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    INTRODUCTION 

 With increasing awareness of human impacts on ecosys-
tem biodiversity and function (Chapin et al.  2000 , DeFries 
et al.  2004 ), scientists and governments have begun the 
intrepid task of developing policy that helps sustain eco-
system functions in the face of ongoing environmental 
change (IPCC  2001 , Carpenter and Brock  2004 , Friberg 
et al.  2011 ). While much of this research has focused on 
the role of biodiversity in its narrow sense of species rich-

ness (Hooper et al.  2005 , Dudgeon et al.  2006 ), emerg-
ing work is arguing for management that goes beyond 
 conserving species numbers and towards protecting the 
biological structure and functional species interactions 
that are responsible for sustaining energy and nutrient 
fl ow at an ecosystem level (Soulé et al.  2003 , Gray et al. 
 2014 , Mace et al.  2014 , Travis et al.  2014 ). It is this biologi-
cal structure, not species number per se, that is most linked 
to ecosystem function (Hilborn et al.  2003 , McCann  2007 ) 
and likely enables ecosystems to respond to variation by 
acting as complex adaptive systems ( sensu  Levin  1998 ). 
Here, we use ‘adaptive’ (and ‘adaptive capacity’) to mean 
the ability (or potential) of a system to make adjustments     7   E-mail:  bcmcmeans@gmail.com   
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             Abstract  .      Aquatic ecosystems support size structured food webs, wherein predator- prey 
body sizes span orders of magnitude. As such, these food webs are replete with extremely 
generalized feeding strategies, especially among the larger bodied, higher trophic position 
taxa. The movement scale of aquatic organisms also generally increases with body size 
and trophic position. Together, these body size, mobility, and foraging relationships suggest 
that organisms lower in the food web generate relatively distinct energetic pathways by 
feeding over smaller spatial areas. Concurrently, the potential capacity for generalist for-
aging and spatial coupling of these pathways often increases, on average, moving up the 
food web toward higher trophic levels. We argue that these attributes make for a food 
web architecture that is inherently ‘adaptive’ in its response to environmental conditions. 
This is because variation in lower trophic level dynamics is dampened by the capacity of 
predators to fl exibly alter their foraging behavior. We argue that empirical, theoretical, 
and applied research needs to embrace this inherently adaptive architecture if we are to 
understand the relationship between structure and function in the face of ongoing envi-
ronmental change. Toward this goal, we discuss empirical patterns in the structure of lake 
food webs to suggest that ecosystems change consistently, from individual traits to the 
structure of whole food webs, under changing environmental conditions. We then explore 
an empirical example to reveal that explicitly unfolding the mechanisms that drive these 
adaptive responses offers insight into how human- driven impacts, such as climate change, 
invasive species, and fi sheries harvest, ought to infl uence ecosystem structure and function 
(e.g., stability, secondary productivity, maintenance of major energy pathways). We end 
by arguing that such a directed food web research program promises a powerful across- 
scale framework for more effective ecosystem monitoring and management.   

   Key words:    behavior ;    biomonitoring ;    climate change ;    ecosystems ;    environmental gradients ;    populations .      

 Manuscript received   13 February 2015  ;   revised   29 July 2015  ; 
  accepted   17 August 2015  . Corresponding Editor:   S. P. Lawler.   

ecm_1202.indd   4ecm_1202.indd   4 05-03-2016   15:11:0605-03-2016   15:11:06



February 2016 THE ADAPTIVE CAPACITY OF LAKE FOOD WEBS 5

C
O
N
C
E
P
TS &

 S
YN

TH
E
S
IS

in  behavior or structure in response to external stress 
(Smit and Pilifosova  2001 , Adger et al.  2004 ). Knowledge 
of what characteristics make a system adaptive are crucial 
for ecosystem management (Travis et al.  2014 ), but we still 
know very little about how ecosystems respond to environ-
mental change, and even less about how human impacts 
might alter these adaptive responses. 

 Ecologists have long sought to describe the structural 
attributes of food webs (e.g., food chain length; Pimm 
 1982 ). Most often, this work has focused on identifying 
similarities across different ecosystems (e.g., connectiv-
ity; Cohen et al.  1990 ), instead of investigating how food 
web structure in the same ecosystem type (e.g., lakes) 
changes across natural environmental gradients (Fee and 
Hecky  1992 , Layer et al.  2013 , Tanentzap et al.  2014 ). 
While both research objectives are clearly valuable, the 
latter approach provides an opportunity to study how 
the machinery of a given system responds to variation, 
including major environmental perturbations such as 
climate change. Gradients act like ‘natural experiments’ 
and can provide insight into the effects of abiotic vari-
ation across the ecological hierarchy, from individual 
physiology and behavior to ecosystem- level nutrient and 
energy fl ows (O ’ Gorman et al.  2012 ). Finding evidence 
for consistent structural responses across levels may: (1) 
offer insight into adaptive capacity of whole systems, and 
(2) help develop general theory that incorporates these 
adaptive structures with their functional importance 
(e.g., for stability, secondary productivity). These insights 
may prove highly valuable as increasing human demands 
threaten the capacity of ecosystems to withstand and 
respond to environmental change. 

 Understanding how ecosystems respond adaptively to 
environmental variation may require that we consider how 
macroscopic food web pathways are related to and arise 
from organism- level traits (e.g., behavior). The ability for 
motile organisms to use different habitats and  consume 
different prey in response to changing conditions is a 
 historically underused aspect of food web ecology that 
ought to play a major role in driving ecosystem adaptive 
capacity (Schmitz and Barton  2013 ). Here, we argue that 
simple attributes linking body size and food web structure 
with behavior suggest that a fundamental module (hereaf-
ter, the generalist module), which repeats itself across spa-
tial scales from micro-  to macrohabitats, acts as a major 
component of aquatic ecosystem adaptive capacity. 

 Within the context of this common, spatial scale- 
invariant food web module, we review a well studied 
aquatic ecosystem—inland lakes in North America with 
Lake Trout,  Salvelinus namaycushas  (Walbaum, 1972), 
as an apex predator—as a case study to show that the 
 generalist module changes predictably across natural envi-
ronmental gradients. We highlight that changes in empir-
ical patterns in ecosystem and food web structure are 
 concurrent with changes at the individual level (e.g., in life 
 history characteristics) and demonstrate how such investi-
gations provide insight into the possible consequences of 
human impacts. We discuss the broad application of our 

approach, because the generalist module appears to be a 
widespread attribute of food webs, and end by arguing 
for the development of research programs that combine 
knowledge of this adaptive food web architecture with 
ecological tracers and tools to (1) monitor the individual 
to ecosystem level effects of human impacts, and (2) signal 
for possible losses in ecosystem adaptive capacity.  

  THE GENERALIST MODULE AS A FUNDAMENTAL FOOD 
WEB ATTRIBUTE 

  Body size, mobility, and aquatic food web structure 

 While well- resolved description of food webs has proven 
elusive, ecological tracers (mainly stable isotopes) comple-
mented by stomach content analysis have rapidly increased 
the ability to grossly identify major energy fl ows in aquatic 
food webs (Vander Zanden et al.  1999 , Vander Zanden and 
Vadeboncoeur  2002 , Layer et al.  2013 ). Below, we argue 
that empirical animal body size relationships align with 
and have a strong effect on the gross structure of aquatic 
food webs (Peters  1986 , McCann and Rooney  2009 , Gill-
jam et al.  2011 ). 

 Body size is a major structuring force in food webs 
(Petchey et al.  2008 ) that increases with trophic level in 
most aquatic ecosystems (Vander Zanden et al.  2000 , Jen-
nings et al.  2001 , Gilljam et al.  2011 ). This simple relation-
ship suggests that mobility ought to increase with trophic 
position, as well, since the cost of movement per unit of 
weight decreases with increasing body size (McCann et al. 
 2005 , Rooney et al.  2008 ). This suggestion is supported 
by the observation that body size predicts the home range 
size of freshwater fi sh (Minns  1995 ). As size increases 
with trophic position, so too does the tendency for gener-
alist feeding behavior (Petchey et al.  2008 ). All else equal, 
more mobile organisms are exposed to and capable of con-
suming a greater variety of prey types in a wider range of 
habitats (i.e., encounter probability is positively related to 
mobility; Pyke et al.  1977 ). This patterning in organismal 
traits, whereby larger animals are more mobile and more 
generalized in their feeding than smaller animals, has impli-
cations for food web structure. Simply by moving up the 
food web, we expect each successive trophic level to cou-
ple (move throughout and forage among) larger and larger 
habitat divisions (Pimm and Lawton  1980 ). Moving higher 
up in the food web also increases the number of available 
prey types vertically at each trophic level below a predator 
(Holt  1996 ). As a result, the likelihood for omnivory (feed-
ing on multiple trophic levels) also increases with trophic 
level (Gilljam et al.  2011 ). Together, these relationships 
argue for a common structuring within food webs that we 
have termed the generalist module (depicted in Fig.  1 A at 
the whole lake ecosystem level). The architecture of the 
generalist module is also important for food web stability 
based on theory (discussed below; McCann et al.  2005 , 
Gross et al.  2009 ).  

 The simple body- size- based predictions for lower level 
compartmentalization followed by higher order coupling 
that constitute the generalist module are met repeatedly 
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in empirically documented food webs. Based on a global 
survey of lentic systems, primary consumers (e.g., zoo-
plankton or zoobenthos) tend to feed within either the 
pelagic or benthic habitat, respectively, and rarely on 
both (France  1995 ), setting up macrohabitat compart-
ments. Higher up in the food web, invertivorous fi sh in 
North American temperate lakes (Fig  1 B; trophic posi-
tion ca. 3) also tend to consume either benthic or pelagic 
prey, whereas piscivores at trophic position ca. 4 feed as 
couplers in both habitats (Fig.  1 B; Vadeboncoeur et al. 
 2002 ). A similar example, also based on combined stable 
isotope and stomach content data, exists from Northern 
European lakes where the capacity for piscivory and gen-
eralist foraging on both benthic and pelagic prey of Arc-
tic Charr ( Salvelinus alpinus,  Linnaeus, 1758) promotes 
coexistence with planktivorous Whitefi sh ( Coregonus 
lavaretus,  Linnaeus, 1758) and benthivorous Grayling 
( Thymallus thymallus,  Linnaeus, 1758; Eloranta et al. 
 2011 ). The extent that spatially distinct habitats are cou-
pled therefore appears to go from low to high as trophic 
level increases in lake food webs (Fig.  1 B). Omnivory also 
appears to increase with trophic level because common 
piscivores, such as Lake Trout and Smallmouth Bass 
 Micropterus dolomieu  (Lacépède, 1802), feed on a wide 
range of prey sizes and trophic levels and can switch to 
invertebrate feeding after they have suppressed their pre-

ferred fi sh prey (Schindler et al.  1997 , Vander Zanden 
et al.  2000 ). Based on literature reviews, both aquatic and 
terrestrial food webs repeatedly show increased habitat 
coupling (Rooney et al.  2006 ) and increased omnivory 
(Thompson et al.  2007 ) with increasing trophic level. 

