THE LANDSCAPE
PHYSIOLOGY FRAMEWORK

We present a novel framework that links physiological
mechanism with landscape level processes to explain how
fragmentation translates into population level persistence.
Fragmentation increases the isolation among patches (among-
patch effect) and decreases patch size (within-patch effect)
(Figure 1A). Patch size may also affect among-patch processes.
However, its major effects relate to local population dynamics
(Andren, 1994; Fahrig, 2003; Burkey and Reeds, 2006; Ewers
and Didham, 2006). Patch size decreases with fragmentation,
which results in a reduction in available resources in smaller
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FIGURE 1 | The landscape physiology framework. The effects of fragmentation on patch size (A1) and isolation (A2). The effects of patch size on investment to
reproduction. Individuals in larger patches will invest more into reproduction (B1) or, if the landscape is exactly at carrying capacity equilibrium (B2) investment into
reproduction will not change with patch size. (C) The effect of among-patch isolation on resource allocation to dispersal with higher investment to dispersal increasing
with the degree of isolation. (D) Resource investment to reproduction and dispersal along a fragmentation gradient. (E) Resource allocation tradeoff at the
physiological level (short, within patch, lines) create the landscape-level tradeoff (long line). Note that the within-patch slopes are shallower in larger patches. The
multiple lines in (A,D) indicate that the specific slope and intercept of the relationships will vary with different combinations of patches (B,C,E). The black shapes in

(B,C,E) represent patches of different shapes and sizes.

patches (MacArthur and Wilson, 1967; Rosenzweig, 1995). This
may consequently lead to two possibilities regarding the per-
capita resource availability: (i) Constant per-capita resource
availability, hence no change in density with area, due to
the match between population size and resource quantity
[e.g., Equilibrium theory (MacArthur and Wilson, 1967); and
see empirical studies in Connor et al., 2000]. Consequently,
investment to reproduction should stay constant with patch size
(Figure 1B2 and horizontal line in Figure 1D); (ii) Increased per-
capita resource availability with area. Several reviews (Bowers
and Matter, 1997; Bender et al., 1998; Debinski and Holt, 2000;
Bowman et al., 2002) suggest that in almost half of studies,
density has been shown to increase with a decrease in area,
suggesting that individuals in larger areas may benefit from more
per-capita resources. Therefore, reproductive investment should
be higher in larger patches with more resources (Figure 1B1
and decreasing blue lines in Figure 1D) (Wheeler, 1996; Papaj,
2000), whereas increased among-patch isolation should lead
to increased allocation to dispersal ability and hence greater
investment in dispersal structures (Figure 1C) (Gibbs and Van
Dyck, 2010; Bonte et al., 2012; Stevens et al., 2012). Consequently,
as fragmentation increases, organismal investment into dispersal
should increase, whereas investment into reproduction should
decrease or remains equal (Figure 1D). Thus, both scenarios

lead to a resource allocation trade-off between reproduction and
dispersal along a fragmentation gradient (Figure 1E).

It is important to note that there are two slopes that
reflect the physiological and landscape levels of organization
(Figure 1E). The first is the among-individual-within-patch
slopes determined by the physiological processes governing
the resource allocation strategies of the individuals within a
patch (Figure 1E). The second is the slope generated among
patches within the landscape which incorporates the physiology
into landscape level processes (Figure 1E). The slope and
intercept of the within-patch tradeoff (the allocation strategy)
is context dependent and will change with any combination of
individuals within a patch and the environmental conditions they
experience (Figures 1, 2). The among patch slope and position
of each patch along it, is determined by the resource allocation
strategies of the individuals within each patch. Thus, although
we can make general predictions regarding the tradeoff within
a landscape (Figure 2), the exact position of a given patch will
be determined by the individuals and combination of patches
measured (Figure 1).

We note that this framework is concerned with the tradeoff
in the allocation of resources to dispersal vs. reproduction. We
would expect the allocation of resources to these two traits to
have cascading effects on the allocation of resources to other life
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FIGURE 2 | Predictions derived from the landscape physiology framework.
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The strength of the tradeoff between reproduction and dispersal will increase
with patch isolation (A), decrease with patch size (B) and patch productivity
(C).

history traits as well. Such additional affects are beyond the scope
of this paper.

SPECIFIC HYPOTHESES

The landscape physiology framework offers a number of
hypotheses regarding the effect of fragmentation on the
dispersal-reproduction trade-off. We assume that the effect
of the environment on the dispersal-reproduction dynamics
is expressed by the strength of the trade-off. The strength
of a trade-off can be expressed as the negative slope of the
regression between reproduction and dispersal (however these
are measured) so that a steeper negative slope indicates a
stronger trade-oft (Figure 1E), or by the strength of the (genetic)
correlation among the traits where a stronger trade-off is
indicated by a stronger negative correlation (Zera and Harshman,
2001; Roft and Fairbairn, 2007; Boggs, 2009; King et al., 2011).
The strength of a tradeoff can also be influenced by the amount
of variation about the slope, such that a higher variance (a lower
R?) indicates a weaker tradeoff. For simplicity, in this paper, we
only use the slope as a measure of the strength of the tradeoft.

