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Multilayer networks reveal the spatial structure of
seed-dispersal interactions across the Great Rift
landscapes

Sérgio TimSteo® !, Marta Correia', Susana Rodriguez-Echeverria® !, Helena Freitas' & Ruben Heleno'

Species interaction networks are traditionally explored as discrete entities with well-defined
spatial borders, an oversimplification likely impairing their applicability. Using a multilayer
network approach, explicitly accounting for inter-habitat connectivity, we investigate the
spatial structure of seed-dispersal networks across the Gorongosa National Park, Mozam-
bigue. We show that the overall seed-dispersal network is composed by spatially explicit
communities of dispersers spanning across habitats, functionally linking the landscape
mosaic. Inter-habitat connectivity determines spatial structure, which cannot be accurately
described with standard monolayer approaches either splitting or merging habitats. Multi-
layer modularity cannot be predicted by null models randomizing either interactions within
each habitat or those linking habitats; however, as habitat connectivity increases, random
processes become more important for overall structure. The importance of dispersers for the
overall network structure is captured by multilayer versatility but not by standard metrics.
Highly versatile species disperse many plant species across multiple habitats, being critical to
landscape functional cohesion.
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ver the recent decades, ecological networks have proved a

valuable framework to simultaneously evaluate the role of

species, their interactions, and the importance of the
emerging community structure for the persistence and stability of
biological communities'. Such studies revealed that ignoring the
complex web of interactions between plants and animals in which
many vital ecosystem functions are rooted might jeopardize the
long-term functioning and persistence of ecosystems>>. To date,
most studies have considered networks as entities with discrete
borders defined by the experimental design, ignoring the potential
across-border connections®, or alternatively as aggregations of
several s?atially and temporal sampling occasions into an overall
network”. In nature, however, these sub-networks are linked by
common species and by processes that span over several spatial
and temporal scales, contributing to the functional connectivity of
ecosystems®. The importance of the spatial dimension of net-
works of interactions is becoming increasingly recognized’~,
highlighting the key function of species that cross habitat
boundaries acting as mobile links'® that connect the different
habitats. Recent work has provided further evidence of the
importance of the often-neglected inter-habitat links and their
unequivocal ecological relevance!!. Perhaps ironically, the appli-
cation of such tools that proved particularly suited to tackle the
intrinsic complexity of ecosystems is limited by the amount of
complexity that can be sampled and analyzed, leading to a frag-
mentation of real networks, likely to result in oversimplifications,
and eventually to incomplete or erroneous conclusions about
network structure, dynamics, and stability'>!®. Similarly, ignor-
ing the role of different species as spatial couplers of ecosystems
may hinder our understanding of natural processes, e.g., the flux
of energy, or nutrients, between aquatic and terrestrial systems,
pollen transfer by insects across the landscape, or the dispersal of
seeds of invasive species by birds'®. Recently, some authors
have started to tackle this issue by treating different habitats, or
patches of habitat as a set of layers within a larger multilayer
network!>"!7. An expansion of the concept of beta-diversity has
been proposed to measure dissimilarities between networks, by
exploring species and interactions turnover between groups of
independent (i.e., formally disconnected) networks'®!8, In a
further step, Frost et al.!> quantified the connectivity between
spatial layers (habitats) of a host-parasitoid network, though they
did not explore the effect of habitat connectivity to the structure
of the spatial network. However, only now ecologists have started
to explicitly include interlayer edges in the analysis of the actual
structure of “ecological multilayer networks”'?, taking advantage
of recent theoretical developments and analytic tools from other
research areas!'®1”,

A key structural pattern in networks is modularity
measuring the extent to which species form cohesive groups
(modules) where species interact more often within the same
module than with species in other modules®?. These modules
provide insights into the phylogenetic history and trait con-
vergence of unrelated species, resulting from local co-adaption,
and ecological convergence in the use of resources’>. By mea-
suring multilayer modularity, the connectivity between layers, i.e.,
interlayer edge strength, is explicitly accounted for, with the
advantages of detecting modules that span across layers. It also
allows the identification of nodes that can belong to different
modules in different layers, thus particularly relevant for main-
taininzg the continuity of ecosystem functions in space or
time!>?*. However, the ideal way to quantify interlayer edge
strength is still a matter of research in multilayer network
research, and the investigation of the relative importance of intra-
and interlayer processes is essential to understand the structure of
multilayer networks!'>242°,
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Contrarily to the high spatial turnover in species and interac-
tions, the functional role of species is considered relatively
stable?®. Centrality measures have been largely used to assess the
topological position of a species in the structure of networks?”-2%,
In a multilayer context, such overall centrality can be estimated
with Google’s PageRank? algorithm, which has been successfully
used® to guide conservation strategies30.

Here, we investigate how a mutualistic multilayer network is
structured across habitats and the importance of species to the
cohesion of seed dispersal across a complex landscape. To this
end, we collected seed—dispersal interactions across the Gor-
ongosa National Park, Mozambique, to build the most complete,
seed—dispersal network of the African continent to date’l,
including all potential guilds of seed dispersers. Gorongosa
underwent a severe defaunation that affected many of the large
herbivores, and its recovery is now en route’>*3, In this context,
seed—dispersal is particularly vital for flants to recolonize newly
available patches or disturbed ground®*, and is likely a key driver
of long-term habitat dynamics in Gorongosa patchy landscapes>>.
Our objectives are twofold. First, we aim to explore the spatial
distribution of seed—dispersal modules (i.e., communities of
tightly interacting plants and their dispersers) spanning across the
different habitats of the Gorongosa National Park. We will do so
by evaluating the modularity of multilayer networks formed by
discrete, yet interconnected layers representing different habitats.
We used different null models to explore how the strength of the
interlayer connectivity affects the overall structure of the spatial
multilayer network, and to what extent this multilayer approach
improves the currently used monolayer analyses of disconnected
and aggregated networks. Second, we aim to assess the relative
contribution of each disperser species to the cohesion of seed
dispersal across habitats. We will do so by exploring dispersers
multilayer versatility, which expresses their contribution to the
mobile link function both within and between habitats. We dis-
cuss the potential of this new metric by comparing it to the
information provided by traditional species-level descriptors.

Results

Overview of seed dispersal in Gorongosa. During this one year,
we collected 1399 fecal samples (1174 mammal dung piles and
236 bird droppings) produced by 98 animal species, of which 508
(29%) had at least one undamaged seed. Overall, 12,159 unda-
maged seeds from 94 plant species were retrieved from the feces
of 29 dispersers, comprising 508 links. Focal observations pro-
duced 85 further links (14% from the total), whereas camera traps
contributed with 15 new links (2.5%). In total, we compiled 608
links between 32 animal species and 101 plant species, in four
habitats (Fig. 1).

