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Where  do  species  interac,ons  fit  in?



Gotelli  et  al.  2010  PNAS

Macroecological signals of species interactions in the
Danish avifauna
Nicholas J. Gotellia,1, Gary R. Gravesb, and Carsten Rahbekc

aDepartment of Biology, University of Vermont, Burlington, VT 05405; bDepartment of Vertebrate Zoology, National Museum of Natural History, Smithsonian
Institution, Washington, DC 20013; and cCenter for Macroecology, Evolution and Climate, Department of Biology, University of Copenhagen, DK-2100
Copenhagen Ø, Denmark

Communicated by Thomas W. Schoener, University of California, Davis, CA, December 21, 2009 (received for review August 6, 2009)

The role of intraspecific and interspecific interactions in structuring
biotic communities atfine spatial scales iswell documented, but the
signature of species interactions at coarser spatial scales is unclear.
We present evidence that species interactions may be a significant
factor in mediating the regional assembly of the Danish avifauna.
Because >95% of breeding species (n = 197) are migratory, we
hypothesized that dispersal limitation would not be important
and that breeding distributionswould largely reflect resource avail-
abilityandautecologicalhabitatpreferences. Instead,wedetecteda
striking pattern of spatial segregation between ecologically similar
species at two spatial scaleswith a suite of nullmodels that factored
in the spatial distribution of habitats in Denmark as well as popula-
tion size and biomass of each species. Habitat utilization analyses
indicated that community-wide patterns of spatial segregation
could not be attributed to the patchy distribution of habitat or to
gross differences in habitat utilization among ecologically similar
species. We hypothesize that, when habitat patch size is limited,
conspecific attraction in concert with interspecific territoriality
may result in spatially segregated distributions of ecologically sim-
ilar speciesat larger spatial scales. In theDanishavifauna, theeffects
of species interactions on community assembly appear pervasive
and can be discerned at grain sizes up to four orders of magnitude
larger than those of individual territories. These results suggest that
species interactions shouldbe incorporated into species distribution
modeling algorithms designed to predict species occupancy pat-
terns based on environmental variables.

null models | assembly rules | interspecific territoriality | conspecific social
attraction | allee affect

The study of species interactions has been at the forefront of
ecological research for 75 years (1–4), but the range of spatial

scales at which interactions may be discerned in natural com-
munities is imperfectly known. Species interactions affect the fine-
grained spacing of individuals in a wide range of organisms
including plants (5, 6), marine invertebrates (7–9), social insects
(10), fish (11), lizards (12), and mammals (13). The evidence is
particularly good for birds, where aggressive interactions may
result in interspecific territoriality in which individuals defend
territories against both conspecific and heterospecific individuals
(14–16). At what point along the spatial continuum from individ-
ual territories to continental landscapes does the signature of
species interactions cease to be visible?
Interspecific competition can have a pervasive influence on the

distribution, abundance, and foraging behavior of birds on small
islands (17–19), and it has been hypothesized that local competition
among species could “scale up” to generate competitively driven
distributional patterns on larger islands (20). However, interspecific
competition has a more subtle and ecologically limited effect in
mainland avifaunas (14–16, 21). The extent to which interspecific
competition influences the geographic distribution of species in
continental landscapes hasnever been resolved.Because large-scale
field experiments on avian communities are unfeasible, evidence of
interspecific competition has been sought in binary presence/
absence matrices of species occurrences on islands (20, 22) and in

continental mainland regions (23). Inferences of community
assembly rules fromstatistical analyses of presence/absencedata are
controversial. Even with the use of sophisticated null-model anal-
yses, it is not possible inmost systems todiscriminate spatial patterns
generated by species interactions from those caused by historical
effects, dispersal barriers, and especially those resulting from hab-
itat selection, the intrinsic preferences that species show for par-
ticular habitats (24). Large-scale distributional signals of species
interactions, if they exist in continental avifaunas, originate at the
scale of individual territories. Although habitat selection manifests
itself at awide rangeof grain sizes (24, 25), theeffects of intraspecific
and interspecific interactions in continental landscapes previously
have been detected only at small grain sizes (14–16, 21, 24, 26–29).
In this paper, we present evidence that both intraspecific and
interspecific interactions may influence the large-scale spatial dis-
tribution of breeding birds in Denmark.
Denmark consists of the JyllandPeninsula andan archipelago of

