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Recently, it was proposed that stable isotope patterns can be used to quantify the width of the ecological niche of
animals. However, the potential effects of habitat use on isotopic patterns of consumers have not been fully explored and
consequently isotopic patterns may yield deceptive estimates of niche width. Here, we simulated four different scenarios
of a consumer foraging across an isotopically heterogeneous landscape to test rhe combined effects of habitat and diet
selection on the widths of the isotopic niche. We then modeled the actions of a naive researcher who randomly sampled
consumers from the simulated populations, and used these results to assess the overlap and partitioning of the isotopic and
the ecological niches when habitat-derived differences among isotope signatures are not considered. Our results suggest
that populations of dietary specialists exhibited broader isotopic niches [han populations composed of dietary generalists,
and habitat generalists exhibited narrower isotopic niche widths compared with populations of individuals that foraged
in specific habitats. The conversion of isotopic niches to ecological niches without knowledge of foraging behavior and
habirar-derived isotopic differences transformed an informative IS-spaceinto 'a blurry p-space'. Tb.erefore, knowledze of
habirar-derived differences in srable isotope values and undersranding of habitat use and individual foraging behavior are
critical for the correct quantification of the ecological niche.

The idea that stable isotopes of carbon and nitrogen can
reflect dietary niches and food niche partitioning (Genner
et a1. 1999, Feranec and MacFadden 2000, Power et al.
2002), as well as trophic niches (Post 2002, Schneider et al.
2004, Layman et at. 2007) of animals was eloquently sum-
marized by Newsome  et al. (2007). Newsome et al. (2007)
emphasized that stable isotope analysis can yield quantitative
information on resource use and width (or breadth) of the
ecological niche of organisms. Newsome et a1. (2007) also
cautioned that the isotopic niche may yield deceptive esti-
mates of niche width or breadth, because consumers feeding
on resources (i.e. end-members) with greater differences in
isotopic values will seem to have a broader isotopic niche
than consumers feeding on resources with fewer differences
in isotopic values. Therefore, Newsome et al, (2007) recom-
mended the use of linear mlxing-models (Phillips 2001,
Phillips and Koch 2002, Phillips and Gregg 2003), which cor-
rect for the distribution of isotopic values of end-members.

Although they presented the isotopic niche as an emergent
property of both habitat use and foraging, Newsome at al.
(2007) concentrated their discussion on the potential effects
of diet. Several investigators have highlightect"the importance
of understanding the effects of habitat use on isotopic pat-
terns in animals. For example, Lee  et  al. (2005) used stable
isotope analyses to show that although subadult bowhead
whales Balaena mysticetus feed more in the eastern Beaufort
Sea than adults, they do not acquire sufficient food there and
thus rely on stored resources. In a study of niche partitioning
among mule deer Odocoileus hemionus, North American  elk

Cervus elaphus, and free-ranging cattle Bas taurus in
Oregon, Stewart et al. (2003) reported that mule deer were
displaced by elk and cattle and consequently foraged in
more xeric habitats. Darimont et al. (2007) observed that
in coastal British Columbia, individual black-tailed deer
0. h. columbianus with isotopic signatures indicative of
foraging in stands of cedar Thuja plicata and low-elevation
hemlock Tsuga heterophylla, were more likely to be killed by
wolves Canis lupus than conspecitics foraging in other habi-
tats. Thus, habitat use may add complexity and additional
sources of variation to values of stable carbon and nitrogen
isotopes that confound the interpretation of the isotopic
niche. Indeed, Bearhop et a1. (2004) suggested that "forag-
ing location" could affect the isotopic variance of a consumer
population when individuals forage across an isotopically
heterogeneous landscape. Under such conditions, wide-ranging
individuals would exhibit more variation in their isotopic
signatures than sedentary ones (Bearhop et al. 2004).