 Coupling can also occur at scales other than these 
benthic and pelagic macrohabitat examples, which sug-
gests that the generalist module occurs at multiple scales 
(Rooney et al.  2008 ). Specifi cally, body size arguments 
suggest that smaller species lower in the food web should 
couple over smaller, microhabitat divisions because they 
are less mobile than larger, higher trophic level species 
capable of moving across larger ecosystem boundaries 
(e.g., aquatic and terrestrial, Fig.  2 A). Empirical examples 
of this repeated structure at different spatial scales are few. 
Recently, McMeans et al. ( 2013 ) found evidence of multi- 
scale coupling in an arctic marine ecosystem across benthic 
and pelagic compartments at the food web level by mobile 
predators, and across benthic and phytodetrital compart-
ments by benthic invertebrates (Fig.  2 B). Omnivory can 
also occur within single compartments. Predatory inverte-
brates within the pelagic sub- web of lakes, for example, can 
switch to phytoplankton consumption where  zooplankton 
prey are rare (France  2012 ). 

  In summary, data within lakes and other aquatic eco-
systems display an intriguing pattern whereby different 

 FIG. 1 .              (A) The generalist module, a conceptual and simplifi ed depiction of the major energy fl ows through  aquatic food webs, 
which shows a predator feeding on two consumers and omnivorously on two resources. (B) Manifestation of the generalist module 
in whole lakes, showing increasing benthic coupling by different fi sh species (fi lled circles) with increasing trophic position (redrawn 
from Vadeboncoeur et al.  2002 ). Trophic position 3 fi sh feed tend to feed on either zooplankton or benthos, whereas trophic position 
4 fi sh consume prey from both pelagic and benthic  compartments. Omnivory is also apparent because several fi sh have trophic posi-
tions falling between 3 and 4. 
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energy compartments are coupled by mobile generalists 
(Fig.  1 ), with the spatial scale over which this coupling 
occurs, increasing towards higher trophic levels (Fig.  2 ). 
The question remains as to what this pattern means for 
the stability of aquatic ecosystems.  

  Differential response and behavior as components of 
ecosystem adaptive capacity 

 Recent food web theory argues that different resource 
compartments do not always respond synchronously with 
changing environmental conditions (McCann and Rooney 
 2009 ). This is important because synchronized resources 
tend to amplify interaction strengths and increase system 
variability, whereas asychronized resources dampen varia-
tion and promote stability (McCann et al.  2005 , Rooney 
et al.  2006 , Sinclair et al.  2013 ). In aquatic ecosystems, 
resource asynchrony can manifest at the interspecifi c level 
(e.g., phytoplankton community succession  sensu   Sommer 
et al.  1986 ), but can also occur among entire functional 
guilds. For example, across a gradient of increasing 
lake depth, the relative contribution of zooplankton to 
total lake secondary production increases while that of 
 zoobenthos decreases (Fig.  3 A; Vadeboncoeur et al.  2002 ). 
 Similarly, aquatic and terrestrial prey availability in streams 
peak at different times of the year (Fig  3 B; Nakano and 
Murakami  2001 ). Terrestrial examples include herbivores 
in the Serengeti responding differently to decadal climate 
oscillations (Sinclair et al.  2013 ) and consumers of fungi 
and bacteria fl uctuating out of phase with one another in 
soil food webs (Moore and de Ruiter  1991 ). Differential 
species and habitat responses can be more bottom- up (e.g., 
McMeans et al.  2013 , Tanentzap et al.  2014 )   or top- down 
driven (e.g., Rooney et al.  2006 , Tunney et al.  2012 ), but 
both serve to create a spatial mosaic of resource productiv-
ity that varies through time.  

 Mobile and generalist organisms are, in turn, capable 
of rapid behavioral responses to asynchronously varying 
resources. Specifi cally, if  one habitat is thriving while 
another is not, then a mobile predator can respond by 
increasing foraging activity in the more productive habi-
tat (called the birdfeeder effect; Eveleigh et al.  2007 ). Gen-
eralist Lake Trout, for example, forage more strongly on 
zoobenthos in smaller lakes as compared to larger lakes 
(Fig.  3 C; Vadeboncoeur et al.  2002 ). Stream fi sh also 
increase terrestrial prey use when terrestrial prey infl ux 
is highest (Fig.  3 D; Nakano and Murakami  2001 ). On 
land, shrubland birds readily switch between foraging on 
insect and fruit resources that fl uctuate asynchronously 
with season (Carnicer et al.  2008 ). Such adaptive gener-
alist foraging acts to minimize the potential for any single 
species, or sets of species, to monopolize available nutri-
ents and energy, therefore promoting food web stability 
(Gross et al.  2009 ) and the maintenance of a diverse and 
variable assemblage of organisms (McCann et al.  2005 , 
Carnicer et al.  2008 , Rooney et al.  2008 ). 

 An important component of this theory, however, is 
that conditions which yield very strong coupling into 
multiple habitats, such as large subsidies (Huxel and 
McCann  1998 ) or small ecosystems (McCann et al. 
 2005 ), can be destabilizing if  they allow generalist pred-
ators to reach such high densities that they dangerously 
suppress preferred prey (akin to apparent competition; 
Holt  1977 ). Behavioral responses must also be rapid 
for predation to be stabilizing, because slow responses 
 generate destabilizing lags (Abrams  2006 ). 

 Together, these results suggest that the generalist 
module (Fig.  1 A) is both a theoretically motivated and 
empirically appropriate characterization of the major 
carbon fl ow pathways through food webs. According to 
this theory, ecosystem adaptive capacity is generated by 
differential responses of resources at a variety of spatial 

 FIG. 2 .              (A) The generalist module in which predator coupling of  food web compartments repeats itself  at multiple scales: 
(i) across ecosystems (aquatic- terrestrial), (ii) within an ecosystem (pelagic- benthic), and (iii) within a sub- web (bacteria- 
phytoplankton). (B) A (i) conceptual representation and (ii) empirical example of  coupling repeated at multiple scales in a coastal 
marine ecosystem showing that generalist predators such as  Myoxocephalus scorpius  ( MS ) and  Somniosus microcephalus  ( SM ) 
couple benthic and pelagic energy pathways at the food web scale, whereas and predatory benthos, such as nudibranch (Nu) 
and  Buccinum cyaneum  ( BC ), couple phytodetrital and macroalgal energy pathways at the benthic sub- web scale (redrawn from 
 McMeans et al.  2013 ; squares represent herbivores; triangles, omnivores; diamonds, carnivores; and circle, vertebrates). 
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and temporal scales and integration of this variation 
by shifts in predator foraging behavior, with the range 
of scales being integrated increasing with predator size 
and trophic position. We now examine a well- studied 
case of northern lake ecosystems with Lake Trout as the 
top predator to identify how this adaptive architecture 
(Fig.  1 A) responds to changing conditions.   

  UNFOLDING THE ADAPTIVE CAPACITY OF LAKE  
ECOSYSTEMS 

 Lake Trout are top predators that naturally inhabit 
deep and cold North American lakes. In the southern 
part of this distribution, these lakes contain pelagic year- 
round thermal refuges separated by a thermocline from a 
warmer surface layer that is uninhabitable to Lake Trout 
for long periods each year. The trophic relationships of 
this system have been studied extensively using stomach 
contents combined with stable isotopes of carbon (δ 13 C) 
to track littoral vs. pelagic carbon source use and nitro-

gen (δ 15 N) to estimate trophic position (Post et al.  2000 , 
Vander Zanden and Vadeboncoeur  2002 , Tunney et al. 
 2012 ,  2014 ). To build on previous explorations of how 
lake food webs respond to gradients in lake size (Vander 
Zanden et al.  1999 , Post et al.  2000 , Vadeboncoeur et al. 
 2002 , McCann et al.  2005 ), Tunney et al. ( 2012 ) used 
theoretical models and empirical data to argue that lake 
food webs may restructure in predictable ways as envi-
ronmental conditions change. Specifi cally, historical and 
recent data from lakes with similar prey communities 
showed that Lake Trout decreased littoral habitat cou-
pling and omnivorous foraging on littoral invertebrates 
across a gradient of increasing lake size (moving from left 
to right on Fig.  4 A,B).  

 Increased nearshore coupling in smaller lakes facilitates 
increased energy fl ow to and density of Lake Trout, which 
may drive a trophic cascade (suppression of  preferred 
pelagic and littoral fi sh prey and release of littoral inverte-
brates and zooplankton) that renders omnivorous feeding 
on littoral invertebrates more benefi cial in smaller systems 

 FIG. 3 .              Differential responses of  resources (A, B) and rapid response of  fi sh predators (C, D) in space and time. (A) Percent 
contribution of  zoobenthos and zooplankton to total secondary production (i.e., zooplankton + zoobenthos) across a gradient 
of  average lake depth (meters). (B) Seasonal change in terrestrial prey fl ux to and aquatic prey biomass within a Japanese stream. 
(C) Decreasing consumption of  zoobenthos by Lake Trout in response to reduced access to littoral prey with increasing lake size 
(area, kilo meters squared). (D) Seasonal changes in reliance on terrestrial (vs. aquatic) prey by  Oncorhynchus masou  due to un-
derlying changes in terrestrial prey fl ux to a Japanese stream. Data redrawn from Vadeboncoeur et al.  2002  (A, C) and Nakano 
and Murakami  2001  (B, D). 
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(Fig.  4 B). While biomass pyramid information was not 
available for Lake Trout, Cyr and Peters ( 1996 ) showed 
that smaller lakes did support more top- heavy food webs 
(increased fi sh: zooplankton ratios)   than larger lakes. Based 
on this work, lake food web structure and ecosystem- level 
biomass and energy fl ows restructured across a gradient of 
ecosystem size. Although not measured by Tunney et al. 
( 2012 ), it is likely that changes in food web structure and fi sh 
foraging behavior were also accompanied by shifts in nutri-
ent cycling through these ecosystems, because fi sh predators 
are known to affect littoral to pelagic nutrient transport in 
lakes (Schindler et al.  1993 , Vanni  2002 ). 

