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Inferences about nested subsets structure when not all species are
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Comparisons of species composition among isolated ecological communities of
different size have often provided evidence that the species in communities with lower
species richness form nested subsets of the species in larger communities. In the vast
majority of studies, the question of nested subsets has been addressed using informa-
tion on presence-absence, where a “0” is interpreted as the absence of a given species
from a given location. Most of the methodological discussion in earlier studies
investigating nestedness concerns the approach to generation of model-based matrices
corresponding to the null hypothesis of a nonnested pattern. However, it is most
likely that in many situations investigators cannot detect all the species present in the
location sampled. The possibility that zeros in incidence matrices reflect nondetection
rather than absence of species has not been considered in studies addressing nested
subsets, even though the position of zeros in these matrices forms the basis of earlier
inference methods. These sampling artifacts are likely to lead to erroneous conclu-
sions about both variation over space in species richness, and the degree of similarity
of the various locations. Here we propose an approach to investigation of nestedness,
based on statistical inference methods explicitly incorporating species detection
probability, that take into account the probabilistic nature of the sampling process.
We use presence-absence data collected under Pollock’s robust capture-recapture
design, and resort to an estimator of species richness originally developed for closed
populations to assess the proportion of species shared by different locations. We
develop testable predictions corresponding to the null hypothesis of a nonnested
pattern, and an alternative hypothesis of perfect nestedness. We also present an index
for assessing the degree of nestedness of a system of ecological communities. We
illustrate our approach using avian data from the North American Breeding Bird
Survey collected in Florida Keys.
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Many studies that have compared species composition
among isolated communities of different size have pro-
vided evidence that these are “nested” (e.g., Patterson
and Atmar 1986, Bolger et al. 1991, Wright et al. 1998,
Fleishman and Murphy 1999). This particular pattern
of species composition in islands or habitat isolates has
recently received considerable attention. Systems of
ecological communities are said to be nested if the
species in smaller communities (i.e., with lower species
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richness) form subsets of the species in larger communi-
ties (Patterson and Atmar 1986, Patterson 1987, Wright
and Reeves 1992, Andrén 1994, Lomolino 1996). This
pattern appears to be very common, and many efforts
have been devoted to tests of hypotheses about ecolog-
ical processes that may lead to nestedness (e.g., Cook
and Quinn 1995, Lomolino 1996, Fleishman and Mur-
phy 1999). Whittaker (1992) characterized the question
of nestedness as relevant to a fundamental issue in
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ecology: whether the species composition of isolated
communities is primarily the result of random pro-
cesses, or is structured by ecological processes. The
question of nestedness has also implications for conser-
vation biology and the design of reserves (Patterson
1987, Cook 1995). In particular, the question of the
proportion of species shared by communities of differ-
ent size has revived the SLOSS debate (Patterson 1987,
Simberloff and Martin 1991). The underlying reasoning
is that a set of smaller reserves should harbor fewer
species than a single larger reserve if smaller communi-
ties form nested subsets of larger ones (Patterson 1987).

Many recent studies of nestedness have focused on
how to test the hypothesis that a set of communities
conforms to a nested pattern, and how to measure the
degree of nestedness of systems of communities (e.g.,
Patterson and Atmar 1986, Hugueny 1997, Cook and
Quinn 1998, Brualdi and Sanderson 1999). Addressing
nestedness requires comparison of species composition
in several locations, and estimation of the number of
species present in smaller communities that also occur
in larger communities (Andrén 1994). Species composi-
tion data are summarized in incidence matrices (i.c.,
presence-absence matrices where columns correspond
to species and rows correspond to locations; Patterson
and Atmar 1986). When data are sorted by species
richness in the different sites, species found in smaller
communities and in larger ones but not in intermediate
ones correspond to “gaps” or “holes’ in these matrices.
This pattern is specifically relevant to most approaches
to investigating nestedness (e.g., Andrén 1994, Brualdi
and Sanderson 1999). Classic approaches to testing the
hypothesis of a nested pattern, and to assessing the
degree of nestedness of a system of communities,
strongly rely on the position of zeros in incidence
matrices, more precisely on “gaps”. There is very little
discussion in the literature about the possibility that
these zeros may sometimes correspond to sampling
artifacts (but see Grayson and Livingston 1993, Kodric-
Brown and Brown 1993); i.e., locations where species
are present but not detected (Alpizar-Jara et al. un-
publ.). There is growing awareness, however, that the
number of species enumerated in a given location may
be a biased estimate of the actual species richness in the
location considered, unless species detection probability
is equal to 1 (Burnham and Overton 1978, 1979,
Nichols and Conroy 1996, Boulinier et al. 1998,
Nichols et al. 1998a, b).