While studying the dietary ecology of several species
in the fragmented, temperate rainforest of Prince of Wales
Island, southeast Alaska, we observed differences in ODC
and  d15N values among individual soil macro-invertebrates
of the same taxa captured in different habitats (Flaherty  et al.
in press). These habitat-related differences likely stem from
differences in evapo-transpiration and water-use efficiency
of plants (Ehleringer et al. 1993, Lajtha and Marshall 1994,
Dawson et al. 2002) in old-growth forest, young-growth
stands, and dearcuts. Those habitat-related isotopic patterns
raised questions concerning the emergent isotopic niche
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breadth of consumers with different degrees of habitat and
dietary specializations. Moreover, we were curious to know
how ignoring habitat variation in isotopic values and habitat
use would influence the overlap between the isotopic and
ecological niches.

Mere we report on results from simulation models explor-
ing the effects of habitat use and foraging of individuals that
are generalists or specialists (Bolnick et al. 2003) on the iso-
topic niche of a consumer. Matthews and Mazumder (2004)
and Bearhop et a1. (2004) demonstrated that populations
of generalists will have narrower isotopic niche breadth
compared to populations of dietary specialists. In contrast,
Bearhop et al. (2004) predicted that habitat generalists
would exhibit more variation in their isotopic signatures
than habitat specialists. Thus, in our simulations we included
four scenarios: 1) DsHg  - dietary specialists and habitat
generalists; 2) DgHg  dietary and habitat generalists; 3)
DsHs  - dietary and habitat specialists; and 4) DgHs - dietary
generalists and habitat specialists. We then modeled the
actions of a naive researcher, ignorant of the spatial forag-
ing behaviors of consumers, to assess the influence of habitat
use on isotopic niche breadth. We also evaluated the degree
of overlap and partitioning that occur between the isotopic
and the ecological niches when habitat-derived differences
among isotope signatures are not considered.

Methods

Modeling approach

We simulated the foraging behavior of a common raptor
on Prince of Wales Island (Van Horne 1983); the Ameri-
can kestrel Falco sparvarius. This avian predator largely eats
invertebrates (Callopy and Koplin 1983), and forages on
the ground across a habitat mosaic of variable-aged clearcut,
young-growth, and old-growth habitats (Elliot and Cowan
1983). We identified the modeled kestrels as either general-
ists, individuals using a wide range of dietary resources, or
specialists, those individuals concentrating on few food types
(Bolnick et al. 2003). Our simulations induded: 1) DsHg -
all kestrels were habitat generalists (i.e. each individual for-
aged in all three habitat types) but different individuals
specialized on only one of five taxa of soil macro-inverte-
brates. Such dietary specialization in individuals of the
same population was observed in American martens Mar-
tes americana in southeast Alaska (Ben-David et al. 1997a),
river otters in sourhcental Alaska (Blundell et al. 2002), and
sea otters Enhydra lutris in California (Tinker et al. 2008;
also see Bolnick et a1.2003); 2) DgHg ~ all kestrels were habi-
tat and dietary generalists (i.e. consumed all possible macro-
invertebrates in all three habitats in different proportions);
3) DsHs - ail kestrels consumed only one and the same diet
item but different individuals specialized on foraging in one
of the specific habitats (i.e. habitat specialists). Such habitat
segregation among individuals of the same population was
previously observed in northern goshawks Accipiter gentilis
in southeast Alaska (Ben-David 1999); and 4) DgHs - all
kestrels were dietary generalists (i.e. consumed all possible
prey macro-invertebrates) and habitat specialists (i.e. each
foraged in only one habitat).

Study site and sampling methods for soil
macro-invertebrates

Stable isotope analysis

In the lab, all macro-invertebrates were identified to at least
order using a dissecting scope and guide books (Kaston er al.
1978, White 1983, Borror and White 1998). We dried sam-
ples, individual invertebrates, at 60°C for 48 h and ground
them to a fine powder using a mixer mill. A subsample
(0.57-0.63 mg) was weighed into a miniature tin weigh boat
(4 X 6 mm) for combustion and sent to the Stable Isotope
Facility at the Univ, of Wyoming for analysis with an elemen-
tal analyzer attached to a mass spectrometer. Each sample was
analyzed in duplicate and accepted only if difference between
samples did not exceed 0.15%0 and machine linearity did not
deviate from 0.99 (Ben David et al. 1997a, 1997b). We used
multivariate analysis of variance (MANOVA; Zar 1999) to
test for differences in stable isotope values of the soil macro-
invertebrates among the three habitat types.