 The responses of lake systems to environmental vari-
ation also appear to manifest at the individual level via 
altered life history attributes. Shuter et al. ( 1998 ) have 
found that across a similar lake size gradient explored 
in Tunney et al. ( 2012 ), although for different lakes, 

individual- level attributes of Lake Trout also change in 
a consistent way. Lake Trout maximum length (Fig.  4 C) 
and length at maturation (Fig.  4 D) both decline while den-
sity (data not shown) increases with decreasing lake size 
(Shuter et al.  1998 ). Reduced body size in smaller lakes is 
consistent with maximum size predictions from bioener-
getic models (Kerr and Ryder  1977 , Sherwood et al.  2002 ), 
which have empirically argued that reduced prey size or 
richness drives reduced maximum predator sizes. 

 Temperature- driven changes to prey availability (i.e., 
access + density) could explain these observed shifts in 
Lake Trout foraging behavior and resultant food web 
structure. Specifi cally, the larger area of the warm littoral 
zone in larger lakes would reduce the availability of littoral 
prey to cold water Lake Trout. High temperatures above 
physiological capabilities are broadly known to restrict 
foraging in warm habitats by cold water ectotherms (Brett 

 FIG. 4 .              Food web (A, B) and individual/population level (C, D) responses to a lake size gradient (all  x  axes show log trans-
formed lake area in hectares). The top predator, Lake Trout, exhibits increased coupling (A: increased consumption of  littoral 
prey) and omnivory (B: reduced trophic position) in smaller lakes, as well as smaller maximum length (C) and length at maturation 
(D). A and B are redrawn from Tunney et al. ( 2012 ) and C and D are from Shuter et al. ( 1998 ). 
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 1971 , Stefan et al.  2001 , Plumb and Blanchfi eld  2009 ). 
Even at temperatures below such thermal thresholds, for-
aging behavior is likely mediated by a tradeoff between 
an organism ’ s potential for successful foraging bouts and 
increased metabolic demands in a thermally inhospitable 
environment (Petchey et al.  2010 , Nowicki et al.  2012 , Rall 
et al.  2012 ). For example, in lakes where temperature does 
not exceed physiological thresholds, or where predators 
can move rapidly in and out of intolerably warm envi-
ronments and still acquire prey, littoral–pelagic coupling 
should be maintained. In larger lakes with larger littoral 
zones that provide greater spatial refuge for prey and ther-
mally limit search times, coupling should decline, which is 
consistent with the data provided by Tunney et al. ( 2012 ). 

 Additional evidence for a thermally driven response 
of Lake Trout comes from a related study that focused 
on lakes of similar sizes but different shapes with respect 
to the littoral zone (Dolson et al.  2009 ). Lake Trout in 
these lakes decreased nearshore coupling and omnivory 

in response to increased spatial complexity of the lakes’ 
littoral zones (moving from left to right on Fig.  5 A,B). 
Lakes with more reticulate and complex littoral areas 
effectively act like large lakes by increasing prey refugia 
and thermally limiting foraging in littoral areas by Lake 
Trout, compared to lakes with smaller, less complex lit-
toral zones. Individual- level data gathered during the 
sampling for the Dolson et al. ( 2009 ) study additionally 
show that Lake Trout maximum size ( P  <   0.05) and den-
sity ( P  >   0.05) increased and decreased, respectively, with 
increasing littoral area (Fig.  5 C,D; McCann,  unpublished 
data ). Again, across an environmental gradient (lake 
shape), the system changed in a predictable way from the 
individual to the whole ecosystem level. We argue that 
such knowledge of how systems respond to variation 
sheds light on ecosystem adaptive capacity and could 
provide unprecedented insight into the possible conse-
quences of human activities for these adaptive structures 
and their resultant  ecosystem functions.   

 FIG. 5 .              Food web (A, B) and individual/population level (C, D) responses to a gradient in lake shape shown from low to high 
levels of  shoreline development (Dev. Index, a proxy for littoral area) moving from left to right on  x  axes. Less reticulate lakes 
mimic small lakes in that littoral prey are more accessible. Food webs in these less reticulate lakes therefore are increasingly coupled 
(A) with more omnivory (B), which is accompanied by population level declines in top predator (Lake Trout) maximum weight (C) 
and increases in density (D). Data are from Dolson et al.  2009  (A, B) and K. McCann,  unpublished data  (C, D). 
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  HUMAN IMPACT AND THE LOSS OF ECOSYSTEM ADAPTIVE 
CAPACITY? 

 Human activities have altered lake ecosystems in a 
variety of  ways. Eutrophication has driven shifts in lake 
state from clear to turbid, and the altered distribution 
of  water and biota has impacted lake energy fl ow path-
ways (reviewed by Smith and Schindler  2009 , Carpenter 
et al.  2011 ). Climate- driven temperature increases are 
also altering the timing of  resource production in lakes, 
with negative consequences for consumers higher up in 
the food web (Winder and Schindler  2004 , Woodward 
et al.  2010 b  ). Based on the theory outlined above, these 
and other human impacts, which remove resource het-
erogeneity or the mobile predators that couple it, may 
also reduce the potential for the generalist module to 
respond to changing conditions and, therefore, threaten 
ecosystem adaptive capacity. 

 Such an example of  a human impact on adaptive 
capacity, which has emerged from the research outlined 
above, is that the ability of  a generalist predator to cou-
ple into multiple habitats may be lost or muted with 
warming temperatures (Tunney et al.  2014 ). In northern 
stratifi ed lakes, warming tends to increase the tempera-
ture of  epilimnion and nearshore zone, while reducing 
the size of  the deep coldwater zone that remains habit-
able by Lake Trout (Schindler et al.  1990 , Keller  2007 , 
Cline et al.  2013 ). Given these characteristics, Tunney 
et al. ( 2014 )   used a temperature gradient approach and 
found that Lake Trout exhibited reduced littoral habitat 
coupling (Fig.  6 A) and omnivorous foraging on littoral 
invertebrates (shown as an increase in trophic position, 
Fig.  6 B) in lakes with higher summer temperatures. 
Additionally, Lake Trout appeared to respond behav-
iorally to warmer, increasingly less habitable littoral 
zones because the catch per unit effort of  Lake Trout 
decreased in the nearshore zone in the warmer lakes 
(Fig.  6 C).  

 Introductions of Smallmouth Bass in some lakes have 
also been suggested to reduce availability of nearshore 
prey and, subsequently, reduce littoral habitat coupling, 
growth, and reproduction in Lake Trout (Vander  Zanden 
et al.  2004 ). Access to key prey is also critical for fi sh 
growth and recruitment to the piscivorous stage through-
out ontogeny (Hargeby et al.  2005 , Woodward et al. 
 2010 a  ). Human- driven decoupling of fi sh from their key 
prey may therefore have detrimental consequences and 
serious management implications for predators if  they no 
longer have suffi cient accessible production to support 
viable populations. Direct removal of top predators via 
fi sheries harvest also threatens ecosystem capacity and 
has been linked to decreased ecosystem stability (Brit-
ten et al.  2014 ). Importantly, a suite of existing tracers 
and tools (referred to as ‘structural indicators,’ Table  1 ) 
show great promise for identifying and monitoring for 
potential losses to ecosystem adaptive capacity across the 
ecological hierarchy and, correspondingly, from small to 
large scales (Fig.  7 ).    

  MONITORING ADAPTIVE FOOD WEBS: AN INTEGRATED 
ROLE FOR ECOLOGICAL TRACERS AND TOOLS 

 Several existing tracers and tools are capable of  iden-
tifying how the theoretically derived generalist mod-
ule (Fig.  1 A) empirically restructures across changing 
conditions via altered nutrient and energy fl ows at the 
ecosystem and food web level. Stable isotope analysis is 
readily aligned with the generalist module because δ 13 C 
can identify coupling across ecosystem and macrohab-
itat compartments (e.g., aquatic–terrestrial and ben-
thic–pelagic), while δ 15 N deciphers trophic position and 
omnivory (see review by Boecklen et al. ( 2011 )). Com-
plimentary analysis of  stomach contents and fatty acid 
biomarkers (see review by Dalsgaard et al. ( 2003 )) can 
provide better resolution and support for how predators 
couple across specifi c habitat compartments through 
space or time (e.g., increased importance of  littoral 
pathways; Paterson et al.  2014 ). Combined analysis of 
stable isotopes with contaminants that biomagnify can 
shed further light on how human- driven changes in food 
web structure alter contaminant levels and transport 
(see review by McKinney et al. ( 2015 )). Predaceous fi sh 
are also important for moving nutrients across habitat 
boundaries (Vanni  2002 ) and elemental stoichiometry 
could be applied within our framework to trace how fi sh 
foraging behavior affects nutrient transport, levels, and 
limitations across changing environmental conditions 
(see review by Elser et al. ( 2000 )). 

 At a fi ner resolution, analysis of δ 15 N values in indi-
vidual amino acids (Chikaraishi et al.  2014 ) and δ 13 C 
in individual fatty acids (Bec et al.  2011 ) are providing 
more robust and accurate estimates of predator diets 
while overcoming some of the caveats associated with 
‘bulk’ stable isotopes analysis (reviewed by Wolf et al. 
( 2009 ). Molecular techniques including DNA barcoding 
of gut contents provide detailed information about the 
makeup of predator diets and can produce more com-
plete food webs compared to taxonomic stomach content 
identifi cation (Pompanon et al.  2012 , Carreon- Martinez 
et al.  2014 ). Within our framework, such highly resolved 
dietary information can help identify the specifi c trophic 
linkages that are driving observed shifts in ecosystem 
level energy, nutrient, and contaminant fl ows. 

 Also central to our approach is information about 
predator behavior and health. Techniques such as catch 
per unit effort data (Rennie et al.  2009 ), trace elements 
(Tanentzap et al.  2014 ), and acoustic and archival tracking 
technologies (Hussey et al.  2015 ) are providing detailed 
information about the habitat use and behavior of popu-
lations and individuals through space and time. Addition-
ally, ‘environmental’ DNA (eDNA) obtained directly from 
water samples is an emerging tool for estimating aquatic 
species diversity, density, biomass, and occupancy in a 
given habitat with potentially much less effort than tra-
ditional survey methods (reviewed by Rees et al. ( 2014 )). 
However, a greater understanding of how environmen-
tal factors and species traits affect eDNA  production, 
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degredation, and diffusion is currently needed before the 
approach can be applied to quantify variation in spatial 
habitat use and coupling. Finally, physiological  indicators 
of stress (cortisol; Campbell et al.  2003 ), movement (lac-
tate dehydrogenase [LDH]; Morbey et al.  2010 ), and nutri-
tion (levels of the essential fatty acids 20:5n- 3; Tocher 
 2003 ), when combined with information about fi sh growth 
and life history parameters (Shuter et al.  1998 ), could 
shed light on how altered resource pathways are affecting 
 predator health and fi tness. 

