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Abstract.  Ecologists widely agree that context matters. In different places, we recognize that 10 

interactions among abiotic variables, ecological processes, species, and humans play out 11 

differently.  Are there general properties of ecosystems that, if recognized, might help us set 12 

conservation goals more reliably? To address this question, I retraced the historical roots from 13 

which conservation biology has grown and found one property, ecosystem energy levels, which, 14 

while once widely recognized as important, has received little emphasis since. In contrast, the 15 

allied fields of ecosystem analyses and biogeography have made ecosystem energy a basis 16 

component of their research and its application. In this paper, I first review the current state of 17 

knowledge relating ecosystem energy to attributes of populations, communities, and landscapes 18 

critical to the interests of conservation biologists. Those hypotheses that are adequately 19 

supported are used as the basis to derive generalizations on the traits of ecosystems differing in 20 

energy levels and habitat heterogeneity.  As a result of the review, I present a scheme that uses 21 

ecosystem energy levels as a strategic framework to help identify conservation priorities and 22 

those management practices most likely to be effective.  Management strategies are then 23 

presented for ecosystems of each of three energy levels to achieve conservation objectives.  The 24 
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geographic distribution of each type of ecosystem is illustrated globally and applications are 1 

described in case studies of landscapes in the Pacific Northwest, northern Rocky Mountains, and 2 

Mid-Atlantic regions of the United States.  Finally, I suggest research to reduce uncertainty on 3 

the implications of ecosystem energy serving as a framework for conservation planning under 4 

changing climate and land-use pressures.  It is my hope that the framework will make 5 

conservation biology a more predictive science and help managers develop strategies that better 6 

meet their objectives. 7 
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INTRODUCTION 1 

 2 

Ecological systems are immensely complex.  Developing strategies to conserve native 3 

species and ecological processes under increasing human pressure, thus, presents extraordinary 4 

challenges. Among these challenges is identifying high priority conservation threats in a given 5 

place and applying effective management to resolve them.  This challenge has perhaps become 6 

more difficult as conservation biology has matured and recognized a growing list of potential 7 

vulnerabilities.  Consequently, scientists and managers are often unable to crystallize key 8 

conservation priorities for their particular place.  A typical result can be dissipated and 9 

ineffective management.   In areas where a single dominant priority is agreed upon, in contrast, 10 

such as sustainable forest management in the Pacific Northwest U.S., effective management may 11 

result (Lindenmayer and Franklin 2002).  Ecologists and managers widely agree, however, that 12 

context matters. In different places, the interactions among abiotic variables, ecological 13 

processes, species, and humans are known to play out differently.  This suggests that there may 14 

be general properties of ecosystems that, if recognized, could be used to set conservation goals 15 

more effectively.  Clues on such general principles may be found in the theoretical roots from 16 

which conservation biology has grown.      17 

The development of conservation biology has been guided by theories from ecology and 18 

evolutionary biology.  Many of these theories arise from classical works reaching back to the 19 

early and mid-20th century.  In a famous paper of that era by G. Evelyn Hutchinson (1959), the 20 

question was posed, “what factors limit the number of species in a place”?  Hutchinson identified 21 

five variables: habitat heterogeneity, habitat area, trophic structure, evolutionary processes, and 22 

available energy.   Of these, the first four have been widely applied in conservation biology. For 23 
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example, the importance of habitat structure was recognized by Hutchinson’s student, Robert 1 

MacArthur (MacArthur and MacArthur 1961, MacArthur et al. 1966), and has fueled decades of 2 

progress in the management of vegetation patterns to achieve biodiversity objectives.  Similarly, 3 

MacArthur and Wilson’s primer on island biogeography (1967) served as a primary construct to 4 

predict the effects of habitat fragmentation.  Strangely, energy availability (defined here as heat 5 

and the organic energy fixed by primary and secondary productivity) has been largely ignored by 6 

conservation biologists.  In fact, the terms “ecosystem energy” is barely mentioned in 7 

conservation biology texts (e.g., Groom et al. 2006, Hunter and Gibbs 2007). Even a recent 8 

cutting-edge synthesis of principles for managing landscapes for conservation does not mention 9 

the term (Lindenmayer and Hobbs 2007).  As a result of this omission, the possibility of using 10 

ecosystem energy as a basis for defining conservation strategies remains largely unexplored.   11 

In related fields, however, ecologists and biogeographers have given great attention to 12 

ecosystem energy. Wright’s (1983) ‘Species Energy Theory’ purports that available energy 13 

limits the size of populations and biodiversity.  The theory was initially tested with small plot 14 

experiments where primary productivity was manipulated through nutrient additions 15 

(Middlebach et al. 2001).  Biogeographers enlarged the scale of the theory’s application by 16 

taking advantage of satellite-remote sensing technology. They discovered that correlations 17 

existed between species abundances or richness and spatial variation in various indices of 18 

primary production.  Among biogeographers, there is now consensus that continental-scale 19 

patterns of species richness are driven primarily by kinetic  energy (heat), potential energy (foods 20 

resulting from primary and secondary productivity), habitat heterogeneity, and the availability of 21 

water (Kerr and Packer 1997, Waide et al. 1999, Gaston 2000, Mittelbach et al. 2001, Acevedo 22 

and Currie 2003, Currie et al. 2004, Pautasso and Gaston 2005, Currie 2006, O’Brien 2006, 23 
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Waring et al. 2006, Allen et al. 2007, Davies et al. 2007, Hawkins et al. 2007, Kerr et al. 2007, 1 

Nightingale et al. 2008, Field et al. 2009).  2 

Some important applications emerge from these studies: measures of energy can be used 3 

to identify limits on biodiversity (Brown et al. 2001), define species-area relationships (Wright 4 

1983), and to predict probable rates of extinction (Evans et al. 2005a). Available energy also 5 

influences recovery time of populations following disturbance (Huston 1979, 1994) and applies 6 

to human populations as well as it does to native flora and fauna (Balmford et al. 2001, Luck 7 

2007a,b, Huston and Wolverton 2011).  Based on its widespread acceptance in allied fields, 8 

Species Energy Theory should be highly relevant to conservation biologists concerned with the 9 

perpetuation of small populations, the assessment of habitat fragmentation, the use of disturbance 10 

in management, and, ultimately, in the very design of protected areas.   11 

The limited use of Species Energy Theory in conservation biology may be a result of the 12 

history of development of ecology.  Brown (1981) suggested that energy was seen by ecologists 13 

as one of the major drivers of diversity up into the 1960s as illustrated by Hutchinson (1959) and 14 

colleagues.  In the 1970s, ecologists diverged, either to study ecosystems or to seek a better 15 

understanding of interactions among species. Wright’s 1983 paper reopened interest in 16 

energy/diversity relationships, but largely among biogeographers and those ecologists concerned 17 

with developing models to predict geographic variation in species richness.  At the time, 18 

conservation biologists remained focused on principles derived from studies in evolution, 19 

population, and community dynamics. More recently, ecologists have begun to consider the 20 

application of Species Energy Theory to conservation (e.g., Balmford et al. 2001, Huston 2004, 21 

Luck 2007b, Phillips et al. 2010, Hansen et al. 2011), but no general synthesis of the topic  has 22 

emerged. 23 
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In this review, my general goal is to introduce ways to identify ecological properties that 1 

might provide a framework to set conservation objectives and to derive sounder management 2 

strategies.  Leading criteria for such a scheme include recognition of spatial variation in 3 

productivity, habitat heterogeneity, disturbance patterns, and evolutionary and land-use history.  4 

My specific goal is to evaluate the merits of quantifying ecosystem energy as a basis for 5 

conservation and management. The paper is partitioned into four sections with the objectives: 6 

 7 

To review the current state of knowledge relating ecosystem energy to attributes of 8 

populations, communities, and landscapes that are relevant to conservation;  9 

To develop a framework to group ecological systems based on ecosystem energy and 10 

other factors that provides a basis for anticipating conservation priorities;  11 

To present management strategies expected to be most effective in these different kinds 12 

of ecosystems; 13 

To illustrate the geographic distribution of the ecosystem types described in the 14 

framework and to provide case studies from landscapes of low, medium, and high energy 15 

levels.  16 

 17 

The paper first evaluates the evidence for each of several hypotheses on how ecosystem 18 

energy may influence the attributes of populations, communities, landscapes, and human land 19 

use that are pertinent to conservation.  Those hypotheses that are adequately supported are used 20 

as the basis to group ecosystems based on ecosystem energy and key factors including 21 

topographic complexity and natural disturbance that interact with energy in influencing 22 

organisms.  Conservation priorities and biological management strategies are then presented for 23 
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each group of ecosystems.  The global spatial distribution of the ecosystem types is then 1 

considered and applications are illustrated in case studies of landscapes in the Pacific Norwest, 2 

northern Rocky Mountains, and Mid-Atlantic regions of the United States.  Finally, I suggest 3 

research to reduce uncertainty on the implications of ecosystem energy serving as a framework 4 

for conservation planning.   5 

My intent is not to suggest that ecosystem energy is necessarily the primary factor that 6 

should be used to guide conservation.  Mainly, I focus on this overlooked aspect of ecological 7 

systems to give it equal status to other factors controlling diversity as elucidated by Hutchinson 8 

(1959).  The resulting conservation framework is designed to identify those conservation 9 

concerns likely to be most important in each group of ecosystems and the most appropriate 10 

management strategies.  In many cases, experienced managers have worked out practical 11 

solutions that haven proven successful. The framework offered here may provide theoretical 12 

support for their practical insights and help others develop more effective “place-based” 13 

conservation programs. 14 

 15 

REVIEW OF THE EVIDENCE 16 

 17 

 As stated above, there is now strong consensus that population sizes and community 18 

richness are influenced by ecosystem energy.  These are among the suite of traits of populations, 19 

communities, and landscapes thought to influence vulnerability to human activities (e.g., Pimm 20 

et al 1988).  To what extent might ecosystem energy cause variation in each of these traits in 21 

ways that are relevant to conservation?  Below, I review the literature on this question for several 22 

levels of organization.  Conclusions on the hypothesized effects of ecosystem energy, key 23 
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references, implications for conservation, and weight of evidence are summarized in Table 1.  1 

Those hypotheses that are considered adequately supported are used as the basis for the 2 

conservation framework in the subsequent section.  Readers less interested in the details of the 3 

hypotheses may choose to skim Table 1 and proceed to the sections on the conservation 4 

framework.    5 

 6 

Population growth, abundance, extinction risk 7 

 Available energy is hypothesized to allow higher survival and/or reproduction of 8 

individuals, greater population abundances, and reduced risk of extinction (Preston 1962, 9 

MacArthur and Wilson 1967).  The enhanced survival and reproduction may result from greater 10 

food resources or increased heat, which may allow individuals to divert resources from 11 

thermoregulation to activities such as reproduction (Hutchinson 1959, Turner et al. 1988).  The 12 

positive relationship between available energy and species abundance may flatten at higher 13 

energy levels as other factors become limiting.  Smaller populations are more prone to extinction 14 

due to increasing likelihood of loss of all individuals through genetic, demographic or 15 

environmental stochasticity, or catastrophic events (Pimm et al. 1988, Lande, 1993).   This 16 

hypothesis is central to Wright’s (1983) derivation of species–energy theory from the species-17 

area relationship (see below).   18 

A review of the evidence by Evans et al. (2005a) found that many experimental and field 19 

studies from invertebrates, birds, and mammals have shown that local population sizes increase 20 

with food availability, and many studies have demonstrated positive correlations between energy 21 

availability and local population size.  They conclude that it is likely that local population sizes 22 

are generally limited by energy availability.  Moreover, population density has been found to be 23 
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a significant predictor of extinction for mammal species in 28% of ecoregions studied globally 1 

after controlling for geographic range size and body mass (Fritz et al. 2009) and of extinction 2 

risk for contemporary carnivores and primates (Purvis et al. 2000).  Few studies have tested if 3 

extinctions are more prevalent in low-energy environments.  However, Evans et al. (2005a) point 4 

out that if extinction risk changes with energy availability most dramatically at small population 5 

sizes, then the rarest species will show the strongest species–energy relationships. This was 6 

found to be the case by Bonn et al. (2004) in southern Africa.  However, common species 7 

contributed more to species energy relationships for birds in Britain (Evans et al. 2005b,c) and in 8 

North America (Evans et al. 2006).  Hence, I conclude the evidence is strong for population 9 

growth rates and abundance and partially supporting for extinction risk.   10 

In a recent paper focusing primarily on controls on animal body size, Huston and 11 

Wolverton (2011) put forth that it is energy fixed during the portion of the year when an animal 12 

population is reproducing that most limits population size (and body size), not average annual 13 

energy.  This distinction is important because the geographic locations highest in primary 14 

productivity during the reproductive period (termed ecologically and evolutionary relevant 15 

energy, eNPP) are largely in mid-latitudes (50-60 degrees north and south) (Huston and 16 

Wolverton 2011). Locations with highest annual primary productivity are largely in the humid 17 

tropics (e.g., Luyssaert et al. 2007).  Thus, the eNPP hypothesis predicts that energy leads to low 18 

animal population sizes and high extinction risk both at high latitudes and in the tropics, while 19 

hypotheses based on annual productivity predict these trends primarily for high latitudes.  Huston 20 

and Wolverton (2011) do not, however, test the effect of eNPP on population abundance directly 21 

nor consider alternative hypotheses on controls on body size and population density.  Hence, 22 
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pending further research on this topic, I do not consider the implications of eNPP for population 1 

abundance and extinction rates in this paper.   2 

The key implication of the general hypothesis for conservation is that relatively more 3 

species will have small populations and be more prone to extinction in low energy environments.  4 

Thus, management of small populations to improve viability may be a higher conservation 5 

concern in low than in higher energy environments.   Within this context, supplementation of 6 

energy resources through food provisioning (Gonzalez et al. 2006,  Schoech et al. 2007, Lopez-7 