Kestrel foraging models

We created the kestrel foraging models using MATLAB
(Mathworks). Inputs for all four models were mean d13C and
d15N values and associated variance for fivemacro-invertebrate
taxa in each of the three habitat types (Table 1). We used
only the largest invertebrates sampled in pitfall traps (those
with body lengths> 10 mm) as they are more likely to be

Study areas were located throughout the northern portion
of Prince of Wales Island, southeast Alaska (55°53'28"N,
133°9'57"W). This island, part of the  Tongass National
Forest, has experienced 40-50 years of industrial timber
harvest beginning in the 1950s, creating a mosaic of clearcut
(cc), young-growth (yg) and old-growth (og) habitats of vary-
ing ages (USDA Forest Service 1997). Old-growth habitats
contain large, old sitka sprucePicea sitchensis, western hem
lock Tsuga heterophylla and yellow cedar Chamaecyparis noot-
leatensis trees, downed and decaying logs and snags, and an
understory dominated by Vaccinium spp. Young-growth hab-
itats are mostly 'doghair' (i.e. densely stocked, small diameter
trees) stands of spruce and hemlock in which little sunlight
and often little rain reaches the forest Boor. Clearcuts have no
canopy and generaHy have an herbaceous layer that includes
skunk cabbage Lysichitum americanum and Vaccinium spp.

During spring 2004 and 2005 and fall 2005, we sampled
soil macro-invertebrates in the three habitat types. We sam-
pled 15 stands of each habitat with three line-transect surveys
in each stand. The transect locations in each stand were chosen
randomly and were 20 m long with five pitfall traps spaced
every 5 m. The pitfall traps were a 473-ml plastic cup buried
in the earth with the lip flush with the ground-level. The cup
height and surface prevented escape by trapped invertebrates
eliminating the need for a preservative. A plastic plate was
placed over the cup to prevent it from filling with rainwater.
The traps were left for approximately three days after which
the contents were emptied into a plastic bag and frozen until
analysis and identification in the laboratory at the Univ. of
Wyoming. A total of 225 traps were collected from each of
the three habitat types for a total of 675 traps.



of energetic value to a foraging raptor. This included two
genera of carabid beetles (Scaphinotus and Pterostichus spp.),
a large millipede (Halpaphe baydeniana), spiders (Order
Araneae, Families Araneidae and Lycosidae), and earth-
worms (Order Haploraxida), which comprised >58% of
the total invertebrate biomass sampled in all habitats com-
bined. In the models, isotopic signature for each bird was
derived from normal distributions of macro-invertebrate
values. Foraging strategies were randomly assigned to each
individual using the following decision rules:

1. DsHg - In this scenario, we modeled 250 kestrels for-
aging on only one of the five taxa of soil macro-inver-
tebrates (50 birds foraging on each invertebrate) and
across all three habitat eypes. In the model, we simu-
lated random habitat contribution (h) by choosing a
number between 0 and 1 using a 'broken stick' model
(i.e. the range is randomly divided into three values
roraling 1) for each of the birds. For each prey group,
we randomly assigned an isotopic signature from the
normal distribution for both d13C and d15N for each
habitat type. The sum of the products of the isotope
values times the randomly chosen habitat-contribu-
tion values resulted in the final isotopic signature for
each bird (d13Ck and d15Nk).

where hee is proportion of foraging in clearcuts, hyg is the
proportion of foraging in young growth, and hog is the
proportion of foraging in old growth.

2. DgHg - In this model we simulated random habitat
contribution with the broken stick model using the
same approach as in model 1 for 150 kestrels. Similarly,
the final dl3C and dl5N values for each bird were cal-
culated using the same equations listed in model l , but
including a random assignment of diet contribution of
the five invertebrates and randomly assigning (he pro-
portion of each resource consumed from each habitat.

