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In the last 15 years, a complex networks perspective has been increasingly used in the robustness assessment of ecological
systems. It is therefore crucial to assess the reliability of such tools. Based on the traditional simulation of node (species)
removal, mutualistic pollination networks are considered to be relatively robust because of their 1) truncated power-law
degree distribution, 2) redundancy in the number of pollinators per plant and 3) nested interaction pattern. However,
species removal is only one of several possible approaches to network robustness assessment. Empirical evidence suggests a decline in abundance prior to the extinction of interacting species, arguing in favour of an interaction removalbased approach (i.e. interaction disruption), as opposed to traditional species removal. For simulated networks, these two
approaches yield radically different conclusions, but no tests are currently available for empirical mutualistic networks.
This study compared this new robustness evaluation approach based on interaction extinction versus the traditional species removal approach for 12 alpine and subalpine pollination networks. In comparison with species removal, interaction
removal produced higher robustness in the worst-case extinction scenario but lower robustness in the best-case extinction
scenario. Our results indicate that: 1) these two approaches yield very different conclusions and 2) existing assessments of
ecological network robustness could be overly optimistic, at least those based on a disturbance affecting species at random
or beginning with the least connected species. Therefore, further empirical study of plant–pollinator interactions in disturbed ecosystems is imperative to understand how pollination networks are disassembled.

Studies about robustness of complex ecological systems
against disturbances have been the focus of researchers for
some time (MacArthur 1955, Brodie et al. 2014). In the last
15 years, significant advances have been made with the aid
of network analysis (Solé and Montoya 2001, Rezende et al.
2007, Vieira and Almeida-Neto 2015). Two main kinds of
networks have been considered: one-mode networks, such
as food webs (Solé and Montoya 2001), and bipartite networks, such as mutualistic interactions (Memmott et al.
2004), where two subsets of nodes (e.g. plants and pollinators) interact with each other. In both cases, studying
network robustness is crucial to understand the responses
of ecological communities to species extinctions (Solé and
Montoya 2001) and the role of network structure in maintaining biodiversity (Dunne et al. 2002).
Ecological research on the robustness of bipartite mutualistic networks has directly imported the traditional topological robustness approach (sensu Berg et al. 2015) consisting
of the simulation of node (i.e. species) removal (Memmott
et al. 2004, Burgos et al. 2007, Kaiser-Bunbury et al. 2010,
Astegiano et al. 2015) originally developed for one-mode
networks (Albert et al. 2000, Solé and Montoya 2001, Proulx
and Phillips 2005). In the case of pollination networks, recent
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advances include the rewiring possibility (Kaiser-Bunbury
et al. 2010), interaction strength (Kaiser-Bunbury et al. 2010,
Vieira and Almeida-Neto 2015) and a merger of population
dynamics and topological robustness (Fortuna and Bascompte
2006, Valdovinos et al. 2009, 2013, Ramos-Jiliberto et al.
2012). Based on the simulation of species extinctions, pollination networks are considered to be fairly robust because of
their 1) truncated power-law distribution of the number of
interactions per species (Jordano et al. 2003, Memmott et al.
2004); 2) asymmetry in network dimensions (redundancy
in the number of floral visitors per plant – Memmott et al.
2004); and 3) nested interaction pattern (Bascompte et al.
2003, Memmott et al. 2004).
Recent findings highlight the need to shift the focus of
research on ecological network robustness from species to
interactions (Allesina et al. 2009, Poisot et al. 2012, ValienteBanuet et al. 2014). Interaction extinction is likely to be
fundamental in the disassembling of bipartite interaction
networks, because the number of interactions is positively
related to species abundance (Olesen et al. 2008, Stang et al.
2009), and plant–flower visitor interactions are lost two to
three times faster than species with increasing habitat fragmentation (Sabatino et al. 2010, Burkle and Knight 2012).

