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ABSTRACT

Ecological networks are theoretical abstractions that represent ecological communities. These networks
are usually defined as static entities, in which the occurrence of a particular interaction between species
is considered fixed despite the intrinsic dynamics of ecological systems. Trophic interactions, in
particular, are often temporally dynamic in nature, ranging from so-called first-order dynamics to
cyclical. However, empirical analysis of the temporal variation of trophic interactions is constrained by
the lack of data with high spatial, temporal, and taxonomic resolution. Here, we evaluate the
spatiotemporal variability of multiple consumer-resource interactions of large marine intertidal rocky-
shore networks. In order to generate the networks, more than 1,000 km of the coast of northern Chile
was monitored seasonally over 3 years. The trophic interactions of all of the analyzed networks had
low temporal persistence, which was well described by a common exponential decay in the rank-
frequency relationship of consumer-resource interactions. This common pattern of low temporal
persistence was evident despite the dissimilarities of environmental conditions among sites. Between-
site rank correlations of frequency of occurrence of interactions ranged from 0.59 to 0.73. After
removing the interactions with <50% frequency, the between-site correlations decreased to values
between 0.60 and 0.28, indicating that low-frequency interactions accounted for the apparent
similarities between sites. Our results demonstrate, therefore, that the communities studied were
characterized by few persistent interactions and a large number of transient trophic interactions. We
suggest that consumer-resource temporal asynchrony in addition to varying local environmental
conditions and opportunistic foraging could be among the mechanisms generating the observed rank-
frequency relationship of trophic interactions. Therefore, our results question the analysis of ecological
communities as static and persistent natural entities and stress the need for strengthening the analysis of
temporal variability in ecological networks and long-term studies.
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INTRODUCTION

Ecological networks have been useful theoretical tools for understanding the structural
properties of ecological communities [1]. Currently, there are many studies analyzing the topological
and statistical properties of ecological networks in order to link these network features to biological
characteristics such as species richness, functional diversity, or productivity [2]. However, most
ecological networks, and therefore biological communities, are recognized and analyzed as static or
quasi-static structures of interacting species where all observed species and links are present
simultaneously and where the variability of interactions is not considered. However, ecological systems
have proven to be intrinsically dynamic in nature [3] [4], in which the presence and strength of species
interactions vary in space and time [5] [6] [7].

Consumer-resource interactions (C-R) are one of the most important forces structuring
ecological communities. The strength of C-R interactions tends to oscillate over time and space,
influencing the structure and organization of the community and in some cases generating complex
dynamics [8]. The ecological mechanisms that promote this variability include, but are not limited to,
predator functional responses, interference competition, prey switching, variation in prey abundance,
variation in productivity, and fluctuating environmental conditions [9] [10] [11] [12] [13]. Thus,
ecological networks sampled at a specific time period or inferred from spatiotemporally heterogeneous
data will not accurately reflect the long-term structure of the ecological community [5] [14] [15]. Until
now, the long-term dynamics of C-R interactions have not been completely understood.

Population-dynamic theory predicts that, a close-up look of each population inside an
ecological community environmental variation can strengthen or weaken existing internal feedback
processes and so boost or dampen the oscillations of resource consumption [16] [17] [18]. Now
zooming-out to the community, these changes in resource exploitation generate dynamic scenarios in
which the strength of the interaction between multiple prey species is redistributed, generating a high

frequency of weak links that stabilize the ecological networks [17] [19] [20]. In the same vein, food



web theory suggests that diversity enhances stability only if a high frequency of weak C-R interactions
dampens the destabilizing effects of strong interactions on community structure [21] [22] [23].

Also, few studies have analyzed the effect of spatial variation or gradients on the structure
of complex network [24] [25] [26]. This variation can be represented by differences in the quality and
availability of resources, productivity, consumer behavior and demography impacts consumer-resource
dynamics [27]. Recent research has confirmed that trophic interactions within communities constrain
the trophic structure more strongly and consistently than other factors such as dispersion [28].

Until now it has been difficult to empirically evaluate the variability and persistence of
ecological interactions in real networks due to the lack of data with high spatial, temporal, and
taxonomic resolution. This in turn has hampered the testing of ecological hypotheses concerning the
relative frequency of occurrence of C-R interactions. Here, we analyze the spatiotemporal frequency of
occurrence of C-R interactions of large intertidal rocky-shore communities sampled at a high spatial,
temporal, and taxonomic resolution. Assuming that a community can be characterized by a high
frequency of weak interactions or a low frequency of strong interactions, we predict that most of the C-
R interactions in this model system will show low temporal persistence; that is, most interactions will
occur few times over the course of the study. Our results provide new insights on the nature, structure,

and dynamics of ecological communities.