 Programs aimed at developing and integrating 
these tracers and tools will allow researchers to gen-
erate repeated lines of  evidence for the consequences 
of  human activity and to mechanistically link these 
responses across the ecological hierarchy and, conse-
quently, from small to large scales (Fig.  7 ; Woodward 
et al.  2010 b  , Friberg et al.  2011 , Hussey et al.  2015 ). 
Existing environmental gradients provide the spatial 
and temporal heterogeneity that allows for these adap-
tive structures to be identifi ed (Fig.  7 ). This includes 
spatial gradients of  lake size, shape, and temperature, 
as in our Lake Trout example above, and other spatial 
gradients that affect resource availability or consumer 
foraging behavior across habitats, including turbid-
ity (Carreon- Martinez et al.  2014 ), vegetation cover 
(Tanentzap et al.  2014 ), and acidity (Layer et al.  2013 ). 
Studying temporal changes in resource use by aquatic 
predators is also informative. For example, stable iso-
topes, stomach contents, and fatty acids all pointed 
toward increased reliance on lower quality littoral prey 
by multiple predators in the Laurentian Great Lakes 
following invasion of  Dreissenid mussels ( Dreissena 
polymorpha  and  D. bugensis ;  Rennie et al.  2009 , Rush 
et al.  2012 , Paterson et al.  2014 ). Increased littoral catch 
per unit effort of  Lake Whitefi sh  Coregonus clupeafor-
mis  (Mitchill, 1818) provided additional evidence that 
the benthifi cation of  Great Lakes ecosystems by inva-
sive mussels (shunting of  energy and nutrients away 
from the pelagic zone) was altering food web structure, 
fi sh behavior, and fi sh health (Rennie et al.  2009 ). 

 Monitoring the foraging behavior of predators could 
also compliment time series based early warning signals 
and help predict the impending restructuring of entire 
ecosystems. This is because predators respond rapidly 
to changes in the composition and availability of species 
below them in the food web. As an example of this pre-
dictive ability, Velarde et al. ( 2013 ) recently demonstrated 
that shifts in the foraging behavior of birds signaled 
impending declines in forage fi sh before stocks actually 
collapsed. Altered predator foraging behavior, especially 
when simultaneously accompanied by changes in indi-
vidual behavior, growth, and physiology (Fig.  7 ), may 
therefore provide a powerful framework to monitor for 
ecosystem level shifts before observable changes in bio-
mass structure occur. 

 Developing frameworks such as those outlined in 
Fig.  7  may, at least initially, require increased research 
efforts compared to existing biomonitoring schemes. 

However, researchers are arguing for more theoreti-
cally based biomonitoring approaches that mechanisti-
cally assess the multilevel responses of aquatic systems 
to perturbations (Woodward et al.  2010 b  , Friberg et al. 
 2011 , Gray et al.  2014 ). We argue that employing existing 
environmental gradients and a suite of ecological trac-
ers and tools, whose costs will almost certainly continue 
to decline as they are further developed, provide a feasi-

 FIG. 6 .              Cooler lakes with more accessible littoral zones sup-
port Lake Trout populations that exhibit increased nearshore 
coupling (A) and reduced trophic positions (i.e., increased om-
nivory) of  individual Lake Trout (B). These ecosystem- level 
shifts in energy fl ow are accompanied by individual- level be-
havioral changes whereby Lake Trout show increased use of 
the nearshore zone in cooler lakes (C). Data are redrawn from 
Tunney et al.  2014 . 
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ble pathway toward this goal in some ecosystems. Once 
fully developed in more ecosystem types, our framework 
could eventually help redirect available funds and efforts 
toward monitoring a reduced, select number of struc-
tural indicators that are connected to key attributes of 
ecosystem adaptive capacity.  

  DISCUSSION 

 Existing theory suggests that consumer adaptive for-
aging behavior and food web restructuring can promote 
stability (Valdovinos et al.  2010 , Thierry et al.  2011 ) 
and that the generalist module (Fig.  1 A) contributes 
to food web persistence in the face of  perturbations 
(McCann and Rooney  2009 ). The empirical patterns 
discussed above in  The Generalist Module as a Fun-
damental Food Web Attribute  whereby a top predator 
responds fl exibly to resource variation between habitat 
compartments support the existence of  the generalist 
module as an overarching food web structure. The pre-
dictable restructuring of  the generalist module across 
environmental gradients further suggests that it plays a 
central role in ecosystem adaptive capacity. We suggest 
that advancing the use of  ecological tracers and tools to 
study this adaptive structure will shed light on human 
impacts across the ecological hierarchy, from individ-

ual to ecosystem levels. This approach has the potential 
to further our scientifi c understanding of  the adaptive 
responses to major drivers of  ecosystem change and to 
develop more effective strategies for biodiversity and 
ecosystem management. Such a united research agenda 
is critical for a science that has long separated among 
different research axes (e.g., population vs. community 
vs. ecosystem; applied vs. fundamental). 

 Although not directly addressed herein, we assume 
that individual Lake Trout within single lakes in our case 
studies were at least capable of feeding as generalists 
(were not individual specialists  sensu  Bolnick et al.  2003 ). 
Supporting this contention: (1) recent work suggests that 
the extent of individual specialization declines at high 
trophic positions (Svanbäck et al.  2015 ), and (2) Lake 
Trout tend to be highly plastic in their feeding and to 
have low within-  relative to among- population diet vari-
ation (Vander Zanden et al.  2000 ). Some evidence exists, 
however that Lake Trout individuals develop diet- specifi c 
morphotypes in large lake ecosystems where interspecifi c 
competition is low (Chavarie et al.  2013 ). Other exam-
ples of ‘generalist’ species exhibiting individual- level 
resource selection include Smallmouth Bass selecting 
for certain prey during years when intraspecifi c density 
was high (Schindler et al.  1997 ), and individual Brown 
Trout selecting for specifi c habitats or resources (Giller 

 TABLE 1 .    A currently available suite of ecological tracers and tools that can resolve nutrient and energy fl ows, movement and 
 physiological indicators of fi sh nutrition and stress.    

 Category  Tracer  Example  Application  Reference 

 Nutrient & 
energy fl ows 

 Stoichiometry  N:P  Trace nutrient fl ows and potential limitations 
among ecosystem components 

 Elser et al. (2012) 

   Stable isotopes  δ 13 C, δ 15 N  Identify major carbon fl ows, coupling, 
omnivory, niche widths, trophic position 

 Boecklen et al. 
( 2011 ) 

   Biomarker fatty acids  n- 6 fatty acids  Resolve carbon source contributions to upper 
trophic levels (e.g., aquatic vs. terrestrial) 

 Dalsgaard et al. 
( 2003 ) 

   Compound- specifi c 
analyses 

 δ 13 C of fatty 
acids 

 Better discriminate among basal carbon sources  Bec et al. ( 2011 ) 

     δ 15 N of 
amino acids 

 More accurately assign trophic positions and 
trace nitrogen sources 

 Chikaraishi et al. 
( 2014 ) 

   Biomagnifying con-
taminants 

 Mercury  Link food web structure with contaminant 
exposure and transfer 

 McKinney et al. 
( 2015 ) 

   DNA analysis of gut 
contents 

   Provide detailed profi les of predator diets  Pompanon et al. 
( 2012 ) 

 Movement/
habitat use 

 Tracking technology  Acoustic or 
archival tags 

 Accurately track fi sh habitat use through space 
and time 

 Hussey et al. ( 2015 ) 

   Trace elements  Ba, Ca, Sr  Refl ects water chemistry of a particular habitat  Tanentzap et al. 
( 2014 ) 

   Environmental DNA    Estimate species diversity and occupancy in a 
given habitat 

 Rees et al. ( 2014 ) 

   Enzymes  Lactate dehy-
drogenase 

 Indicator of swimming activity  Morbey et al. ( 2010 )  

 Nutrition  Essential fatty acids  20:5n- 3, 
22:6n- 3 

 Essential for fi sh nutrition; associated with high 
quality resources 

 Tocher  2003   

 Stress  Hormones  Cortisol  High levels associated with stress and poten-
tially reduced fi tness 

 Campbell et al. 
( 2003 ) 
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and Greenberg  2014 ). The consequence of such within- 
population diet variation for ecosystem adaptive capacity 
will likely depend on the timescale over which these selec-
tive foraging behaviors are maintained and the extent 
to which generalist foraging capabilities are lost. Intra-
specifi c diet variation in a broad sense, and the genetic 

variation underlying it, is important for allowing a popu-
lation to adapt to future conditions over long timescales 
(Bolnick et al.  2011 ). From our perspective, diet varia-
tion among individuals could help promote ecosystem 
adaptive capacity if  individuals maintain the ability to 
respond fl exibly and opportunistically to changing con-

 FIG. 7 .              (A) Conceptual framework depicting sample adaptive structural responses of  a hypothetical aquatic system and (B) 
suites of  structural indicators that can be applied to study these responses across an environmental gradient. The framework is 
multilevel (individuals to ecosystems) and multi- scale in both space (microhabitat to landscape) and time (days to years) because 
processes occurring at higher ecological levels correspond to larger scales. In this hypothetical example, moving from left to right 
along the gradient ( x - axes), species (S) exhibit reduced ecosystem transport of  nutrients from habitat Y to habitat Z. Focusing 
in on the food web reveals that predators (P Σ n  , refers to a single predator species or a community of   n  different predator species) 
acquire less energy from habitat Y prey. This is accompanied by reduced use of  habitat Y in predator communities and species and 
reduced individual health. One suite of  indicators (i) can trace these altered nutrient and energy fl ows at the level of  ecosystems 
and food webs and a second (ii) can uncover accompanying species and individual level changes in behavior and health. These 
changes across the gradient can also be studied at the community level among different predator species. See Table  1  for a descrip-
tion and other examples of  structural indicators. 
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ditions over short timescales (such as the Smallmouth 
Bass example provided above). Populations dominated 
by long- term individual specialists that have lost foraging 
fl exibility, on the other hand, would respond more slowly 
and in our terminology, less adaptively to environmen-
tal variation (Bolnick et al.  2003 ). In reality, both short- 
term behavioral responses and long- term phenotypic 
variation likely contribute to observed intraspecifi c diet 
variation. Future directed efforts, including applications 
of the tools outlined in Table  1 , will help uncover (1) the 
occurrence, permanency, and fl exibility of observed feed-
ing behaviors throughout the food web (Svanbäck et al. 
 2015 ), and (2) the consequences of intraspecifi c diet vari-
ation for ecosystem adaptive capacity. 