We propose three specific hypotheses, which we are testing
in our ongoing research, regarding the relationship between the
effects of habitat fragmentation and the strength of the dispersal-
reproduction trade-oft (Figure 2).

Hypothesis 1
Increased patch isolation leads to an increase in resource
allocation to dispersal (Figures 1C,D). This hypothesis leads to

the prediction of a positive relationship between the degree of
isolation of a patch and the strength of the dispersal-reproduction
trade-off, such that the trade-off will be stronger where isolation
is higher (Figure2A). This prediction will result in lower
reproductive rates in the more isolated patches.

Hypothesis 2

Increased patch size leads to either a constant or an increase
in resource allocation to reproduction (Figures 1B1,D). This
hypothesis leads to the prediction of a negative relationship
between patch size and the strength of the dispersal-reproduction
trade-off, such that smaller patches will exhibit a stronger trade-
off (Figure 2B). This prediction will result in lower reproductive
rates in the smaller patches.

Hypothesis 3

An increase in patch productivity will provide enough resources
for both dispersal and reproduction. This hypothesis leads to
the prediction that the strength of the trade-oft will decrease
with increased productivity, i.e., in patches with higher resource
availability (Figure 2C). This will result in lower reproductive
rates in fragmented habitats of low productivity. This is
supported by what is known of insect reproductive physiology:
reproductive output is a function of the amount of resources
acquired (Wheeler, 1996; Papaj, 2000). Resource abundance
can affect the strength of a trade-off: it can be eliminated
when resources are plentiful, or exacerbated when resources are
limited, as described above.

Under landscape fragmentation, Hypotheses 1 and 2 are
not independent, as more fragmented areas are more isolated
and have smaller patches. Hypotheses 2 and 3 propose the
same pattern, but in different spatial configurations: one along
a fragmentation gradient (i.e., change in patch size) and the
other along a productivity gradient. A landscape that includes
both gradients, varying independently, will serve as an ideal
model system to test the proposed hypotheses, as it can provide
evidence that the shared mechanism works regardless of the
spatial configuration and allows effects due to fragmentation to
be separated from effects due to productivity.

STUDY SYSTEM

The appropriate study system in which to test how the dispersal-
reproduction trade-off translates landscape fragmentation into
population-level processes must fulfill the following criteria.
First, fragments must be well-defined. Second, the fragmentation
gradient must occur over a small enough area as to minimize
abiotic variation from weather or other factors. Third, the
gradient must have existed over sufficient evolutionary time to
allow evolutionary responses in the dispersal-reproduction trade-
off to emerge. Fourth, the study organism must be in high enough
abundance to allow population-level effects to be measured.
Finally, the fragmentation gradient must be at an appropriate
grain for the organism’s life-history (Baguette and van Dyck,
2007); the organism should be mobile enough so that dispersal
is an important component of its life-history, but not so mobile
that it can easily emigrate from the gradient.
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Our current consideration and specific examples relate to
terrestrial environments due to our own research interests.
However, our framework should be relevant to any other
environment where individuals face energy constraints and must
allocate their resources to either fecundity or movement to
another habitat patch. For example, in marine environments,
isolated coral reefs are distributed at different distances and
have different habitat quality (e.g., Belmaker et al., 2007, 2009).
Dispersal among different coral reefs (Belmaker et al., 2011)
is costly for individuals due the open-sea hostile environment,
but may allow the new arrivals to have reduced predation
pressure (Belmaker et al,, 2005) and possibly an increase in
fitness. Consequently, we expect that the dispersal strategies of
individuals that are based on the heterogeneity of the coral
reef system, will result in higher fitness and their fecundity-vs.-
movement strategy will be favored by natural selection.

Although we present our framework and hypotheses in
the context of fragmentation gradients, there is no reason
this framework cannot be extended to other gradients of
environmental variation. This means, that this framework is
applicable to any natural situation where organisms have to
prioritize between investment in dispersal and investment in
fecundity to maximize their fitness. Given that in natural
systems patch size and distance are not necessarily negatively
correlated as they are along a fragmentation gradient, one can
test the proposed framework in clusters of close habitat patches
of different sizes or in clusters of similar sized patches of
different distances. This allows for separate tests of hypotheses
1 and 2 independently. Such studies can be applied to different
landscapes and taxa.

SUMMARY

The framework proposed here integrates two disparate fields,
landscape ecology and evolutionary physiology, promoting the
emerging new field of Landscape Physiology (Chown et al,
2004; Chown and Gaston, 2008; Bonte et al., 2012; Ellis
et al.,, 2012). Landscape ecology relies on correlations between
landscape and population/community parameters but usually
ignores individual-level mechanisms. Evolutionary physiology,
in contrast, is a mechanistic discipline that focuses on the
microhabitat and often ignores landscape-level processes. This
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