Boa et al. 2009) and manipulation of productivity through irrigation and fertilization (Huston 8 

2004) may be successful strategies for increasing population sizes of species at risk. 9 

 10 

Home range size and body size 11 

 Home range size is hypothesized to be inversely related to habitat productivity, 12 

controlling for body size and trophic level (Harestead and Bunnell 1979).  The size of an 13 

animal’s home range is thought to be dictated by its energetic requirements.  Energy 14 

requirements are largely determined by body weight and basal metabolic rate.  Hence, home 15 

range size is known to increase with body weight, is larger for homeotherms than endotherms 16 

because of their relatively higher energy requirements, and is larger for carnivores than 17 

herbivores because of lower average density of utilizable production at higher trophic levels 18 

(McNab 1963, Harestead and Bunnell 1979, Mace and Harvey 1983).  Thus, it follows logically 19 

that in more productive environments, energy requirements can be met in a smaller area, 20 

allowing home ranges to be smaller.   21 

 This hypothesis is supported by an analysis of relationships between North American 22 

mammal home range size and two indices of productivity, latitude and precipitation.  Drawing on 23 
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36 previous studies, Harestead and Bunnell (1979) reported that home range size increased with 1 

latitude and precipitation, after controlling for body size and trophic level.  More recently, Nilsen 2 

et al. (2005) found that a remotely sensed index of primary productivity added predictive power 3 

to the models of home range size for 8 of 12 carnivore species, and the explanatory power varied 4 

between 16% and 71% for the different species.  Within species, home range size can vary by 5 

orders of magnitude across their ranges.  A study of Eurasian lynx (Lynx lynx) found an inverse 6 

relationship between an index of prey availability and home range size of lynx in a portion of 7 

Norway (Herfidal et al. 2005).  Across the full range of this species, the authors found an inverse 8 

relationship between home range size and indices of primary productivity.   Similar results were 9 

obtained for male desert mule deer (Odocoileus hemionus crooki) in southwest Texas (Relyea et 10 

al. 2000) and for elk (Cervus elaphus) in Alberta and Wisconsin (Anderson et al. 2005).  11 

However, the relationship did not hold for female mule deer in the Texas study.  Moreover, for 12 

elk in Wyoming, a positive relationship was confirmed.  Herfidal et al. 2005, Anderson et al. 13 

2005, and Relyea et al. 2000 all point out that productivity is one of several factors that influence 14 

home range size and that these factors may sometimes override the productivity/home range size 15 

relationship.  With acknowledgement that productivity interacts with other factors to influence 16 

home range size, I rate the evidence as strong in support of the hypothesis. 17 

Body size within a species is widely thought to be influenced by thermoregulatory factors 18 

such that larger size is favored in colder environments (Bergmann 1847).  Huston and Wolverton 19 

(2011) put forth an alternative hypothesis that interspecific body size is regulated by available 20 

energy.  If this hypothesis is correct, it suggests that populations within a species may adjust to 21 

local energy availability by either modifying home range or body size or a combination of both.  22 

Studies of energy and intraspecific home range size have controlled for body size.  It would seem 23 
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equally important that analyses of energy and body size within a species control for home range 1 

size.  I conclude that more research is needed on the influence of ecosystem energy on body size 2 

before conservation implications can be drawn, especially interactions with home range size.    3 

An understanding of the requirements for use of space is vital in management and 4 

conservation to scale the size of management units for a designated species (Herfindal et al. 5 

2004).  In the case of protected areas, animals with large home ranges are more likely to roam 6 

onto surrounding lands where they are subject to increased human-induced mortality and 7 

increased risk of extinction (Woodroffe and Ginsberg, 2000).  This effect is predicted to be more 8 

pronounced in regions with low productivity.  In the case of game harvest units, knowledge of 9 

home range size is needed to estimate population abundance and set harvest rates (Relyea et al. 10 

2000).  With respect to conservation planning and species recovery programs, it is important to 11 

know how much space individuals need when estimating potential carrying capacities for 12 

recovery areas (Herfindal et al. 2004).   13 

 14 

Migration 15 

 Seasonal migration is hypothesized to occur more frequently in ecosystems where 16 

favorable thermal conditions and/or food are patchy in space and time.  The primary advantages 17 

of migration are thought to be exploiting patches of high quality food in areas that cannot be 18 

occupied year round and reducing the impacts of predation (Fryxell and Sinclair 1988).  For 19 

highly vagile groups such as many birds, it is well established that a greater proportion of species 20 

are migratory in systems where seasonality causes resources to be temporally variable (Cox 21 

1985, Hurlburt and Haskell 2003).  Also, movements of some migratory mammal populations 22 
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are known to closely follow local spatial and temporal dynamics of forage quality and quantity 1 

(Senft et al. 1987, Sinclair 2003, Wang et al. 2006).   2 

 I hypothesize that large mammal (mass> 2 kg) migrations are more prevalent in 3 

ecosystems where productivity is low to intermediate and patchy in space and time.  While this 4 

hypothesis has not been directly addressed in the literature, various lines of evidence are 5 

relevant.  First, among large mammals, the majority of documented migrations involve 6 

herbivores.  Berger (2004) surveyed the global literature and compiled a list of 94 populations 7 

with documented migrations (3-2178 km one way).  Among these, 89 were herbivores and five 8 

were carnivores.  The point is important because Oiff et al. (2002) discovered that large 9 

herbivore species richness varies with plant productivity and quality and predicted that herbivore 10 

richness is high in particular settings globally.  Using data from Africa, they concluded that 11 

highest herbivore diversity occurs where plant-available moisture is intermediate and soil 12 

nutrients are high.  They then modeled herbivore species richness across the tropical to temperate 13 

regions of the world based on these variables (Fig. 1).  Predicted patterns of richness were low in 14 

deserts because of low moisture and in the humid tropics where high rainfall contributes to low 15 

soil fertility. Predicted richness was highest in the Great Plains of North America, Argentinian 16 

pampa, Gir Forest of India, the Serengeti region of Africa, steppes of Khazakstan and Mongolia, 17 

Cordillera of Spain, and the coastal region of Morocco and Algeria, all of which largely 18 

comprise grasslands, savanna, and lower density forests.  Human land use correlates with plant 19 

productivity and soil fertility in a similar fashion (Huston and Wolerton 2011).  Consequently, 20 

more than half of the area of highest predicted herbivore species richness has been converted to 21 

agriculture and lost herbivore diversity. (Oiff et al. 2002).  In total, these results suggest that 22 

large herbivore richness, and thus the potential for many migratory species, is predicted to be 23 
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more prevalent in the grassland to low density forest regions that have not been converted to 1 

intense human land use. 2 

 Colleague Linda Phillips and I (Hansen and Phillips in prep) explored the distribution of 3 

the herbivore migrations reported by Berger (2004) across North America relative to plant 4 

productivity and patchiness.  We used MODIS NDVI data as an index of plant productivity 5 

(Zhao et al. 2005) and estimated annual mean, monthly coefficient of variation (CV), and spatial 6 

CV in mean annual NDVI within 1 x 1 cells across the continent. The frequency distributions 7 

of cells with migrations were compared to a set of cells randomly selected from locations 8 

without migrations.  We found that migrations occurred more frequently than expected based on 9 

aerial extent in locations with intermediate mean annual productivity, intermediate seasonal 10 

variation, and/or intermediate spatial variation.  No migrations occurred in the productive forests 11 

of the southeast and eastern U.S., nor in the fertile central plains of the US, which have largely 12 

been converted to agriculture.  Migrations were most common in the mountain west, the Great 13 

Basin, and the mixed wood zone of central Canada and Alaska.  Because more research is 14 

needed, I conclude that the evidence is intermediate that large ungulate migrations are most 15 

prevalent in ecosystems with intermediate productivity, intermediate patchiness in productivity, 16 

and high soil fertility, particularly those without intense land use.  17 

 Many conservationists are concerned about habitat connectivity to maintain gene flow 18 

among subpopulations, capacity for dispersal under climate change, seasonal migrations, and 19 

other reasons.  The implication of this hypothesis for conservation is that management for 20 

connectivity to facilitate seasonal or spatial migration may be a high priority in the types of 21 

ecosystems described above and a low priority in systems where productivity is high and less 22 

variable  such as in the humid tropics or where intense land use has extirpated large herbivores.    23 
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 1 

Spatially explicit population dynamics 2 

 Spatially-explicit population dynamics such as source sink dynamics are predicted to be 3 

more prevalent in ecological systems where limiting resources and/or predation are variable.   4 

Source/sink populations are those composed of subpopulations where reproduction exceeds 5 

mortality and net population growth is positive (sources) and subpopulations where net 6 

population growth is negative (sinks) (Pulliam 1988).  The concept is highly relevant to 7 

conservation because interactions between source and sink subpopulations influence the stability 8 

of the metapopulation (Wiens et al. 2011).  Persistence of the sink population requires dispersal 9 

from the sources.  Ecosystem energy is one of many factors that may influence habitat quality 10 

and the prevalence of source sink populations.   11 

Within landscapes that vary spatially in energy, mortality may be relatively high and 12 

reproduction relatively low in the patches with lower energy and associated resources, resulting 13 

in these patches being sinks that are dependent upon source areas in more productive patches.  14 

Accordingly, protected areas that lie in harsher biophysical settings may contain sink populations 15 

that are dependent on dispersal from source populations located outside the protected area 16 

(Hansen 2011).  Land use that impacts these source areas may result in loss of the subpopulation 17 

in the protected area.  For example, subpopulations of some migratory songbird species within 18 

Yellowstone National Park are dependent upon dispersal from source populations in more 19 

productive habitats outside of the park.  Exurban development in these source habitats has 20 

increased nest predation rates and converted them to sinks for some bird species, putting at risk 21 

the subpopulations within the park (Hansen and Rotella 2002).    22 
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In some cases, low productivity areas may be what are termed “refuge” habitats, where 1 

organism survival is relatively high but reproduction is relatively low, so the subpopulation is a 2 

weak source (Naves et al., 2003).  This typically occurs in “suboptimal refuge areas with scarce 3 

nutritional resources but a lower risk of human-induced mortality that may allow for population 4 

persistence”, Naves et al. (2003, pg. 1277).  Such populations are often either large predators in 5 

protected areas or endangered species that have been displaced to the edges of their former 6 

ranges.  In both cases, these species are highly vulnerable to slight increases in mortality because 7 

of human activities. Documented examples include grizzly bears (Ursus arctos) in the 8 

Cantabrian Mountains of Spain and lynx (Lynx pardinus) in the Iberian Peninsula of Spain (see 9 

Hansen 2011).  Such species are especially at risk if the refuge habitats are surrounded by 10 

“attractive sinks”, places where habitat quality is good, allowing potentially high reproduction 11 

and high survival, but where either reproduction or survival is reduced by forces that are not 12 

detected by the organism (Delibes et al., 2001a).  Hence, the organism selects habitat based on 13 

perceived quality, but suffers either high mortality or low reproduction there because of hazards 14 

that are not detected.  More intense land use in the productive lands around refuge habitats may 15 

cause these lands to become attractive sinks that can put at risk the subpopulations in the refuge 16 

habitats, as is the case for grizzly bears in the Greater Yellowstone Ecosystem, USA (see Hansen 17 

2011). 18 

This hypothesis on spatially explicit population dynamics is well-developed theoretically 19 

and confirmed in empirical studies.  Thus, I rate it as strongly supported.     20 

 21 

Species richness of communities 22 
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 Brown et al. (2001) hypothesized that species diversity is an emergent property of 1 

ecosystems that is often maintained within narrow limits.  They termed this property ‘carrying 2 

capacity for species richness’ (SK) and defined it as a “steady-state level of richness specific to a 3 

particular site or local ecosystem, that is set by resource availability and other local conditions 4 

and is maintained despite changes in species composition” (pg. 328).  They tested the SK 5 

hypothesis with three primary data sets and a review of published studies which tracked species 6 

richness over decades to millennia.  They concluded that richness has remained remarkably 7 

constant over time despite large changes in composition as predicted by the hypothesis.  The 8 

mechanism they proposed to account for this regulation requires relatively constant levels of 9 

productivity and resource availability and an open system with opportunity for compensatory 10 

colonizations and extinctions.  The many studies concluding that kinetic energy and potential 11 

energy are important drivers of species richness (see Introduction) are consistent with and 12 

provide support for the SK hypothesis.  The overall conclusion is that ecosystem energy is one of 13 

the factors that set the fundamental capacity of an ecosystem to support species richness.  14 

The SK hypothesis is defined above as occurring under equilibrium conditions, “relatively 15 

constant levels of productivity and resource availability”.  Climate and thus ecosystem energy 16 

are known to vary at decadal, centennial, and longer time scales.  The extent of equilibrium or 17 

disequilibrium in SK is expected to be a function of the rate of adjustment in species richness to 18 

changing resource conditions.  It is possible that some of the discrepancies among studies of 19 

Species Energy Theory result from some study areas being in equilibrium while others are in 20 

disequilibrium due to climate change, natural disturbance, or other factors.  Schimel et al. (1997) 21 

conclude that vegetation quickly responds to environmental change such that primary 22 

productivity strongly reflects the interactive effects of climate, soil fertility, disturbance, and 23 
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other factors.  Thus, primary productivity is typically in equilibrium with ecosystem conditions.  1 