In fact, situations where investigators can enumerate
all the species present in the area sampled are likely to
be rare (Reed 1996, Lawlor 1998), particularly when
focusing on animals (Nichols and Conroy 1996, Boulin-
ier et al. 1998). Sober6on and Llorente (1993), and
Colwell and Coddington (1994) pointed out that new
species are usually detected during later sampling ses-
sions when the area of interest is sampled repeatedly
within a short period of time. Similarly, Connor and
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Simberloff (1978) pointed out that “collecting biases”
may mask the phenomena of interest in studies of
compositional similarity of fauna or flora. The fact that
species may be missed by investigators during sampling
efforts has direct implications regarding the approach
to assessing nestedness (Patterson and Brown 1991,
Kodric-Brown and Brown 1993). A zero in incidence
matrices indicates that the species is actually absent
from the site of interest only on condition that species
detection probability is equal to one at that site. These
sampling issues not only affect the validity of the
inference about species richness in each of the various
sites considered, but also about variation in species
richness and species composition among sites. These
issues are thus directly relevant to the question of
nestedness (Patterson and Brown 1991, Kodric-Brown
and Brown 1993, Cutler 1994, Cook 1995). However,
we are not aware of any study on nestedness that
incorporates the possibility that a zero in an incidence
matrix is a nondetection rather than an absence.

There has been a recent renewed interest in use and
development of statistical inference procedures based
on capture-recapture models for addressing questions
about variation over space in species richness, and for
comparing species composition among communities in
different locations (Nichols and Conroy 1996, Nichols
et al. 1998a, b). These procedures are based on ap-
proaches to estimation of species richness explicitly
incorporating species detection probability. They have
been developed for handling situations where not all
the species are detected during sampling sessions (Burn-
ham and Overton 1978, Otis et al. 1978). Here we
propose an approach to investigating nestedness based
on these inference methods. We illustrate our approach
using avian data from the BBS (Sauer et al. 1997)
collected in Florida.

Approach to addressing nestedness based on
capture-recapture models

Estimation

Our approach is based on estimators of the degree of
similarity of the species composition of two communi-
ties proposed by Nichols et al. (1998b). This approach
relies on sampling at two different spatial scales (i.e.,
sampling based on Pollock’s robust design; Pollock
1982, Nichols et al. 1998b), which are easy to identify in
the case of archipelagos, for example. The first scale
corresponds to the islands themselves (primary loca-
tions). These primary locations are then subdivided into
a number of secondary sampling units (e.g., quadrats).
These secondary samples are treated as replicate sam-
ples of the island community.

Nichols et al. (1998b) developed a metric (‘“‘species
co-occurrence’’) that permits assessment of similarity of
the species composition of two communities:
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where x and y are locations, and i the year. M,”R’X) is
the number of species detected in location x at time i
(i.e., members of R}) that are also present in location y
at time i. @ (species co-occurrence) is the probability
that a species present in location x at time 7 is also
present in location y at that time (Nichols et al. 1998b).
Another way of defining this quantity is the expected
proportion of species at area x that are also present at
area y (Nichols et al. 1998b). R} is directly observed in
location x, but M>® (the number of species present in
location x that are also present in location y) is esti-
mated. Nichols et al. (1998b) recommended use of
estimators of species richness from capture-recapture
data developed for closed animal populations (e.g., Otis
et al. 1978, Rexstad and Burnham 1991). These estima-
tors can be used for data collected under a “quadrat-
sampling” design (Nichols and Conroy 1996), such as
the replicate samples collected in each island of an
archipelago.

Predictions

To illustrate our approach, we consider a mainland or
source pool area (denoted as area 4) and two ‘is-
lands™, the less distant of which (area B) lies between
the source area 4 and the more distant island (area C).
In the situation where the mainland is the “source” of
all species found in the islands, species richness in the
three areas should be ordered as N7 > NZ > N, where
N7 denotes the number of species present at location x
in year i. Here, we assume the situation in which all of
the species on the islands (members of N2, N¢) are also
found on the mainland (are members of N#).