Overall, primates were responsible for most interactions,
namely Papio ursinus (chacma baboon, 35%) and Cercopithecus
pygerythrus (vervet monkey, 10%), followed by Loxodonta
africana (elephant, 22%) and Civettictis civetta (African civet,
7%) (Fig. 1). The three most commonly dispersed plant species
represented 41% of all recorded interactions, namely Ziziphus
mucronata (Rhamnaceae, 15%), Sclerocarya birrea (Anacardia-
ceae, 13%), and Hyphaene natalensis (Arecaceae, 13%).

We estimated that our sampling effort captured 77% of the
disperser species and 44% of the plants with similar levels of
sampling completeness across the four habitats (Supplementary
Fig. 1 and Supplementary Table 1).

Modular structure of the spatial multilayer network. To eval-
uate the extent to which the seed—dispersal interactions are sorted
into distinct communities of tightly interacting species®®

, we
calculated the multilayer modularity?*3” of the spatial network of
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Fig. 1 Quantitative seed-dispersal network of the Gorongosa National Park, Mozambique. Both the aggregated (top) and the individual habitat (bottom)
networks are based on the same sampling effort and are represented on the same scale. The boxes in the top level represent disperser species and those
on the bottom level represent the plant species dispersed. The gray lines linking the two levels represent pairwise species interactions, and their width
proportional to the interaction frequency. The aggregated network was obtained by pooling all interactions across the four habitats, and summing their
frequencies. Main seed dispersers: 1. Pycnonotus tricolor, 2. Civettictis civetta, 3. Loxodonta africana, 4. Cercopithecus pygerythrus, 5. Papio ursinus, 6. Hystrix
africaeaustralis, and 7. Redunca arundinum. Most commonly dispersed plants: a Centaurea praecox, b Grewia inaequilatera, c Hyphaene natalensis, d Sclerocarya
birrea, e Tamarindus indica, and f Ziziphus mucronata. The full list of species can be seen in Fig. 3 and Supplementary Fig. 2, for animals and plants,
respectively. The silhouettes used in this figure are all sourced from Open Clipart and were made available under a CCO 1.0 licence

Gorongosa (see “Methods” section and Supplementary Methods
for details on the multilayer modularity algorithm). Using a
multilayer formalism'3, this network is defined by the animal
seed—dispersal interactions (intralayer links) in each habitat
(layer), with habitat connectivity (interlayer links) provided by
the common species. Ultimately, interlayer links should be
interpreted as the movement of matter or energy between layers,
in our case the effective movement of animals and seeds between
habitats, and quantified in a way that estimates the intensity of
these movements (interlayer strength). Multilayer modularity was
calculated across a range of interlayer strength (0-10), assuming
that any co-occurring species between habitats effectively con-
nected them with the same intensity, to test how the structure of
the spatial network is affected by habitat connectivity. The mul-
tilayer modularity of the Gorongosa seed—dispersal network was
very high across the whole range of values of habitat connectivity
(Qmuttilayer = 0.903-0.993; Fig. 2a), with an overall increasing
trend toward an asymptote just below 1. We used two null models
(see “Methods” section for details) to test how the structure of the
spatial network is influenced by the seed—dispersal process within
each habitat (intralayer null model) and by the identity of the
animals connecting these habitats (interlayer null model). The
structure of the empirical network, across the range of habitat
connectivity values, was statistically different than that predicted
by both null models, though in opposite directions: reshuffling
interactions within each habitat (intralayer null model) over-
estimated modularity, whereas reshuffling the identity of the
habitat-connecting animals in each habitat (interlayer null model)
underestimated modularity (Fig. 2a). The identity of the dis-
persers and the intensity of movements between habitats (inter-
layer strength) play a more important role for the spatial structure
of the seed—dispersal network than the pattern of seed dispersal
within each individual habitat. Nonetheless, the modularity
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predicted by both null models tended to converge to that of the
observed network at very high values of interlayer strength
(Fig. 2a and Supplementary Data 1), indicating an increasing
importance of random processes in structuring the networks.
This suggests that when habitat connectivity is very high the
overall network structure becomes less determined by the identity
of animals connecting them, and might be more contingent on
the structure of seed dispersal within habitats.

To understand the added value of the multilayer approach in
relation to the traditional monolayer approach, we compared the
results from the multilayer analysis with those provided by the
currently standard approaches of either merging all data into a
single aggregated network (Quggregatea), in which interactions
occurring at multiple habitats are summed across habitats, or
considering each habitat as a discrete and disconnected network.
The structure of the aggregated network is influenced by the
distribution of the interactions among the species, with
modularity being significantly lower than predicted by the
intralayer null model (mean Quggregated=0.43 VS. Quuil models =
0.59, p<0.001; Supplementary Fig. 3). However, it ignored
habitat connectivity because it cannot incorporate such informa-
tion. In the disconnected network, habitats are considered totally
independent from each other, thus equivalent to calculate
modularity for each of them?®. Modularity was similar or slightly
higher than that of the aggregated network and much lower than
that of the multilayer network, ranging from 0.43, in the Mixed
forest, to 0.56, in the Grassland (Fig. 2 and Supplementary Fig. 3).

The number of modules detected in the multilayer structure is
mostly constant, oscillating between 11 and 12 across most values
of interlayer strength, except for very small values, where some
additional modules were detected (Figs. 2b, 3, and 2). The
intralayer null model consistently predicted more modules than
observed, while the interlayer null model consistently predicted
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Fig. 2 Modularity and number of modules observed in empirical networks
and predicted by two different null models. Mean maximized modularity (a)
and mean number of modules (b) of the observed networks (black) across
the range of interlayer strength (0-10), and comparison against the two null
models: intralayer null model (blue), and interlayer null model (red
symbols). Values presented as the mean (£SEM) of 100 runs of the
modularity function, for each interlayer strength. The significance of the
observed modularity and number of modules was compared against those
of the null networks with a one-sample t test. *p < 0.050, **p < 0.010,
***p < 0.001, n.s. non-significant. Full results are presented in
Supplementary Data 1

fewer modules than observed, across the whole range of interlayer
strength (Fig. 2b and Supplementary Data 1). In the aggregated
network, the average number of modules detected was 11.4,
which was in line with those detected in the multilayer network
(Supplementary Fig. 3 and Fig. 2), and significantly higher than
those predicted by the intralayer null model (mean modules
observed=11.4 vs. null model=9.2; #99)=-28.60, p <0.001).
The mean number of modules in each habitat of the disconnected
network was variable and ranged from 6 to 13 (Supplementary
Fig. 3 and Fig. 3). In the spatial multilayer network, modules are
subsets of species that strongly interact across the different layers
of the network?>3°, For animals, this corresponds to species that
occur and disperse seeds from the same plant species in more
than one habitat (Fig. 3 and Supplementary Fig. 2). For example,
most primates (baboon, vervet monkey, and Otolemur crassicau-
datus (bush baby)) all disperse Z. mucronata and are consistently
placed in the same module in the multilayer and in the aggregated
networks, but not when habitats are weakly connected or
considered independent. It is worth to note that module
affiliations do not necessarily group phylogenetically related
species, but species that feed on similar resources, which in seed
dispersal might be mostly determined by behavioral and
morphological constraints (e.g., Corythaixoides concolor, the go-
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away bird, is consistently assigned to the same module of the bush
babies, Fig. 3).