Among the various elements of biodiversity, response rates to environmental change are known 2 

to vary.  Vagile organisms such as birds are expected to respond more quickly than sessile 3 

organisms such as vascular plants (White et al. 2010).  Among individuals, body mass likely 4 

responds most quickly to environmental change followed by reproduction, with survival being 5 

slowest to respond.  Similarly, within populations, abundance of short lived species may adjust 6 

to changing conditions within months to years, but time to extinction may take decades to 7 

centuries (Brooks et al. 1999).  We do not know enough about response rates of species richness 8 

among taxonomic groups and about rates of change in resources in particular ecosystems to 9 

determine which systems are in equilibrium or in disequilibrium.  We do know, however, that 10 

spatial patterns of native species richness across environmental gradients are relatively consistent 11 

among continents and across studies, suggesting that species richness does largely reflect the 12 

capacity of ecosystems to support species (Studies cited in Introduction).  Moreover, in 13 

considering the influence of environmental stability on species energy relationships, Evans et al. 14 

(2005a) conclude that environmental stability is unlikely in general to confound species-energy 15 

relationships.  Thus, the concept of SK remains highly relevant to conservation.  16 

Another area of uncertainty is the shape of the relationship between energy and 17 

biodiversity at higher energy levels (e.g., Wright 1983, Rosenzweig and Abramsky 1993, Huston 18 

1994, Waide et al. 1999, Gaston 2000, Mittelbach et al. 2001, Whittaker and Heegaard 2003). At 19 

continental scales, nearly all studies found a positive linear relationship between species richness 20 

and energy at lower levels of energy. At intermediate to high levels of energy, the relationship 21 

has been found to be positive linear, positive flattening, or unimodal, where richness peaks at 22 

intermediate energy levels and decreases at high-energy levels. Several hypotheses have been 23 
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proposed to explain both the positive and negative shapes of the relationship, although it is fairly 1 

well accepted that different mechanisms apply in different geographic areas based on limiting 2 

factors of the particular ecosystem (Rosenzweig 1995). The most widely cited explanation for 3 

the positive relationship is the ‘‘More Individuals Hypothesis,’’ which suggests that increasing 4 

energy decreases the probability of local extinctions by influencing organism abundances and 5 

populations sizes (Wright 1983, Srivastava and Lawton 1998) (see Population Growth, 6 

Abundance, Extinction Risk section above).  The most widely cited hypothesis explaining the 7 

negative slope of the relationship is the ‘‘Dominance Hypothesis,’’ which suggests that at high 8 

energy levels, a few plant species are able to dominate and competitively exclude other species, 9 

resulting in lower vegetation structure and plant species richness and lower habitat and food 10 

diversity for higher trophic levels (Huston 1994).  In a metaanalysis of studies on species-energy 11 

relationships in plants, Gillman and Wright (2006) found evidence for competitive dominance 12 

causing reduced species richness in high energy environments in studies at local spatial scales in 13 

some of the studies they reviewed.  At continental scales, however, they concluded that nearly all 14 

studies of plants show that species richness increases with productivity, which indicates that 15 

competitive dominance is not a strong force at these scales.  Another hypothesis for the downturn 16 

in richness at high energy levels is that high productivity leads to a decrease in the heterogeneity 17 

of limiting resources and fewer foraging niches (Huston 1979, Tilman 1982, Tilman and Pacala 18 

1993).  However this hypothesis has not been widely tested.  Overall, attempts to synthesize the 19 

results of species–energy studies among geographic locations, taxonomic groups, or spatial 20 

scales have not supported a consistent shape in the species–energy relationship at medium to 21 

high energy levels (Waide et al. 1999, Mittelbach et al. 2001, Whittaker and Heegaard 2003, 22 

Gillman and Wright 2006).  23 
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Colleagues and I examined the shape of the relationship between native landbird richness 1 

and several measures of energy across North America (Phillips et al. 2010).   We found a strong 2 

unimodal relationship between gross primary productivity (GPP) and species richness (Fig. 2a).  3 

Net primary productivity (NPP) (new biomass fixed) should theoretically be a better predictor of 4 

species richness than GPP because GPP includes energy lost to plant respiration which is not 5 

available to consumers.  We suspect GPP was a stronger predictor in this study because it is 6 

more accurately simulated than NPP in the MODIS data we used.  An interesting finding in the 7 

study was that samples with similar energy level and slope of relationship were spatially 8 

contiguous, with samples in the west and north having positive slope, those in the mid latitude 9 

having a flat slope, and those in the SE and Pacific Northwest a negative slope (Fig. 2b).  Hence, 10 

the fundamental relationship between energy and species richness differed geographically.  11 

Similarly, a study of species energy relationships for birds within 1-degree cells across the 12 

terrestrial portion of the biosphere similarly found positive and flat to negative slopes within grid 13 

cells (Hurlbert and Jetz 2010).  The strong relationships and positive slopes were in the high 14 

latitudes and in deserts.  The weak relationships and slightly positive to slightly negative slopes 15 

occurred in areas of higher productivity such as the Amazon Lowlands and the Congo foothills.   16 

I conclude that evidence that ecosystem energy influence species richness is strong.  At 17 

low to intermediate energy levels there is overwhelming evidence that the relationship is 18 

positive.  Under what circumstances species richness declines at the highest energy levels is still 19 

under considerable debate.  20 

Knowledge of the current spatial distribution of SK and of human impacts can provide a 21 

strong basis for conservation planning, particularly for prioritizing locations for protection and 22 

for restoration (Hansen et al. 2011).  At the continental scale, locations of high SK and low 23 
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human impact should be high priorities for protection because they represent continental hotspots 1 

for native species.  Locations of high SK and high human impacts may be high priorities for 2 

restoration.  By reducing the negative human impacts, native species richness is expected to 3 

move on a trajectory towards the higher natural carrying capacity.  Within low energy regions, 4 

there is often high spatial variation in available energy, with localized hotspots of high energy 5 

being especially important to native species (Hansen and Rotella 2002).  Prioritizing such 6 

locations for conservation can be a cost-effective means of achieving biodiversity objectives in 7 

such landscapes.  In regions where energy is relatively high and the slope of the species–energy 8 

relationship is negative, low-energy places may be localized biodiversity hotspots and benefit 9 

from allocation as conservation zones. Because species richness may be depressed by dominance 10 

of overstory vegetation, logging, grazing, and prescribed fire may be effective in breaking 11 

competitive dominance, releasing early- and mid-seral species, and increasing native species 12 

richness (Huston 1979, Odion and Sarr 2007). 13 

 14 

Disturbance and succession 15 

The Intermediate Disturbance Hypothesis (Connell 1978) has become solidly rooted in 16 

conservation biology and is used to guide application of disturbances such as timber harvests or 17 

prescribed fires to maintain native diversity.  Some 40 years ago, however, Huston (1979) 18 

suggested that the effect of disturbance on diversity is mediated by ecosystem productivity such 19 

that diversity peaks at higher rates of disturbance in productive environments (see also Huston 20 

1994).   The premise of the Huston’s Dynamic Equilibrium Hypothesis (DEH) is that productive 21 

environments allow high population growth rates which lead to dominant species competitively 22 

excluding other species and reducing species diversity (Fig 3).  Disturbance breaks this 23 
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competitive dominance, frees resources that allow for rapid recovery of post-disturbance 1 

communities, and increases species diversity.  In low productivity environments, alternatively, 2 

recovery following disturbance is predicted to be slow and more variable as resources and 3 

conditions limit species growth rates.  Disturbance events in these environments typically 4 

compounds physiological stress that organisms experience where resources are already limited, 5 

resulting in decreased species richness. Hence, depending on the productivity of the ecosystem, 6 

disturbance may act to enhance diversity by breaking competitive dominance or reduce diversity 7 

through environmental stress.   8 

 The Dynamic Equilibrium Hypothesis has been widely tested.  Moderate to strong 9 

support for the hypothesis was found in aquatic communities (Cardinale et al. 2006), marine 10 

communities (Widdicombe et al. 2001, Worm et al. 2002, Svensson et al. 2007, 2010), microbial 11 

communities (Scholes et al. 2005, Haddad et al. 2008), plant communities (Proulx and 12 

Mazmuder 1998, Osem et al. 2002, Bakker et al. 2006), bird communities (McWethy et al. 2010) 13 

and simulated communities (Kondoh 2001).  Most of these studies, however, found some level 14 

of deviation from the predictions of the hypothesis.  It is increasingly understood that this 15 

hypothesis is contingent on important underlying assumptions which are not always met, 16 

including: potential for competitive exclusion, a large regional species pool, multiple stages in 17 

succession, and trade-offs between competition and colonization (see Svensson et al. 2010).  It is 18 

also widely accepted that the disturbance/productivity interaction effect on diversity varies with 19 

disturbance type (Svensson et al. 2007, 2010) and the life history attributes of the species in the 20 

community (Scholes et al. 2005, Haddad et al. 2008).   21 

 Nonetheless, the effect of productivity on community response to disturbance was 22 

dramatic enough in a study of 85 streams in the Mid-Atlantic United States to lead Cardinale et 23 
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al. (2006) to argue that univariate explanations of diversity (e.g. disturbance or productivity 1 

alone) are antiquated, limited to too narrow a range of variables to represent generalities, or are 2 

altogether incorrect.  Similarly, the strong results of a meta-analysis of 30 studies of diverse 3 

grazing systems led Proulx and Mazumder (1998) to conclude that plant species richness 4 

decreases with high grazing in nutrient-poor ecosystems, while it increases with high grazing in 5 

nutrient-rich ecosystems.  In forested systems, McWethy et al. (2010) found that bird species 6 

richness in stands increased with higher levels of disturbance in the surrounding landscape 7 

within a highly productive environment, but richness decreased with increasing disturbance in 8 

the surrounding landscape within a less productive setting.   Within the assumptions stated above, 9 

I consider the evidence in favor of the hypothesis to be strong.  10 

 One of the most fundamental decisions natural resource managers face is how much 11 

disturbance is required to achieve biodiversity and other objectives.  Where the Dynamic 12 

Equilibrium Hypothesis applies, the answer depends upon the productivity of the system (Proulx 13 

and Mazumder 1998, Odian and Sarr 2007, Verschuyl et al. 2008, McWethy et al. 2010).  14 

Timber harvest, grazing, prescribed fire and other induced disturbances should be applied at 15 

higher rates (frequency and/or intensity) in highly productive systems where species have been 16 

lost because of competitive exclusion to allow the maintenance of both late and early seral 17 

species.  In low productivity systems, prescribed disturbance should be applied at lower rates to 18 

reduce loss of species because of disturbance and post-disturbance stress.  Application of 19 

disturbance in productive settings in the humid tropics should be approached with caution.  20 

Warm, moist environments often have high levels of leeching of nutrients from soil (Huston and 21 

Wolvertion 2011).  Where parent materials are not refreshed by geologic and other processes, 22 

such as in the Amazon Basin, soil fertility can be low with most nutrients bound in vegetation.  23 
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Disturbances that remove vegetation can result in depleted nutrients, slow recovery, and a long-1 

term loss of species richness.  On the richer, volcanically derived soils in parts of SE Asia, 2 

disturbance may have a positive effect on species richness as predicted by the Dynamic 3 

Equilibrium Hypothesis.  4 

 Another important implication for conservation is that human impact on disturbance and 5 

productivity should not be assessed or managed in isolation (Worm et al. 2002, Cardinale et al. 6 

2006).  Human alterations of the nutrient cycles (e.g., nitrogen, phosphorus) have increased 7 

productivity in many terrestrial, freshwater and coastal ecosystems.  Dams, alteration of riparian 8 

zones, fire exclusion, and manipulation of herbivore and predator populations have changed both 9 

disturbance regimes and consumer pressure.  Rapid change in species composition and loss of 10 

diversity is expected when, for example, disturbance is reduced while the availability of  11 

nutrients or water availability are increased, as often occurs with intensification of land use. 12 

 13 

Within-patch vegetation structure 14 

 The effect of within-patch vegetation structure on species richness is hypothesized to be 15 

reduced in lower energy environments where available energy limits population sizes and niche 16 

specialization (MacArther et al. 1966, Hansen and Rotella 1999, Verschuyl et al. 2008).  In a 17 

classic paper, MacArthur and MacArthur (1961) quantified the striking relationship between bird 18 

diversity and diversity of canopy layers in forests (termed foliage height diversity).  They 19 

speculated that increased vegetation structural complexity provided a greater range of resources 20 

and conditions, allowing more species to obtain adequate niche space.  MacArthur (1964) 21 

expanded the concept to include horizontal structural complexity.  Since then, numerous studies 22 

have provided support for the hypothesis that species diversity is positively related to vertical 23 
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and horizontal structural complexity in canopy layers, live plant size and density, and dead plant 1 

abundance and decay class (Verner et al. 1986, McCoy et al. 1991).  These elements of 2 

vegetation structure are now known to also influence microclimate, nutrient cycling, disturbance, 3 

habitat for hiding, foraging, and reproduction, and availability of foods including leaves, seeds, 4 

fruits, and their consumers such as invertebrates (Hunter and Gibbs 2006).  The hypothesis is 5 

now fully integrated into conservation biology, and managing for structural complexity is a key 6 

strategy of sustainable practices in forestry and agriculture (Lindenmayer and Franklin 2002, 7 