 Our framework has widespread applicability in other 
system types. This is because the generalist module, and 
the body size, mobility, and foraging relationships under-
lying it, appears to be a widespread attribute of food 
webs (McCann et al.  2005 , Rooney et al.  2006 , Layer 
et al.  2010 ). For example, stable isotopes uncovered that 
ground dwelling arthropod predators couple terrestrial 
and aboreal compartments in wooded grasslands  (Pringle 
and Fox- Dobbs  2008 ) and that arctic foxes ( Alopex lago-
pus , Linneaus, 1758) couple terrestrial and marine path-
ways in coastal tundras (Roth  2002 ). Further, American 
alligators ( Alligator mississippiensis , Daudin, 1802) can 
couple marine and estuarine habitats based on stable 
isotopes and acoustic tag data (Rosenblatt and Heithaus 
 2011 ). The structural indicators outlined in Table  1  
could therefore be applied to study how human impacts, 
beyond freshwaters, including climate- driven shifts in 
terrestrial plant production, sea ice- driven declines in 
marine resource access, and reduced marine- esturary 
connectivity, alter the ability of the generalist module to 
respond to changing conditions. Extending our approach 
to large systems, such as the Laurentian Great Lakes, 
is also feasible and presents researchers with unique 
opportunities to consider how multiple predators couple 
across an increasing number of habitat compartments 
both horizontally (e.g., inshore and offshore) and verti-
cally (e.g., surface and profundal; Paterson et al.  2014 , 
Sierszen et al.  2014 , Stockwell et al.  2014 ). Researchers in 
large marine ecosystems are also combining diet analysis 
and archival tag data with molecular tools (expression 
of genes related to cold tolerance) to study the coupling 
of warm suface with cold deepwater habitats by tunas 
(Madigan et al.  2015 ). Important considerations and 
remaining questions in moving from small to very large 
systems include (1) what level of detail (e.g., from micro 
to macro habitats) is necessary for anticipating whole 
system-  or population- specifi c responses to stressors like 
climate change and species invasions, and (2) how coex-
isting generalist and specialist fi shes in various habitats 
and at different trophic positions collectively respond 
and sustain energy and nutrient fl ow in the face of chang-
ing environmental conditions. 

 Existing concepts in ecology lend some insight into 
the possible benefi cial consequences of variation among 

species in their responses to environmental change. The 
portfolio effect stresses the importance of differential 
responses at the population and community levels for 
buffering environmental variability (Hilborn et al.  2003 , 
MacDougall et al.  2013 , Schindler et al.  2015 ). Such 
biocomplexity in populations and communities can be 
viewed as another form of adaptive capacity, which com-
plements our focus on asynchronously fl uctuating habitat 
compartments and the buffering capacity of predators at 
the food web level. Further, diet variation among preda-
tors may serve to maintain essential ecosystem functions 
(e.g., trophic control) by balancing trophic fl ows. For 
example, reduced coupling by one species may be bal-
anced by increased coupling in another species. By taking 
advantage of existing environmental gradients, applying 
multiple tracers, and gathering specifi c information on 
individual taxa (e.g., behavior and physiological toler-
ances), researchers can begin to uncover the mechanism 
by which individual adaptive predators, and ultimately 
predator communities, respond to variation and help 
maintain function in a wide range of ecosystem types. 

 While ecosystems are considered examples of  complex 
adaptive systems (Levin  1998 ) and management  policy 
seeks to preserve this capacity to buffer ecosystems  (Travis 
et al.  2014 ), little research has yet directed  ecologists 
toward what these adaptive responses actually are. Here, 
we have outlined empirical work motivated by theory to 
propose that an individual-to-whole ecosystem’s biological 
structure changing consistently  with changing conditions 
offers us a glimpse of a system ’ s adaptive capacity  . Recent 
and ongoing development of suites of ecological tracers 
and tools provide an avenue to monitor for the loss of these 
adaptive structures, thus signaling the loss of adaptive 
capacity. We have provided an example whereby increasing 
temperature may act to decouple nearshore from offshore 
habitats, as mobile consumers fi nd themselves excluded 
from warmed, nearshore zones. Because habitat switching 
may buffer variability in prey populations and prevent any 
species from dominating energy or spatial resources, such 
a condition may reduce the adaptive capacity of a food 
web and infl uence the function of whole systems. Further, 
these mobile, generalist food web  ’ stabilizers’ are typically 
the primary targets of harvesting, and our framework 
could help incorporate this role in food web maintenance 
into harvest regulations. Collectively, our results argue for 
an emerging fi eld that unites theory across the ecological 
hierarchy and links behavior, population dynamics, food 
web structure, and ecosystem functions such as second-
ary production and stability. Continued development of 
research agendas within this fi eld would ultimately provide 
the basis for new biomonitoring approaches and manage-
ment policies that better sustain ecosystem functions in 
the face of changing conditions.  

  ACKNOWLEDGMENTS 

 The authors thank the Great Lakes Fishery Commission 
grants to K. S. McCann and A. T. Fisk, a National Science and 

ecm_1202.indd   15ecm_1202.indd   15 05-03-2016   15:11:0805-03-2016   15:11:08



16 BAILEY C. MCMEANS ET AL. Ecological Monographs 
Vol. 86, No. 1

C
O
N
C
E
P
TS

 &
 S

YN
TH

E
S
IS

Engineering Research Council (NSERC) Discovery Grant to K. 
S. McCann, an NSERC Discovery Grant and Canada Research 
Chair funding to A. T. Fisk. Timothy Bartley and two anony-
mous reviewers provided helpful comments.  

  LITERATURE CITED 

    Abrams ,  P. A.    2006 .  Adaptive change in the resource- explotation 
traits of a generalist consumer: the coevolution and coexis-
tence of generalists and specialists .  Evolution   60 : 427 – 439 .  

    Adger ,  W. N.  ,   N.   Brooks  ,   G.   Bentham  ,   M.   Agnew   and   S.   Erik-
sen  .  2004 .  New indicators of vulnerability and adaptive capac-
ity . Technical Report 7,  Tyndall Centre for Climate Change 
Research, University of East Anglia ,  Norwich, Norfolk, UK .  

    Bec ,  A.  ,   M. E.   Perga  ,   A.   Koussoroplis  ,   G.   Bardoux  ,   C.  
  Desvilettes  ,   G.   Bourdier  , and   A.   Mariotti  .  2011 .  Assessing 
the reliability of  fatty acid–specifi c stable isotope analy-
sis for trophic studies .  Methods in Ecology and Evolution  
 2 : 651 – 659 .  

    Boecklen ,  W. J.  ,   C. T.   Yarnes  ,   B. A.   Cook  , and   A. C.   James  . 
 2011 .  On the use of stable isotopes in trophic ecology .  Annual 
Review of Ecology, Evolution, and Systematics   42 : 411 – 440 .  

    Bolnick ,  D. I.  ,   R.   Svanbäck  ,   J. A.   Fordyce  ,   L. H.   Yang  ,   J. M.  
 Davis  ,   C. D.   Hulsey  , and   M. L.   Forister  .  2003 .  The ecology of 
individuals: incidence and implications of individual special-
ization .  American Naturalist   161 : 1 – 28 .  

    Bolnick ,  D. I.  ,   P.   Amarasekare  ,   M. S.   Araújo  ,   R.   Bürger  ,   J. M.  
 Levine  ,   M.   Novak  ,   V. H.   Rudolf  ,   S. J.   Schreiber  ,   M. C.   Urban  , 
and   D. A.   Vasseur  .  2011 .  Why intraspecifi c trait variation 
matters in community ecology .  Trends in Ecology & Evolu-
tion   26 : 183 – 192 .  

    Brett ,  J. R.    1971 .  Energetic responses of salmon to tempera-
ture. A study of some thermal relations in the physiology and 
freshwater ecology of sockeye salmon ( Oncorhynchus nerkd ) . 
 American Zoologist   11 : 99 – 113 .  

    Britten ,  G. L.  ,   M.   Dowd  ,   C.   Minto  ,   F.   Ferretti  ,   F.   Boero  , and   H. 
K.   Lotze  .  2014 .  Predator decline leads to decreased stability 
in a coastal fi sh community .  Ecology Letters   17 : 1518 – 1525 .  

    Campbell ,  P. G.  ,   A.   Hontela  ,   J. B.   Rasmussen  ,   A.   Giguère  ,   A.  
 Gravel  ,   L.   Kraemer  ,   J.   Kovesces  ,   A.   Lacroix  ,   H.   Levesque  , 
and   G.   Sherwood  .  2003 .  Differentiating between direct (phys-
iological) and food- chain mediated (bioenergetic) effects on 
fi sh in metal- impacted lakes .  Human and Ecological Risk 
Assessment   9 : 847 – 866 .  

    Carnicer ,  J.  ,   P. A.   Abrams  , and   P.   Jordano  .  2008 .  Switching 
behavior, coexistence and diversifi cation: comparing empir-
ical community- wide evidence with theoretical predictions . 
 Ecology Letters   11 : 802 – 808 .  

    Carpenter ,  S. R.  , and   W. A.   Brock  .  2004 .  Spatial complexity, 
resilience, and policy diversity: fi shing on lake- rich land-
scapes .  Ecology and Society   9 : 8 .  

    Carpenter ,  S. R.  ,   E. H.   Stanley  , and   M. J.   Vander Zanden  .  2011 . 
 State of the world ’ s freshwater ecosystems: physical, chemical, 
and biological changes .  Annual Review of Environment and 
Resources   36 : 75 – 99 .  

    Carreon-Martinez ,  L. B.  ,   K. W.   Wellband  ,   T. B.   Johnson  ,   S. A.  
 Ludsin  , and   D. D.   Heath  .  2014 .  Novel molecular approach 
demonstrates that turbid river plumes reduce predation mor-
tality on larval fi sh .  Molecular Ecology   23 : 5366 – 5377 .  

    Chapin ,  F. S., III.  ,   E. S.   Zavaleta  ,   V. T.   Eviner  ,   R. L.   Naylor  ,   P. 
M.   Vitousek  ,   H. L.   Reynolds  ,   D. U.   Hooper  ,   S.   Lavorel  ,   O. 
E.   Sala  , and   S. E.   Hobbie  .  2000 .  Consequences of changing 
biodiversity .  Nature   405 : 234 – 242 .  