The strength of each interaction can vary across habitats,
reflecting different animal resource preferences in different
contexts, and therefore, species can change their module
affiliation between habitats>*3%, We calculated species adjust-
ability as the proportion of animal or plant species that switch
module affiliation at least once between any pair of habitats'?.
Most species do not change module affiliation across habitats,
exhibiting a relatively low or non-existing adjustability (Supple-
mentary Fig. 4). When the intensity of species movement between
habitats (interlayer strength) is low, animals and plants tend to
interact with distinct set of species in each habitat and a higher
proportion of species will change their module affiliation between
habitats. As the intensity of these movements intensifies, and
habitat connectivity increases, species adjustability becomes
negligible and interactions tend to occur among the same species
across all habitats. However, this stabilization on interaction
partners happens at different levels of habitat connectivity for
animals and plants (Fig. 3; Supplementary Fig. 4; and Supple-
mentary Data 1). For both animal and plant species, adjustability
was generally more affected by the identity of the animal
(interlayer null model) than by the pattern of interaction within
habitats (intralayer null model). For low interlayer strength,
animal adjustability was significantly lower than predicted by the
intralayer null model, but higher than predicted by the intralayer
null model (Supplementary Fig. 4). However, both null models
performed better at greater values of interlayer strength. The
interaction pattern within habitats (intralayer null model) had a
variable effect on plant adjustability: the observed plant adjust-
ability was significantly higher for very low, but also for high
habitat connectivity, but lower observed adjustability between
these values. The interlayer null model consistently predicted
significantly higher plant adjustability for lower interlayer
strengths (Supplementary Fig. 4). Thus, animals are more likely
to disperse the same plant species across habitats than plant
species are to rely on the same dispersers, and animal movement
across the landscape exerts a stronger influence in the spatial
structure of the seed—dispersal network.

Contribution of disperser species to seed dispersal cohesion.
We did not detect differences on animal species richness across
the four main habitats of Gorongosa (G test: G3=1.84, p=0.61;
Fig. 4a and Supplementary Table 2). Mixed forest holds a greater
richness of plants than the other three habitats, but this was only
significant in comparison to Grassland and Miombo (Fig. 4b and
Supplementary Table 2). As for richness of interactions, Mixed
forest had more interactions than Transition forest, and both
habitats had more interactions than Grassland and Miombo (all
pairwise G tests: p < 0.002; Fig. 4c and Supplementary Table 2).
Dispersers’ specialization did not differ significantly among
habitats (X*=2.49, df=3, p=0.49; Fig. 4d and Supplementary
Table 3).

We calculated each disperser multilayer versatility, which is
equivalent to an overall measure of centrality to identify those
that are topologically important to the structure of the spatial
network?®. For this effect, we used a unimodal projection of the
network, in which two animal species are connected if they
disperse the same plant species?’, thus providing an insight over
their likely “functional redundancy”*!. Links between species were
quantified by weighting the number of shared interactions by the
assemblage size*>*3, minimizing the loss of information asso-
ciated with unimodal projections**. Multilayer versatility revealed
that few dispersers are disproportionately important, namely the
baboon and the elephant, followed by a long tail of species with
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Fig. 3 Module affiliation of animal species in the spatial multilayer network of Gorongosa. Module affiliation is shown for five different interlayer edge

strengths (left block), and for the monolayer networks, considering either the aggregated network or each habitat individually (right block). In each case,
the run with the highest maximized modularity was used (module affiliation for plant species is shown in Supplementary Fig. 2). Within each network,
different colors represent different modules. Colors in different blocks are independent

lower versatility (Fig. 5a). The importance of these species comes
from being central in the structure of the seed—dispersal network
because they share plant partners with many other animals, but
also because they share plant species across different habitats. The
versatility of dispersers in the multilayer network was correlated
with their versatility in the aggregated network (r;=0.671,
p<0.001; Fig. 5b and Supplementary Table 4), but the
importance of species with low versatility is underestimated in
the aggregated network (Fig. 5b). There were relatively few shared
links among habitats (total edge overlap=28.2%). However, all
habitat pairs, except Miombo and Grassland, shared more than
20% of the interactions (Fig. 6).

We evaluated if the information condensed by multilayer
versatility could be captured by other species-level metrics,
namely specialization d’, number of habitats, and species
multistrength. We did not find a significant correlation between
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multilayer versatility and both dispersers mean specialization (d")
and the number of habitats where they occur (ry=-0.255,
p=0.208, Fig. 5a; r;=0.383, p=0.053, respectively, Supplemen-
tary Table 4). However, dispersers multistrength was only
moderately correlated with their importance (i.e., versatility) on
the multilayer network (r,=0.514, p=0.007; Supplementary
Table 4). Species multistrength extends the concept of its
monolayer counterpart, expressing the total number of links of
a species across all layers of the network!”, i.e., the total shared
interactions with all its neighboring species across the habitats.
However, contrary to versatility, multistrength does not account
for the distribution of these links in relation to the other species,
or the number of layers in which these links occurs. Thus,
although both metrics are related, multistrength will not reflect
the importance of a species for the overall structure of the
multilayer network as much as versatility.
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Discussion

Species and communities are not randomly distributed across the
planet, but they are strongly structured by spatial attributes tra-
ditionally recognized by ecologists (e.g., niches, habitats, land-
scapes, and biomes). Traditionally, species interaction networks
have been studied as discrete entities with borders defined by the
researchers based on different landscape attributes. However,
species interactions do not abruptly finish at habitat borders, and
therefore the decision of merging or segregating data from these
spatial units is far from trivial. Nevertheless, ecologists are still
faced with a paucity of tools to evaluate when such combination
of data is useful, or when it might increase the noise around the
patterns of interest, thus obscuring important conclusions.
Although still based on the recognition of different habitats, the
implementation of a multilayer approach provides a valuable tool
that allows for better decisions regarding the merits of segregating
or merging spatially (or temporal) explicit data.

However, interlayer connectivity has never been explicitly
incorporated in the analysis of the modular structure of spatial
ecological networks. In this study, we investigate the spatial
structure of a seed—dispersal network spanning across multiple
habitats explicitly considering interlayer connectivity. We made
use of a highly comprehensive data set collected in a highly
diverse African landscape including all potential disperser guilds.
This adds to the sparse knowledge of seed dispersal in Africa, but
has direct implications for our understanding of seed—dispersal
networks across the globe.