Magdoff 2007).         8 

 Although largely overlooked in modern ecology and conservation biology, both 9 

Hutchinson (1959) and MacArthur (1961, 1969) speculated on interactions between available 10 

energy and vegetation structural complexity in limiting species richness.  Hutchinson (1959) 11 

noted that species richness may be low in low-energy environments because vegetation 12 

productivity is too low to support forested habitats with multiple canopy strata, among other 13 

reasons.  MacArthur et al. (1966) found that forests in Panama had much higher bird species 14 

richness than those in the temperate US, but similar foliage height diversity.  They proposed that 15 

more species can inhabit each canopy layer in the more productive tropical forest because of the 16 

enhanced food resources available.  Building on this logic, Hansen and Rotella (1999) suggested 17 

that vegetation structural complexity accounts for less variation in low energy environments 18 

because energy is too limiting to support viable population sizes of some species.  This 19 

hypothesis was tested along a transect in the Pacific and Inland Northwest US extending from 20 

the productive maritime forests west of the crest of the Cascades Mountains to the cold 21 

temperate forests on the east side of the Rocky Mountains (Fig 4a). Verschuyl et al. (2008) found 22 

that structural complexity explained more than 40% of the variation in bird species richness 23 
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beyond that explained by primary productivity in productive maritime forests.   In the less 1 

productive cold temperate forests, structural complexity explained only 15% additional variance 2 

beyond primary productivity (Fig 4b).   Because this hypothesis was tested by only one study, 3 

support for it is considered intermediate.   4 

 If these findings are borne out by additional studies, the key implication for conservation 5 

is that management for forest structural complexity to benefit biodiversity should yield good 6 

results in productive environments, but the benefits will likely be reduced in low-energy 7 

environments. 8 

 9 

Habitat edge effects 10 

Available energy may also influence species responses to vegetation structure at the 11 

landscape level.  The Biomass Accumulation Hypothesis (Hansen and Rotella 2000) asserts that 12 

landscape edge effects are more pronounced in productive forests with lower rates of disturbance 13 

that build high levels of aboveground biomass.  In such forests, dense vegetation significantly 14 

modifies microclimate, resulting in large differences between disturbance patch edges and forest 15 

interior in vegetation structure, microclimate, and nutrient cycling.  This allows finer habitat 16 

partitioning by organisms of the edge to interior gradient than is the case in lower biomass 17 

ecosystems.  An initial test of this hypothesis reported that the abundances of significantly more 18 

bird species varied with edge density in a productive PNW landscape where vegetation structure 19 

differed considerably between open and closed-canopy patches than in lower productivity 20 

landscape where vegetation structure differed less between open and closed-canopy patches 21 

(McWethy et al. 2009).  A stronger test of the hypothesis involved a meta-analysis of 31 22 

published studies from the major forest biomes of the world. Hansen et al. (in review) found that 23 
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magnitude of edge influence of microclimate was significantly related to forest biomass for light 1 

intensity and relative humidity.  The percent of vertebrate species that specialized on forest 2 

interiors was significantly related to biomass for mammals and birds, and nearly significant for 3 

beetles (Fig 5).   No forest interior species were found in four studies in boreal forests 4 

(aboveground biomass < 75 t/ha).  In temperate and moist tropical forests (aboveground biomass 5 

> 400 t/ha), five studies found 17-32% of species were significantly more abundant in forest 6 

interiors than near forest edges and one study found 50% of beetles were forest interior 7 

specialists.   While these two initial studies provide support, the evidence for the hypothesis is 8 

considered intermediate pending further testing. 9 

The results suggest that forest fragmentation is most likely to influence forest species 10 

negatively in high biomass ecosystems such as tropical and temperate rainforests, but may have 11 

little influence in low-biomass ecosystems such as boreal or subalpine forests.  Thus, forest 12 

managers in high biomass forests should not be confused by the ambiguous results of edge 13 

studies globally and continue to take seriously the management of habitat configuration within 14 

their forests.   In ecosystems with low biomass accumulation such as boreal, dry, or cold forests, 15 

conservation strategies to manage edge effects may be a lower priority. 16 

 17 

Trophic structure 18 

A major thrust in conservation biology is the maintenance or restoration of top predators.  19 

This is often motivated by the goal of reducing overabundant herbivore populations and 20 

countering negative effects of over grazing.  Such “top down” control of trophic structure where 21 

top predators cause cascading effects at lower trophic levels has been documented in some 22 

ecosystems (see Estes et al. 2011).  In many systems, however, trophic structure is controlled not 23 
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by top predators but by “bottom-up” factors – abiotic conditions and primary producers (Sinclair 1 

and Krebs 2002).  Factors causing top-down vs. bottom-up control of ecosystems are not well 2 

understood (Sinclair 2003).  A recent study suggested that top-down control is more common in 3 

lower productivity environments.   4 

 Melis et al. (2009) examined the influence of predation on the population dynamics of 5 

roe deer (Capreolus capreolus) across the wide gradient in climate and productivity found across 6 

the European continent.  They concluded that deer densities varied with indices of forage 7 

productivity and winter severity across the continent.  The effect of predation by wolf (Canus 8 

lupus) and lynx on population dynamics was stronger with declining environmental productivity 9 

and increasing harshness of winter.  In the most productive regions, deer populations with 10 

predators present attained 60-80% of the predator-free population density. In the least productive 11 

regions, populations with predation had densities less that 10% of those without predators.  The 12 

authors speculated that the mechanisms underlying this effect are: (1) an inverse density 13 

dependence of the impact of predation (percentage of population killed by predators being higher 14 

at low than at high densities of prey); and (2) the additive character of predator-caused and 15 

winter-caused mortality of roe deer in harsher regions. 16 

 While the results of this study are intriguing, clearly more theory and empirical study is 17 

needed to understand the influence of ecosystem productivity on trophic cascades.  Schmidt 18 

(2010) points out those top-down effects are expected when herbivore effects on plants are not 19 

density dependent.  In this case, plant growth rates in highly productive environments should 20 

more fully compensate for loss of plant biomass to herbivory than in unproductive environments, 21 

reducing the indirect effect of predators on forage production.  The factors that influence density 22 

dependence of herbivores on forage and how these vary with ecological productivity, however, 23 
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are not well known (see also Hegel et al. 2010).  Thus I rate the hypothesis that top-down effects 1 

are more likely in low productivity environments as inadequately tested. 2 

 Better understanding of the factors controlling trophic cascades is needed for improved 3 

management of predators.  Such programs are often controversial because of the high risk that 4 

top predators can present to humans, livestock, pets, and hunted ungulate populations.  5 

Knowledge of the conditions under which top predators are likely to have the desired effect on 6 

community structure would help managers execute such reintroductions where they are likely to 7 

be most effective.  This knowledge could also be used to guide predator reduction efforts to the 8 

conditions under which they will best improve prey populations.    9 

 10 

Invasive species 11 

Places with high native plant diversity also tend to have high numbers of invasive species 12 

(Stohlgren et al. 1998, 2001, Brown and Peet 2003).  This “rich get richer” situation is attributed 13 

to: 1) exotic species as a group have the same suite of life history traits as native communities; 14 

and 2) they are more prevalent in warm, moist environments with high soil nutrients (Huston 15 

1994, Sax 2002, Shea and Chesson 2002).  Disturbance rates are thought to interact with site 16 

quality to influence invasibility by exotics.  Huston (2004) extended the Dynamic Equilibrium 17 

Hypothesis to invasive plants and predicted that invasives (like native species) have the highest 18 

richness in productive sites with high disturbance rates.   Disturbance opens the site, allowing 19 

invasion, and high growth rates allow the invaders to gain dominance.  In sites with low 20 

productivity and low disturbance, in contrast, probability of establishment is high due to low 21 

competitive dominance, but the probability of dominance is low due to slow growth rates.  Under 22 

these conditions, exotic species are predicted to have relatively little negative impact, and to 23 
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assimilate into the native community.  Studies with results that are consistent with these 1 

predictions include Burke and Grime 1996, Brown and Peet 2003, Stohlgren et al. 2005, Davies 2 

et al. 2007. However, there have been no direct tests of the hypothesis.  Hence, I rate the 3 

hypothesis as inadequately untested.    4 

The implications of the Dynamic Equilibrium Hypotheses for management of invasive species 5 

are examined in detail in Huston (2004) and include: 6 

• Environments that are both productive and disturbed, such as agricultural or riparian areas, 7 

often have serious exotic problems caused by dominance of the invading species.   8 

• Two primary options for controlling or eliminating exotic species are manipulation of the 9 

disturbance regime and manipulation of productivity. 10 

• Invasives are best controlled in productive environments by reducing disturbance, 11 

(which will often allow native species to out-compete exotics) and in unproductive environments 12 

by increasing disturbance to the levels that native species are best adapted. 13 

• Increases in nutrients or water in productive areas may reduce exotics through competition 14 

from native species. 15 

• These strategies will sometimes similarly inhibit native species as they do invasives, and so 16 

need be used with caution. 17 

 18 

Land use 19 

Human population density varies greatly over the globe and is presumably driven by a 20 

complex array of social, economic, political, historical, and ecological factors (Huston 2005).  21 

Nonetheless, measures of ecosystem energy explain some 28-65% of the variation in human 22 

population density within studies done at national to continental scales (Balmford et al. 2001, 23 
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Evans and Gaston 2005, Vazquez and Gaston 2005, Hansen et al. in prep.) (Fig 6a).  The 1 

relationship is positive or positive flattening within the range of energy values found at national 2 

scales (Chown et al. 2003, Evans and Gaston 2005, Vazquez and Gaston 2005, Luck 2007b, 3 

Hugo and van Rensburg 2008) and unimodal across larger spatial extents such as sub-Saharan 4 

Africa and North America, which have wider energy gradients and include areas with very high 5 

energy levels and decreasing human density (Balmford et al. 2001, Hansen et al. in prep).  6 

The positive portion of the unimodal human density/energy relationship may be partially 7 

explained by preferential human settlement in places with productive natural resources (Huston 8 

2005, Luck et al. 2010).  People have also settled near transportation corridors such as coastlines 9 

and river valleys, which coincidentally may be more productive than other random locations.  In 10 

recent decades, digital advances in technology has increasingly allowed people to live where 11 

they choose.  Many have chosen locations with high natural amenities, which has led to high 12 

rates of exurban development (Brown 2005), particularly around national parks, wildernesses, 13 

and other areas with high quality scenery, wildlife, and recreation (McGranahan 1999).  In the 14 

US, exurban development has taken place both in regions of high productivity (e.g., upper 15 

Midwest and southeast) and in areas of low productivity (e.g., Rocky Mountains and the 16 

southwest).  The factors accounting for the negative portion of the human density/energy 17 

relationship (e.g., why human settlement is less dense in the most productive places such as 18 

northwest coastal forests in the U.S. and the Congo in sub-Saharan Africa) are not well 19 

understood.  Huston and Wolverton (2011) make the case that the relatively poor soils portions 20 

of the humid tropics and the resulting low agricultural productivity explain the lower human 21 

population density in such areas.  22 



32 
 

At regional scales, the spatial distribution of human land use often differs between low 1 

and intermediate productivity environments.  Across North America, regions low in mean 2 

productivity have relatively high variation in productivity (Hansen et al. 2010).  Within such 3 

regions, human land use is often concentrated on localized areas of better climate and soils, and 4 

higher productivity (Hansen et al. 2002).  In contrast, regions high in mean productivity have low 5 

variation in productivity.  Land use intensity in such regions is more evenly distributed spatially.       6 

Human population density also is positively associated with species richness of many 7 

taxonomic groups at coarser spatial scales (>=1o latitude and longitude) (see Luck et al. 2010 for 8 

a review) (Fig 6b).  At these scales, this relationship is thought to be correlational and to result 9 

because humans and native species favor similar biophysical settings, namely places of 10 

intermediate productivity and high habitat heterogeneity (Balmford et al. 2001).   This positive 11 

association between people and biodiversity at broader spatial scales raises concern about 12 

conservation of biodiversity in the areas of high richness (Balmford et al. 2001, Luck et al. 13 

2010).  This is because human activities can have causal effects on biodiversity at local spatial 14 

scales.  While species and guilds vary individualistically in response to humans, human land use 15 

at moderate intensities may increase native species richness by increasing primary productivity, 16 

supplementing food resources, and increasing habitat heterogeneity (Hugo and van Rensburg 17 

2008, McKinney 2002a).  As land use intensifies, however, many native guilds of species decline 18 

while exotic species and synanthropic species (those that do well under higher human densities) 19 

increase (McKinney 2002b, Radeloff et al. 2010) because of habitat destruction, very high or low 20 

primary productivity, increased mesopredators and non-native species, and human disturbance or 21 

persecution of native species (Hansen et al. 2005).  Thus, the evidence that human population 22 
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density is correlated with primary productivity and with species richness is strong.  The 1 

mechanisms underlying the relationship, however, are poorly understood.     2 

These relationships between ecosystem energy, humans, and species richness have 3 

several implications for conservation.  Continental and global hotspots for biodiversity are 4 

disproportionately high in human density and subjected to intense negative human effects that 5 

reduce native species richness.  Protected areas are under-represented in productive settings 6 