MATERIALS AND METHODS
Biological and environmental oceanographic data

We analyzed a long-term dataset of consumer-resource interactions of macrobenthic (i.e. >
5 c¢m) intertidal rocky-shore communities in northern Chile. Four sites were sampled seasonally every
three months between austral spring 2004 and summer 2007 (10 sampling times in total) along ca.1,000
km of the northern coast of Chile: Rio Seco (RS, 21.00°S, 70.17°W), Caleta Constitucion (CC,

23.42°S, 70.59°W), Caleta Angosta (CA, 28.26°S, 71.38°W) and Lagunillas (LA, 30.10°S, 71.38°W).



In general, across the four sites we identified over 200 prey species, 41 consumers, and more than
1,000 interactions. See sampling and methodology details in [29] [30]. Environmental conditions of
each site were assessed through publicly available sea surface satellite data: mean values of sea surface
temperature, dissolved oxygen, salinity, and chlorophyll a concentration were obtained for the pixels
nearest to the coast from WorldClim Global Climate Data [31] and MARSPEC [32], with temporal
resolutions of 50 and 55 years, respectively (Table 1).

In each site, at least ten individuals of each carnivorous and herbivorous species were
collected considering that a sample of 10 individuals represents > 85% of the population diet [30].
After collection, samples were subsequently fixed in 10% formalin. In the laboratory, the prey items of
each consumer individual were identified to the lowest possible taxonomic level by means of gut
content examination [29] [30]. For each site, we constructed a consumer-resource matrix with the
number of times that each C-R interaction was present in the 10 sample replicates (i.e. a “persistence”
matrix). This was done using the vector sum of the ten original presence/absence matrices of each site.
The final persistence matrix contained values from 1 to 10, where 1 means that the interaction was
observed once (i.e. low persistence), and 10 means that the interaction was present in all sample
replicates (i.e. high persistence). In addition, we determined species richness as the number of
taxonomic identities (number of prey and consumers, Table 1). Finally, we computed a dissimilarity
matrix (1-Jaccard index) from the presence/absence data in order to determine the degree to which diet

composition varied between sampling sites [33].

Statistical analysis

The prediction that most of the C-R interactions in this model system would have low
temporal persistence in the long term was tested by fitting a rank-ordered function to the observed
distribution of persistence (ranging from 1 to 10) of the C-R interactions. As a base for parameter

estimation, we used a discrete version of the generalized beta distribution (DGBD) [34] [35]. The



DGBD has the form:

el
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where r is the ranked value of persistence of the C-R interactions, N is the maximum possible value of
the rank (10), A is a normalization constant, and a and b are power law exponents. The exponent a is
related to the “left to right” tail and the exponent b is related to the “right to left” tail of the dataset

[35] [36] [37]. Different combinations of values of a and b correspond to different shapes of the curve.
If a < b, the curve shows a smooth exponential decay because the frequencies of occurrence are similar
across ranks. If a > b, the curve shows a strong exponential decay because the left tail of the curve is

significantly larger than the right tail.

To evaluate the degree to which each C-R interaction had similar values of persistence
between communities, we computed Spearman rank correlations between the site-specific persistence
matrices. All matrices contained the same C-R interactions and were sorted in the same way.
Interactions that were absent in a given site scored zero for persistence. A high correlation coefficient
could be expected if each interaction presented similar persistence values between sites. After the
analysis, we sequentially recalculated the correlation coefficient after consecutively removing the least
frequent interactions (i.e. occurring < 5 times) and the most persistent interactions (i.e. occurring > 5

times).