3. DsHs, - In this model, kestrels only consumed one
genus of soil macro-invertebrates, the carabid beetle
Pterosticbus spp. We modeled 50 individuals that
specialized on foraging in each of the three habitats for
a total of 150 birds. In this model, we assigned each
bird a  d13C and  d15N value from (he normal distribu-
tion of Pterosticbus in each of these three habitats.

4. DgHs - This model simulated three populations of
50 kestrels each foraging upon all five invertebrate
taxa in only one of the three habitats.

For each of the models, we made many of the same assump-
tions as Matthews and Mazumder (2004): each macro-
invertebrate group had the same percentage of carbon and



nitrogen per  unit biomass, each assimilated macro-inverte-
brate group provided a homogenous  d13C and  d15N signa-
ture, assimilation of prey d13C and  d15N was instantaneous
(i.e. tissue turnover rate is ignored), and we did not account
for the effects of elemental routing into specific tissues (Karasov
and Martinez del Rio 2007).

Evaluation of the overlap and partitioning of the
isotopic and ecological niches

To assess the influence of habitat on isotopic niche breadth
we calculated the mean and variance of  d13C and  d15N for
each simulated kestrel population. We used the among-in-
dividual variance as a surrogate of niche width or breadth
because our modeling approach did not produce within-
individual variation (Araujo et al, 2007, Newsome et al.
2007), and compared these values among models with
Levene's test of homogeneity of variance (SPSS 15.0 for
Windows). To evaluate the degree of overlap and partitioning
between the isotopic and the ecological niches when habitat
differences among isotope signatures are not accounted for,
we modeled the actions of a naive researcher on Prince of
Waies Island who randomly sampled 15 kestrels from each
of the simulated populations. This naive researcher, who
is unaware of the foraging habits of kestrels, determined
their ecological niche following the procedures described by
Newsome et at. (2007). Using the global means of the iso-
topic values for the five soil macro-invertebrates (Table 1)
and diet-consumer discrimination factors of 1% for d13C
and 3% for  d15N (DeNiro and Epstein 1981, Peterson and
Fry 1987, Kelly 2000, McCutchan et al 2003), the naive
researcher employed a multiple source, dual-isotope linear
mixing-rnodel (Phillips and Gregg 2003; SISUS: stable iso-
rape sourcing using sampling; Erhardt 2007) to convert the
isotopic data from  d-space to p-space (i.e. convert isotopic
contribution of the diet sources to the consumer into dietary
proportions; Newsome et al. 2007).

Results

All invertebrate taxa differed in isotopic values among habi-
tats (MANOVA, p < 0.05; Table 1). These habitat-derived
differences ranged from 0.61 % in  dl3C for Scaphinotus  t0
1.970/00 for Harpaphe, and 1.01% in  d15N for Pterostichus
to 2.24% for Harpapbe. In general, individuals trapped
in clearcurs had enriched  dl3C and depleted  d15N values
compared with the same taxa from young-growth and
old-growth habitats, except for Scaphinotus spp. Similarly,
individuals captured in old-growth stands had enriched
d15N values compared with young-growth and c1earcut
habitats, although no distinct patterns were observed for
 d13C (Table 1).

Results from our simulations revealed that the isotopic
niches (in 8-space) of the populations of kestrels that were
dietary generalists (DgHg and DgHg,) were significantly nar-
rower in bivariate space than those that were composed of
dietary specialists (DsHg  and DsHs), regardless of whether they
were habitat specialists or generalists (Fig. 1, Table 2,3). The
width of the isotopic niche in d13C was 4.8 and 5.7 times
greater for populations of dietary specialists than generalists,

and 1.4-4.0 times broader in  d15N when comparing the
variance (Table 2). Similarly, the isotopic niches of popula-
tions of kestrels that were habitat generalists were narrower
(d13C: 1.1 and 1.3 times;  d15N: 1.5 - model 4 vs model 2;
Table 2) than those composed of individuals foraging in
specific habitats, except for d15N when kestrels were dietary
specialists (D,H model 1;  d15N: 0.5 - model 3 vs model 1;
Table 3). Nonetheless, kestrels that consumed only Pterosti-
cbus in all habitats (i.e, habitat generaiists; model 1, Table 2),
had a narrower isotopic niche (d13C: 2.7 times; d15N: 2.4;