The robustness of complex networks against various types of
interaction removal, apart from nodes, has been little studied (Holme et al. 2002). In ecology, simulation of interaction removal has been performed for empirical food webs
(Gao et al. 2006) and the distinction between redundant and
functional interactions is relevant for the robustness of food
webs (Allesina et al. 2009). Interaction extinction has only
recently been expanded to simulated mutualistic networks
by Pastor et al. (2012).
The logic underlying this approach is based on the
recently appreciated fact that two species do not always interact whenever they co-occur (Poisot et al. 2012). This is true
for stable communities where abundance fluctuations are
within normal bounds, but for the objectives of this paper it
is particularly important in situations of gradual, rather than
sudden, erosion of abundance in the face of environmental
degradation. In such a scenario, an interaction may disappear before any of the species involved in that interaction
becomes extinct (Allesina et al. 2009, Hegland and Nielsen
2009). For example, Anderson et al. (2011) showed the
importance of the functional extinction (sensu Dayton et al.
2000, Brodie et al. 2014) of pollinating birds in pollination
networks, where interactions broke down when the density
of pollinating birds fell below a threshold, without becoming
extinct. Rewiring that occurs in stable communities, where
no disassembly is taking place (Olesen et al. 2008, Petanidou
et al. 2008) has also to be clearly distinguished from the scenario considered here, where interactions steadily disappear
due to environmental degradation. Rewiring can also occur
during disassembly and increase robustness (Kaiser-Bunbury
et al. 2010, Ramos-Jiliberto et al. 2012) but is beyond the
scope of our study.
Based on the previous available results obtained for
empirical food webs (Gao et al. 2006, Allesina et al. 2009)
and simulated pollination networks (Pastor et al. 2012), we
expected the simulation of interaction extinctions to produce qualitatively different extinction patterns from those
obtained using the node extinction approach. This would
imply that the traditional approach to robustness assessment might lead to overly-optimistic conclusions about the
robustness of pollination networks (Gao et al. 2006, Allesina
et al. 2009, Pastor et al. 2012). Alternatively, if these two
approaches produced similar results for empirical networks,
assessing robustness by removing nodes would be appropriate and simpler.
The main goal of this study is to assess whether there are
differences in the robustness of alpine and subalpine pollination (hereafter ASP) networks when interactions rather than
species are cumulatively removed. A parallel study (Santamaría et al. 2014) evaluated the robustness of the 12 available
ASP networks using the traditional approach. Here, we use
the data set from that study to estimate the robustness of
ASP networks to the removal of their interactions. As these
two robustness assessment approaches are not directly comparable (Gao et al. 2006), we have first developed a ‘common
ground’ between them using 1) three interaction extinction
sequences representing best-, worst- and intermediate-case
scenarios; 2) a conversion of interaction-based extinction
plots into node extinction plots; and 3) comparable quantitative robustness indices for each robustness assessment
approach. We have then asked: 1) Do different robustness

assessment approaches using the same representation (i.e.
comparable plots) yield similar results? 2) What is the role
of network asymmetry in the new robustness assessment
approach? 3) Do the interaction-based and the node-based
extinction plots yield similar results for the interaction
extinction approach? This last question asks to what extent
the conversion of interaction-based extinction plots into
node-based extinction plots is warranted. Overall, the different approaches yield very different results, even increasing
the effect of network asymmetry on robustness. We conclude, therefore, that the traditional approach to robustness
assessment may lead to overly-optimistic conclusions about
the robustness of pollination networks.

Material and methods
We applied the interaction extinction approach to robustness assessment recently proposed by Pastor et al. (2012)
to 12 empirical binary ASP networks previously analyzed
in Santamaría et al. (2014) using the traditional node (species) extinction approach (Memmott et al. 2004). Although
weighted networks would be preferable, only three weighted
ASP networks were available. Thus, we emphasize patterns
for binary networks and address the tentative differences
obtained when using an analogous weighted interaction
extinction approach in the discussion.
As in the node-based robustness assessment (hereafter
NBRA) approach, a species is considered extinct in the
interaction-based robustness assessment (hereafter IBRA)
approach when all their mutualistic interactions are lost.
Contrary to NBRA, there is no distinction between primary
and secondary extinctions based on subsets (plants or pollinators) of species (see Vieira and Almeida-Neto 2015 for
a similar approach). Instead, the primary removal of ‘interactions’ produces secondary extinctions of ‘nodes’ in both
plants and pollinators. Interaction-based removal is a generalization of node-based removal. Therefore, the comparison of robustness between NBRA and IBRA may not be
straightforward (Fig. 1). We have achieved comparability by
focusing on secondary extinctions of species, by means of
three complementary analyses intended to: 1) establish bestand worst-case scenario extinction sequences for IBRA that
could be compared with those of NBRA; 2) develop extinction plots that were directly comparable across approaches
(Fig. 1); and 3) calculate indices of robustness for these
extinction plots.
First, we implemented three interaction extinction
sequences in IBRA intended to produce best-, worst- and
intermediate case scenarios, as has been done in NBRA
(Memmott et al. 2004). The first sequence always removed
the interaction between the most connected species (hereafter, most connected first) and its most connected mutualistic
partner. When more than one species had the same degree of
connectivity, we randomly chose one of them. This process
was repeated as many times as the number of interactions in
the network until the last interaction (the least connected
species and its least connected mutualistic partner) was
removed. Note that, contrary to NBRA, interaction removal
did not follow a predefined sequence because the degree of
species was updated after each interaction extinction. The
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Figure 1. Summary of the reasoning used to develop a ‘common ground’ to compare the robustness of alpine and subalpine pollination
networks under the new interaction removal versus the traditional species removal approaches, which are not directly comparable. First, a
node–node extinction plot of interaction based robustness assessment (IBRA) approach versus node–node extinction plot of node based
robustness assessment (NBRA) approach allows robustness approaches to be compared. Second, a node–node extinction plot of IBRA
versus node–interaction extinction plot of IBRA allows the comparison of robustness representations. Note that each extinction plot has an
associated robustness index: R50, fraction of species that had to be removed from the largest subset to cause a loss of  50% of species from
the smallest subset based on NBRA; R50-N-N, fraction of species that had to be removed from the largest subset to cause a loss of  50% of
species from the smallest subset based on IBRA; R50-N-I, fraction of interaction extinctions necessary to cause the secondary extinction of
50% of species in the smallest subset.