    Chavarie ,  L.  ,   K. L.   Howland  , and   W. M.   Tonn  .  2013 .  Sympat-
ric polymorphism in Lake Trout: the coexistence of multiple 
shallow- water morphotypes in Great Bear Lake .  Transactions 
of the American Fisheries Society   142 : 814 – 823 .  

    Chikaraishi ,  Y.  ,   S. A.   Steffan  ,   N. O.   Ogawa  ,   N. F.   Ishikawa  ,   Y.  
 Sasaki  ,   M.   Tsuchiya  , and   N.   Ohkouchi  .  2014 .  High- resolution 
food webs based on nitrogen isotopic composition of amino 
acids .  Ecology and Evolution   4 : 2423 – 2449 .  

    Cline ,  T. J.  ,   V.   Bennington  , and   J. F.   Kitchell  .  2013 .  Climate 
change expands the spatial extent and duration of preferred 
thermal habitat for Lake Superior fi shes .  PLoS One   8 : e62279 .  

    Cohen ,  J. E.  ,   F.   Briand   and   C. M.   Newman  .  1990 .  Community 
food webs: data and theory . Page  308   in    S. A.   Levin  , editor. 
 Biomathematics .  Springer-Verlag ,  Berlin, Germany .  

    Cyr ,  H.  , and   R. H.   Peters  .  1996 .  Biomass- size spectra and the 
prediction of fi sh biomass in lakes .  Canadian Journal of Fish-
eries and Aquatic Sciences   53 : 994 – 1006 .  

    Dalsgaard ,  J.  ,   M. S.   John  ,   G.   Kattner  ,   D.   Müller-Navarra  , and   W.  
 Hagen  .  2003 .  Fatty acid trophic markers in the pelagic marine 
environment .  Advances in Marine Biology   46 : 225 – 340 .  

    DeFries ,  R. S.  ,   J. A.   Foley  , and   G. P.   Asner  .  2004 .  Land- use 
choices: balancing human needs and ecosystem function . 
 Frontiers in Ecology and the Environment   2 : 249 – 257 .  

    Dolson ,  R.  ,   K.   McCann  ,   N.   Rooney  , and   M.   Ridgway  .  2009 . 
 Lake morphometry predicts the degree of habitat coupling by 
a mobile predator .  Oikos   118 : 1230 – 1238 .  

    Dudgeon ,  D.  ,   A. H.   Arthington  ,   M. O.   Gessner  ,   Z. I.   Kawabata  , 
  D. J.   Knowler  ,   C.   Lévêque  ,   R. J.   Naiman  ,   A. H.   Prieur-Rich-
ard  ,   D.   Soto  , and   M. L.   Stiassny  .  2006 .  Freshwater biodiver-
sity: importance, threats, status and conservation challenges . 
 Biological Reviews   81 : 163 – 182 .  

    Eloranta ,  A. P.  ,   A.   Siwertsson  ,   R.   Knudsen  , and   P. A.   Amund-
sen  .  2011 .  Dietary plasticity of Arctic charr ( Salvelinus 
 alpinus ) facilitates coexistence with competitively  superior 
European whitefi sh ( Coregonus lavaretus ) .  Ecology of 
 Freshwater Fish   20 : 558 – 568 .  

    Elser ,  J.   J.  ,   I.   Loladze  ,   A. L.   Peace.    (2012) .  Yang Kuang. Lotka 
re-loaded: Modeling trophic interactions under stoichiomet-
ric constraints .  Ecological Modelling    245 : 3 – 11 .  

    Elser ,  J.  ,   R.   Sterner  ,   E.   Gorokhova  ,   W.   Fagan  ,   T.   Markow  ,   J.  
 Cotner  ,   J.   Harrison  ,   S.   Hobbie  ,   G.   Odell  , and   L.   Weider  .  2000 . 
 Biological stoichiometry from genes to ecosystems .  Ecology 
Letters   3 : 540 – 550 .  

    Eveleigh ,  E. S.  ,   K. S.   McCann  ,   P. C.   McCarthy  ,   S. J.   Pollock  , 
  C. J.   Lucarotti  ,   B.   Morin  ,   G. A.   McDougall  ,   D. B.   Strong-
man  ,   J. T.   Huber  , and   J.   Umbanhowar  .  2007 .  Fluctuations 
in density of an outbreak species drive diversity cascades in 
food webs .  Proceedings of the National Academy of Sciences  
 104 : 16976 – 16981 .  

    Fee ,  E.  , and   R.   Hecky  .  1992 .  Introduction to the northwest 
Ontario lake size series (NOLSS) .  Canadian Journal of Fish-
eries and Aquatic Sciences   49 : 2434 – 2444 .  

    France ,  R. L.    1995 .  Differentiation between littoral and pelagic 
food webs in lakes using stable carbon isotopes .  Limnology 
and Oceanography   40 : 1310 – 1313 .  

    France ,  R. L.    2012 .  Omnivory, vertical food- web structure and 
system productivity: stable isotope analysis of freshwater 
planktonic food webs .  Freshwater Biology   57 : 787 – 794 .  

    Friberg ,  N.  ,   N.   Bonada  ,   D. C.   Bradley  ,   M. J.   Dunbar  ,   F. K.  
 Edwards  ,   J.   Grey  ,   R. B.   Hayes  ,   A. G.   Hildrew  ,   N.   Lamouroux  , 
and   M.   Trimmer  .  2011 .  Biomonitoring of human impacts 
in freshwater ecosystems: the good, the bad and the ugly . 
 Advances in Ecological Research   44 : 1 – 68 .  

    Giller ,  P.  , and   L.   Greenberg  .  2014 .  The relationship between 
individual habitat use and diet in brown trout .  Freshwater 
Biology   60 : 256 – 266 .  

    Gilljam ,  D.  ,   A.   Thierry  ,   F. K.   Edwards  ,   D.   Figueroa  ,   A. T.  
 Ibbotson  ,   J.   Jones  ,   R. B.   Lauridsen  ,   O. L.   Petchey  ,   G.   Wood-
ward  , and   B.   Ebenman  .  2011 .  Seeing double: size- based and 
taxonomic views of food web structure .  Advances in Ecologi-
cal Research   45 : 67 – 133 .  

ecm_1202.indd   16ecm_1202.indd   16 05-03-2016   15:11:0805-03-2016   15:11:08



February 2016 THE ADAPTIVE CAPACITY OF LAKE FOOD WEBS 17

C
O
N
C
E
P
TS &

 S
YN

TH
E
S
IS

    Gray ,  C.  ,   D. J.   Baird  ,   S.   Baumgartner  ,   U.   Jacob  ,   G. B.   Jen-
kins  ,   E. J.   O ’ Gorman  ,   X.   Lu  ,   A.   Ma  ,   M. J.   Pocock  , and   N.  
 Schuwirth  .  2014 .  FORUM: ecological networks: the missing 
links in biomonitoring science .  Journal of Applied Ecology  
 51 : 1444 – 1449 .  

    Gross ,  T.  ,   L.   Rudolf  ,   S. A.   Levin  , and   U.   Dieckmann  .  2009 . 
 Generalized models reveal stabilizing factors in food webs . 
 Science   325 : 747 – 750 .  

    Hargeby ,  A.  ,   H.   Blom  ,   I.   Blindow  , and   G.   Andersson  .  2005 . 
 Increased growth and recruitment of piscivorous perch,  Perca 
fl uviatilis , during a transient phase of expanding submerged 
vegetation in a shallow lake .  Freshwater Biology   50 : 2053 –
 2062 .  

    Hilborn ,  R.  ,   T. P.   Quinn  ,   D. E.   Schindler  , and   D. E.   Rogers  . 
 2003 .  Biocomplexity and fi sheries sustainability .  Proceedings 
of the National Academy of Sciences   100 : 6564 – 6568 .  

    Holt ,  R. D.    1977 .  Predation, apparent competition, and the 
structure of prey communities .  Theoretical Population Biol-
ogy   12 : 197 – 229 .  

    Holt ,  R. D.    1996 .  Food webs in space: an island biogeographic 
perspective . Pages  313 – 323   in    G. A.   Polis   and   K. O.   Wine-
miller  , editors.  Food webs .  Springer Science+Buisness Media , 
 Dordrecht, Netherlands .  

    Hooper ,  D.  ,   F.   Chapin  ,   J.   Ewel  ,   A.   Hector  ,   P.   Inchausti  ,   S.  
 Lavorel  ,   J.   Lawton  ,   D.   Lodge  ,   M.   Loreau  , and   S.   Naeem  . 
 2005 .  Effects of biodiversity on ecosystem functioning: a 
consensus of current knowledge .  Ecological Monographs  
 75 : 3 – 35 .  

    Hussey ,  N. E.  ,   S. T.   Kessel  ,   K.   Aarestrup  ,   S. J.   Cooke  ,   P. D.  
 Cowley  ,   A. T.   Fisk  ,   R. G.   Harcourt  ,   K. N.   Holland  ,   S. J.  
 Iverson  , and   J. F.   Kocik  .  2015 .  Aquatic animal telemetry: 
a panoramic window into the underwater world .  Science  
 348 : 1255642 .  

    Huxel ,  G. R.  , and   K.   McCann  .  1998 .  Food web stability: the 
infl uence of trophic fl ows across habitats .  American Natural-
ist   152 : 460 – 469 .  

   IPCC .  2001 .  Climate change 2001: impacts, adaptation, and 
vulnerability: contribution of working group II to the third 
assessment report of the intergovernmental panel on climate 
change .  Cambridge University Press ,  Cambridge, UK .  

    Jennings ,  S.  ,   J. K.   Pinnegar  ,   N. V.   Polunin  , and   T. W.   Boon  . 
 2001 .  Weak cross- species relationships between body size 
and trophic level belie powerful size- based trophic structur-
ing in fi sh communities .  Journal of  Animal Ecology   70 : 934 –
 944 .  

    Keller ,  W.    2007 .  Implications of climate warming for Boreal 
Shield lakes: a review and synthesis .  Environmental Reviews  
 15 : 99 – 112 .  

    Kerr ,  S.  , and   R.   Ryder  .  1977 .  Niche theory and percid com-
munity structure .  Journal of the Fisheries Board of Canada  
 34 : 1952 – 1958 .  

    Layer ,  K.  ,   A.   Hildrew  ,   D.   Monteith  , and   G.   Woodward  .  2010 . 
 Long- term variation in the littoral food web of an acidifi ed 
mountain lake .  Global Change Biology   16 : 3133 – 3143 .  