If this is not the case, then it will frequently be
reasonable to redefine N? and N by restricting these
species groups to members of N to insure the identifi-
cation of a species pool that is relevant to consider-
ations of nestedness. That is, it is desirable to place
ourselves in a situation in which it is possible to specify
and test hypotheses about processes that may lead to
nested subsets. Hypotheses about potential processes
generating nested patterns frequently involve differen-
tial immigration and extinction (e.g., Lomolino 1996),
and rely on the existence of a specified species pool,
either a source pool of potential colonists, or a common
pool from which species may locally disappear.

A nested pattern corresponds to the existence of a
hierarchy in the proportion of species shared among
various communities, ranked by size for example. Un-
der a nested pattern, the proportion of species in
smaller communities also present in larger ones is ex-
pected to be higher than the proportion of species in
larger communities also present in smaller ones. An
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alternative pattern corresponds to the absence of such a
hierarchy. The random sample hypothesis specified by
Connor and McCoy (1979) can be viewed as an alterna-
tive hypothesis. Connor and McCoy described this
hypothesis as follows: “species number is controlled by
passive sampling from the species pool, larger areas
receiving effectively larger samples than smaller ones”.
Here we use this idea to specify our predictions for a
situation where nesting does not occur.

Under our null hypothesis the probability of occur-
rence of a species in a location (e.g., an island) is
proportional to the number of species in that location.
If a location harbors twice as many species as another,
then a given species in the pool has twice the probabil-
ity of being in the location with higher species richness
than in the other one. This null hypothesis can be used
in situations where variation in species richness among
locations is primarily linked to differences in island area
for example, but other factors thought to influence
species richness may also be considered. We stress the
fact that our predictions concern patterns: they concern
the relationship between sharing rates (the proportion
of species that the communities have in common) that
are expected if communities are composed of species
randomly sampled from a specified pool. They do not
depend on the potential processes leading to this pat-
tern, such as random immigration from a source pool
for example (e.g., Coleman et al. 1982, Cutler 1994; see
also the discussion in Wright et al. 1998). Last, it is
worth noting that the random sample hypothesis also
relies on the existence of a specified species pool, which
forms the basis for restriction of analysis to a subset of
species (e.g., the mainland pool).

The only a priori restrictions are that & = @51 = 1.
This equality is insured by our restriction to species
that are members of Nj'. Because of the ordering of
species richness, Ni' > Nf > Nf, we can also order the
0 as ¢f'° < o#8. Beyond these relationships, addi-
tional predictions about the ¢} depend on the hypoth-
esis of interest, the nested subset hypothesis or a null
hypothesis of a pattern based on random sampling.

The community in island C is a perfect subset of the
community in island B (in a given year i) if the
probability that a species found in location C is also a
member of the community in location B is equal to 1
(98 = 1). Under the null hypothesis, species at location
C should be a random sample of species available in the
pool (location A4). Species at C also should represent a
random sample of any subset of species from location
A, and this forms the basis for the prediction that
@8 = @B, Species from location A appear in the sub-
set of N2 (species of location B) with probability ¢
hence, that should also be the probability that a mem-
ber of N€ is also a member of NZ. So if area B contains
only 25% of the species of source location 4, and
location C contains a random sample of species from
location A4, then we would expect 25% of those species
to be common to location B.
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In addition to the question of whether or not a
system of communities is nested, one may want to
assess the degree of nestedness of the system consid-
ered. Indeed, several hypotheses have been proposed
concerning relationships between the degree of nested-
ness and ecological conditions such as oceanic islands
versus land-bridge systems (e.g., Patterson and Atmar
1986), or the degree of isolation of habitat isolates or
the size of patches resulting from habitat fragmentation
(e.g., Bolger et al. 1991, Cook 1995). Perfect nestedness
corresponds to the situation where ¢Z=1. If the
system is not nested at all, we expect that <2 = @&,
These expectations form a basis for specifying an index
of nestedness:

CB AB
O — O

1 — o8~

The expected value of this index is O if the system is
consistent with the null hypothesis of a random sample,
1 if the system is perfectly nested, and an intermediate
value if the system is consistent with a hypothesis
between these two extremes. However we note that the
value of this index is not always defined, and can be
negative in certain situations. For example if ¢/%=1
(i.e., if all the species of community A are estimated to
be present in B), then the value of the index is un-
defined. Further, it may be possible for &% — @2 to be
negative. This could occur if B and C represented very
different habitats such that the species found at B were
likely to be different from the species found at C.
Biogeographic hypotheses have also been proposed to
explain low sharing rates among locations (e.g., Patter-
son and Atmar 1986, Wright et al. 1998). This situation
would correspond to a “‘nonoverlaping subset hypothe-
sis”, leading to index value — @;'2/(1 — ¢'%), when no
species found at C were common to B. Negative values
between this value and 0 would reflect less extreme
situations of nonoverlaping subsets.