(Scott et al. 2001, Hansen et al. 2011).  Thus protecting remaining natural areas in such hotspots 7 

is important to reduce additional loss of biodiversity in these areas.  Evidence of the 8 

effectiveness of this approach comes from Luck et al. 2010 who found in Australia that the 9 

proportion of land in conservation status was more strongly related to native species diversity in 10 

productive regions than in low energy environments.  Similarly, areas in such hotspots that have 11 

been degraded by intense human activities should be high priorities for restoration.  The high 12 

biophysical potential to support native species in such locations should lead to strong positive 13 

results from restoration.  In regions with relatively low ecosystem energy, human density is 14 

relatively low and the extent of protected areas is relatively high, suggesting that conservation 15 

challenges are less severe.  Within such regions, however, people and native species are often 16 

concentrated in the same small proportion of the landscape that offers favorable biophysical 17 

conditions.  The increased exurban development fueled by advances in technology is particularly 18 

rapid in such local hotspots (Gude et al. 2007).  Hence, prudent conservation strategies are also a 19 

high priority in these locales.   20 

 21 

GENERALIZATIONS ON TRAITS OF ECOSYSTEMS 22 

 23 
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This review of hypotheses reveals that ecologists have long considered the influence of 1 

ecosystem energy on populations, communities, and landscapes.  The resulting theory and 2 

empirical evidence suggests that ecosystem energy is sometimes a strong causal factor in 3 

ecological systems and that the effects of energy can be nonlinear, causing positive relationships 4 

at low energy levels and negative relationships at high energy levels.  A reoccurring theme in the 5 

review is that ecosystem energy interacts with both disturbance and habitat structure in 6 

influencing biodiversity.  Moreover, biological response to primary productivity is sometimes 7 

mediated by soil fertility, which can influence plant quality for consumers, recovery time 8 

following disturbance, and patterns of human land use. 9 

This body of work can be synthesized into generalizations on the traits of ecological 10 

systems based on ecosystem energy and habitat heterogeneity (Fig. 7).  I consider primary 11 

production of ecosystems as a key property because it integrates the effects of temperature, 12 

moisture, soils, and other biophysical factors (Schimel et al. 1997) and thus is frequently found 13 

to be the strongest univariate predictor of species richness (e.g., Phillips et al. 2008).  The three 14 

levels recognized in this review are meant to qualitatively approximately the positive, flat, and 15 

declining portions of the unimodal species energy relationship and the human population density 16 

richness relationship.  17 

Disturbance and habitat structure are integrated for the y axis in Fig. 7.   Habitat 18 

heterogeneity refers to both the seral stage diversity resulting from “natural” disturbance and 19 

habitat complexity resulting from topographic, edaphic, and other geomorphic factors.  The 20 

nonhuman disturbance regime in an ecosystem may be driven by regional to global exogenous 21 

factors such as, for example, climatic systems that generate hurricanes.  They may also be driven 22 

by internal dynamics such as the effect of vegetation growth on fuel loads and fire regimes, or by 23 
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the interaction of these exogenous and endogenous factors (Shugart 1984).  The consequence is 1 

that many ecosystems have characteristic disturbance regimes that are highly relevant to 2 

biodiversity and conservation.  For example, hurricane-prone terrestrial ecosystems occur where 3 

ocean temperatures are warm enough to generate these storms and where prevailing winds blow 4 

them on shore.  These conditions are met in the Caribbean and southeastern US, southeast 5 

Africa, India and southeast Asia, and northern Australia.  Natural disturbance and seral stage 6 

diversity are expected to be relatively high in such ecosystems compared to ecosystems at similar 7 

latitudes where the prevailing winds are offshore (e.g., the Congo). Similarly, geomorphic 8 

habitat complexity differs among ecosystems and is known to be a strong predictor of species 9 

richness (Davies et al. 2007).  Whereas seral stage diversity as driven by disturbance and 10 

regrowth and geomorphic habitat complexity do not have identical effects on biodiversity, we 11 

group them here into one axis to represent ecosystems with relatively high or low total habitat 12 

complexity.   13 

 According to the presented scheme, low productivity ecosystems tend to include species 14 

with low population growth rates, small populations, large home ranges, migratory habits and 15 

spatially explicit population dynamics.  Communities tend to be low in SK overall but increase in 16 

richness with energy in the interval, suffer high stress following disturbance, and possibly show 17 

strong top-down predator effects.  Human land use is often low in overall intensity, but 18 

concentrated in biodiversity hotspots.  Invisibility by non-native species is possibly low in these 19 

systems, but especially low in those with little disturbance.  Low energy systems with higher 20 

habitat heterogeneity tend to have slightly higher SK and stronger spatially explicit population 21 

dynamics than where habitat is more homogenous.  Ecosystems with high energy levels tend to 22 

have populations with fast growth rates, high abundances, and small home ranges.  Communities 23 
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experience strong competitive exclusion and recover rapidly following disturbance, except where 1 

soils are poor.  Many species specialize on the diverse microhabitats within stands or across 2 

landscapes and thus are strongly influenced by stand and landscape pattern and human habitat 3 

fragmentation.  The intensity of land use is variable depending on soil fertility.  SK may decline 4 

at the highest levels of productivity where competitive dominance is prevalent or where soils are 5 

poor, but can be very high on more fertile soils and in locations with high habitat heterogeneity.  6 

Invasiveness is especially high where these systems have high natural disturbance.  Ecosystems 7 

with intermediate energy levels often have high SK because competitive exclusion is not an 8 

overly strong force in reducing diversity as in high-energy systems.  This is especially true where 9 

habitat heterogeneity is high.  Human density and land use tend to be high across much of the 10 

landscape.  Consequently species richness may be substantially changed from SK by the direct 11 

and indirect effects of human activities on biodiversity, including loss of top predators and 12 

expanded mesocarnivores.  Invasive species richness may be high due to the intense land use. 13 

    14 

FRAMEWORK FOR CONSERVATION BASED ON ECOSYSTEM ENERGY 15 

 16 

The varying traits of ecosystems across gradients in ecosystem energy and habitat 17 

heterogeneity provide a basis for grouping ecosystems to inform conservation and management.  18 

Table 2 provides a framework for prioritizing biological management strategies for achieving 19 

conservation objectives among locations based on the ecosystem energy levels described above.  20 

The framework suggests high priority management strategies for major categories of 21 

conservation concern for low, medium, and high energy ecosystems.   22 

 23 
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Low- energy ecosystems 1 

Many native species may be sensitive to land use change in low energy systems because 2 

of the effects of energy limitation on population dynamics.  Species with low abundances, large 3 

home ranges, seasonal migration, and/or source sink or other spatially explicit dynamics may be 4 

at risk in these systems (Purvis et al. 2000, Fritz et al. 2009, Woodroffe and Ginsberg 2000, 5 

Berger 2004, Wiens et al. 2011).  Large carnivores are most likely to have some or all of these 6 

traits.  Some large carnivores are confined to the lowest productivity portion of their remaining 7 

habitats by human land use in other parts of the landscape (Naves et al. 2003).  Such species 8 

occupy refuge source areas where survival is high due to low human-induced mortality and 9 

reproduction is low due to resource limitation.  Slight increases in human-induced mortality can 10 

convert these refuge sources into sink habitats.  Such mortality is difficult to avoid because these 11 

carnivores are often dangerous to humans or livestock and may be killed as a consequence 12 

(Woodroffe and Ginsberg 2000).  Such populations, along with many other types of species, are 13 

also vulnerable to loss of individuals to attractive sinks in the more productive portion of the 14 

landscape (Delibes et al. 2001a).  Because of potentially strong top-down controls in such 15 

systems, loss of top predators can lead to trophic cascades which have negative consequences for 16 

lower trophic levels (Schmidt 2010).  Mammalian herbivores and other species may migrate 17 

seasonally to cope with variable resources and depend on maintenance of migration corridors.  18 

Their winter or wet season habitats often have higher intensity of human land use than summer 19 

or dry season habitats (Berger 2004).  Consequently, exchange of diseases among livestock and 20 

native herbivores, competition for forage, and property damage may all be management 21 

challenges on these seasonal habitats (e.g., Cleaveland et al. 2001, Cross et al. 2007).   22 
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 Disturbance such as timber harvest, livestock grazing, or prescribed fire can cause high 1 

mortality in many species and lead to slow rates of recovery in low productivity systems (Huston 2 

1994).  In addition to jeopardizing individual species, the low vegetation productivity and 3 

biomass following disturbance may depress community richness for relatively long periods of 4 

time.  Low productivity systems, nonetheless, typically include some early and late seral 5 

specialists (Hansen et al. 1999).  Thus, some level of disturbance is required in these systems.  6 

However, disturbance frequency and intensity should be carefully tailored to the steep 7 

biophysical gradients in these systems to meet biodiversity objectives.  Disturbance in the 8 

localized hotspots of high productivity and high species diversity and possible population source 9 

areas should be applied especially judiciously (Phillips et al. 2010).  In systems low in habitat 10 

heterogeneity, careful use of prescribed disturbance may increase species richness.    11 

 Strategies to increasing productivity and resource availability in low energy systems can 12 

have conservation benefits but are generally not feasible at landscape and larger spatial scales 13 

(Huston 2004).  Supplemental feeding programs have proven successful in recovering 14 

populations of top level consumers such as the Spanish imperial eagle (Aquila adalberti) 15 

(Gonsalez et al. 2006).  Fertilization of individual stands or fields has occasionally been used to 16 

increase rates of recovery after disturbance and to enhance community diversity (Huston 2004).  17 

The history of over-fertilization and unintended negative consequences, however, suggests such 18 

strategies should be used very carefully.   19 

 Low productivity systems are often relatively variable in productivity and in habitat type 20 

due to relatively steep gradients in temperature, moisture, soil fertility, and other biophysical 21 

conditions.  Consequently, species population dynamics, natural disturbance regimes, 22 

community diversity, and other ecological factors often vary across low energy landscapes as 23 
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driven by biophysical factors (Hansen and Rotella 1999).  Management of landscape 1 

composition should emphasize the maintenance of the mosaic of biophysically-determined 2 

habitats in such low energy systems.  As mentioned above, these biophysical habitats may act as 3 

population source or sink areas for some species (Hansen 2011).  Demographic studies are 4 

needed for identifying species with strong spatially explicit population dynamics.  Management 5 

strategies can then be targeted to maintain population source areas and to reduce population loss 6 

in sink areas.  Seral stage diversity is important in low-energy systems that have long 7 

experienced fire, herbivory and other natural disturbances (Hutto 1995).  The distribution of seral 8 

stage mosaics across the landscape should be tailored to the local biophysical gradients.  While 9 

maintenance of within-stand vegetation structural complexity may not benefit biodiversity as 10 

much as in higher energy systems (Verschuyl et al. 2008), this is still important for reducing 11 

stress on species recovering from disturbance.   12 

 The management of landscape configuration should emphasize connectivity over concern 13 

about patch size and edge design.  The population viability of some species in low energy 14 

systems is dependent upon adequate habitat for movements within home ranges, seasonal 15 

migrations, and/or dispersal movements to new territories or among source and sink habitats 16 

(Berger 2004).  The landscape conditions that confer high connectivity are not well understood 17 

and likely vary among species and conditions.  More research and adaptive management is 18 

needed to improve our capacity to manage for connectivity.  Because relatively few species 19 

specialize on particular locations along the patch edge-to-interior gradient, management of patch 20 

size and edge density is a lower priority in low energy systems (Hansen et al. in review). 21 

 Predation may be a key type of biotic interaction in low-energy systems.  Initial studies 22 

(Melis et al. 2009) suggest predators have stronger top-down effects in such systems and loss of 23 
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top carnivores can lead to herbivore expansion, reduced plant biomass and species diversity and 1 

reduced diversity of vegetation-dependent communities such as invertebrates and birds (Estes et 2 

al. 2011).  Maintenance or restoration of top predators should be a high priority in such systems.  3 

If predators are lost, ungulate control measures through hunting or culling may be necessary.  4 

Fencing and other deterrents to over-consumption of forage and browse may be used in limited 5 

situations to maintain key plant communities and the species that depend upon them.  6 

Competitive exclusion is less pronounced in mid to late seral stages in low energy systems, and 7 

there is less need for frequent disturbance to maintain species richness (Huston 1994).     8 

 Protected areas in low energy systems often need to be relatively large and designed to 9 

include key habitats (Herfindal et al. 2004).  These key habitats may include the mosaic of 10 

biophysical habitat types, localized hotspots, population source areas, movement habitats, and 11 

large expanses of habitat required by species with low densities and large home ranges such as 12 

top carnivores (Hansen and DeFries 2007).   13 

 Because many protected areas in low-energy systems are not large enough to meet the 14 

goals described above, management of the surrounding matrix of multiple use public lands and 15 

private lands is often essential to achieve biodiversity goals (Defries et al. 2007).  Collaborative 16 

management among private land owners, public multiple use land managers, and protected area 17 

managers is often difficult but essential for effective conservation across the large spatial scales 18 

of these low energy systems.  Conservation easements and other incentive-based approaches can 19 

be used to secure localized areas of high ecological value such as hot spots for productivity and 20 

species richness (Theobald et al. 2005).  Because much of the landscape may not yet be 21 

developed, land use planning can emphasize placing new development on portions of the 22 

landscape with lower ecological value.  Placing new development near existing development can 23 
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be used to reduce the total footprint of intense human influence on remaining wildlands (Gude et 1 

al. 2007).  2 

 Restoration efforts may not be required in such landscapes because adequate wildland 3 

habitats remain.  However, localized places of high ecological value that have been degraded 4 

may be candidate locations for restoration. 5 

 In low-energy systems that contain extensive wildlands, a relatively high proportion of 6 

citizens may interact with wildland species and ecological processes where they live or recreate 7 

(Green 2001).  Public education should emphasize how to reduce negative impacts on wildland  8 

species.  This could include for exurban residents living at the edge of public wildlands, for 9 

example, methods to control pets, avoiding attracting dangerous wildlife, and inhibiting spread 10 

of invasive species (Hansen et al. 2005).  Backcountry recreationists and hunters can be taught 11 

how to minimize negative interactions with dangerous wildlife species.    12 

 In sum, the overarching conservation priorities in low-energy systems is to maintain 13 

large, well connected natural landscapes that include the full gradient of biophysical conditions 14 

and provide for wildland species with large area requirements. 15 

 16 

Medium-energy ecosystems 17 

Ecosystems that are intermediate in energy are often unique in having high SK and 18 

highest human densities (Phillips et al. 2010, Hansen et al. 2011).  The natural portions of these 19 

systems may be continental hotspots for native species richness due to their location at the 20 

asymptote of the species energy relationship.  However, intense land use is typically widespread 21 

over these systems (Huston and Wolverton 2011).  Consequently, sensitive species within them 22 

are likely to be those that are intolerant of human impacts, are heavily harvested, or are 23 
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persecuted by humans.  Thus, many wildland species are under-represented in these systems 1 