Our results show a highly modular structure of the spatial
multilayer network that is influenced by the strength of the
connectivity between habitats, with about half the communities of
seed dispersers detected bridging most of the habitats (Figs. 3 and
4). The network is dominated by a few highly versatile species
that secure both local (habitat level) and global (landscape level)
dispersal of seeds, ensuring the spatial continuity of the seed—
dispersal process.

Landscapes are intrinsically dynamic, being constantly shaped
by local disturbance and ecological succession®®. Understandin
how animals move between habitats providing key mobile links!,
and how ecological interactions are distributed across
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habitats!>1®18, has long been recognized as critical for the
dynamic of patchy habitats across complex landscapes*. Never-
theless, and despite the current interest on species interactions
networks, these are yet to explicitly accommodate this interlayer
dynamic when analyzing the structure of spatial networks.

Here, we implement for the first time a multilayer approach to
evaluate the spatial structure of an ecological network explicitly
incorporating the interlayer strength connecting networks from
adjacent habitats. Our spatial multilayer seed—dispersal network
exhibited a highly modular structure, i.e., species tend to interact
with subsets of species (i.e., modules) within subsets of spatially
coupled habitats. By explicitly including non-zero interlayer links,
i.e,, the habitat connectivity promoted by the common species, it
is possible to account for the interdependence of the network
structure across multiple habitats®®, and identify modules that
spread across habitat borders®>.

For a more realistic module detection, interlayer strength
should ideally be measured empirically to reflect the effective
movement of the individual species across habitat borders!>.
Unfortunately, obtaining such data at the community and land-
scape levels, i.e., all species, across all habitats can be incredibly
challenging. The alternative of assigning the same interlayer
strength to all species, ie., assuming that all species connect
habitats with the same intensity, is a clearly undesirable simpli-
fication as species connect habitats with different intensities
because of their differential ability to move across and establish in
a given habitat*®%”, Incorporating such empirical data could have
important implications on modules found by the modularity
function; the relative importance between intra- and interlayer
process would be different for each individual species, thus
affecting its probability of changing module affiliation®.
Exploring the modular structure across a range of interlayer edge
strengths is an alternative to obtaining empirical data, and has
been often done in other fields to understand its importance for
processes spanning across different layers®*2>348 Qur analysis
revealed that the modularity and the number of modules are
mostly affected at extremely low levels of interlayer strength,
suggesting that the spatial community structure can be main-
tained even if the strength of the habitat connectivity is low
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Multilayer versatility

Fig. 5 Correlates of multilayer versatility. Correlation between animal species versatility in the multilayer network (bars) and the mean specialization d'
(dots) (@), and between multilayer versatility of the monolayer versatility of the aggregated network (b). Full data available in Supplementary Table 4

Shared interactions

Miombo Transition forest

Mixed dry forest

Fig. 6 Similarity in terms of shared interactions, between the habitat pairs
of Gorongosa. Similarity is assessed using the edge overlap between the
habitats in the spatial multilayer network, i.e., proportion of shared links
across habitats. The width of the links is proportional to the correlation
between each habitat pair. The silhouettes used in this figure are all
sourced from Open Clipart and were made available under a CCO 1.0
licence

relative to the strength of the interactions within the habitats. The
inter- to intralayer edge strength ratio is essential for the outcome
of modularity estimation, affecting the probability of nodes being
assigned to distinct modules®®*8, As such, when interlayer cou-
pling increases, the number of detected modules is expected to
decrease’®?. Importantly, the structure of the seed—dispersal
network was not fully captured by the aggregated network or by
considering each habitat as an independent network. Conse-
quently, the result obtained by using a multilayer approach is not
biased by any decision regarding aggregating or disconnecting the
different layers of the network. Instead, the resulting structure is a
consequence of the relative importance of the processes occurring
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within and between layers, which is objectively defined by the
relative strength of the inter- to intralayer edges.

Regarding the modules' composition, these grouped-together
species that are not always phylogenetically close (e.g., primates
were grouped with the go-away bird), suggesting that functional
and morphological matching, such as gape-size and seed/fruit
size, are more important drivers of seed—dispersal interactions?’.
Interestingly, we detected low adjustability for most species and
module affiliations remained mostly constant across habitats.
Module switching occurred only for some species (e.g., primates,
elephants, or civets), and at very low values of habitat con-
nectivity (Fig. 3). Most animals, however, tend to disperse the
same plant species in different habitats, thus maintaining a
similar functional role across the landscape?®, even if habitat
connectivity is very low. This can only be detected if the habitats
are explicitly linked in the analysis of network structure. Resource
availability largely determines animal movements at the land-
scape level'”. In turn, the inter-habitat movement of dispersers is
likely to affect plant regeneration dynamics, and thus resource
availability. The capacity of species to adjust their interactions to
specific contexts (thus increasing overall adjustability) is likely
important for species persistence in changing environments,
while at the same time tends to promote a greater connectivity
(e.g., seed dispersal) across habitats. In Gorongosa, some of the
species that changed module affiliation have generally wide-range
movements and can distribute seeds between habitats, thus giving
a key contribution to plant genetic diversity and spatial dis-
tribution of plant populations through seed dispersal®**°. This is
particularly true for intrinsically large-scale processes, such as
seed dispersal, while other processes, such as belowground
mycorrhizal associations, seem to be structured at much finer
scales”.

Although the number of interactions differed among habitats,
and the overall edge overlap was relatively low, neither the
richness of dispersers, the mean number of dispersed plants, or
dispersers’ specialization varied significantly.

Multilayer versatility allowed us to identify the animal species
that are most important for dispersing seeds simultaneously at the
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local/habitat scale and at the global/landscape scale by linking
multiple habitats. In the Gorongosa landscape, primates, ele-
phants, and African civets are central nodes in the network and
likely important for its stability and cohesion®!. Although the
versatility of the aggregated network can correctly identify the
most important dispersers, it underestimates the importance of
species that are restricted to one or a few habitats® (e.g., Genetta
tigrine (genet) or Tragelaphus strepsiceros (kudu); Supplementary
Fig. 5). The relatively low correlation between multilayer versa-
tility and multistrength, and the non-significant relationship with
the number of habitats where each species occurs and its spe-
cialization (d’') reflect the information gain of using multilayer
versatility, which could not be captured by conventional metrics.

