Downloaded from https://royal societypublishing.org/ on 20 September 2021

royalsocietypublishing.org/journal/rsth

|
Research

updates

Cite this article: Herrera JP, Moody J, Nunn
(L. 2021 Predictions of primate—parasite
coextinction. Phil. Trans. R. Soc. B 376:
20200355.
https://doi.org/10.1098/rsth.2020.0355

Accepted: 5 August 2021

One contribution of 15 to a theme issue
‘Infectious disease macroecology: parasite
diversity and dynamics across the globe’.

Subject Areas:
ecology, evolution, health and disease and
epidemiology

Keywords:

modularity, social network analysis,
Anthropocene, coevolution, host—parasite
networks, conservation

Author for correspondence:
James P. Herrera
e-mail: james.herrera@duke.edu

Electronic supplementary material is available
online at https://doi.org/10.6084/m9.figshare.
€.5568374.

THE ROYAL SOCIETY

PUBLISHING

James P. Herrera', James Moody” and Charles L. Nunn**

Duke Lemur Center SAVA Conservation, 2Department of Sociology, >Department of Evolutionary Anthropology,
and *Duke Global Health Institute, Duke University, Durham, NC, USA

JPH, 0000-0002-0633-0575; CLN, 0000-0001-9330-2873

Future biodiversity loss threatens the integrity of complex ecological associ-
ations, including among hosts and parasites. Almost half of primate species
are threatened with extinction, and the loss of threatened hosts could nega-
tively impact parasite associations and ecosystem functions. If endangered
hosts are highly connected in host—parasite networks, then future host
extinctions will also drive parasite extinctions, destabilizing ecological
networks. If threatened hosts are not highly connected, however, then
network structure should not be greatly affected by the loss of threatened
hosts. Networks with high connectance, modularity, nestedness and robust-
ness are more resilient to perturbations such as the loss of interactions than
sparse, nonmodular and non-nested networks. We analysed the interaction
network involving 213 primates and 763 parasites and removed threatened
primates (114 species) to simulate the effects of extinction. Our analyses
revealed that connections to 23% of primate parasites (176 species) may
be lost if threatened primates go extinct. In addition, measures of network
structure were affected, but in varying ways because threatened hosts
have fewer parasite interactions than non-threatened hosts. These results
reveal that host extinctions will perturb the host-parasite network
and potentially lead to secondary extinctions of parasites. The ecological
consequences of these extinctions remain unclear.

This article is part of the theme issue ‘Infectious disease macroecology:
parasite diversity and dynamics across the globe’.

The unprecedented rate of species extinctions is causing a biodiversity crisis [1].
When two organisms have coevolved to such an extent that one cannot live
without the other (i.e. they have specialized on one another), extinction of
one organism will frequently lead to the secondary extinction of the other [2].
For example, many butterfly and moth species are highly specific in the host
plants they use at the larval stage, and the loss of those host plants causes
local extirpations of the herbivore [3]. Generalists, however, can be maintained
by a diverse pool of potential resources, and are thus less susceptible to extinc-
tion when one or more of their resources become scarce. In the case of parasites,
a generalist that infects multiple host species is less likely to go extinct when one
of its hosts is lost, as compared to a specialist parasite that infects only one or a
few hosts [4-6]. The current loss of host species is also driving an unseen loss of
parasites [7,8]. In this study, we use the ecological definition of parasites, which
are organisms that live on or in another species (the host), obtaining a benefit
from the host at some cost to the host [9]. These include macroparasites, such
as helminths, as well as microparasites, including viruses, bacteria, protozoa
and fungi. Parasites are potentially important to ecosystem functions, given
the important role parasites play in regulating host populations [10].
Interactions among organisms can be viewed as networks in which the
organisms are represented as nodes and interactions among them as edges
[11,12]. The patterns of interactions between hosts and parasites can be rep-
resented as a two-mode, or bipartite, network, with edges connecting parasites
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to the hosts they infect [13,14]. Network structure is an
emergent property of the interactions among organisms. Mod-
ularity is one structural property that measures the extent to
which interactions are concentrated within subgroups com-
pared to between groups [15]. Connectance is the fraction of
realized interactions among organisms in the network [16].
In the sense of species interactions, nestedness is the pattern
in which specialist species (those with few connections) interact
with a proper subset of the species interacting with generalists
[17]. In other words, host species with few interactions are
connected to parasites that are also connected to hosts with
more interactions. Each of these network attributes affects the
tolerance of networks to the loss of species.