    Layer ,  K.  ,   A. G.   Hildrew  , and   G.   Woodward  .  2013 .  Grazing and 
detritivory in 20 stream food webs across a broad pH gradi-
ent .  Oecologia   171 : 459 – 471 .  

    Levin ,  S. A.    1998 .  Ecosystems and the biosphere as complex 
adaptive systems .  Ecosystems   1 : 431 – 436 .  

    MacDougall ,  A.  ,   K.   McCann  ,   G.   Gellner  , and   R.   Turking-
ton  .  2013 .  Diversity loss with persistent human disturbance 
increases vulnerability to ecosystem collapse .  Nature   494 : 86 –
 89 .  

    Mace ,  G. M.  ,   B.   Reyers  ,   R.   Alkemade  ,   R.   Biggs  ,   F. S.   Chapin  ,   S. 
E.   Cornell  ,   S.   Diaz  ,   S.   Jennings  ,   P.   Leadley  , and   P. J.   Mumby  . 
 2014 .  Approaches to defi ning a planetary boundary for biodi-
versity .  Global Environmental Change   28 : 289 – 297 .  

    Madigan ,  D. J.  ,   A. B.   Carlisle  ,   L. D.   Gardner  ,   N.   Jayasundara  , 
  F.   Micheli  ,   K. M.   Schaefer  ,   D. W.   Fuller  , and   B. A.   Block  . 
 2015 .  Assessing niche width of endothermic fi sh from genes 
to ecosystem .  Proceedings of the National Academy of Sci-
ences   112 : 8350 – 8355 .  

    McCann ,  K.    2007 .  Protecting biostructure .  Nature   446 : 29 – 29 .  
    McCann ,  K. S.  , and   N.   Rooney  .  2009 .  The more food webs 

change, the more they stay the same .  Philosophical Transac-
tions of the Royal Society B   364 : 1789 – 1801 .  

    McCann ,  K.  ,   J.   Rasmussen  , and   J.   Umbanhowar  .  2005 .  The 
dynamics of spatially coupled food webs .  Ecology Letters  
 8 : 513 – 523 .  

    McKinney ,  M. A.  ,   S.   Pedro  ,   R.   Dietz  ,   C.   Sonne  ,   A. T.   Fisk  ,   D.  
 Roy  ,   B. M.   Jenssen  , and   R. J.   Letcher  .  2015 .  A review of eco-
logical impacts of global climate change on persistent organic 
pollutant and mercury pathways and exposures in arctic 
marine ecosystems .  Current Zoology   61 : 617 – 628 .  

    McMeans ,  B. C.  ,   N.   Rooney  ,   M. T.   Arts  , and   A. T.   Fisk  .  2013 . 
 Food web structure of a coastal Arctic marine ecosystem and 
implications for stability .  Marine Ecology Progress Series  
 482 : 17 – 28 .  

    Minns ,  C. K.    1995 .  Allometry of home range size in lake and 
river fi shes .  Canadian Journal of Fisheries and Aquatic Sci-
ences   52 : 1499 – 1508 .  

    Moore ,  J. C.  , and   P. C.   de   Ruiter  .  1991 .  Temporal and spatial het-
erogeneity of trophic interactions within below- ground food 
webs .  Agriculture, Ecosystems & Environment   34 : 371 – 397 .  

    Morbey ,  Y.  ,   P.   Couture  ,   P.   Busby  , and   B.   Shuter  .  2010 .  Physi-
ological correlates of seasonal growth patterns in lake trout 
 Salvelinus namaycush  .  Journal of Fish Biology   77 : 2298 – 2314 .  

    Nakano ,  S.  , and   M.   Murakami  .  2001 .  Reciprocal subsidies: 
dynamic interdependence between terrestrial and aquatic 
food webs .  Proceedings of the National Academy of Sciences  
 98 : 166 – 170 .  

    Nowicki ,  J. P.  ,   G. M.   Miller  , and   P. L.   Munday  .  2012 .  Interactive 
effects of elevated temperature and CO 2  on foraging behavior 
of juvenile coral reef fi sh .  Journal of Experimental Marine 
Biology and Ecology   412 : 46 – 51 .  

    O ’ Gorman ,  E. J.  ,   D. E.   Pichler  ,   G.   Adams  ,   J. P.   Benstead  , 
  H.   Cohen  ,   N.   Craig  ,   W. F.   Cross  ,   B. O.   Demars  ,   N.   Friberg  , 
and   G. M.   Gislason  .  2012 .  Impacts of warming on the struc-
ture and functioning of aquatic communities: individual- to 
ecosystem- level responses .  Advances in Ecological Research  
 47 : 81 – 176 .  

    Paterson ,  G.  ,   S. A.   Rush  ,   M. T.   Arts  ,   K. G.   Drouillard  ,   G. 
D.   Haffner  ,   T. B.   Johnson  ,   B. F.   Lantry  ,   C. E.   Hebert  ,   D. J.  
 McGoldrick  , and   S. M.   Backus  .  2014 .  Ecological tracers 
reveal resource convergence among prey fi sh species in a large 
lake ecosystem .  Freshwater Biology   59 : 2150 – 2161 .  

    Petchey ,  O. L.  ,   A. P.   Beckerman  ,   J. O.   Riede  , and   P. H.   Warren  . 
 2008 .  Size, foraging, and food web structure .  Proceedings of 
the National Academy of Sciences   105 : 4191 – 4196 .  

    Petchey ,  O. L.  ,   U.   Brose  , and   B. C.   Rall  .  2010 .  Predicting the 
effects of temperature on food web connectance .  Philosophi-
cal Transactions of the Royal Society B   365 : 2081 – 2091 .  

    Peters ,  R. H.    1986 .  The ecological implications of body size . 
 Cambridge University Press ,  Cambridge, UK .  

    Pimm ,  S. L.    1982 .  Food webs .  The University of Chicago Press , 
 Chicago, USA .  

    Pimm ,  S. L.  , and   J. H.   Lawton  .  1980 .  Are food webs divided into 
compartments?   The Journal of Animal Ecology   49 : 879 – 898 .  

    Plumb ,  J. M.  , and   P. J.   Blanchfi eld  .  2009 .  Performance of tem-
perature and dissolved oxygen criteria to predict habitat use 
by lake trout ( Salvelinus namaycush ) .  Canadian Journal of 
Fisheries and Aquatic Sciences   66 : 2011 – 2023 .  

    Pompanon ,  F.  ,   B. E.   Deagle  ,   W. O.   Symondson  ,   D. S.   Brown  , 
  S. N.   Jarman  , and   P.   Taberlet  .  2012 .  Who is eating what: diet 

ecm_1202.indd   17ecm_1202.indd   17 05-03-2016   15:11:0805-03-2016   15:11:08



18 BAILEY C. MCMEANS ET AL. Ecological Monographs 
Vol. 86, No. 1

C
O
N
C
E
P
TS

 &
 S

YN
TH

E
S
IS

assessment using next generation sequencing .  Molecular 
Ecology   21 : 1931 – 1950 .  

    Post ,  D. M.  ,   M. L.   Pace  , and   N. G.   Jr   Hairston  .  2000 .  Ecosystem 
size determines food- chain length in lakes .  Nature   405 : 1047 –
 1049 .  

    Pringle ,  R. M.  , and   K.   Fox-Dobbs  .  2008 .  Coupling of canopy 
and understory food webs by ground- dwelling predators . 
 Ecology Letters   11 : 1328 – 1337 .  

    Pyke ,  G. H.  ,   H. R.   Pulliam  , and   E. L.   Charnov  .  1977 .  Optimal 
foraging: a selective review of theory and tests .  Quarterly 
Review of Biology   52 : 137 – 154 .  

    Rall ,  B. C.  ,   U.   Brose  ,   M.   Hartvig  ,   G.   Kalinkat  ,   F.   Schwarzmüller  , 
  O.   Vucic-Pestic  , and   O. L.   Petchey  .  2012 .  Universal tempera-
ture and body- mass scaling of feeding rates .  Philosophical 
Transactions of the Royal Society of London B   367 : 2923 –
 2934 .  

    Rees ,  H. C.  ,   B. C.   Maddison  ,   D. J.   Middleditch  ,   J. R. M.   Pat-
more  , and   K. C.   Gough  .  2014 .  The detection of aquatic ani-
mal species using environmental DNA–a review of eDNA as 
a survey tool in ecology .  Journal of Applied Ecology   51 : 1450 –
 1459 .  

    Rennie ,  M. D.  ,   W. G.   Sprules  , and   T. B.   Johnson  .  2009 .  Resource 
switching in fi sh following a major food web disruption . 
 Oecologia   159 : 789 – 802 .  

    Rooney ,  N.  ,   K.   McCann  ,   G.   Gellner  , and   J. C.   Moore  .  2006 . 
 Structural asymmetry and the stability of diverse food webs . 
 Nature   442 : 265 – 269 .  

    Rooney ,  N.  ,   K. S.   McCann  , and   J. C.   Moore  .  2008 .  A landscape 
theory for food web architecture .  Ecology Letters   11 : 867 – 881 .  

    Rosenblatt ,  A. E.  , and   M. R.   Heithaus  .  2011 .  Does variation in 
movement tactics and trophic interactions among American 
alligators create habitat linkages?   Journal of Animal Ecology  
 80 : 786 – 798 .  

    Roth ,  J. D.    2002 .  Temporal variability in arctic fox diet as 
refl ected in stable- carbon isotopes; the importance of sea ice . 
 Oecologia   133 : 70 – 77 .  

    Rush ,  S. A.  ,   G.   Paterson  ,   T. B.   Johnson  ,   K. G.   Drouillard  ,   G. D.  
 Haffner  ,   C. E.   Hebert  ,   M. T.   Arts  ,   D. J.   McGoldrick  ,   S. M.  
 Backus  , and   B. F.   Lantry  .  2012 .  Long- term impacts of inva-
sive species on a native top predator in a large lake system . 
 Freshwater Biology   57 : 2342 – 2355 .  

    Schindler ,  D.  ,   K.   Beaty  ,   E.   Fee  ,   D.   Cruikshank  ,   E.   DeBruyn  ,   D.  
 Findlay  ,   G.   Linsey  ,   J.   Shearer  ,   M.   Stainton  , and   M.   Turner  . 
 1990 .  Effects of climatic warming on lakes of the central 
boreal forest .  Science   250 : 967 – 970 .  

    Schindler ,  D. E.  ,   J. F.   Kitchell  ,   X.   He  ,   S. R.   Carpenter  ,   J. R.  
 Hodgson  , and   K. L.   Cottingham  .  1993 .  Food web structure 
and phosphorus cycling in lakes .  Transactions of the Ameri-
can Fisheries Society   122 : 756 – 772 .  