(McKinney 2002a, Prugh 2009).  Synanthropic native species are often abundant and can 2 

strongly impact other native species.  Among these species that thrive around humans are several 3 

species of mesocarnivores that may reach high population densities because of the extirpation of 4 

top carnivores (Prugh et al. 2009).  Invasive species may be widespread due to frequent 5 

introductions and high human disturbance.  Thus, actual species richness may differ substantially 6 

from SK due to these human effects (Radeloff et al. 2010).   7 

 Many aspects of ecological processes and landscape composition and configuration 8 

should be managed intermediately between low- and high-energy systems.  However, emphasis 9 

should be placed on maintaining remaining natural and semi-natural areas because of their likely 10 

high native species richness (Hansen et al. 2011).  Care need be taken in smaller patches of 11 

natural and semi-natural habitats because they may now be attractive sinks for native species due 12 

to the expanded mesocarnivore and invasive communities favored by intense land use (Delibes et 13 

al. 2001b).  Landscape configuration should be managed to minimize these effects.  Connectivity 14 

for home range and dispersal movements of native species may also be reduced by intense land 15 

use.  This loss of connectivity may be mitigated through use of highway overpasses, semi-natural 16 

corridors, and other means (Forman 2003).  However, these strategies may also favor harmful 17 

synanthropic and exotic species, so need be applied with caution.   18 

 The high land use intensities typical in these systems may also lead to strong human edge 19 

effects penetrating into protected areas (Hansen and DeFries 2007).  Management to buffer 20 

protected areas from these human effects is important.  Management of the matrix surrounding 21 

protected areas may be challenging because much of it may be privately owned.  Emphasis 22 

should be placed on the protection of remaining natural habitats through conservation easements 23 
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and other incentives-based methods (Theobald et al. 2005).  Restoration of degraded lands can 1 

yield good results because of the high SK of these systems.  Education programs should 2 

emphasize ways to incorporate consideration of biodiversity into the design and management of 3 

farms, neighborhoods, and cities.  “Backyard conservation” programs are increasingly 4 

widespread in urban areas and are thought to yield good results for conservation in densely 5 

populated areas (Rosenzweig 2003).  These programs deal both with habitat management and 6 

with ways of favoring non-synanthropic native species while dissuading harmful native 7 

synanthropic and invasive species. In sum, the key conservation priority in these medium energy 8 

systems is to mitigate the heavy human influence, which has the potential to degrade these 9 

continental to global hotspots for biodiversity. 10 

 11 

High-energy ecosystems 12 

The potentially high growth rates, population densities, moderate human population 13 

densities, and potential to build high levels of biomass in high energy systems lead to the 14 

prediction that species at risk will be those that are heavily influenced by interactions with other 15 

species (e.g., Schemske et al. 2009) and those that specialize on particular vegetation 16 

configurations.  In the absence of frequent disturbance, species that are poor competitors are 17 

likely to be sensitive (Huston 1994).  This is most obvious for plants that are unable to compete 18 

for resources with more dominant species (Waring et al. 2006).  Also at risk in such systems may 19 

be species at higher trophic levels that are dependent on the plant species lost through 20 

competition or microhabitat diversity.  The modification of microclimate and plant growth rates 21 

under dense vegetation may lead to wide gradients in ecological conditions between recently 22 

disturbed patches and late seral patches (Hansen and Rotella 2000).  Niche partitioning of these 23 
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gradients can led to many species specializing in particular seral stages, elements of within stand 1 

vegetation structure, patch edges, or patch interiors.  Consequently, within stand vegetation 2 

structure and landscape configuration are important determinants of species performance and 3 

community diversity (Odion and Sarr 2007, Verschuyl et al. 2008, Hansen et al. in review).  4 

Invasive species are expected to be well represented in these systems due to high resource levels 5 

and moderate to high human land use, except those that are outcompeted by native species 6 

(Huston 2004). 7 

 In these high energy systems on fertile soils, frequent disturbance may be required to 8 

break competitive dominance (Huston 1994).  Moreover, the rapid recovery of many species 9 

following disturbance leads to a flush of resources that favors high species richness (McWethy et 10 

al. 2010, Betts et al. 2010).  Nonetheless, many species also specialize in late seral stands that 11 

have finer-scale gap phase disturbance dynamics (Hansen et al. 1991).  Consequently, 12 

disturbance should be used differentially across the landscape (Odion and Sarr 2007).  Stand 13 

replacement disturbances should be applied relatively frequently in some locations to break 14 

competitive dominance and favor early seral species and high species richness.  In other places 15 

only relatively infrequent gap-scale disturbance should be allowed or provided to maintain late 16 

seral stands and the species that depend upon them.  High levels of structural complexity should 17 

be maintained in all seral stages because of the relatively high number of species that specialize 18 

on particular structural conditions (Verschuyl et al. 2008).  Where soil is poor, frequent and 19 

intense disturbance in warm, wet systems may lead to high rates of erosion and leaching of 20 

nutrients and reduce long-term productivity (Huston and Wolverton 2011).  Management 21 

strategies to reduce erosion and leaching are required.   22 
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Management of landscape composition should especially focus on the spatial and 1 

temporal distribution of seral stages.  Because most portions of the landscape are relatively high 2 

in productivity, disturbance can be distributed across the landscape (assuming soil degradation is 3 

not an issue).  Maintaining a dynamic steady-state equilibrium of seral stages over time 4 

(Bormann and Likens 1979) may best accomplish conservation objectives.  Under this model, 5 

disturbance size and frequency is shifted over the landscape such that while any one place is 6 

undergoing disturbance and succession, the total area of each seral stage remains constant over 7 

time.  Maintenance of within stand vegetation structural complexity in all seral stages is 8 

especially important because of the relatively high number of species specializing on particular 9 

structural conditions.  Although biophysical gradients are typically less pronounced in many high 10 

energy systems, maintaining the range of biophysical habitat types that are present is important.  11 

Source and sink habitats due to biophysical conditions are less likely in these systems.  Those 12 

due to humans creating attractive sinks are especially likely due to moderate to high land use 13 

intensity.   14 

 Design of landscape configuration should focus on patch size, juxtapositioning, and edge 15 

type and density.  Because many species specialize in distance from edge into both early seral 16 

and late seral stands, maintenance of a variety of patch sizes and edge densities is required to 17 

maintain many native species (McWethy et al. 2009, Hansen et al. in review).  Some seral stage 18 

specialists may be unable to disperse across even narrow expanses of unsuitable habitat, thus, 19 

fine scale juxtapositioning of habitats and seral stages may be important (Hadley and Betts 20 

2009).  Human-created edges may become attractive sinks and reduce the viability of the 21 

metapopulation population (Delibes et al. 2001b).  Hence, attention to edge type is required to 22 

minimize these negative effects.  Seasonal migration and long-distance dispersal among 23 
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mammals is less likely in these systems due to the greater equitability of resources in space and 1 

time, hence connectivity for long-distance movements may be less important.   2 

 Protected areas can often meet the needs of native species within smaller areas in high 3 

energy systems.  They should include any low-energy patches and high-energy locations with 4 

high biophysical habitat heterogeneity.  In the surrounding matrix, conservation easements 5 

should be focused on remaining natural areas with lower productivity and on those with high 6 

habitat heterogeneity. Human land use may be moderate to high in these systems and the 7 

strategies recommended for medium-energy systems may be beneficial.   Education for citizens 8 

should focus on the important role of soil fertility, disturbance and vegetation pattern in these 9 

systems.   10 

To summarize, the overarching conservation priority is to manage soils, disturbance and 11 

vegetation pattern to maintain the large number of microhabitat specialists and high potential 12 

species richness in these systems. 13 

  14 

GEOGRAPHICAL ILLUSTRATION 15 

 16 

How might the ecosystem types depicted in Figure 7 and described in Table 2 be 17 

distributed globally?  The terrestrial ecosystems of the world could perhaps best be classified 18 

through quantitative classification and ordination based on: species energy relationships across 19 

taxonomic groups; human land use and energy relationships; and distributions of natural 20 

disturbance and geomorphic heterogeneity.  For illustrative purposes here, we can use three 21 

intervals of terrestrial annual GPP globally to suggest potential locations of low, medium, and 22 

high energy ecosystems (Fig 8).  Low energy regions are associated with the dry regions 23 
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centered on 30 degrees N and S latitude, cold and dry high latitude areas, and high mountains.  1 

Medium energy regions occur primary in moist subtropical areas and in the temperate zones 2 

centered on 60 degrees N latitude.  The high energy regions are mostly located in the humid 3 

tropical and subtropical areas and in temperate rainforest such as the NW U.S.  In lieu of maps 4 

integrating geomorphic and disturbance induced habitat heterogeneity, topographic complexity 5 

can be used to illustrate potential habitat heterogeneity (hatched areas in Fig 8).  Notice that 6 

topographic complexity is relatively widely distributed across the low and medium energy zones.  7 

The high energy zone includes primarily areas of low topographical complexity.  Exceptions to 8 

this are the foothills of the Andes Mountains in Amazonia, localized areas in East Africa, and 9 

across southeast Asia.  These are also areas where soils are more fertile than in the Amazon and 10 

Congo lowlands (Huston and Wolverton 2011).  Probably as a consequence of high primary 11 

productivity, fertile soils, and topographical complexity, these locations are global hotspots for 12 

biodiversity (Myers et al. 2000, Davies et al. 2007).  Until more sophisticated analyses are done, 13 

land managers and conservationists may want to locate their ecosystems of interest within the six 14 

zones depicted in Fig. 8 and evaluate the management recommendations for their zones in Table 15 

2.  Below, I illustrate such an approach for three case study regions in the U.S. (Fig. 9).  The data 16 

and analyses underlying these case studies are drawn primarily from Hansen et al. (2011) and 17 

Phillips et al. (2010).     18 

 19 

Greater Yellowstone – low energy 20 

 The Greater Yellowstone Ecosystem in the Northern Rockies of the US is centered on the 21 

volcanically uplifted Yellowstone Plateau and surrounding mountains.  The relatively harsh 22 

continental climate and nutrient-poor volcanic soils heavily pattern vegetation and productivity.  23 
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Montane coniferous forests cover most of the system, with grass and shrublands in drier settings, 1 

and deciduous woodlands along major rivers.  Annual GPP is low and variable (mean=301 g 2 

C/m2/yr, CV=0.53), and is relatively high only on toe slopes and more fertile valley bottoms.  SK 3 

for birds is positively related to productivity, and SK hotspots (>=80% of maximum) cover just 4 

22% of the ecosystem.  Dominant carnivores in the ecosystem include grizzly bear, wolf (Canus 5 

lupus), cougar (Felis concolor), and wolverine (Gulo gulo).  The wolf is known to drive strong 6 

top-down trophic cascades in portions of the ecosystem (e.g. Estes et al. 2011).  The grizzly and 7 

wolverine especially have low densities, large home ranges, and roam over the full biophysical 8 

gradient (e.g., Schwartz et al. 2007).  Ungulates include elk, pronghorn antelope (Antilocapra 9 

americana), bison (Bison bison), and mule deer (Odocoileus hemionus), which exhibit long 10 

distance migrations between summer and winter ranges (Berger 2004).  Private lands cover 39% 11 

of the region, and only 7% of ecosystem has been converted to agriculture, suburban, and urban 12 

land uses.  Exurban development has been growing, however, and is concentrated near the 13 

biodiversity hotspots (Hansen et al. 2002).  Human land use has converted many of these 14 

hotspots to attractive sinks for grizzly bears and some migratory songbirds (Hansen 2011). 15 

Among the key conservation issues that have received attention in this system are: protecting 16 

undeveloped private lands of high ecological value (hotspots, migration habitats, population 17 

source areas), restoring the wolf to promote top-down trophic cascades, and maintaining viable 18 

populations of top carnivores and migratory ungulates while minimizing risk to humans (human 19 

mortality, loss of livestock, spread of disease) (Hansen 2009).  An example of misplaced 20 

conservation priorities involved proposed logging in a national forest within the GYE in the 21 

1990s.  Conservationists were concerned that the logging would fragment late seral conifer 22 

forests and reduce connectivity for large carnivores.  Subsequent research showed that these 23 
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conifer forests: had formed largely in the past century because of fire exclusion by humans and 1 

livestock grazing; encroached on important grassland and aspen habitats; few wildlife species 2 

specialize on the interiors of these forests; and that connectivity for large carnivores is resilient to 3 

forest cover  (Gallant et al. 2002). 4 

 Locations similar to GYE that are relatively low in energy, have higher habitat 5 

heterogeneity, have a mix of forest and grassland habitats, and support wildland species might 6 

include: most of the Rocky Mountains of North America, some of the savanna systems in east 7 

and southern Africa, and the montane portions of Argentina and Chile. 8 

 9 

Coastal Pacific Northwest – high energy and fertile soils 10 

 Temperate rainforests dominate the west slope of the Cascade Range and the Coast 11 

Range in western Oregon and Washington (Norse 1990).  The Mediterranean maritime climate 12 

and fertile soils allow these to be among the most productive forests in the world, and spatial 13 

variation in productivity is relatively low (mean=1151 g C/m2/yr, CV=0.27).  Bird diversity is 14 

relatively evenly distributed over the landscape but lower in the most productive forests.  15 

Hotspots of SK for native birds cover 73% of the area.  Dominant carnivores were extirpated 16 

from the area over the past century.  Ungulates largely do not exhibit long distance migrations.  17 

Many species of plants and animals specialize on components of vegetation structure, seral 18 

stages, and locations along the edge to interior gradient (Norse 1990).  Old growth forest 19 

specialists include spotted owl (Strix occidentalis), marbled murrelet (Brachyramphus 20 

marmoratus), red tree vole (Arborimus longicaudus), and various salamanders.  Several species 21 

of birds and plants specialize on early seral forests (Betts et al. 2010).  Denser human 22 

populations and agriculture are concentrated primarily in the lower-productivity Willamette 23 
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Valley where finer alluvial soils favor savanna vegetation and agriculture, suburban, and urban 1 

land uses cover 13% of the area.  Across the forested portion of the regions, a primary 2 

management challenge is how to manage logging and fire disturbance to maintain the various 3 

vegetation structure, seral stage, and edge and interior specialists while producing forest products 4 

for humans.  Decades of debate lead in the 1990s to the Northwest Forest Plan, which protected 5 

large areas of old growth forest on public lands (Thomas et al. 2006).  An important aspect that 6 

has been largely overlooked on public lands is the importance of tailoring disturbance to 7 

biophysical gradients to balance breaking competitive dominance and providing habitat for the 8 

several early seral species in the system, many of which are considered sensitive species (Betts et 9 

al. 2010), with minimizing disturbance-induced stress in drier forests and at higher elevations.  10 