Variation in network structure influences the ability of
communities to adapt to change [3]. Networks with high
modularity restrict the effects of species losses to within sub-
groups rather than propagate the effects of those losses
throughout the network, especially in trophic webs [12,18].
Networks with higher connectance experience fewer second-
ary extinctions when nodes are removed compared to
networks in which interactions are sparse (i.e. low connec-
tance [12,16]). Further, removing the most highly connected
nodes in the network increases secondary extinctions of para-
sites compared to random removal [16]. Networks that are
highly nested, especially mutualistic networks like plant—
pollinator interactions, are tolerant to species loss because a
core of generalist species maintain links to other species,
while the loss of specialists has little effect on secondary
extinctions [12,17]. These factors and more are important to
understand how ecological networks may be affected in the
future by host extinctions.

In host—parasite networks in which a subset of hosts is
threatened with extinction, networks with high modularity,
connectance and/or nestedness are predicted to exhibit little
change in network structure and few secondary extinctions
following the loss of hosts compared to networks with
low modularity, connectance or nestedness [12,17]. If threa-
tened hosts are highly connected in the network, however,
then the loss of hosts will negatively impact the structure
of the ecological networks. These alternative predictions
have important consequences for understanding the future
ecological interactions in the Anthropocene.

In addition to secondary extinctions of parasites, host
extinctions can influence the structure of the overall host-
parasite network [11,19]. Simulation approaches can be used
to investigate the effects of species loss on network structure
[11,16]. In this study, we first calculated the network structural
statistics before and after removing threatened hosts from the
network. The removal of hosts in the simulations can be
adjusted according to the hypotheses to be tested to create rea-
listic null models. For example, we simulated a trait that is
random with respect to observed threat status but non-
random with respect to phylogeny, such that phylogenetic
effects of extinction risk can be considered [20]. To contrast
the effects of threatened host loss with a plausible null
model, we randomly removed from the full network the
same proportion of hosts and calculated the change in network
statistics. The connectivity, or centrality, of the host species is
also important to the effects of host removal. Thus, we also
simulated the removal of hosts in the network based on their
connectivity, which is predicted to result in more secondary
extinctions than random removal because highly connected
nodes are responsible for the majority of interactions [11].

We investigated the structure of ecological networks in [ 2 |

primates and their parasites. Primates, including humans,
are known to be infected with over 1000 parasites [21,22].
Some parasites of primates are generalists, able to infect mul-
tiple host species including other animals. Other parasites are
more specialized and only known to infect one or a few pri-
mate hosts. Almost 50% of primates are currently threatened
with extinction due to human activities, including habitat
loss, hunting and trafficking for the pet trade [23]. Threatened
primates have fewer parasites than non-threatened primates
[6]. This might reflect that the parasites of threatened hosts
are specialists, and is consistent with coextinction theory
because these threatened hosts may have already lost some
of their parasite interactions [24]. These anthropogenic factors
are, therefore, threatening not only diverse host species,
including primates, but also the diverse parasites they host.

Given the high threat level of primates [23], and the
unique parasites they are known to host [22], we investigated
how host extinctions could affect the coextinction of their
parasites and the structure of ecological networks. Our aim
is to understand how species loss may affect the integrity of
ecological networks. Using data on 213 primates and 763
parasites, representing 2319 interactions, we simulated host
extinction to investigate the effects of coextinction on network
characteristics. For parasites not known to infect other ani-
mals, we predict that the loss of threatened primate hosts
will lead to the secondary extinctions of those parasites.
Conversely, if parasites tend to be generalists that also infect
non-primate hosts, relatively few secondary extinctions are
expected when the primate host goes extinct. Further, if the
network before the removal of threatened hosts has high
modularity, connectance and/or robustness, and threatened
hosts have few interactions in the network, then we predict
that network structure will not be greatly affected after threa-
tened hosts are removed, as compared to simulations in
which host removal is random.