    Schindler ,  D. E.  ,   J. R.   Hodgson  , and   J. F.   Kitchell  .  1997 . 
 Density- dependent changes in individual foraging specializa-
tion of largemouth bass .  Oecologia   110 : 592 – 600 .  

    Schindler ,  D. E.  ,   J. B.   Armstrong  , and   T. E.   Reed  .  2015 .  The 
portfolio concept in ecology and evolution .  Frontiers in Ecol-
ogy and the Environment   13 : 257 – 263 .  

    Schmitz ,  O. J.  , and   B. T.   Barton  .  2013 .  Climate change effects 
on behavioral and physiological ecology of predator–prey 
interactions: implications for conservation biological control . 
 Biological Control   75 : 87 – 96 .  

    Sherwood ,  G. D.  ,   I.   Pazzia  ,   A.   Moeser  ,   A.   Hontela  , and   J. 
B.   Rasmussen  .  2002 .  Shifting gears: enzymatic evidence 
for the energetic advantage of  switching diet in wild- living 
fi sh .  Canadian Journal of  Fisheries and Aquatic Sciences  
 59 : 229 – 241 .  

    Shuter ,  B.  ,   M.   Jones  ,   R.   Korver  , and   N.   Lester  .  1998 .  A gen-
eral, life history based model for regional management of fi sh 
stocks: the inland lake trout ( Salvelinus namaycush ) fi sheries 

of Ontario .  Canadian Journal of Fisheries and Aquatic Sci-
ences   55 : 2161 – 2177 .  

    Sierszen ,  M. E.  ,   T. R.   Hrabik  ,   J. D.   Stockwell  ,   A. M.   Cotter  ,   J. C.  
 Hoffman  , and   D. L.   Yule  .  2014 .  Depth gradients in food- web 
processes linking habitats in large lakes: Lake Superior as an 
exemplar ecosystem .  Freshwater Biology   59 : 2122 – 2136 .  

    Sinclair ,  A.  ,   K. L.   Metzger  ,   J. M.   Fryxell  ,   C.   Packer  ,   A. E.  
 Byrom  ,   M. E.   Craft  ,   K.   Hampson  ,   T.   Lembo  ,   S. M.   Durant  , 
and   G. J.   Forrester  .  2013 .  Asynchronous food- web pathways 
could buffer the response of Serengeti predators to El Nino 
Southern Oscillation .  Ecology   94 : 1123 – 1130 .  

    Smit ,  B.  , and   O.   Pilifosova  .  2001 .  Adaptation to climate change 
in the context of sustainable development and equity . Pages 
 879 – 906   in    J. J.   McCarthy  ,   O. F.   Canziani  ,   N. A.   Leary  , 
  D. J.   Dokken   and   K. S.   White  , editors.  Climate change 2001: 
impacts, adaptation, and vulnerability: contribution of work-
ing group II to the third assessment report of the intergovern-
mental panel on climate change .  Cambridge University Press , 
 Cambridge, UK .  

    Smith ,  V. H.  , and   D. W.   Schindler  .  2009 .  Eutrophication science: 
where do we go from here?   Trends in Ecology & Evolution  
 24 : 201 – 207 .  

    Sommer ,  U.  ,   Z. M.   Gliwicz  ,   W.   Lampert  , and   A.   Duncan  .  1986 . 
 The PEG- model of seasonal succession of planktonic events 
in fresh waters .  Archiv für Hydrobiologie   106 : 433 – 471 .  

    Soulé ,  M. E.  ,   J. A.   Estes  ,   J.   Berger  , and   C. M.   Del   Rio  .  2003 . 
 Ecological effectiveness: conservation goals for interactive 
species .  Conservation Biology   17 : 1238 – 1250 .  

    Stefan ,  H. G.  ,   X.   Fang  , and   J. G.   Eaton  .  2001 .  Simulated fi sh 
habitat changes in North American lakes in response to pro-
jected climate warming .  Transactions of the American Fish-
eries Society   130 : 459 – 477 .  

    Stockwell ,  J. D.  ,   D. L.   Yule  ,   T. R.   Hrabik  ,   M. E.   Sierszen  , and 
  E. J.   Isaac  .  2014 .  Habitat coupling in a large lake system: 
delivery of an energy subsidy by an offshore planktivore to 
the nearshore zone of Lake Superior .  Freshwater Biology  
 59 : 1197 – 1212 .  

    Svanbäck ,  R.  ,   M.   Quevedo  ,   J.   Olsson  , and   P.   Eklöv  .  2015 . 
  Individuals in food webs: the relationships between trophic 
position, omnivory and among- individual diet variation . 
 Oecologia   178 : 103 – 114 .  

    Tanentzap ,  A. J.  ,   E. J.   Szkokan-Emilson  ,   B. W.   Kielstra  , 
  M. T.   Arts  ,   N. D.   Yan  , and   J. M.   Gunn  .  2014 .  Forests fuel 
fi sh growth in freshwater deltas .  Nature Communications  
 5 : 4077 .  

    Thierry ,  A.  ,   A. P.   Beckerman  ,   P. H.   Warren  ,   R. J.   Williams  ,   A. 
J.   Cole  , and   O. L.   Petchey  .  2011 .  Adaptive foraging and the 
rewiring of size- structured food webs following extinctions . 
 Basic and Applied Ecology   12 : 562 – 570 .  

    Thompson ,  R. M.  ,   M.   Hemberg  ,   B. M.   Starzomski  , and   J. B.  
 Shurin  .  2007 .  Trophic levels and trophic tangles: the preva-
lence of omnivory in real food webs .  Ecology   88 : 612 – 617 .  

    Tocher ,  D. R.    2003 .  Metabolism and functions of lipids and fatty 
acids in teleost fi sh .  Reviews in Fisheries Science   11 : 107 – 184 .  

    Travis ,  J.  ,   F. C.   Coleman  ,   P. J.   Auster  ,   P. M.   Cury  ,   J. A.   Estes  ,   J.  
 Orensanz  ,   C. H.   Peterson  ,   M. E.   Power  ,   R. S.   Steneck  , and   J. 
T.   Wootton  .  2014 .  Integrating the invisible fabric of nature 
into fi sheries management .  Proceedings of the National 
Academy of Sciences   111 : 581 – 584 .  

    Tunney ,  T. D.  ,   K. S.   McCann  ,   N. P.   Lester  , and   B. J.   Shuter  . 
 2012 .  Food web expansion and contraction in response to 
changing environmental conditions .  Nature Communications  
 3 : 1105 .  

    Tunney ,  T. D.  ,   K. S.   McCann  ,   N. P.   Lester  , and   B. J.   Shuter  . 
 2014 .  Effects of differential habitat warming on complex 
communities .  Proceedings of the National Academy of Sci-
ences   111 : 8077 – 8082 .  

ecm_1202.indd   18ecm_1202.indd   18 05-03-2016   15:11:0805-03-2016   15:11:08



February 2016 THE ADAPTIVE CAPACITY OF LAKE FOOD WEBS 19

C
O
N
C
E
P
TS &

 S
YN

TH
E
S
IS

    Vadeboncoeur ,  Y.  ,   M. J.   Vander Zanden  , and   D. M.   Lodge  . 
 2002 .  Putting the lake back together: reintegrating benthic 
pathways into lake food web models .  BioScience   52 : 44 – 54 .  

    Valdovinos ,  F. S.  ,   R.   Ramos-Jiliberto  ,   L.   Garay-Narváez  , 
  P.   Urbani  , and   J. A.   Dunne  .  2010 .  Consequences of adaptive 
behaviour for the structure and dynamics of food webs .  Ecol-
ogy Letters   13 : 1546 – 1559 .  

    Vander Zanden ,  M. J.  , and   Y.   Vadeboncoeur  .  2002 .  Fishes as 
integrators of benthic and pelagic food webs in lakes .  Ecology  
 83 : 2152 – 2161 .  

    Vander Zanden ,  M. J.  ,   J. M.   Casselman  , and   J. B.   Rasmussen  . 
 1999 .  Stable isotope evidence for the food web consequences 
of species invasions in lakes .  Nature   401 : 464 – 467 .  

    Vander Zanden ,  M. J.  ,   B. J.   Shuter  ,   N. P.   Lester  , and   J. B.   Rasmus-
sen  .  2000 .  Within- and among- population variation in the trophic 
position of a pelagic predator, lake trout ( Salvelinus namaycush ) . 
 Canadian Journal of Fisheries and Aquatic Sciences   57 : 725 – 731 .  

    Vander Zanden ,  M. J.  ,   J. D.   Olden  ,   J. H.   Thorne  , and   N. E.  
 Mandrak  .  2004 .  Predicting occurrences and impacts of small-
mouth bass introductions in north temperate lakes .  Ecologi-
cal Applications   14 : 132 – 148 .  

    Vanni ,  M. J.  .  2002 .  Nutrient cycling by animals in freshwater 
ecosystems .  Annual Review of Ecology and Systematics  
 33 : 341 – 370 .    

    Velarde ,  E.  ,   E.   Ezcurra  , and   D. W.   Anderson  .  2013 .  Seabird diets 
provide early warning of sardine fi shery declines in the Gulf 
of California .  Scientifi c Reports   3 : 1332 .  

    Winder ,  M.  , and   D. E.   Schindler  .  2004 .  Climate change uncou-
ples trophic interactions in an aquatic ecosystem .  Ecology  
 85 : 2100 – 2106 .  

    Wolf ,  N.  ,   S. A.   Carleton  , and   C.   Martínez del Rio  .  2009 .  Ten 
years of experimental animal isotopic ecology .  Functional 
Ecology   23 : 17 – 26 .  

    Woodward ,  G.  ,   J.   Blanchard  ,   R. B.   Lauridsen  ,   F. K.   Edwards  , 
  J. I.   Jones  ,   D.   Figueroa  ,   P. H.   Warren  , and   O. L.   Petchey  . 
 2010a .  Individual- based food webs: species identity, body 
size and sampling effects .  Advances in Ecological Research  
 43 : 211 – 266 .  

    Woodward ,  G.  ,   D. M.   Perkins  , and   L. E.   Brown  .  2010b .  Climate 
change and freshwater ecosystems: impacts across multiple 
levels of organization .  Philosophical Transactions of the 
Royal Society B   365 : 2093 – 2106 .     

  DATA AVAILABILITY   

   Data associated with this paper have been deposited in Dryad: http://dx.doi.org/10.5061/dryad.f4mc7  

ecm_1202.indd   19ecm_1202.indd   19 05-03-2016   15:11:0805-03-2016   15:11:08