The most versatile seed dispersers of Gorongosa were those
switching module affiliation between habitats. They are known
for incorporating a high proportion of fruits into their diets®>~4,
having relatively long gut retention times, and traveling for long
distances®>=>°. This allows seeds to escape the high intraspecific
competition near their parent plants by diversifying the deposi-
tion site of ingested seeds, and thus increasing their chances of
successful recruitment®®. Baboons are ubiquitous in Gorongosa®?
and assume a central role as seed dispersers across the whole
park, and elephants, whose populations are still recovering in
Gorongosa®?, are also essential to the dispersal of plant species,
particularly those with very large fruits and seeds (e.g., H. nata-
lensis or Borassus aethiopum)®’. Surprisingly, despite being locally
abundant and often considered important seed dispersers in
many ecosystemsS, birds had a low versatility. While bird ver-
satility might have been underestimated as a result of the different
sampling method used (mist-netting), the low proportion of bird
droppings with seeds (only 7 out of the 96 bird species captured
where found to disperse seeds, and these were only found in 19
out of the 236 bird droppings analyzed), and the consistently low
sampling completeness estimated to all sampling methods
(transects: 25%, mist-netting: 13%, and focal observations: 13%)
suggests that the lower bird versatility is actually structural rather
than a sampling artifact. Potential biases may emerge if any
particular animal or plant groups are under or oversampled due
to the use of different sampling methods. This problem might be
countervailed by performing analysis on rarefied or unweighted
networks, though these are subjected to their own caveats. We are
only aware of a single study that explored the potential con-
sequences of merging data originated from different sampling
methods in the assembly of seed—dispersal matrices>’; the authors
concluded that this was in fact beneficial due to the com-
plementarity of the methodologies. Moreover, it must be noted
that the consistently low estimates of sampling completeness are
likely to be largely underestimated for at least two reasons: first,
because species accumulation curves are based on the assumption
that communities are closed, an assumption that is not met in
year-round studies, where new species “enter” the community of
potential interactions as a consequence of advancing phenology
(i.e., fruiting season); and second, because a large proportion of
the potential interactions will never be detected because they are
not really possible due to sé[l)atial, temporal, and phenological
mismatch between species®®®!. These “forbidden links” (or “true
zeros”) can amount to a large proportion of the unobserved
potential links (up from 44 to 77%) in seed—dispersal networks®!,

Interestingly, the significant edge overlap between habitat pairs
(i.e., the proportion of shared links) confirms the a priori
assumption that seed dispersal does not stop at habitat borders.
Taken together with the results from multilayer modularity,
showing that species tend to maintain their module affiliation
throughout the landscape, these results suggest that species traits
(such as mobility and size) may largely determine their multilayer
versatility.
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The effective conservation and restoration of natural areas
requires an integrated view of how species and their interactions
maintain functional ecosystems on complex landscapes, and a
multilayer approach is a most valuable tool to explore these
factors. Here, we took a step further in the analysis of spatial
mutualistic networks, and using interlayer edges strength, we
explicitly considered the interactions between plants and their
dispersers across multiple habitats in the analysis of the network
structure. Furthermore, we identified key spatial coupler species,
which play a pivotal role in long-term vegetation dynamics in
Gorongosa by ensuring the dispersal of genes across the land-
scape. These key spatial couplers, namely primates, elephants and
African civets, should be highly regarded in the protection of this
essential ecosystem service.

As many other types of networks, mutualistic networks are not
tem};orally static, and they do not abruptly stop at habitat bor-
ders’. Therefore, forcing the analysis of biotic interactions into
spatially delimited “network snapshots” and ignoring habitat
connectivity will inevitably limit the insights that can be gained
by this approach®. Here, we show that a multilayer approach can
be used to link ecological processes that occur in different spatial
layers of a network providing insights that may not be captured
using traditional representations of monolayer networks. Over-
looking the multiple relationships between nodes on different
layers may lead to an inaccurate network structure, but also to
misidentification of the real role of species in the whole-network
structure!®?%2%_ Alternatively, the explicit incorporation of the
temporal and spatial dynamics into a multilayer network
approach represents an important next step in the study of
animal-plant interactions.

Methods

Field site and sampling. This work was carried out in the Gorongosa National
Park, Mozambique (hereafter Gorongosa), a hyperdiverse park®? covering 4067
km? at the southern end of the Great Rift Valley (18°47'43.2d"S 34°28'09.1"E). We
defined four major habitats based on the vegetation structure and flooding regime:
(1) grassland, periodically inundated grassland, with few shrubs and virtually no
trees; (2) Transition forest, characterized by short flooding periods and dominated
by trees of Faidherbia albida, H. natalensis, or Acacia xanthophloea with a mostly
open understory; (3) Mixed forest, occasionally flooded and formed by a diverse
mixture of tree species with a dense and closed understory; and 4) Miombo, one of
the most extensive habitats in Africa, unaffected by floods, and dominated by
Brachystegia spp. trees with a dense understory (see ref. °* for details). Throughout
a year, we reconstructed seed—dispersal interactions from the four habitats by
retrieving intact seeds from animal dung collected in the field. Sampling took place
in 12 occasions, evenly spaced between June 2014 and May 2015, except from
December to February when floods make the park mostly inaccessible. In order to
sample all potential disperser guilds, we employed complementary sampling pro-
tocols. In each sampling occasion, one transect ca. 2000 m and 5m wide was
performed in each habitat and separated from any other transects by at least 350 m.
Overall, 48 transects were run (ca. 96 km), corresponding to a surveyed area of
480,000 m2. A team of two observers simultaneously collected animal dung sam-
ples, corresponding to the deposition of a dung pile of a single animal, and
identified the disperser species by direct observation of defecating animals, or using
the expertise of local park rangers and field guides®®, and recorded direct
observations of animals ingesting fruits. Bird dispersal was evaluated by collecting
droppings from birds captured during mist-netting sessions on each sampling
occasion, run for 5h after dawn. Birds were kept inside individual holding bags,
and released after producing a dropping®. All samples were carefully screened
under a x40 magnifying microscope, and all undamaged seeds identified against a
reference collection of seeds/fruits collected in the field. Seeds that could not be
identified visually were barcoded, and their DNA sequences compared against
online databases, with species identified based on the best match and on a checklist
of Gorongosa plants®> (see Supplementary Information for details). Most seeds
(92%) were identified to the species level, 7% to genus level, and less than 1% to the
family level or grouped into morphotypes, hereafter referred to as “species” for
simplicity. Sampling was further complemented with the analysis of motion-
triggered camera traps, operating for five nights per habitat per sampling occasion
to record interactions from non-conspicuous animals or those feeding at night. We
estimated sampling completeness for animal and plant species in each habitat. The
use of different methods to record interactions could result in different interaction
sampling completeness, thus we also estimated completeness of interaction sam-
pling for each method. This was done by estimating the proportion of observed
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richness in relation to the total asymptotic richness estimated by the non-
parametric estimator Chao2%® using function specpool from package vegan®’, in R

software®,

Multilayer network construction. We assembled a multilayer quantitative
bipartite seed—dispersal network for each habitat, which were visualized using the R
package bipartite®. Interaction frequency was quantified by calculating a pooled
frequency of occurrence, collating the information from the different sources (fecal
analysis, mist-netting, camera traps, and direct observations). This pooled fre-
quency of occurrence, resulted from the direct sum of all fecal samples containing
at least one seed of a given plant species>>>7%, the number of transects where a
given focal interaction was detected, and the number of camera-trap recordings (1
night=1 sample), where a given interaction was detected.