We extracted data from the Global Primate Parasite Database
(parasites.nunn-lab.org), a subset of the Global Mammal Parasite
Database [25], with data collection focused only on primates.
The database version used in this study was downloaded on 25
February 2019. We obtained over 7900 lines of data, and culled
this dataset to include only hosts identified to the species level
and parasites identified at least to genus level. For most parasites,
the species-level taxonomy was accurately recorded, but for cases
in which species-level data were available for a genus, any records
listed as ‘sp.” were omitted. This resulted in data for 213 primate
hosts and 763 parasites with 2319 primate—parasite interactions.
To determine whether primate parasites are also known to
infect other animals, we compared our list of observed parasites
from the primate compilation to the list of parasites infecting
other animals based on available databases, including all parasite
types for carnivores and ungulates in the Global Mammal Para-
site Database v. 2.0 [25], viruses [26] and helminths across
mammals [27], and other general compilations [28-30]. We
note that there are differences in how data were collected and
taxonomy among databases which made direct comparisons dif-
ficult. For example, while the primate dataset and Global
Mammal Parasite Database focused exclusively on data from
wild animals, and omitted any data that were from captive
studies, other databases may include those studies. Further we
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modified parasite names in the other databases to match those in
our primate data, but these discrepancies may still have affected
the comparability of the datasets. This resulted in a dataset of
69431 interactions between 9411 parasites and 9202 hosts.
Parasites in our dataset could be grouped into those that are
known to infect other animals in addition to primates, in contrast
to those parasites only recorded in primates but not in other
animals. Given the non-exhaustive nature of such databases,
there may still be other hosts which the primate parasites infect
which are not yet recorded. Detailed parasitological studies
suggest that many of the parasites are true specialists, such as ecto-
parasites known to infect only certain lemur species [31], or
pinworms which are frequently found to be host specialists [32].

Primate threat status was taken from the IUCN Red List
(downloaded 18 February 2015). Species listed as Critically
Endangered, Endangered, Near Threatened or Vulnerable were
coded as Threatened, which included 108 of the 213 hosts in
our dataset. Based on ongoing deforestation, habitat degradation,
hunting, disease, illicit trade and other anthropogenic pressures,
these species are highly likely to go extinct in the future without
significant intervention. The geographical distribution of species
was coded to the level of continent (or island, in the case of
Madagascar), so that primate communities in different biogeo-
graphic regions could be compared separately and account for
regional differences in host—parasite interactions.

(b) Analyses

We transformed the host-parasite matrix into a bipartite network
using the R package ‘bipartite’ [33] in the R statistical environ-
ment [34]. We calculated the following network structural
statistics on the bipartite network in the ‘bipartite’ package
using the function networklevel [17,35,36]. First, we measured
connectance, which is the sum of realized edges divided by the
maximum possible number of edges, or number of edges/
(number of hosts * number of parasites), ranging from 0 to 1.
Second, we calculated the number of compartments, which is a
measure of modularity, where a compartment is a subset of the
bipartite network in which nodes within the compartment do
not have interactions with nodes in other compartments, based
on Jordan block matrix algebra [36]. While there are many
other measures of modularity, we chose this measure because
it was specifically designed to assess the degree of cohesion
within sub-communities given a bipartite network [36]. Third,
we measure the nestedness temperature, which quantifies the
degree of deviation from the isocline of perfect nestedness, in
which interactions between specialist species are proper subsets
of interactions among generalists. A temperature value of 0 indi-
cates a perfectly nested set of interactions, while 100 indicates a
perfectly non-nested matrix.

Lastly, we measured robustness, defined as a measure of the
sensitivity of the network to node extinction. To do so, we used
the functions second.extinct and robustness in the package ‘bipar-
tite’. This approach first iteratively removes species one at a
time (in this case, hosts), and calculates the number of secondary
extinctions; i.e. the number of parasites with no other host inter-
actions in the network. Robustness is the area under the curve of
the number of hosts and parasites lost due to the removal of
species. Values closer to one indicate that host removal has
little effect on secondary extinctions, while values closer to zero
indicate fragile networks in which the loss of hosts would
quickly increase the loss of parasites. Species removal was
based on random removal of hosts, and based on the degree dis-
tribution, with the sequence of removal iterated from the best- to
least-connected hosts. The latter case is the most extreme scenario
of extinction, in which the host with the most parasite connec-
tions is removed in the first iteration, then the second most
connected host in the second iteration, and so on for each host.