RESULTS
Persistence in the occurrence of C—R interactions

Our results showed a total of 5120 trophic interactions were detected during the study (Fig.
1). Less than 1% of the C-R interactions were consistently observed over time in all of the four

communities; more than 40% of the interactions occurred only once (Fig. 1). In addition, <16% of the



interactions were detected in more than 5 sample replicates, and >80% of the interactions occurred less
than 5 times (Fig. 1). Accordingly, we observed a strong exponential decay in the rank-frequency
relationship of interaction persistence for all sites, and a high goodness-of-fit for DGBD was found
(Fig. 2). From north to south, the coefficients of the DGBD were as follows: Rio Seco a = 1.15, b =
0.62, R* = 0.97; Caleta Constitucion a = 0.99, b = 0.92, R*= 0.99; Caleta Angosta a = 0.99, b = 1.05,
R?=0.99 and Lagunillas a = 1.3, b = 0. 65, R*= 0.99. The exponential decay of the rank-frequency
distribution of interaction persistence was common for all communities (Fig. 1) despite there being
relatively large environmental differences in temperature, chlorophyll a, and biotic aggregate properties
such as species richness (Table 1). However, pairwise comparisons of sites in terms of species

composition suggested that they were relatively similar (Jaccard (dis)similarities: 68% - 77%; Fig. S1).

Correlation of trophic interactions between communities

The between-site Spearman rank correlations ranged from 0.59 to 0.73, suggesting that C-R
interaction persistence was similar between sites. After removing the interactions observed <5 times,
however, the between-site correlations decreased to values between 0.60 and 0.28 (Fig. 3, Fig. S2).
This result indicates that the large number of less persistent interactions accounted for the high

between-site correlations.

DISCUSSION

According to these results, we observed a common decay in the rank-frequency distribution
of interaction persistence for intertidal rocky-shore assemblages spanning more than 1,000 km of the
Chilean coast. This common pattern was observed despite the relatively large differences in
environmental conditions among sites. The parameters of the rank-frequency functions were similar
across all communities; these parameters were almost always a > b. One exception to this included

Caleta Angosta where b > a indicating that different communities had similar trophic structures, and



there is probably a common underlying mechanism responsible for the observed rank-frequency
function’s skewed distribution of interaction persistence [37]. The apparent similarity among sites was
accounted for by a large number of interactions occurring in less than 50% of the sample replicates.
Regarding these communities, Camus et al. [30] suggest that core prey species are consistently
consumed at high frequencies in time and space. In our study, only 23 interactions—i.e. <1% of a total
of 5120—occurred in all of the 10 sampling times. Therefore, the structure of these food webs is
characterized by a low number of persistent interactions, and a large number of transient, low-
persistence interactions. Our work is one of the few empirical studies demonstrating that food webs are
dominated by low-frequency trophic interactions (also see ref. [4]).

Seasonal variation in the abundance of prey and predators might explain the low interaction
persistence reported in this study. The communities of this study have been shown to have high
seasonal turnover in species composition (resources and prey)—for example 40 to 50% of the species
are replaced from one season to another [38]. This high turnover could generate seasonal asynchrony
between consumer and prey populations, reducing their encounter probability and therefore generating
the low persistence of C-R interactions here described. Nevertheless, other sources of variation such as
environmental fluctuations affecting growth rates, mortality, reproduction and foraging behavior [39],
in addition to seasonal fluctuations in rates of primary production [40] cannot be ruled out. Therefore,
multifactorial studies should be conducted in order to assess the independent and combined effects of
multiple factors that influence the persistence of trophic interactions.

We observed a high correlation in the frequency of occurrence of interactions between
communities, but these correlations decreased after we removed the least persistent interactions (i.e.
occurring < 5 times) from the analysis. Firstly, this result indicates that the similarity of persistence of
trophic interactions was due to the large number of less persistent interactions. Secondly, the most
persistent interactions had different frequencies of occurrence among sites. For example, the trophic

interaction between the gastropod Tegula atra and encrusting Corallinaceae algae was one of the few



interactions observed in all of the sample replicates, yet this interaction only occurred in three our of
the four sites. The responses of consumer behavior to local environmental conditions could well
explain the geographical variation in the frequency of occurrence of a given interaction. For instance,
foraging behavior can be affected by nutrient concentration and temperature [41] [42]. In our study,
local environmental conditions varied among sites: Caleta Constitucion and Lagunillas are
characterized by the persistent influence of an upwelling event, while Rio Seco and Caleta Angosta are
less influenced by this source of nutrient-rich and cold waters [43] [44]. In central Chile [45] and the
Pacific coast of North America [46], upwelling activity has been shown to significantly affect foraging
rates of intertidal limpets and snails, respectively. Moreover, regional-scale analyses demonstrate that
predation rate on prey adults and recruits peaks at intermediate levels of upwelling constancy [47].
Accordingly, it is hypothesized that local environmental factors and interaction persistence are
significantly interdependent . Testing this hypothesis could shed light on the community-level
consequences of drastic environmental changes.