Using a multilayer formalism!?, we assembled a multilayer network formed by:
(a) a set of nodes (called “physical nodes”) representing the animal dispersers and
the plant species whose seeds are dispersed, (b) a set of layers representing the
different habitats; (c) a set of “state nodes” that correspond to the manifestation of
each node on a given layer; and (d) a set of two types of edges connecting the nodes
pairwise, namely, intralayer edges (i.e., animal seed—dispersal interactions); and
interlayer edges, connecting state nodes between layers (i.e., animal or plant species
between habitats). Interlayer edges encode the movement of animal and plant
species between habitats. While the temporal scale of the movements is not exactly
the same, both animal and plant genes frequently cross and establish in
neighboring habitats’!, and for that reason can be considered effective habitat
connectors with the strength of the interlayer links quantifying the intensity of the
habitat coupling provided by this movement. Spatial multilayer networks have a
categorical (non-ordinal) coupling, i.e., interlayer edges are not constrained in any
specific order and any pair of layers can be connected!®. The quantification of the
interconnectivity of the multilayer network is used in the calculation of some
(modularity and multistrength), but not all the network diagnostic (versatility and
edge overlap).

To assess differences in the richness of animals, plants, and plant-animal
interactions among habitats, we used a G test. If an overall effect was present, we
performed pairwise G tests to identify differences between habitat pairs. This

analysis was performed with the R package RVAideMemoire?.

Modular structure of the spatial multilayer network. To evaluate the extent to
which the seed—dispersal interactions of Gorongosa are sorted into distinct com-
munities, we calculated multilayer modularity (Qmulitayer)- Multilayer modularity,
as its application to monolayer counterparts, quantifies to what extent nodes are
organized into modules of strongly interacting nodes interacting more frequently
than expected by chance?!. The Q modularity function was maximized applying a
“generalized Louvain” method®”. This method proceeds until the network config-
uration that maximizes the weight of the edges inside the modules in relation to a
null model is found (see Supplementary Information for details).

Following Pilosof et al. 12, the modularity function was adapted to reflect the
bipartite nature of our networks. The “generalized Louvain” method requires the
specification of two parameters: the resolution limit y, and the interlayer coupling
®. The resolution limit defines the detail to which the network will be resolved into
communities, and can be viewed as the importance given to the null model
compared to the empirical data®®, and we used the default resolution y = 12438, The
interlayer coupling quantifies the strength of the connection between layers of a
network, i.e., the effect that species have in connecting the different layers.
However, measuring such interlayer strength is intrinsically challenging!? and
there is no absolute method to do so. To explore the importance of interlayer
strength for the detection of modules, we calculated modularity along a range of
values of interlayer strength (from 0 to 10), assuming uniform interlayer strength
across all species, i.e., all species connecting any two pair of habitats have the same
effect in the interlayer process®®. The stochastic nature of this algorithm means that
a different maximum is reached on each run, thus we run the modularity function
100 times, and averaged the results obtained'??>, We compared the results
obtained with a multilayer network to that of two different representations of the
same network: (a) an aggregated network (Quggregatea)> Where all interactions across
the different layers were pooled to create one overall aggregated network, with the
frequency of interactions that occur in multiple habitats being summed, and (b) a
disconnected network where habitats are considered fully independent from each
other, i.e., interlayer strength is set to zero, and thus modularity is calculated for
each of them.

We test the modular structure of the observed network comparing it to the
structure of networks built under the assumptions of two null models!?2%: (1) an
“intralayer null model” that keeps the number of links (i.e., connectance), while
redistributing the individual interactions across the whole matrix as implemented
by r00_both in vegan®’, was used to assess the influence of structure within each
layer/habitat in the modular structure of the multilayer network?’; and (2) an
“interlayer model” following the same rationale of the nodal model®, i.e., keeping
the same matrix, but redistributing species identities independently in each layer, to
assess if the modular structure is dependent on the identity of the species
connecting the habitats. We run each null model 100 times along the same range of
interlayer strength (0-10). The significance of the observed modularity was
compared against the distribution of the modularity of the null networks, and
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presented as the proportion of networks generated by the null models with
modularity lower than the observed networks. For each network, we calculated the
mean number of modules and the mean adjustability!? of animal and plant species
as the proportion of species in each level of the network that changed module
affiliation at least once between habitats. The mean number of modules and
adjustability of the observed networks was compared against that of the networks
generated by the null models with a one-sample ¢ test'*25,

Multilayer modularit;r calculations and the interlayer null model were
performed in MATLAB”3,

Contribution of disperser species to seed dispersal cohesion. First, we assessed
whether the specialization of seed dispersers differed consistently between habitats
by calculating animal specialization (d’), which quantifies their selectiveness for
seeds within the range of resources used’. However, the number of interactions of
a species is considered to reflect both resources availability and consumer activity.
This metric takes into account the pattern of interaction of a species in relation to
the available resources, while being robust to sampling effort, network size and
asymmetry’?, also see ref. 7>. We used a GLMM, with Gamma errors, and included
disperser species as a random factor. The model was analyzed with the R package
Ime47®. If any level of the independent variable was significant, we assessed its
overall effect with a Wald X? test available in R package car’”. The overall fit of the
model was assessed with the Akaike’s information criterion against a reduced
model, which only included the intercept. Pairwise comparisons between habitats
were tested with Tukey HSD test with the R package multicomp’®.

Secondly, we explored seed—dispersers’ importance in the network by
calculating their overall versatility as seed dispersers. Versatility identifies species
that are topologically important for the structure of the multilayer network?®.
Versatility was calculated using software muxViz 1.07%, which adapts the Google’s
PageRank algorithm® to describe the position of a node within the structure of a
network based on a random walk between adjacent nodes?® (see Supplementary
Information for further details), being equivalent to a global measure of centrality.
The implementation of this method requires bipartite networks to be projected
onto unimodal networks. While some projection methods entail some loss of
information*4, we applied a weighted projection which estimates interaction weight
based on the proportion of shared interactions (i.e., seed species shared by
disperser species) relatively to the total network size*>*3, thus minimizing the loss
of information. The projection was performed with function projecting tm from
the R package tnet*®. This algorithm is particularly suitable to multilayer
networks?’ as it condensates information on dispersers niche overlap*’, based on
the importance of their shared dispersed seeds?.