To evaluate the effect of host extinction on network structure n

statistics, we removed the endangered hosts (51% of host nodes),
removed isolates and re-calculated the statistics. We compared
the observed change in network statistics to what would be
expected based on two null distributions. Given the original
host-parasite network (213 hosts, 763 parasites), in the first
null distribution we removed the same percentage of nodes
(51%) randomly. We created a second null distribution removing
the same percentage of nodes based on a binary trait simulated
to evolve under an equal rates model along the phylogeny,
because closely related species tend to have a more similar
threat status than distantly related species. Null distributions
were based on 100 randomizations.

For the statistical significance of the difference between the
values for observed current network properties and the null distri-
butions, the proportion of observed values was considered
significant if it was as extreme or more than the values in the simu-
lated data in less than 0.05 or greater than 0.95 of the simulations.

3. Results

The overall host—parasite network was relatively sparse;
with 2319 observed host-parasite interactions out of a poss-
ible 162732 interactions, the connectance of 0.014 is low.
Nine compartments were observed in the network. Of the
763 parasites in the primate database, 506 parasites were
not recorded to infect other hosts in multiple databases
across different host types. By contrast, 253 species were
also recorded in non-primate hosts (figure 1).

(a) Host extinction and network structure

The extinction of the 108 hosts that are currently listed as
‘threatened” would result in lost interactions with 250 parasite
species from the network. Of those 250 parasites that could be
lost, 176 were not recorded in non-primate hosts, while 74
were known to infect other hosts. Thus, these 176 specialist
parasites are likely to be lost due to primate host extinctions.

Host removal had varying effects on secondary extinction,
depending on the simulation scenarios (figure 2). When hosts
were removed based on the degree distribution, from least- to
most-connected, the rate of secondary extinctions is low until
almost all hosts are lost. By contrast, when hosts were removed
from most- to least-connected, parasite species decayed quickly
before plateauing. Random host removal had intermediate
effects. Removal of hosts from most- to least-threatened over-
lapped the pattern of random removal until approximately
half of hosts were removed, after which the rate of decay is
slower and the shape of the curve more convex.

In addition to the potential for secondary extinctions,
measures of network structure were perturbed by the
removal of threatened hosts, though not universally. For con-
nectance, the observed value, 0.014, reflects the sparse nature
of the interaction network; a relatively small proportion of all
possible edges are realized. When threatened hosts were
removed, however, connectance almost doubled (0.025).
Connectance was significantly lower before the removal of
threatened hosts and were significantly higher after the
removal of threatened hosts, compared to the null models
(figure 3 and table 1). This reflects that threatened hosts
contribute most to the sparsity of the network. There were
nine compartments in the network before threatened host
removal, while there were three after removing threatened
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Figure 1. Host—parasite network for 213 primates and 763 parasites. Yellow circle nodes are parasites with threatened hosts and no other known hosts (exclusive),
and green square nodes are primate hosts that are threatened with extinction. The blue squares are the non-threatened hosts and blue circles are parasites not
known to infect threatened primates. Node size is scaled by degree. The plot layout used a community-weighted Fruchterman—Rheingold, which was then adjusted
by hand to minimize node overlap. A digital version of this figure is provided as an electronic supplementary material file in which the vertex labels can be

visualized.
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Figure 2. Patterns of secondary extinction under different scenarios of host
loss. For the random extinction scenario, points for 100 runs are plotted
together to illustrate the range of observed values, with an offset of 0.5
units on the horizontal axis to allow visualization of overlapping points.

hosts, significantly fewer than with random host removal
(figure 3 and table 1), which ranged from 3 to 12 (figure 3).