With the exclusion of model 1, in which three birds were
used in the conversion because most birds feli out of the
mixing space, these models suggested that kestrels ate few
Pterostichus, even for model 3 (DsHs; Fig. 3), where all
kestrels were exclusively feeding on this resource in differ-
ent habitats. The variance in p-space was nearly 2.9 times
higher for model 4 (DgHs) compared with model 2 (DgHg;
0.020 and 0.007, respectively), and 2.4 times higher for
model 3 (DsHs) compared with model 2 (DgHg; 0.017 and
0.007, respectively), which was comparable to variance
differences in d-space.

Discussion

We suggest that populations of dietary specialists exhibit
broader isotopic niches than populations composed of
dietary generalists (Matthews and Mazumder 2004), likely
because generalist consumers sample and therefore inte-
grate (or average) their diets. Under such conditions, the
isotopic differences among individuals will be smaller than
among populations of specialists (Bearhop et al. 2004,
Feranec and McFadden 2006). A similar pattern emerged
from differential use of habitat. Contrary to the prediction
that wide-ranging individuals vary more in their isoto-
pic signatures than sedentary ones (Bearhop et al. 2004),
habitat generalists in our simulations exhibited narrower
isotopic niches compared with a population of individuals
that forage in specific habitats. OUf findings on the effects
of habitat use on isotopic niche breadth add another layer
of complexity to a growing list of challenges in relating
isotopic niche breadth to ecological niche breadth, includ-
ing problems associated with missing prey items, the spread
of prey isotopic signatures (Araujo et al. 2007), effects of
diet quality, elemental routing, and tissue turnover rate
(Bearhop et al. 2004, Matthews and Mazumder 2004,
Newsome et al. 2007).

The conclusion that ignoring habitat use may lead to
problems in estimating the ecological niche was obvious from
the attempts of our naive researcher to convert the isotopic
niche from d-space to p-space for the 15 kestrels sampled at
random from each of the four simulated populations. In all
of those attempts, isotopic values for several birds fell outside
of the mixing space derived from the global means of prey
values (Fig. 2; Phillips 2001, Phillips and Gregg 2003). This
was especially pronounced for model l (DsHg; Fig. 2). In all
our models, no prey items have been missed per se, diet qual-
ity (or the C:N ratio of the prey; Phillips and Koch 2002)
was similar for all prey (averaging 45; 11 for all items), we did
not use different consumer-diet discrimination factors in gen-
erating the kestrel isotopic values, nor did we add variation
related to tissue turnover rate. Here, especially for model 3
(DsHs), ignorance of habitat-specific isotopic variation for
the same taxa, and lack of knowledge of the foraging behav-
ior of the simulated kestrels resulted in misalignment of
consumers and their prey. The relatively high cost of isotope
analyses and the increasing demand for synthesizing infor-
mation from multiple studies leads to use of published data
(Blundell et al. 2002, Mowat and Heard 2006, Herreman
et al. 2009). Use of such data without complete knowledge
of the processes and mechanisms that generated the observed



isotopic panerns may result in misinterpretation and misrep-
resentation of the ecological niche.

Although disconcerting, the observation that the propor-
tion of birds that fell outside of the mixing space differed
among models, could lead to the identification of potential
effects of habitat use on the isotopic niche. By employing
similar simulations to ours or those described by Matthews
and Mazumder (2004), one could generate expectations for
individual specializations based on foraging behaviors and
habitat use and compare those to observed panerns. Such
comparisons will likely elucidate which of the problems listed
above most contribute [0 the misalignment of consumers
and their prey.