second sequence always removed the interaction between the
least connected species (hereafter, least connected first) and
its least connected mutualistic partner, and then continued
by removing the remaining interactions belonging to the
least connected species and its least connected mutualistic
partner at each iteration step. The third sequence, named
random, removed interactions at random, to simulate an
intermediate extinction scenario. Naïvely, we expected the
most connected first sequence to present a worst-case scenario and match the most-to-least connected species extinction sequence of Memmott et al. (2004). In the same way,
we expected the less connected first sequence to match
the least-to-most connected species extinction sequence of
Memmott et al. (2004). We only realized a posteriori that
our match of best- and worst-case scenarios was incorrect.
All the extinction sequences were run in MatLab, and 300
iterations were averaged for each sequence following RamosJiliberto et al. (2012).
Secondly, robustness assessment in NBRA relies on a
plot of a subset of species (e.g. plants) that remains in the
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network as the extinction of the species in the other subset
(e.g. pollinators) increases (Memmott et al. 2004) (node–
node extinction plot: Fig. 1). We represented the proportion
of species (plants or pollinators) that remained connected as
the proportion of removed interactions increased in an analogous plot based on interaction extinction (node–interaction extinction plot: Fig. 1). Because NBRA node–node and
IBRA node–interaction extinction plots were not directly
comparable, we established an additional plot as a common
ground between the two approaches (Fig. 1). To achieve this,
we plotted IBRA as if it were a NBRA node–node extinction plot by counting the remaining species of one subset
(y-axis) when extinctions of the other subset (x-axis) of species occurred (node–node extinction plot of IBRA: Fig. 1).
The node–node extinction plots of IBRA for plants and pollinators were necessarily symmetrical curves with respect to
the diagonal xxx. To facilitate comparison with NBRA, we
plotted the proportion of species in the smallest species-rich
subset (plants or pollinators) that remained connected as the
proportion of extinct species increased in the largest species-rich

subset (Fig. 1). These are the most favourable cases for each
pair of symmetrical extinction curves, because these curves
are the ones located above the diagonal. They allow a more
direct comparison with NBRA, because interaction extinction produces faster species extinction in the largest subset
than in the smallest one.
Thirdly, based on the extinction plots in NBRA, an
index of robustness, R50, has been proposed (Dunne et al.
2002). In a similar way, we used the bipartite R50 index of
robustness introduced by Pastor et al. (2012) to facilitate
the comparison of robustness between scenarios and networks. We refer to this index as R50-N-N to indicate that it
is based on the node–node extinction plot of IBRA. We
introduced an analogous index named R50-N-I based on the
node–interaction extinction plot of IBRA calculated as
the proportion of interaction extinctions necessary to
cause the secondary extinction of 50% of the species in the
smallest subset.
To compare robustness under NBRA (analyzed in
Santamaría et al. 2014) and IBRA, we used the NBRA and
the IBRA node–node extinction plots and their corresponding R50 and R50-N-N robustness indices (Fig. 1). We specifically
compared the best- and the worst-case extinction scenarios of
NBRA with the best- and the worst-case extinction scenarios
of IBRA respectively (see Results and Discussion about what
turned out to be the best- and worst-case scenarios in IBRA).
We also compared to what extent there was a match between
the node–node and node–interaction extinction plots of
IBRA and between their corresponding R50-N-N and R50-N-I
indices (Fig. 1). Comparisons were carried out in two steps.
First, differences in robustness values were tested by means
of a paired t-test in SPSS 12.0. In the NBRA-IBRA comparison, we tested the difference R50 – R50-N-N and in the comparison between node–node and node–interaction IBRA
extinction plots, we tested the difference R50-N-N – R50-N-I.
We then used a Spearman’s correlation analysis in SPSS 12.0
to examine the correlation between the different robustness
indices, R50 with R50-N-N and R50-N-N with R50-N-I.