Nestedness temperature was significantly lower, reflecting a
more nested interaction matrix, before the removal of threatened

hosts, while after the temperature was significantly higher (less
nested), compared to the null models (figure 3 and table 1). The
robustness of the observed network to secondary extinctions
was similar before and after the removal of threatened hosts
(figure 3). The observed values of robustness before and after
removing threatened hosts were significantly higher than the
distribution of robustness in the null models (figure 3 and
table 1). When hosts were removed in order from the best-
connected to the least-connected, observed robustness was
within the range of values expected based on random host
removal, while it was significantly higher than the null after
removing threatened hosts. When hosts were removed ran-
domly, robustness was higher than the null before and after
removing threatened hosts. Results were generally similar
with the null model based on a binary trait simulated to
evolve on the phylogeny according to the rate for the observed
threat trait (electronic supplementary material, figure SF1).

(b) Regional-level analyses
At the scale of different biogeographic regions, patterns were
largely similar to those obtained for the global analysis
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Figure 3. Global network structural statistics for the observed network and with the removal of threatened hosts, compared to a null model. The distribution
represents statistics from 100 iterations of random removal of 51% of hosts from the network. For connectance, nestedness and the number of compartments,
the observed statistics of the present network with 213 hosts are represented by the blue solid line, and the statistics when 51% of hosts that are threatened
are removed are illustrated with red dashed line. For robustness, the two distributions represent if host removal in the robustness calculation was random (grey
outline), or was based on the degree distribution (black outline). The observed robustness in the current network based on random host removal (blue solid line),
and the observed robustness based on removing the best-connected hosts (purple solid line) are shown compared to the robustness expected with the loss of
threatened hosts and random host removal (red dashed line), and the loss of threatened hosts and host removal based on degree distribution (orange dashed line).
Results were similar based on a null distribution of removal of approximately 50% of hosts which were simulated to have a threat status with phylogenetic signal as

in the observed network (see electronic supplementary material, figure SF1).

(electronic supplementary material, SF2-6). In Madagascar,
where the highest proportion of threatened hosts were
found, only 6 out of the 40 lemur hosts in our database are
not considered threatened (table 2, electronic supplementary
material, SF2). Removal of those 34 threatened hosts would
result in the loss of 84 parasites, 51 of which are not known
to have other hosts. In other regions, 30-60% of the hosts
were threatened, and 40-78 of their parasites that would be
lost have no other known hosts (table 2).

In terms of network structure across different regions, con-
nectance and network temperature were significantly lower
than the null models, and in Asia, the values after removing
threatened hosts was significantly higher than the null
models (table 2; electronic supplementary material, SF2-6). In
Madagascar and Asia, robustness did not differ significantly
from the null models, while it was significantly higher than
the null models in Africa and South America (table 2; electronic
supplementary material, SF2-6).

4. Discussion

Our findings revealed that if threatened primates go extinct, at
least 176 parasites that have no other known hosts may also
go extinct. The effects on network structure will vary, but the
network exhibits properties that may buffer it from pertur-
bations. We predicted that higher connectance values may
limit the effects of host loss on changes in network structure.
The connectance of the observed network was low because
of the sparse nature of the interaction matrix; there are
many unique host-parasite combinations, rather than a well-
connected network. Removing threatened hosts would
actually increase the connectance of the network by removing
many of those unique host-parasite combinations, and the
effect is stronger than if hosts are removed at random. We pre-
dicted that if the network were nested, it may be more tolerant
of species losses than if it were non-nested. The observed
network was more nested than if threatened hosts are lost, or
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Table 1. Results of statistical comparison between observed network statistics and the distribution of statistics expected based on the null model. For
robustness, robustness1 represents the calculation in which hosts are removed at random, and robustness2 are the calculations in which hosts were removed
based on the degree distribution, with hosts removed from the best- to worst-connected. Values given for hosts and parasites are the total number/those
remaining after removing threatened hosts. * Value is significantly different from either of the null distributions; + indicates significantly higher than the null
distributions, — indicates significantly lower; Qyyo-tailed = 0.10. The probability was calculated as the proportion of null model values that were as extreme or
more than the observed values.

metric value pre-
extinction

metric value post-
extinction

range of values from null
models (median)

region network metric
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Table 2. Patterns of parasite secondary extinctions expected with the loss of threatened primate hosts.