Example analysis
Methods

We used data from the Breeding Bird Survey to illus-
trate our approach (Sauer et al. 1997). The BBS is
conducted every spring on permanent survey routes
randomly located along secondary roads throughout
the United States and southern Canada. There are
approximately 2900 routes surveyed annually. Each
route is 39.4 km long and consists of 50 stops spaced at
0.8-km intervals. An observer drives along the route
and collects data during a 3-min observation period at
each stop, recording all birds seen or heard within 0.40
km of the stop (Robbins et al. 1986). Our analysis
included three routes located in the Florida Keys, plus
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one route on the mainland (Fig. 1). We used data from
1987, when all of the four survey routes were run.

In order to place ourselves in a situation permitting
investigation of nestedness, we specified a pool of spe-
cies recorded on the route located on the mainland
(location A) and estimated species co-occurrence
among BBS routes by retaining the species in this pool
exclusively. All the estimates of species richness we
present are conditioned on the species list specified in
the mainland location.

We used the class of estimators of species richness
integrating species detection probability recommended
by Nichols et al. (1998a, b). Previous work on the BBS
has provided strong evidence of heterogeneity in detec-
tion probability among species (Boulinier et al. 1998).
Consequently we used the capture-recapture model
M(h), which permits variation in detection probability
among species. We used the jackknife estimator for
model M(h) developed by Burnham and Overton (1978,
1979). Detailed information on the approach to estima-
tion of species richness using the BBS data is provided
in Boulinier et al. (1998) and Nichols et al. (1998a, b).
We estimated species co-occurrence using program
COMDYN (Hines et al. 1999).

Results

The estimated number of species in the pool that were
present on the Keys decreased as the distance from
mainland increased. For the species pool specified on
the mainland (BBS route A; Fig. 1), the estimate of
species richness is equal to 48.20, estimated standard
error: SE=9.37 (observed species richness: S = 40).
For the three other routes, observed and estimated
richness are respectively: route B: 22.03, SE=6.58
(S=18), route C: 18.70, SE =2.38 (S = 18), and route
D: 17.50, SE =2.43 (S=15). In all cases, the propor-
tion of species in a smaller community that are also
present in a community of intermediate size (i.e.,

SCALE 1:1100000
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Fig. 1. Location of the BBS routes in the Florida Keys.
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Table 1. Estimates of species co-occurence (the probability
that a member of the community in location 1 is also a
member of the community in location 2).

Location 1 Location 2

(A¥ B C D
A ok 0.55 (0.18) 0.47 (0.11) 0.44 (0.09)
B (€)) kK 0.92 (0.12) 0.86 (0.15)
C 1) 0.92 (0.12) = 0.87 (0.11)
D (1 1.00 (0.07) 1.00 (0.05) ***

¥ As location A was used to specify the species pool, the
communities found in locations B, C and D are necessarily
subsets of the community in A. Consequently, the proportion
of species in smaller communities also member of larger
community in A cannot be used to draw inference about
nestedness. In brackets: estimated standard errors.

¥, with N¥ < N?) is higher than the proportion of
species present in a larger community that are also
members of the community of intermediate size (¢}”,
with NV < N°) (Tables 1 and 2). For example, ¢p5F >
G248 (0.92, SE=0.12 vs 0.55, SE=0.18), p28> (18
(1.00, SE=0.07 vs 0.55, SE=0.18), and $2° > pB¢
(1.00, SE =0.05 vs 0.92, SE = 0.12). These results indi-
cate some degree of nestedness in this system of com-
munities. In addition, the community in location D
appears to be a perfect subset of communities in loca-
tion B and C (i.e., $2° = 22 = 1.00). All the indices of
nestedness are very high (Table 2) and indicate perfect
nestedness in most systems of three locations.

Discussion

The results of our example analysis are consistent with
several studies that have compared the species composi-
tion among communities in archipelagos (e.g., Patter-
son and Atmar 1986). We found evidence that the
number of species in the pool decreases as distance
from the mainland increases. In addition, the expected
proportion of species in more distant communities also
present in communities in intermediate position is
higher than the expected proportion of species in com-
munities closer to the mainland that are also present in
communities in intermediate position. This supports the
hypothesis of nested subsets. Last, the most distant
location appears to be a perfect subset of the two other
insular communities (closer to the mainland). Impor-
tantly, the approach we used for addressing nestedness

Table 2. Indices of nestedness for all sets of three locations
ordered from the mainland to the most distant from the
mainland.