land-bridge islands, most of which are visible from the mainland.
The contemporary breeding avifauna (197 species) is largely
migratory, and only a handful of species (<5%) can be classified as
sedentary residents, although juveniles of even these species dis-
perse widely (30). A majority of migratory species also have
breeding populations in Sweden andNorway that transitDenmark
during migration. Thus, the breeding distribution of birds in
Denmark largely reflects resource availability, habitat selection,
and the outcome of species interactions, rather than dispersal
limitation, historical contingency, or evolutionary processes (none
of the species in this assemblage are endemic to Denmark).
To disentangle the effects of species interactions from those of

habitat selection in the Danish avifauna, we analyzed the breeding
distributions of birds at two spatial grains—from a gridded matrix
of 5-km × 5-km cells (n= 2003) and a larger-scale aggregation of
10-km × 10-km cells (n = 620) (Fig. 1 and Fig. S1). Cells of the
smaller grain size (25 km2) are roughly equivalent in area to the
breeding territories of the largest raptors (e.g.,Bubo bubo) but are
three to four orders of magnitude larger than the breeding terri-
tories of songbirds, which numerically dominate the Danish avi-
fauna. We then quantified the areas of principal terrestrial and
aquatic habitats occurring in each cell at the two spatial scales
(Table S1). These complementary databases were used to analyze
the co-occurrence patterns of species and the observed and
expected values of habitat utilization and electivity at two nested
levels of assemblage organization: (i) foraging guilds within the
avifauna and (ii) sets of congeneric or closely related specieswithin
foraging guilds. This hierarchical framework groups species into
guilds of ecologically similar species, with congeneric species
within foraging guilds exhibiting the greatest similarity in foraging
behavior and morphology.
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Figure 2 European modelled distribution of the clouded Apollo butterfly (Parnassius mnemosyne) for baseline and future (2050) conditions 
assuming unlimited dispersal (UD) and no dispersal (ND) among larval host plants, Corydalis spp. Results for the three model outputs (one 
Akaike’s Information Criterion (AIC) generalized additive model (GAM) out of ten simulations of initial conditions) are presented: 
(first column) climate model; (second column) climate + host plant model; and (third column) host plant model.



How  to  determine  species  interac,ons  in  diverse  ecosystems?



different species and the strength of interactions between
them and, therefore, the way that energy flows through
the ecosystem. Pathogens are most likely to have
ecosystem effects when they influence the behavior of
the host [14,43], when they reduce the impact of
herbivores [44] or make hosts more susceptible to
predators [45,46]; these indirect effects coupled with the
direct effects on abundance of hosts can have an important
role in influencing how energy flows through commu-
nities. For example, pathogens of sea urchins can alter the
state of temperate reefs by releasing kelps from grazing
pressure [42]; similar pathogen–grazer–plant cascades
occurred in the Serengeti following rinderpest, and in
Australia following outbreaks of rabbit diseases.

Forty years ago, when Robert Paine carried out his
classic starfish removal, few ecologists would have
looked at the small and seemingly trivial parasites in
his littoral zone community. Twenty years ago, when
Dobson and Hudson published the first TREE article [2]
on parasites, the data were poor and only a few
parasite ecologists were undertaking field experiments.
Since then, the field has blossomed and the role of
parasites in host dynamics, community structure and
ecosystems functioning is regaining the consideration
that it had before the predation-minded 1970s and
1980s [4,5]. There is now increasing evidence that
parasites can be a good proxy for estimating the health
of an ecosystem (Box 2), not only because they integrate
biodiversity over a period of time, but also because
there is growing evidence that some parasites remove

environmental toxins when they are ingested by their
hosts [47]. Box 2 suggests several ways in which
workers could begin to measure the role of parasites
in ecosystem health. Perhaps it is time for a young and
enthusiastic ecologist to return to Makkaw Bay, record
the abundance and distribution of the parasite biomass
in the system, experimentally manipulate parasite
species and predator species in a factorial experiment
and then record the productivity, changes in organiz-
ation and the resilience of the community, thus giving
new insights into the role of different trophic
interactions in ecosystem functioning.
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Figure 1. A food web of the Carpinteria salt marsh in California, USA. Each line
connects a consumer species with a consumed species. Free-living species are
distributed horizontally, where trophic level increases up the Y axis frombasal (0) to
top predator (6); parasitic species are ranged along the right vertical axis.
Traditional predator–prey links are indicated by blue lines, whereas parasite–host
links are indicated by red lines. The figure illustrates how parasites dramatically
alter the topology of a good web. Reproduced with permission from [42].