parasites with

region (hosts)

other hosts

parasites with

no other hosts

parasites lost

parasites lost with no
other known hosts

global (213) 253 51 250 176
Madagascar (40) 45 77 84 51
Afr|ca(64) e o e
Asia (40) 82 97 58 36
o Arherbica”(6>9)> e e . 9
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if hosts were removed at random. Therefore, while the current
network does have high nestedness, this structural feature may
be eroded with host loss. Similarly, we predicted that if the net-
work were highly modular, it may not be greatly affected by
host loss. We found that the number of compartments in the
network would decrease significantly with host loss. When

hosts were removed iteratively at random, the robustness of
the observed network to secondary extinctions was similar
pre- and post-removal of threatened hosts, and higher than
expected based on the random removal of half of hosts.
This again reflects the unique host—parasite interactions
of threatened hosts, with parasites that are not shared with
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non-threatened hosts. Conversely, if the best-connected hosts
were removed first, the robustness of the network to secondary
extinctions would be significantly lower, reflecting the strong
effect of a small subset of well-connected host nodes to
generating network structure.

Network properties such as high nestedness and modu-
larity buffered networks of plants and their pollinators [37]
and fish and their parasites [11] from secondary extinctions.
This is because a relatively small subset of species makes
up especially important ‘hubs’ in ecological networks, and
the loss of weakly connected species does not greatly affect
the overall structure [11,16]. Even when the best-connected
nodes are removed first, networks can still exhibit tolerance
to such perturbations when there are many generalist species
that preserve links, despite the loss of other hosts [17,38,39].
While the current network structure of primate—parasite
interactions may buffer the system, the loss of threatened
hosts will degrade those properties. Our results showed
that current networks are nested, but networks without
threatened hosts and their parasites are significantly less
nested than if hosts were removed at random. Similarly,
the number of compartments significantly decreased in
the global analysis. Therefore, the loss of threatened hosts
may degrade the properties that confer tolerance to the
primate—parasite interaction network.

Threatened hosts have fewer parasites than non-threa-
tened hosts [6]. Threatened hosts are, therefore, not the
‘hubs’ structuring networks, and the loss of those hosts
would not impact the structure of the primate—parasite net-
work as much as if the generalist non-threatened hosts
were lost. The lower parasite richness of threatened hosts
may reflect that they have already experienced parasite
losses. As host populations decline, the probability for para-
site transmission can be impeded, causing parasites to go
extinct before their hosts [24]. We may be observing the inter-
action network at a stage in the extinction trajectory during
which these communities are already collapsing.

The patterns we observed are consistent with the hypoth-
esis that the loss of threatened hosts will negatively impact
network structure, but we also acknowledge that disentan-
gling the effects of extinctions on networks is difficult
because metrics of structure are strongly correlated to net-
work size. Larger networks tend to be more nested [40] and
more modular [41], and therefore removing approximately
50% of host nodes and their associated parasites will clearly
affect these network structural properties. It is still unclear
how local extinctions of hosts in sub-communities will
affect global network structural properties. One way to
address these questions is to examine multiple networks
from the same regional communities of hosts at different
localities which vary in the presence and abundance of
hosts, especially the presence or absence of threatened
hosts. It would then be possible to determine how those
local communities of parasites are affected by host removal,
with minimal changes to the overall size of the host network.
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The results revealed the existence of threatened primates
that host unique, potentially specialized parasites. The loss
of the hosts may also result in the extinction of parasites,
with an overall cascading erosion of biodiversity [17,42,43].
As shown for biodiversity loss more broadly [2,5], the
loss of primate hosts could result in the loss of parasite
species if those parasites do not have alternative hosts
or cannot switch hosts. We found that 506 parasites are
recorded to infect primates, but are not known from other
hosts (66%). By contrast, 253 parasites are generalists that
are known to infect a diversity of other hosts. Of the parasites
known to infect only primates, 176 infect only threatened
hosts, compared to 74 parasites known from threatened
hosts that are also found in other hosts. Therefore, those
176 parasites are susceptible to secondary extinctions if
their threatened hosts are lost. Changes to the host-parasite
interactions have potentially negative consequences for wild-
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In conclusion, we showed how the loss of primate hosts
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conserving ecosystem functionality.
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