Efforts are now being made to better tailor forest management to biophysical gradients (Johnson 11 

and Franklin 2009).     12 

 Ecosystems similar to this one in having high productivity and high habitat heterogeneity 13 

may include the other temperate rainforest systems of the world and sub-tropical to tropical 14 

rainforests with topographic complexity, high natural disturbance rates, and fertile soils such as 15 

the foothills of the Andes Mountains in Peru and the Himalaya in India.  In comparison, the 16 

Amazon Basin and Congo Basin have high productivity but lower habitat heterogeneity and 17 

poorer soils.  Thus, they require extreme caution in applying disturbance.   18 

 19 

Mid Atlantic U.S. – medium energy 20 

 The mid Atlantic US from the Appalachian Mountains to the Atlantic coast is heavily 21 

human-dominated with 81% of the area being privately owned and agricultural, suburban, and 22 

urban areas covering 32% of the region.  The temperate continental climate and relatively fertile 23 
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soils support largely temperate deciduous forest in areas not converted to human land uses.   1 

Portions of the region were largely deforested for agriculture in previous centuries.  Forest cover 2 

has been increasing since the mid 1800’s.  Ecosystem productivity is intermediate (GPP 3 

mean=1063 g C/m2/yr, CV=0.17) across the region.  SK for birds is among the highest in North 4 

America and relatively evenly distributed over the landscape (hotspots cover 75% of the area that 5 

has not been converted to intensive land uses).  Actual native species richness has been 6 

substantially reduced in many parts of the area through deforestation and other human activities 7 

(Radeloff 2010).  Top carnivores and large ungulates were extirpated centuries ago (Prugh et al. 8 

2010).  Mesocarnivores, synanthropic species, over-abundant deer populations, and invasives are 9 

widespread across the landscape.  Consequently, much of the area is an attractive sink for many 10 

native species (Terborgh 1989) and over browsing by deer strongly influences forest 11 

composition.  Conservation here is largely focused on mitigating the heavy human impact on 12 

water quality, habitat fragmentation, species invasions, and overabundant herbivores and 13 

mesocarnivores (Jantz et al. 2005, Goetz and Fiske 2008).   One topic that has been largely 14 

overlooked here is the area’s role as a continental hotspot for species richness (at least for birds) 15 

and the potential to contribute to national conservation by protecting remaining natural areas and 16 

restoring degraded lands.   17 

 Other locations of intermediate energy and high human influence include much of Europe 18 

and portions of Korea and Japan.         19 

 20 

CLIMATE CHANGE 21 

 22 
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Rates of global climate are expected to be accelerated in coming decades due to human 1 

activities (IPCC).  The hypotheses in Table 1 suggest some of the fundamental changes in 2 

populations, communities, and landscapes that may be expected under changing climate. 3 

Increases or decreases in ecosystem energy under climate change may push elements of 4 

ecological systems across thresholds in response, such as from a positive relationship with 5 

energy to a flattening relationship or a negative relationship.   Thus, given ecosystems may shift 6 

among the three energy levels outlined in Table 2 and key priorities for conservation may change 7 

accordingly.  Some places that have historically been water limited and have low primary 8 

productivity are predicted to experience increased precipitation, shift to higher levels of primary 9 

productivity, and increase in species richness (e.g., Currie 2002, Lemoine et al., 2007).  Many 10 

places, in contrast, are expected to decrease in primary productivity because of the increases in 11 

evapotranspiration associated with increased temperatures and decrease in species richness.  12 

Such changes are expected to vary at relatively fine spatial scales as driven by the nature of 13 

climate change in a particular place relative to the tolerances of the organisms in that place 14 

(Running et al. 2004).  Such patchy responses in primary productivity across landscapes and 15 

regions have already been observed for the climate change that has occurred in the recent past 16 

(Nemani et al. 2003).  The nature of such shifts should be predictable based on the direction and 17 

magnitude of change in climate in a place, the tolerances of primary producers in the place, and 18 

the responses of organisms at higher trophic levels.  Some species may be able to adjust to 19 

changing climate and energy to track suitable habitats and conditions.  Other species and 20 

especially community characteristics such as SK may trail changes in climate, resulting in 21 

disequilibrium conditions, such that, for example, SK deviates from predictions based on energy.  22 

Currie (2002) predicts, for example, that in the coming decades to centuries species richness will 23 
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decrease, even in areas where richness is predicted to increase in the long term. This is because 1 

species that are intolerant of changing local conditions may disappear relatively quickly, while 2 

migration of new species into the area may be quite slow.  This framework for prioritizing 3 

conservation based on ecosystem energy should help in anticipating such changes and hopefully 4 

will contribute to the new ecological theory and proactive conservation that will likely be needed 5 

to maintain native biodiversity under future climate change. 6 

 7 

FUTURE RESEARCH 8 

 9 

 My hope is that this review stimulates thinking, research, and tests of applications on 10 

ways that knowledge of ecosystem energy can advance conservation and management.  Towards 11 

that end, I offer suggestions on the kinds of research that might be most rewarding.  Key 12 

questions are highlighted in Table 3.   13 

Spatial and temporal patterns of potential drivers of biodiversity are not fully resolved.  14 

Primary productivity has now been mapped globally for nearly 30 years (Running et al. 2004).  15 

Nonetheless, questions remain about the accuracy of these maps and levels of productivity in 16 

humid tropics relative to the humid temperate zone (Huston and Wolverton 2011).  Efforts to 17 

compare primary productivity among biomes using field, flux tower, and simulation methods 18 

emphasize that measurement is difficult and show that levels of variability within some biomes is 19 

high relative to differences among biomes (e.g., Zhao et al. 2005, Luyssaert et al. 2007).  20 

Quantification of soil fertility effects in simulation modeling approaches has proven especially 21 

challenging.  Continued efforts to improve and validate the widely available global data sets on 22 

primary productivity are underway (e.g., Zhao and Running 2011).  Mapping disturbance 23 
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regimes globally has proven even more challenging than primary productivity, although progress 1 

is now being made using multitemporal methods (e.g., Huange et al. 2010).  Products such as 2 

these in conjunction with consideration of major storm tracks, climatic conditions favoring fire 3 

regimes (Westerling et al. 2003), and other factors could be used to identify ecosystems globally 4 

that are more disturbance prone.  Finally, while global patterns of land use are increasingly 5 

understood, the interactions of human density and land use with biophysical factors including 6 

ecosystem energy are not well known (e.g. Huston and Wolverton 2011).  Better quantification 7 

of primary productivity, disturbance, and land use is needed to predict which ecosystems are 8 

most vulnerable to changes in these factors.   9 

Many questions remain on the responses of populations and communities to primary 10 

productivity, land use, and other major driving factors.  For example, species energy theory is 11 

largely based on the premise that high energy favors population density, reduced rate of 12 

extinction, and high species richness (Wright 1983 and many others).  This is thought to be a 13 

major factor explaining high species richness in the tropics.  However, Huston and Wolverton 14 

(2011) provide data suggesting that population density for many species is lower in the humid 15 

tropics because populations are driven by productivity during their seasonal reproductive 16 

periods.  They argue that this eNPP is highest in mid to high latitudes where growing seasons are 17 

short but intense.  The role of soil fertility in influencing both rates of primary productivity and 18 

plant quality to consumers is also poorly understood (e.g., Oiff et al. 2002).   It is important to 19 

test hypotheses on these topics because of their obvious implications for protected area size and 20 

other geographically-based conservation strategies.  Each of the hypotheses on biological 21 

response to ecosystem energy in Table 1 has some level of uncertainty.  Additional research is 22 

especially needed on those hypotheses that were rated to be inadequately or partially tested.  23 
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These include those related to invasiveness, trophic cascades, migration, and the shape of the 1 

species energy relationship at high productivity levels.  Finally, rates of biological response to 2 

changing climate and ecosystem energy are needed to better understand questions of equilibrium 3 

and disequilibrium.   4 

 With regards to classifying ecosystems, a premise of this paper is that ecosystems can be 5 

grouped in ways that predict their vulnerability to various human impacts and that provide a 6 

basis for prioritizing conservation strategies to mitigate these impacts.  This premise could be 7 

tested through comparative analysis of ecological response to past human activities across 8 

ecosystems that differ in fundamental properties.  For example, one could ask if the life histories 9 

of species that have gone extinct differ predictably as a function of various ecosystem properties.  10 

A remaining challenge is to identify the most effective criteria for grouping ecosystems.  As 11 

suggested earlier, candidates include habitat heterogeneity, disturbance, evolutionary history, 12 

land use history, and ecosystem energy.  While vigorous debates are often fueled by posing 13 

single opposing answers to complex questions, ecological systems are often controlled by 14 

multiple interacting factors and the challenge is to understand those interactions.  An example 15 

from this review is how the effect of disturbance rates on species richness can be directly 16 

opposite depending on level of primary productivity.  While the framework for grouping 17 

ecosystems presented here involves primarily ecosystem energy, including interactions with 18 

habitat heterogeneity, ultimately multiple interacting factors need fully be evaluated and used as 19 

a basis for classification of ecosystems. 20 

 Finally, much is to be learned about how answers to the questions above can be used to 21 

better tailor conservation management strategies to local ecosystems.  Surveys are needed on the 22 

extent to which current conservation priorities and management vary among ecosystem types.  23 
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More detailed thinking and development is needed on the implementation of suites of 1 

management prescriptions that are most likely to be effective in particular places.      2 

If the rates of climate change increase as projected, conserving biodiversity will be an 3 

increasing challenge. To meet this challenge, the science of conservation biology must contribute 4 

by providing more general and validated approaches. I believe that the conceptual framework for 5 

classification, as presented in Table 2, merits evaluation and rigorous testing.   If proved 6 

acceptable, it should make conservation biology a more predictive science and help managers 7 

develop strategies that better meet their objectives. 8 
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Tables 

 

Table 1.  Hypotheses on the effects of ecosystem energy on biodiversity at several levels of 

organization.  Positive relationships are denoted by “+” and negative relationships by “-“.  

Weight of evidence is evaluated as: Inadequately tested – either untested or not strongly tested; 

partial – some studies offer support, others do not; intermediate – supported by one or two 

studies; strong – well supported by >2 studies.  

Topic Predicted 

Relationship 

with  Energy 

References Weight of 

Evidence 

Implication for Conservation and 

Management 

Population 

growth rate, 

abundance,  

extinction 

risk  

+ or 

flattening,  

Macarthur and 

Wilson 1967 

Wright 1983 

Evans et al. 

2005a 

Strong  

 

Strong 

Partial 

 

Small population issues 

including extinction risk are 

more pronounced in low energy 

systems. 

Home range 

size 

- Haresrad and 

Bunnell 1979 

Herfidal et al. 

2005 

Nilsen et al. 

2005 

Strong  Larger home ranges in low 

energy systems increase 

frequency of wildlife roaming 

outside of protected area 

boundaries and incurring human-

induced mortality.  

Large + with Fryxell and Intermediate Maintenance of migration 
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ungulate 

migrations  

patchiness, 

especially in 

ecosystems 

with 

intermediate 

productivity 

and fertile 

soils 

Sinclair 1988 

Oiff et al. 2002 

Berger 2004 

habitats is a higher priority in 

environments with intermediate 

productivity and patchiness in 

productivity, and high soil 

fertility. 

Body size + Huston and 

Wolverton 

2011 

Inadequatel

y tested 

Smaller individuals within a 

species may have lower 

reproductive rates. 

Spatially 

explicit 

population 

dynamics 

+ with 

patchiness 

Pulliam 1988 

Delibes et al. 

2001 

Naves et al. 

2003 

 

Strong Human activities that alter 

source or sink population 

dynamics may cause the 

extinction of the metapopulation.  

Carrying 

capacity for 

species 

richness 

+, flattening, 

or unimodal 

Wright 1983 

Brown et al. 

2001 

Hansen et al. 

2011 

Strong Knowledge of SK can be used to 

prioritize locations for protection 

and restoration and to guide 

application of disturbance. 

Disturbance diversity Huston 1979, Strong  The rate of prescribed 
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and 

Succession  

peaks at 

higher rates 

disturbance 

in productive 

environments 

1994 

Proulx and 

Mazumder 

1998 

McWethy et al. 

2010 

Svensson et al. 

2010 

disturbance applied by managers 

should vary with ecosystem 

productivity. 

Human impacts on disturbance 

and productivity should not be 

assessed or managed in isolation. 

Within-patch 

vegetation 

structure 

The effect of 

vegetation 

structure on 

richness 

declines in 

low-energy 

environments 

MacArthur et 

al. 1966 

Hansen and 

Rotella 1999 

Verschuyl et 

al. 2008 

Intermediate Management for forest structural 

complexity to benefit 

biodiversity should yield good 

results in productive 

environments, but the benefits 

will likely be increasingly 

reduced in low-energy 

environments. 

Habitat edge 

effects 

+ with 

biomass 

accumulation 

Hansen and 

Rotella 2000 

McWethy et al. 

2009 

Hansen et al. in 

review 

Intermediate Creation of edges through forest 

fragmentation is most likely to 

negatively influence forest 

species in high biomass 

ecosystems such as tropical and 

temperate rainforests, but may 

have little influence on forest 
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species in low-biomass 

ecosystems such as boreal or 

subalpine forests.   