Set of locations Index of nestedness

ABC 0.82
BCD 1
ABD 1
ACD 1
432

relies on estimators of species richness and species
co-occurrence that explicitly account for species detec-
tion probability, more precisely for variation in detec-
tion probability among species.

The main methodological debate about approaches
to addressing nestedness concerns specification of null
hypotheses, the corresponding manner of generating
incidence matrices using randomization, and appropri-
ate tests to compare observed matrices and model-
based expectations (Andrén 1994, Hugueny 1997, Cook
and Quinn 1998, Brualdi and Sanderson 1999; see Ryti
and Gilpin 1987 and Atmar and Patterson 1993 for
different approaches). There is also debate concerning
measurement of the degree of nestedness (e.g., Wright
and Reeves 1992, Atmar and Patterson 1993; review by
Cutler 1994, Cook 1995). That is, in most studies the
methodological issues raised assume the existence of a
known incidence matrix and do not deal with the
possibility of imperfect knowledge of the communities.

In many cases this assumption may not be realistic.
Sampling communities for the purpose of enumerating
species is obviously a probabilistic process. The fact
that species may be missed by investigators during
sampling sessions has long been recognized (Burnham
and Overton 1979, Preston 1979). However, we are not
aware of studies of nestedness that have used a proba-
bilistic approach to estimation of species richness and
of the proportion of species shared by the various sites
considered. In previous studies, as emphasized by Cook
(1995), “any measure of nestedness must depend on the
confidence (often a function of sampling effort) in
producing a complete species list for each site”.

Variation in detection probability among species re-
sults not only from differences in species characteristics
such as behavior or size, but also from variation in the
number of individuals in each species in the area sam-
pled (i.e., abundance, density and spatial distribution of
the individuals in each species; Alpizar-Jara et al. un-
publ.). The second component is likely to have implica-
tions for analyses of nested subsets. Metapopulation
models predict that under certain conditions, there
should be a positive relationship between local abun-
dance and the proportion of “patches” where the spe-
cies is present (Hanski et al. 1993). This prediction has
received empirical support (Hanski et al. 1993). Under
this view, at the level of systems of ecological communi-
ties, we might expect that abundance (in the different
species) influences the proportion of species that the
various isolated communities have in common (i.e.,
species co-occurrence; Nichols et al. 1998b). This pre-
diction is based on an analogy between “‘patches” sensu
Hanski et al. (1993) and isolated communities. As
abundance may influence species detection probability
and the proportion of species shared by the various
locations, species detection probability and sharing rate
may covary (Nichols et al. 1998a, Alpizar-Jara et al.
unpubl.).
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This is likely to have direct implications for studies of
nestedness based on observed proportions of species
present in different locations (Patterson and Brown
1991, Alpizar-Jara et al. unpubl.). Indeed, the species
most likely to be missed (not detected even though they
are present, because of low detection probabilities)
could also be least likely to be shared by two locations.
These species may be less likely to be present in several
“patches” sensu Hanski et al. (1993), or in several
islands or habitat isolates in studies of nestedness. This
could result in an apparent higher degree of nestedness
of the system of communities than actually exists in
studies where species detection probability is not taken
into account. Observed sharing rates could be higher
than the actual proportion of species shared by loca-
tions, because investigators may detect a higher propor-
tion of species that are shared by the various locations,
and miss a higher proportion of species that are not.

Because of the particular importance of the interpre-
tation of “gaps” in species presence-absence data in
investigations of nestedness, we recommend use of
probabilistic approaches to estimation of species co-oc-
currence (Nichols et al. 1998b). It is desirable to use
inference methods explicitly incorporating species de-
tection probability for addressing questions involving
community-level parameters in situations where not all
the species are detected during sampling efforts, which
is the case with the Breeding Bird Survey (Boulinier et
al. 1998). Resorting to such approaches may be particu-
larly important in studies of nestedness, where investi-
gators are dealing with community level rates that may
covary with species detection probability. Alpizar-Jara
et al. (unpubl.) assessed the performance of the estima-
tor of the metric describing variation over space in
species composition used in the present study (eq. 1), in
the presence of heterogeneity in species detection prob-
ability. They concluded that this estimator is a reason-
able choice for studies based on BBS data.
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