The low-frequency interactions, which represented >80% of the whole set of interactions of
each community, could have a role in maintaining community stability. For example, transient
interactions can result from behavioral prey shifts that occur over short time scales, which can dampen
the destabilizing effects of temporal mismatches between consumers and resources [22]. If this is true,
the presence of a high number of low-persistence trophic interactions might imply that the network is
robust to random disturbances (i.e. random removal or addition of species), but susceptible to non-
random eliminations of highly connected or constantly dominant species. Thus, we can hypothesize
that the maintenance of a large number of transient interactions is pivotal for the stability of the
analyzed networks. Community stability has been generally linked with interaction strength; weaker
interactions increase stability [34]. To our best knowledge, however, interaction persistence has not
been included into the community stability theory. Our results stress the role of the temporal variation

and persistence of species interactions in maintaining the structure and stability of local communities.



In summary, our study shows a general pattern of ecological networks comprised of a low
number of persistent interactions, but a large number of transient, low-persistence species interactions.
Most ecological networks are analyzed as static structures and few empirical studies have dealt with the
temporal and spatial variability of those networks. Our results challenge the analysis of ecological
communities as static and persistent natural entities—where species and links are present
simultaneously—and stress the need for the analysis of the processes that generate significant temporal
variation in ecological networks. The relevance of long-term ecological data to understanding how

ecological networks respond to ongoing environmental scenarios cannot be underestimated.
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Figure caption

Figure 1: Frequency of occurrence of consumer-resource (C-R) interactions. The columns represent
consumers and rows represent resources. Each cell represents a trophic interaction. The color scale
indicates less to more persistent interactions (white and red, respectively). Total number of sample

replicates was 10.

Figure 2: Rank-ordered distributions of the persistence of trophic interactions in four northern Chilean
sites: Rio Seco (RS, grey), Caleta Constitucion (CC, green), Caleta Angosta (CA, blue) and Lagunillas
(LA, red). Solid lines are DGDB fits with (a, b) = Rio Seco a = 1.15, b = 0.62, Caleta Constitucion a =

0.99, b =0.92, Caleta Angosta a = 0.99, b = 1.05 and Lagunillas a = 1.3, b = 0.65. The insert shows the

values of parameter a in the DGDB and the 95% confidence intervals (95%).

Figure 3: Correlograms of between-site Spearman rank correlations of C-R persistence matrices. Site
codes are: Rio Seco (RS), Caleta Constitucion (CC), Caleta Angosta (CA) and Lagunillas (LA). The
circle color scale indicates the strength of the correlation (correlation coefficient). Left panel shows the
correlations between matrices that included all interactions. The right panel shows the between-site

correlations after the less persistent interactions (occurring < 5 times) were removed from the dataset.
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Tables

Table 1: Mean sea surface temperature (SSTmean), mean sea dissolved-oxygen (Dissox), mean sea chlorophyll a (CHLOmean), mean sea
salinity and the number of intertidal rocky-shore species (Species Richness) for each sampling site in northern Chilean (Rio Seco, Caleta
Constitucion, Caleta Angosta and Lagunillas). Environmental layers were extracted from WorldClim - Global Climate Data and MARSPEC

(ocean climate layers for marine spatial ecology). Richness included consumer and prey species.

Sites SSTmean Dissox CHLOmean Salinity  Species
Richness
Rio Seco 18.012 5.192 6.011 34.898 168
Caleta Constitucion 16.971  5.509  0.636 34.757 175
Caleta Angosta 15.683  5.451 1.755 34.616 192

Lagunillas 15.446  5.503 4.531 34.464 199
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Fig.S1: Between-site Jaccard dissimilarity in species composition of diets in four northern Chilean sites. 0 indicates maximum similarity in
species composition and 1 represents the opposite. Site codes are: Rio Seco (RS), Caleta Constitucion (CC), Caleta Angosta (CA) and

Lagunillas (LA)
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Fig. S2: Correlation coefficients of trophic interactions between pair sites after removing least frequent interactions and most persistent
interactions. Site codes are: Rio Seco (RS), Caleta Constitucion (CC), Caleta Angosta (CA) and Lagunillas (LA). Bar height indicates the
strength of the correlation and values indicate the correlation coefficient. The series 1-10 (blue) indicates that the correlation was calculated

with the interactions that were present in 1 to 10 replicates; the same applies to the rest of the series.