The most unsettling result of our naive researcher's
efforts to convert kestrel data from d-space to p-space was
the observation that while the mixing models maintained a
similar level of variation, the distinct isotopic panerns were
eliminated. Indeed, as Newsome et at. (2007) stated the mix-
ing models transformed an informative d-space into 'a blurry
p-space'. It is especially rroublingrhat for model 3 where
Kestrels fed exclusively on Pterostichus but in different habi-
tats, results of the mixing model suggest most individuals
consumed little of this resource. This lack of correspondence
between isotopic and dietary niches is clearly a function of
the poor definition of all potential end-members (i.e. prey
or isotopic sources; Phillips 2001); but in this case, a result
of introducing too many sources (global means of all prey
taxa) rather than roo few. To properly represent the dietary
niche of the simulated kestrels, we should have provided
the frequency distributions of all solutions for all prey taxa
(Phillips and Gregg 2003), which would have resulted in five
niche axes. We have elected to show only the axis represent-
ing Pterosticbus, because we wanted (0 mimic, as much as
possible, the presentation of similar data by Newsome et al.
(2007) for comparison.  We do not advocate the single-axis
presentation and suggest following the guidelines provided
by Phillips and Gregg (2003), especially when the number
of diet items exceeds n + 1 isotopes.

The simulations we present here are, if anything, very
conservative. First, we only used five food sources and
only three different habitats. In reality, most animals, even

specialized foragers, usually consume more than five food
sources (Bolnick et at. 2003, Tinker et a1. 2008). Second,
the isotopic variation among habitats in our study is well
within the observed variation in other systems (Stewart
et at. 2003, Lee et al. 2005, Darimonr et al. 2007). In fact, if
one considers the differences between marine and freshwater
habitats (Ben-David et al. 1997b), or forests and grasslands
(Feranec and McFadden 2006), our simulations represent a
gross underestimate of the potential effects of habitat special-
izations of individuals in a single population. Furthermore,
in modeling consumers feeding on only one prey (model 3),
we selected an item that had moderate habitat-derived varia-
(ion (Pterostichus) rather the most extreme one (Harpaphe).
Therefore, the scenarios represented by our models are
neither extreme nor unique. Yet, our models illustrate that
in addition to knowledge of all potential food sources
and the spread of prey isotopic signatures (Bearhep er al.
2004, Matthews and Mazumder 2004, Araujo er al 2007,
Newsome et al. 2007), knowledge of habitat-derived dif-
ferences in stable isotope values, and an understanding of
habitat use and foraging behavior of individuals, are critical
for the correct quantification of the ecological niche. We
also suspect that future simulation models similar to ours
that will address the effects of diet quality, elemental rout-
ing, tissue turnover rates and variation in the length of the
assimilation period (Karasov and Martinez del Rio 2007),
will demonstrate that the relation between the isotopic and
ecological niches is convoluted, and thus attemprs to quan-
tifY the ecological niche with isotopic data may be compli-
cated. Indeed, Semmens et al. (2009) proposed hierarchical
Bayesian mixing models that incorporate both dietary differ-
ences across multiple population levels and variance in diet
sources. In their analyses Semmens et al. (2009) found that
variation in diet choice among individuals and subpopula-
tions can Significantly influence the niche width of a popula-
tion. Their model, like ours, demonstrates that prey isotopic
variability, in addition to, or in the absence of diet or eco-
logical variability, can result in a broader than anticipated
ecological niche (Semmens et al 2009).

Because it is rarely possible to obtain data to account
for all factors that enable the conversion of isotopic data to



reliable estimates of ecological niches, we think that efforts
should be directed elsewhere. Indeed, we believe the prin-
cipal value of stable isotope analysis in vertebrate ecology
is the ability to investigate the responses of individuals to
the conditions they encounter in their environment (such
as habitat and food availability, competition, predation
and predation risk; Ben-David et al. 1997a, 2004, Stewart
cr al. 2003, Lee et al. 2005), and ultimately to explore
how the variable responses of individuals influence fitness
components (such as reproductive success and survival;
Bolnick et al. 2003, Darimonr et al. 2006), which in tum,
affect the dynamics of populations, community structure
(Post et al. 2008) and ecosystem processes (Ben-David
et al. 1998,2005).
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