To compare the influence of network asymmetry on
robustness across robustness indices (R50, R50-N-N and R50-N-I),
we calculated the asymmetry of each network as the |(number
of pollinators – number of plants)/(number of pollinators 
number of plants)|. We then correlated asymmetry with each
robustness index using a Spearman’s correlation.
Data deposition
Data and computer code available from the Dryad
Digital Repository: < http://dx.doi.org/10.5061/dryad.
73520 > (Santamaría et al. 2015).

Results
Comparison of node–node extinction obtained using
IBRA and NBRA
Three main differences in node–node extinction were
obtained using IBRA compared to NBRA. First, removing
interactions between the most connected species was not
always more damaging than removing interactions between
species with few connections (Table 1, Supplementary material Appendix 1 Fig. A1). Secondly, differences in robustness values between extinction sequences for a given network
were smaller (Table 1, Supplementary material Appendix 1
Fig. A1); and thirdly, the relationship between robustness and asymmetry was stronger (Supplementary material
Appendix 2 Fig. A5).
Taking into account the proper match of best- and worstcase scenarios under IBRA and NBRA, IBRA predicted significantly higher robustness (R50-N-N) than NBRA (R50) in
the worst-case extinction scenario and significantly lower
robustness in the both the best-case and random extinction
scenarios (Table 2).
Correlations between R50 (NBRA) and R50-N-N (IBRA)
were positive and significant in both the worst-case and
random extinction scenarios (Table 2).

Table 1. Proportion of primary species (R50 and R50-N-N) or interactions (R50-N-I) that need to be removed to incur in  50% of secondary
species extinctions for the three interaction extinction sequences simulated in the 12 ASP networks.
Most-to-least
Abisko (Elberling and Olesen
1999)
Arthur’s Pass (Primack 1983)
Cerro Franciscano (Arroyo
et al. 1982)
Craigieburn (Primack 1983)
Farellones (Arroyo et al. 1982)
La Parva (Arroyo et al. 1982)
Lagunillas (Ramos-Jiliberto
et al. 2010)
Mount Cook (Primack 1983)
Picos de Europa (current
study)
Rocky Mountain (Burkle and
Irwin 2009)
Sierra Nevada (current study)
Teide (Dupont et al. 2003)

Most connected
first

Least-to-most

Least connected
first

Random

Asymmetry

R50

R50-N-N

R50-N-I

R50

R50-N-N

R50-N-I

R50

R50-N-N

R50-N-I

0.67

0.82

0.91

0.96

0.99

0.87

0.68

0.94

0.86

0.93

0.51
0.19

0.73
0.24

0.84
0.66

0.93
0.86

0.99
0.95

0.82
0.37

0.69
0.33

0.96
0.73

0.80
0.53

0.90
0.73

0.15
0.06
0.18
0.18

0.64
0.30
0.37
0.36

0.64
0.56
0.66
0.65

0.93
0.89
0.90
0.90

0.99
0.99
0.99
0.98

0.71
0.62
0.67
0.69

0.55
0.36
0.45
0.41

0.89
0.80
0.84
0.83

0.63
0.58
0.63
0.63

0.89
0.80
0.83
0.83

0.53
0.19

0.49
0.59

0.85
0.66

0.94
0.96

0.99
1.00

0.88
0.70

0.70
0.40

0.91
0.94

0.79
0.65

0.90
0.93

 0.04

0.51

0.55

0.95

0.99

0.40

0.26

0.91

0.49

0.91

0.56
0.55

0.61
0.74

0.86
0.87

0.97
0.96

1.00
0.98

0.87
0.85

0.69
0.79

0.96
0.94

0.83
0.83

0.96
0.94
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Table 2. Average  SD differences in robustness (R50 – R50-N-N)
between NBRA and IBRA for the three extinction sequences. The
results of the paired t-test (t) for differences in robustness and the
Spearman correlation coefficient (Rs) between R50 and R50-N-N are
also shown.
Extinction
sequence