Box 2. Parasites as measures of ecosystem health

Food-web dynamics affect parasites directly and indirectly when
host abundance changes. The use of parasites as indicators of
trophic complexity is gaining ground and even has commercial
applications [53]. In some cases, it is easier to sample parasites than
their hosts. In addition, the type of information provided by a
parasite sample can be superior in the way in which it integrates
space and time. For example, in estuaries, the abundance and
diversity of birds is highly correlated with the abundance and
diversity of trematodes in the snails that serve as the first
intermediate host for these avian parasites [54]. Furthermore,
whereas a bird survey provides a snapshot of bird presence, the
trematodes provide a record of the community of birds that have
visited a site during the life time of the snails sampled, and so
provides an integral of past bird presence. In some cases, this can be
information from several years.
Although the concentration of trematodes is low in degraded

estuarine habitats, it can increase following habitat restorations that
attract birds [52]. The ease of sampling trematodes in snails enables
much larger spatial and temporal replication for appropriate
statistical comparisons of restoration effectiveness (Figure I). Thus,
there is increasing evidence that a healthy ecosystem is an
infected ecosystem.
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Figure I. Using parasites to evaluate restoration. Changes in the prevalence of
larval trematodes that parasitize snails over time from two types of site: control
sites (light-blue bars) and restored sites (maroon bars) showing that, following
restoration, trematode prevalence increased to a level similar to that in the
control sites. In this instance, trematodes were a good measure of restoration
success. Reproduced, with permission, from [51].
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Modified  Fig.  2  in  Chamberlain  et  al.  2014  Ecol.  LeB.

Propor,on  
of  studies  
showing  a  
shid  in  

interac,on  
strength

Abio,c  Context Spa,al  Context Temporal  Context

abiotic gradients, CV*RII was 45% greater for predation than
competition, and neither differed from mutualism which had
an intermediate value of CV*RII (Fig. 2). As an example for
predation, the magnitude of the effect of trout on prey abun-
dance was extremely variable (CV*RII = 4582) across six dif-
ferent substrates, with a strong negative effect on prey on
sand substrates, but a positive effect on prey abundance on a
pondweed substrate (see Fig. 3 in MacNeil et al. 1999). In
contrast, belowground plant competition for the mustard
Rorippa austrica varied little (CV*RII = 6) across nutrient lev-
els (see Fig. 2 in Dietz et al. 2002). Spatial gradients showed
the same rank order as abiotic gradients: CV*RII was 72%
greater for predation than competition, with mutualism,
again, intermediate (Fig. 2). Along temporal gradients, CV*RII
was 139% greater for competition than mutualism, and 68%
greater for competition than predation (Fig. 2). Finally, along
third-party gradients, CV*RII was 92% greater for mutualism
than competition (Fig. 2). Two representative studies highlight
this difference. In a study of plant-fungal endophyte mutual-
ism, growth of the grass Festuca rubra was quite variable in
response to the presence/absence of a third-party herbivore
(CV*RII = 562) (see Fig. 1 in Clay et al. 1993). In contrast, a
plant competition study found that competition outcomes
between Medicago polymorpha and Lotus wrangelianus were
not nearly as variable with herbivore presence (CV*RII = 1.9)
(see Fig. 5 in Lau & Strauss 2005).
One possible confounding factor influencing the ability to

detect differences among species interaction classes is the
number of contexts examined for each interaction class. How-
ever, we found no significant differences in the number of
contexts examined among the classes of species interactions
[mean number of contexts ! SE [range], competi-

Table 2 Summary statistics for the analyses of CV*RII of the effect size
and for the change in the sign of the interaction (binary: 0 = no change,
1 = changed)

Effect df

CV*RII
Interaction sign
change

F P F P

Species interaction class 2, 235 2.06 0.1295 19.67 <0.0001
Context gradient 3, 235 6.82 0.0002 86.17 <0.0001
Interaction 9 Context 6, 235 12.80 <0.0001 17.21 <0.0001
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Figure 1 Differences among classes of species interactions (p = predation,
c = competition, m = mutualism) in (a) the CV*RII, and (b) the
proportion of studies showing a change in the sign of the interaction
(among ", 0, and + outcomes). Bars show back-transformed least squares
means ! 95% confidence intervals. Different letters indicate significant
differences between classes of species interactions (P < 0.05) according to
post hoc Tukey HSD tests. Sample sizes for each interaction class are
provided on bars.
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Should  we  ignore  this  complexity?  
What  ecological  theories  do  we  have  to  make  predic,ons?