To understand how animals shared their links across the different habitats, we
calculated edge overlap with software muxViz 1.07%, which quantifies the
proportion of common links between animals across habitats.

We evaluated the information condensed by multilayer versatility in respect to
the species versatility of an aggregated network, and to other species-level metrics,
calculating its correlation with aggregated species versatility, specialization d’,
multistrength, and the number of habitats in which a species is present. The
specialization index d’ measures the distribution of a species interactions with each
partner over the total number of partners available’*. Multistrength is an extension
of its monolayer version, and sums the total weight of the links incident on a node
across all layers, taking into account the links connecting nodes in the different
layers!® (see Supplementary Information for details). It expresses the total number
of shared interactions of a dispersers species with all its neighboring species across
all habitats. Versatility and multistrength were calculated using muxViz 1.07°.

Code availability. MATLAB scripts for the estimation of modularity and gen-
erating the interlayer null model are available from https://figshare.com/s/
cb5723b5adf640ec0451, and R code for generating the intralayer null model,
analysis of the modular structure, and generating the files to be used with muxViz
are available from https://figshare.com/s/197888d27ec3d4a0b9d0.

Data availability. The seed—dispersal interaction network matrices are available on
reasonable request.
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Supplementary Methods

DNA barcoding of seeds

DNA was extracted from seeds using the DNeasy Plant Mini Kit (Qiagen) following the
manufacturer instructions. The DNA samples were subjected to an additional step of
purification with Phenol: Chloroform: Isoamyl alcohol. DNA was re-suspended in 40 pl
of elution buffer and kept at 20 °C. Two chloropastid loci (the psbA-trnH intergenic
spacer, and the trnL intron and trnL-F intergenic spacer) were amplified using a Hot
Start Tagq Master Mix (QIAGEN) as described in*. Amplification was performed in 25 pl
containing 1 pl of DNA and 1 pl of each primer. Conditions of the PCR were as follows:
95°C (15min); 94°C (1min); then 30 cycles for trnL-F and 35 cycles for psbA at 94°C
(Imin)/ 50°C (1min)/ 72°C (1min), and a final extension at 72°C (10 min). The PCR
products were purified using ExoSAP-IT (Affymetrix), and sequenced in a Sanger ABI
3730xl at GATC Biotech (Germany). The sequences were compared with the available
online databases using BLAST?. The species were identified based on the best BLAST

matches and the list of plant species known for the Gorongosa National Park.

Multilayer modularity

Modularity is a structural pattern of interactions between nodes of a hetwork whereby a
group of species — a module or community, interact more frequently than expected
among them than with other groups of species®’. A multilayer approach to modularity
allows the identification communities that span across multiple layers of the network,
which can be important to the structural unity of the whole network®. We used a
modularity quality function that uses a “generalized Louvain” method to community
finding®*°. The Louvain method for the identification of communities progresses in two
iterative phases: in the first phase, all nodes are considered one-by-one and assigned
to a specific set of nodes — community, until a configuration is reached that maximizes
the modularity quality function. In the second phase, the communities previously found
are now used as nodes of a reduced network, and the same procedure is repeated
until no further increase in modularity is detected™. This is a popular locally-greedy
method for modularity-optimization as it is fast and delivers reliable results'**2,

Following™, we changed the contribution of the original standard null-model for
kiskjs

. . 7.
unipartite networks': y, g !

i.e. the expected interaction frequency of any two nodes i

and j within layer s, on original code of this function (available at



kisdjs

mg '

http://netwiki.amath.unc.edu/GenLouvain/GenLouvain), to: y; reflecting the

bipartite nature of the network:

-2 A Kisis) 5 4 8,Cr| +6
Qmultilayer - Z s ijs — Vs mg sr T ijYjsr + (gisvgjr);

where Ajs is the weight of the intra-layer edge between nodes i and j within layer s; Cjs
is a tensor element giving the weight of the inter-layer between node j and its replica on
layers r and s (given the categorical nature of the multilayer coupling in spatial
multilayer networks all values Cis; > 0, and it is assumed to be equal for any inter-layer
coupling, Cjsr = w); ys is the resolution parameter for layer s; kis and djs are the degrees
of plant i and dispersers j within layer s, respectively; mg is the total edge weight of
layer s; gis and g, are the set of nodes forming the communities that contain the
nodes-layer (i,s) and (j,s), respectively; the Kronecker delta between indices x and y is
denoted as &,y (this will be 1 for x =y and 0 for x #y), and 2u = ¥ Ajs’.

The “generalized Louvain” methods requires the specification of two parameters: the
resolution limit y; and the inter-layer coupling w. The resolution limit y defines the detalil
to which the network will be resolved into communities, and can be seen as the
importance given to the null model relative to the empirical network*?. We used the
default resolution parameter value of y = 1%*2. The choice of the coupling parameter w
is a matter of intense investigation, and takes a value of either 0 or w'>. When w =0 it
is equivalent to optimizing the modularity for each layer independently, where any node
never belongs to the same community across the different layers, i.e. communities are
not persistent across the multilayer network. If however w > 0, and as it increases,
nodes are less likely to belong to different communities, which tend to span across the
different layers of the network, and can assume different values of each pair of layers

depending on the importance of the coupling between those pairs of layers®*2.

Versatility

To assess the importance of nodes to the structure we calculated centrality for each
node accounting for the multilayer nature of our network, defined by the animal-plant
interaction in each of the habitats of Gorongosa. This allows to identify the most
important nodes — versatile species, in our system™. We used a widely used measure
of centrality based on Google’s PageRank™, which is a random walk centrality
measure corresponding to the path taken by a walker moving between adjacent nodes,

with the importance of each node being calculated recursively by the sum of the



importance of all nodes connected to it. PageRank centrality was extended to the case
of multilayer networks by allowing “teleportation” of nodes between any layers of the

network®®.

Multistrength
Node multistrength measures the strength of a node as the combined weight of its

connections, across the different layers of a network*’*®

, and expresses the importance
of a node to the community of nodes with which it interacts in the multilayer network.
Two concepts are important to understand multistrength, namely: multidegree and
multilink. Multidegree is the number of links in which a node participates, and it is an
extension of node degree for monolayers*’*®. A multilink is defined as the set of links

k17,18.

that connect two nodes in different layers of a networ DM = My,My,...Mg, ...My),

with each m, accepting either of two values m,= 1 or 0, defining the set of links

between any two nodes in different layers, and in any layer « if m, = 1. It is now
introduced the multi-adjacency matrices A™ where elements A?j = 1 if a multilink m

exists between nodes i and j, or zero if no link exists:

m
AT = | lagme + (1 + af) + (1 = my),
i

where af; is the weight of the link between nodes i and j in layer . Any i and j pair of

nodes must satisfy the condition:
Yag=1
m

Multidegree m of any node i, kl-m is definded as the total number of multilinks 7

incident on node i:

N
m _ m
=S ap
j=1

Then, species multistrength Sﬁ measures the total weights of the links incident on a

node in a given layer which forms a multilink of type m*"®:






Supplementary Tables

Supplementary Table 1 — Sampling completeness of animal species and plant

species. The estimated number of species (Sest) Was calculated using the non-

parametric estimator Chao2'®, and is compared with the observed number of species

(Sops)- In brackets is present the proportion (%) of Syps in relation to Seg;.