Trophic 

cascades 

“Top-down” 

effects are 

more likely 

in low 

productivity 

environments 

Melis et al. 

2009 

Inadequatel

y tested 

Predator restoration efforts 

aimed at reducing overgrazing 

and expanding lower trophic 

levels will be most effective in 

low productivity systems.   

Invasive 

species 

+ Huston 2004 

Stohlgren et al. 

2005 

Inadequatel

y tested 

Invasive species are most 

prevalent in productive and 

disturbed systems.  Manipulation 

of disturbance and productivity 

can be used to control invasives.  

Land use 

intensity 

+, flattening, 

or unimodal 

Balmford et al. 

2001 

Luck et al. 

2010 

Strong Land use is most intense in 

ecosystems with higher species 

richness due to both being 

associated with intermediate 

energy levels. 
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Table 2.  Framework for managing biodiversity based on ecosystem energy.  Listed are 

conservation strategies that are predicted to be high priorities in low, medium, and high energy 

ecosystems.  Strategies in italics should be considered with caution because they are based on 

hypotheses that were considered inadequately supported by previous study.  They are included 

here to stimulate further thinking and research. 

Conservation 

Category 

Ecosystem Energy Level 

Low Medium High 

Individual 

species 

   

Sensitive 

species 

Focus on species at risk due to slow 

growth rates, low abundances, large 

home ranges, migratory habits, 

and/or source sink dynamics. 

Species at risk are most likely 

those that cannot tolerate 

humans; are overharvested or 

are persecuted by humans. 

Species at risk are likely to be 

poor competitors; and specialists 

on particular seral stages, 

vegetation structures, and patch 

size and edge configurations. 

Invasive species Invasive species richness expected 

to be lower in less productive 

systems, but species that establish 

and expand may need management 

attention.    

Invasives are possibly 

reasonably high due to frequent 

introductions and intense 

human disturbance. 

Invasives are especially likely in 

productive systems with high 

disturbance rates. 

Ecological 

processes 

   

Disturbance Vary prescribed disturbance 

regimes along biophysical gradients 

to balance the stress disturbance 

placed on some species with the 

need for seral stage diversity; 

Use prescribed disturbance 

Manage intermediately. Use disturbance differentially 

across the landscape: relatively 

high rates in some locations to 

break competitive dominance and 

favor early seral species and high 

species richness; and relatively 
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judiciously in localized hotspots; 

 

low rates in some locations to 

maintain late seral species.  

Maintain high levels of structural 

complexity in all seral stages.  

Reduce erosion and leaching 

associated with disturbance. 

Productivity Supplemental feeding may be 

effective in recovering species at 

risk due to food limitations; 

Fertilization or irrigation may be 

effective in limited situations for 

favoring native plants over exotics 

and for increasing community 

diversity. 

 Reduce productivity to favor 

native species. 

Landscape 

composition 

   

Biophysical 

gradients 

Maintain the wide mosaic of 

biophysically-determined habitat 

types. 

Manage to maintain all natural 

areas. 

Maintain the narrower range of 

biophysical habitat types that are 

likely present.  Localized low-

energy patches are especially 

important because of their higher 

richness. 

Source and sink 

habitats 

Use demographic study to identify 

source and sink habitats and manage 

them differentially to maintain 

population viability for species at 

risk. 

Attractive sinks are widespread 

in these systems due to intense 

human land use.     

Similar to medium-energy 

ecosystems. 

Seral stages Tailor seral stage mosaics to the Manage intermediately. Maintain a dynamic steady- state 
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biophysical gradient. equilibrium of seral stages across 

the landscape. 

Within-stand 

vegetation 

structure  

Maintain vegetation structural 

complexity to enhance recovery in 

post disturbance stands. 

Manage intermediately. Vegetation structural complexity 

in all seral stages is especially 

important because of the 

relatively high number of species 

specializing on particular 

structural conditions. 

Landscape 

configuration 

   

Connectivity Manage for high levels of 

connectivity to allow within home 

range, migratory, and dispersal 

movements. 

Intense land use may reduce 

connectivity for many species.  

Mitigation through highway 

overpasses, semi natural 

corridors, and other means may 

be required. 

Seasonal mammal migration and 

long-distance dispersal is less 

likely in these systems due to the 

greater equitability of resources in 

space and time.   

Patch size/edge Lower priority for management 

attention. 

Manage to reduce creation of 

attractive sinks due to intense 

human land use. 

Management of patch size, 

juxtapositioning, and edge type 

and density are high priorities.     

Biotic 

interactions 

   

Trophic 

cascades 

Maintain or restore top carnivores 

because of their possible strong top-

down positive effects on lower 

trophic levels; 

Consider controlling released 

herbivore populations through 

If top carnivores were 

extripated  due to human 

activities, attempt  to reduce 

release of mesocarnivores 

through management of foods 

associated with trash, pets, and 

Stronger bottom-up control is 

possibly expected, hence 

management of vegetation 

strongly influences biodiversity. 
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hunting and/or culling if predators 

are lost; 

Locally apply fencing or other 

deterrents to over grazing if needed 

to protect key plant communities.   

livestock. 

    

Competitive 

exclusion 

Not as high a priority for 

management as in higher-energy 

systems. 

Manage intermediately. Manage disturbance to break 

competitive dominance to allow 

persistence of species that are 

poorer competitors. 

Land use    

Protected areas Design protected areas to include 

the mosaic of biophysical habitat 

types, localized hotspots, migration 

and other movement habitats, large 

areas of habitat for species at risk. 

Manage to buffer protected 

areas from surrounding human 

influence. 

Protected areas can be smaller.  

They should include any low-

energy patches and high-energy 

locations with high biophysical 

habitat complexity and/or high 

disturbance  rates.    

Matrix Encourage collaborative 

management among the many land 

owners and stakeholders across the 

large landscapes required for 

achieving conservation goals in 

these low-energy systems; 

Focus conservation easements on 

localized areas of very high 

ecological value (hot spots, source 

areas, movement habitats); 

Focus development on locations of 

Focus conservation easements 

on remaining natural areas; 

Emphasize consideration of 

biodiversity in agricultural and 

residential settings. 

Focus conservation easements on 

remaining natural areas with 

lower productivity and on those 

with high habitat  heterogeneity 
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lower ecological value;   

Concentrate development near 

existing development to reduce total 

footprint of intense human influence 

on remaining wildlands. 

Restoration Focus restoration efforts on hotspot 

and movement habitats that have 

been degraded. 

Emphasize restoration of 

degraded places and 

“backyard” conservation. 

On poor soils, focus restoration 

on places where human 

disturbance has elevated soil 

erosion and leeching. 

On fertile soils, restore 

disturbance regimes where they 

have been constrained by human 

activities. 

 

Public 

education 

Educate exurban residents on 

minimizing negative impacts on 

wildland species and reducing 

introduction of invasive species and 

diseases into wildlands.   

 

Educate citizens on methods to 

integrate consideration of 

biodiversity into agricultural, 

residential, and urban settings; 

And means of favoring 

nonsynanthropic native species 

and dissuading harmful native 

synanthropic and invasive 

species.   

Educate citizens on important role 

of soil fertility, disturbance and 

vegetation pattern in these 

systems. 

Overarching 

conservation 

priority 

Maintain large, well connected 

natural landscapes that include 

the full gradient of biophysical 

conditions and provide for 

wildland species with large area 

Mitigate the heavy human 

influence in these systems 

which have the potential to be 

global hotspots for 

biodiversity. 

Manage soils, disturbance and 

vegetation pattern to maintain 

the large number of 

microhabitat specialists and 

high potential species richness 
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requirements. in these systems. 
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Table 3.  Questions for future research. 

Topic Question 

Biophysical 

drivers 

What is the global distribution and variance of annual net primary productivity 

(NPP) and of ecologically and evolutionary relevant NPP (eNPP)? 

In relatively warm, moist environments, how does soil fertility interact with 

primary productivity to influence the quantity and quality of plant biomass 

available to consumers? 

Can major natural disturbance regimes be mapped across terrestrial biomes based 

on hurricane tracks and other climatic and geomorphic factors?  

To what extent do measures of ecosystem energy influence mean and variance in 

spatial patterns of human density, land use?  What are the shapes of these 

relationships?  What are the mechanisms underlying potential effects? 

Biological 

responses to 

ecosystem 

energy  

For which trophic levels and taxonomic groups does eNPP best account for 

variation in home range size, body size, population density, and extinction rates 

as compared to annual NPP?  

Does the response of a population to the temporal formulation of NPP vary with 

the length of its reproductive period? 

How do the population dynamics of consumers in productive systems vary with 

soil fertility and plant quality? 

Controlling for human and land use effects to what extent is gene flow, 

migration, and dispersal of organisms influenced by mean and variation in 

primary productivity? 

For tropic levels and taxonomic groups of interest, what is the strength and shape 



87 
 

of the relationship between primary productivity and species richness? 

What factors cause infliction points in these relationships (e.g. from increasing to 

flat; from flat to decreasing?).  How prevalent is the are cases where species 

richness declines at high productivity levels and what are the relative effects of 

competitive dominance, plant quality, human impacts, and other factors in 

driving this response? 

What are the geographic locations where these relationships are increasing, flat, 

or decreasing? 

Under what conditions are populations and communities in equilibrium vs 

disequilibrium with the biophysical state of an ecosystem?  Is some of the 

confusion in our understanding of species energy relationships a product of 

disequilibrium conditions? 

How does prevalence of invasive species vary with ecosystem energy and 

disturbance? 

Are top-down trophic cascades more prevalent in low-energy systems? 

How does human modification of primary productivity, disturbance, and habitat 

diversity influence species and communities?  What are thresholds in these 

relationships where native species benefit or are degraded? 

Grouping 

ecosystems 

Under which criteria can ecosystems best be grouped to anticipate their 

vulnerabilities to human impacts and climate change and that provide a basis for 

prioritizing conservation strategies to mitigate potential impacts? 

How much variation in ecosystem vulnerability can be accounted for through 

such a classification? 
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Effective 

management 

To what extent are current conservation priorities and management strategies 

consistent with the vulnerabilities of local ecosystems? 

Can conservation effectiveness be improved through improved predictive theory 

on ecosystem vulnerabilities? 

How feasibly can the sort of general management guidelines presented in Table 2 

be developed into management prescriptions that specify strategies to effectively 

reduce vulnerabilities in local ecosystems? 
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Figure Legends 

Figure 1.  a) Map of species richness of large herbivores, as a percentage of continental species 

pool, predicted based on indices for plant-available moisture and soil nutrients.  No data for 

potential evapotranspiration were available for the boreal zones, hence no diversity predictions 

were made for that region.  From Oiff et al. (2002).   

 

Figure 2.  (a) Observed points and predicted generalized least squares (GLS) regression lines for 

log-transformed species richness in three intervals across the productivity gradient (gross 

primary production, GPP), with a positive slope in blue, a flat slope in green, and a negative 

slope in red. (b) The spatial pattern of Breeding Bird Survey (BBS) routes in the three gross 

primary production (GPP) intervals indicates that energy levels within bird conservation regions 

(BCRs) are not randomly distributed but rather have frequencies that are higher than expected in 

most regions. The conservation region colors indicate that energy classes were found 

significantly more frequently than expected if randomly distributed. The point colors coincide 

with the colors of regression lines in (a). Numbers within regions correspond to BCRs.  From 

Phillips et al. (2010). 

 

Figure 3.  Diversity patterns predicted by the Dynamic Equilibrium Hypothesis (Huston 1979, 

1994) along combined energy and disturbance gradients. Lighter shading indicates higher 

diversity. In the upper left half of the grid, extinctions are because of an inability to recover from 

disturbances. In the lower right half of the grid, extinctions are because of competitive 

exclusions. From Scholes et al. (2006). 
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Figure 4.  (a) Locations of study landscapes arrayed across the biophysical gradients of the 

Pacific and Inland Northwest.  (b) Model coefficient odf determination (R2) and percentage of 

total model R2 resulting from the addition of five predictors of forest structure to a five predictor 

energy model for the study landscapes.  Mean gross primary productivity (g C/ m-²/day-1*103) is 

indicated below the study site names.  From Verschuyl et al. (2008). 

 

Figure 5.  Relationships between percentages of species sampled that were significantly 

associated with forest interiors and aboveground biomass for birds, beetles, and mammals across 

the major forest biomes of the world.  From Hansen et al. (in review).  

 

Figure 6.  Relationships between (a) human population density and net primary productivity and 

(b) vertebrate species richness and NPP across sub-Saharan Africa.  From Balmford et al. (2001).    

 

Figure 7.  Summary of traits of ecological systems relevant to conservation arrayed along axes in 

ecosystem energy and habitat heterogeneity as revealed by the review of current knowledge in 

this paper.  Traits in italics should be considered with caution because they are based on 

hypotheses that were considered inadequately supported by previous study.  They are included 

here to stimulate further thinking and research. 

 

Figure 8.  Distribution of annual gross primary productivity  (GPP) and areas of high 

topographical complexity across the Earth’s land area.  GPP is depicted in three intervals that 

equate to the low (blue), medium (green), and high (red) energy systems as described in the 

conservation framework.  GPP intervals are 0-9, 9-18, >=18 g C/ m-²/day-1.  Topographic 
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complexity was quantified as elevation range within 5x5 km zonal areas.  Areas with >= 150 m 

elevation range are indicated by the black hatching. 

 

Figure 9.  Landscapes illustrating low, intermediate, and high energy levels arranged from west 

to east across the U.S.  Shown within each landscape are the distributions of local hotspots for 

modeled SK for birds (>20% of maximum SK) and of more intense land uses. Based on Hansen et 

al. (2011). 
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Fig. 2 a and b 
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Fig 3.  
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Fig 4 a and b 
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Fig. 5  
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Fig 6 a and b 
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Fig 7 
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Fig 8.   
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Fig 9.  