What  is  the    
“theory  of  climate  

change”?  
d  

-‐  Chris  Harley  
2013  WSN  Presiden,al  Symposium

Photo:  NASA/Kathryn  Hansen  



How  to  iden,fy  hypotheses  for  how  climate  
change  affects  communi,es?

Fig.  1  from  O’Connor  et  al.  2012  GEB 



Environmental  Stress  Models  and    
the  Stress  Gradient  Hypothesis

ESM:  Modified  Menge-‐Sutherland  model  (1987  AmNat)  from  Bruno  et  al.  2003  TREE

SGH:  Bertness  &  Callaway  1994  TREE,  review  in  Maestre  et  al.  2009  J.  Ecol.



Back  to:  iden,fying  species  interac,ons  in  diverse  systems



Diamond  1975,  Connor  &  Simberloff  1979,  Gotelli  2000,  Peres-‐Neto  et  al.  2001,  Ovaskainen  et  al.  2010  

Pa-erns  in  species  co-‐occurrence    
as  signals  of  species  interac,ons

Signal  of  posi,ve  co-‐occurrence  ader  accoun,ng  for  habitat  preference
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Pa-erns  in  species  co-‐occurrence    
as  signals  of  species  interac,ons

Signal  of  nega,ve  co-‐occurrence  ader  accoun,ng  for  habitat  preference



Do  pa-erns  in  species  co-‐occurrence  change…
In  different  environmental  contexts?

Across  environmental  stress  gradients?



Are  pa-erns  detectable  at  different  

spa,al  scales?





Study  system:  species  mosaic  in  rocky  inter,dal  low  zone
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Inter,dal  Stress  Gradients

wave  regime
(rela,ve  wave  accelera,on)

heat  load  index
(calculated  from  slope,  aspect*)

desicca,on  stress
(max.  air  temperature)

*McCune  &  Keon  2002



Need  to  account  for  habitat  preferences

•  currents:  upwelling  index,  along-‐  and  cross-‐shelf
•  temperature:  water
•  water  reten,on:  shelf  width  (distance  to  100  and  
200m  depth)

•  phytoplankton  abundance:  chlorophyll-‐a  
•  nutrient  availability:  PON,  nitrate
•  substrate  heterogeneity



Mul,variate  regression  approach

•  Input:  
– presence/absence  matrix  of  species
– environmental  matrix

•  Account  for  similariEes/differences  in  habitat  
preferences  (fundamental  niche)

•  Output:  
– matrix  of  residual  correla,ons  among  species  
      (a  measure  of  non-‐random  co-‐occurrences)

Ovaskainen  et  al.  2010  Ecology,  Golding  2013  PhD  Thesis  –  R  package  BayesComm  



What  might  this  look  like?

stress  gradient

rela,ve/
absolute  

frequency  of  
posi,ve  

co-‐occurrences

rela,ve/
absolute  

frequency  of  
nega,ve  

co-‐occurrences



What  might  this  look  like?

scale

rela,ve/
absolute  

frequency  of  
posi,ve  

co-‐occurrences

rela,ve/
absolute  

frequency  of  
nega,ve  

co-‐occurrences

Araújo  &  Rozenfeld  2014  Ecography



Do  pa-erns  in  species  co-‐occurrence  change…
In  different  environmental  contexts?

Across  environmental  stress  gradients?



Are  pa-erns  detectable  at  different  spa,al  
scales?





Are  there  non-‐random  
co-‐occurrences  overall?


Yes,  do  see  residual  co-‐occurrences  at  all  scales  

and  at  all  sites!







Strong  nega,ve  co-‐occurrences

Laminaria  setchellii  and  Laminaria  sinclairii
(-‐0.24,  -‐0.014)



Strong  nega,ve  co-‐occurrences

Coralline	  crust	  and	  Erythrophyllum	  	  (-‐0.25,	  -‐0.027)	  



Strong  posi,ve  co-‐occurrences

Saccharina	  recruits	  with:	  Schizymenia,	  Neodilsea,	  Odonthalia	  floccosa	  
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Work-‐in-‐progress



Days  away:  pa-erns  of  pairwise    
co-‐occurrences  across  gradients

See  you  at  ESA?  Wednesday,  9:50am,  Ballroom  A  

posiDve	  	  
co-‐occurrence	  

negaDve	  	  
co-‐occurrence	  

environmental	  stress	  gradient	  

spA&spB	  

spA&spB	  
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spA&spB	  



Need  to  account  
for  spa,al  

structure  in  the  
model



Incorpora,ng  mobile  species  (consumer-‐resource  dynamics)
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