Grassland Transition Mixed forest Miombo
forest
Sest Sobs Sest Sobs Sest Sobs Sest Sobs
. . 14 16 21 12
A | 19. 27. 2. 15.
nimal species 9.5 (72%) 3 (59%) 32.5 (65%) 5.9 (76%)
29 42 69 24
Pl i 49. 1. 219.1 2.2
ant species 9.5 (59%) 81.0 (52%) 9 (32%) 8 (29%)




Supplementary Table 2 — Differences in animal richness, plant richness, and number
of interactions among the main habitats of Gorongosa. When the overall G-test for
detected a significant difference, the results of pair-wise G-tests are shown.

Variable/G-test Pairwise G-test: p value
Animal richness:
G =1.836
df =3
p = 0.607
Transition _
Grassland Mixed forest
forest
Plant richness: Transition
_ 0.258
df =3
D= 0.025 Mixed forest 0.003 0.071
Miombo 0.541 0.097 0.001
No. of Interactions: | Transition
1.4
G =139.64 forest
df =3
16 Mixed forest | < 2.0e™ 4.5e-%
p<22e
Miombo 0.290 4.3e-% <2.0e?®




Supplementary Table 3 — Results of the generalized linear mixed model (Gamma
family) fitted to dispersers specialization (d’) by habitat type, with animal species as a
random factor. Model fit assessed with the Akike’s Information Criterion (AIC) against a

reduced model, which only included the intercept.

Parameter Estimate + SEM t- test P
Intercept 0.743+0.073 10.204 <2°%°
Habitat (Transition forest) -0.052 £ 0.057 -0.910 0.363
Dispersers Habitat (Mixed forest) -0.062 £+ 0.057 -1.078 0.281
specialization
(d) Habitat (Miombo) 0.018 + 0.065 0.274 0.784
Habitat (overall effect) X?=2.487,df=3,p=0.478

X? =2.338, 3df, p= 0.505
AlC eguced = - 16.02; AlCmode= -12.36




Supplementary Table 4 — Versatility, specialization (d’), multistrength, and number of
habitats where each disperser species is present.

s 2|8 2 5 £
Species g g g’ g o % %

S o |2 o = T

= > 12> ES z
Papio ursinus 1.000 1.000 | 0.320 52 4
Loxodonta africana 0.750 0.665 0.483 38 4
Cercopithecus 0.608 | 0.465 | 0.426 | 30 4
pygerythrus
Civettictis civetta 0.545 | 0.384 | 0.622 26 4
Phacochoerus africanus | 0.496 | 0.268 | 0.340 21 2
Aepyceros melampus 0.467 | 0.216 | 0.711 19 3
Hystrix africaeaustralis 0.466 | 0.255 | 0.777 21 3
Redunca arundinum 0.446 | 0.195 | 0.669 18 3
Chlorocichla flaviventris 0.438 | 0.059 | 0.835 13 1
Andropadus importunus 0.438 | 0.059 | 0.390 13 1
Ourebia ourebi 0.432 | 0.054 | 0.889 13 2
Herpestidae (Mongoose) | 0.432 0.054 0.065 13 1
Hippotragus niger 0.429 | 0.052 | 0.828 13 1
Oriolus larvatus 0.427 | 0.052 | 0.619 13 1
Kobus ellipsiprymnus 0.426 0.178 0.578 18 3
Numida meleagris 0.426 | 0.078 | 0.472 14 1
Connochaetes taurinus 0.425 | 0.050 | 0.058 13 1
Cephalophus natalensis | 0.425 | 0.052 | 0.691 13 2
Tragelaphus sylvaticus 0.423 | 0.053 | 0.979 13 3
Corythaixoides concolor | 0.417 | 0.050 | 0.507 13 1
Otolemur crassicaudatus | 0.417 | 0.050 | 0.084 13 1
Genetta tigrina 0.406 | 0.074 | 0.658 14 2
Potamochoerus larvatus | 0.404 | 0.100 | 0.493 15 2
Pycnonotus tricolor 0.401 0.126 0.832 16 3
;rrae%es'ii':‘:; 0.398 | 0.073 | 0.856 | 14 2
Tragelaphus angasii 0.396 | 0.119 | 0.776 16 3
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Supplementary Figure 1 - Accumulation curves for animal species (top) and
plant species (bottom) in the seed-dispersal network of each habitat of
Gorongosa (symbols represent the actual data points for each of the 13
sampling occasions, except for Grassland and Miombo where no interactions
were detected in two sampling occassions).
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Supplementary Figure 2 - Module affiliation of plant species in the spatial
multilayer network of Gorongosa, for five different inter-layer edge strengths
(left block), and for the monolayer networks: aggregated and individual habitats
(right block). For each case, it was used the run with the highest maximized
modularity. Within each network different colours represent different modules.
Colours in different blocks are independent.
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Supplementary Figure 3 - Modularity and number of modules of the observed
network in each habitat of Gorongosa, and in the aggregated network (black
symbols). The aggregated network pools together all animal-plant interactions
regardless of their habitat. Modularity and number of modules predicted by the
intra-layer null model are shown for the aggregated network (blue symbols).
Values presented as the mean (x SEM) of 100 runs. The significance of the
observed modularity was compared against the distribution of the modularity of
the null networks. Significance of the number of modules of the observed
network was assessed against the null networks with a one-sample t-test.

***p <0.001.

11



a-
0.5

0.4

03

02

0.1

0.0

b -
0.5

Animal adjustability

0.4

0.3

0.2

0.1

0.0

c -
04

0.3

0.2

0.1

0.0

0.4

Plant adjustability

0.3

0.2

0.1

0.0

Supplementary Figure 4 - Adjustability (proportion of species that change
module affiliation across habitats at least once) of animal (a and b) and plant
species (c and d). The observed adjustability (black symbols) is compared
against two null models (blue symbols)): intra-layer null model (a and c¢) and
inter-layer null model (b and d). Values presented as the mean (£ SEM) of 100
runs of the modularity function, for each interlayer strength. Significance of
adjustability in the observed network was assessed against the null networks
with an one-sample t-test. * p < 0.050, ** p < 0.010, *** p <0.001. Beyond the
statisitically significant results, t-tests were not statistically significant, or could
not be performed due to constancy of data . Full results presented in
Supplementary Data 1.
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