Average  SD

t

p

Rs

p

Worst-case
Best-case
Random

0.17  0.15
0.26  0.13
0.20  0.09

4.00
7.02
7.42

0.002
 0.001
 0.001

0.67
0.14
0.70

0.018
0.660
0.012

Comparison of node–node and node–interaction
extinction plots using IBRA
The robustness derived from node–interaction extinction
plots was always lower for the least connected first interaction extinction sequence than for the most connected first
sequence, and differences between extinction sequences were
greater than those derived from node–node extinction plots
(Table 1, Supplementary material Appendix 1 Fig. A2). The
robustness derived from node–interaction extinction plots
was also significantly higher than that derived from node–
node extinction plots in the most connected first and random sequences and significantly lower in the least connected
first sequence (Table 3).
The robustness derived from node–node extinction plots
was positively and significantly correlated to that derived
from node–interaction extinction plots for least connected
first and random sequences (Table 3). No significant
correlation was found between R50-N-N and R50-N-I in the
most connected first sequence (Table 3).
Differences in robustness between subsets in the node–
interaction extinction plots increased with asymmetry,
although less markedly than in node–node extinction plots
(Supplementary material Appendix 2 Fig. A5). When both
subsets (plants and pollinators) were considered together in
the node–interaction extinction plots, intermediate robustness values were obtained compared to those obtained when
each subset was considered separately (Supplementary material Appendix 1 Fig. A2).

Discussion
As complex network tools have been increasingly used in
the last 15 years to assess the robustness of ecological systems to disturbances affecting ecological interactions (Solé
and Montoya 2001, Memmott et al. 2004, Gao et al. 2006,
Table 3. Average  SD differences in robustness (R50-N-N – R50-N-I)
between node–node and node–interaction extinction plots of IBRA
for the three extinction sequences. The results of the paired t-test (t)
for differences in robustness and the Spearman correlation
coefficient (Rs) between R50-N-I and R50-N-N are also shown.
Extinction
sequence

Average  SD

Most connected –0.20  0.12
first
Least connected 0.18  0.08
first
Random
–0.19  0.10
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t

p

–6.05  0.001
4.53

0.001

–6.77  0.001

Rs
0.54

p
0.072

0.90  0.001
0.65

0.021

Allesina et al. 2009, Vieira and Almeida-Neto 2015), it is
crucial to assess their reliability. Previous work with simulated pollination networks suggests that different approaches
radically affect the qualitative and quantitative conclusions
drawn (Pastor et al. 2012). The results obtained in this study
through the comparison of NBRA and IBRA based on
empirical networks has two main implications in this field of
research: 1) different approaches yield very different qualitative conclusions; and 2) existing topological assessments
of ecological network robustness could be overly optimistic
quantitatively, at least those based on disturbances affecting
species at random or beginning with the least connected
species.
Main differences between IBRA and NBRA and their
practical implications
In the NBRA approach, the least-to-most connected
sequence has been commonly considered the best possible
scenario in terms of robustness, while the most-to-least connected sequence has been considered the worst (Memmott
et al. 2004). To our surprise, the opposite occurs for interaction removal, i.e. the highly connected first sequence turned
out to be a best-case extinction scenario and vice versa. The
node–node extinction plots of IBRA resulted in significantly
lower robustness when interactions, rather than species,
removal initially affected the most connected species, and
higher robustness when interaction removal initially affected
the least connected species (Table 2, Supplementary material
Appendix 1 Fig. A1–A2). In other words, whilst in NBRA
the primary removal of low-degree species caused fewer secondary extinctions than the primary removal of high-degree
species, in IBRA, where there is no distinction between primary and secondary extinctions, the removal of interactions
between low-degree species of both plants and pollinators
caused more secondary extinctions than the removal of
interactions between high-degree species.
Another qualitative difference between NBRA and IBRA
was that node–node extinction plots of IBRA produced very
similar curves for the different extinction sequences (Table 1,
Supplementary material Appendix 1 Fig. A1). To understand
this difference it is important to realize that the node–node
extinction plots of IBRA actually depict the relationship
between plant and pollinator persistence throughout the
same underlying interaction extinction process. Thus, IBRA
showed a similar relationship in the rate of plant and pollinator persistence across extinction sequences. Furthermore, node–node extinction plots of IBRA were strongly
influenced by network asymmetry (Supplementary material
Appendix 2 Fig. A5). As the same number of interactions
was divided between the two subsets, both species subsets
in symmetric networks became extinct at the same rate
and, therefore, both extinction curves followed the diagonal y  1 – x (Supplementary material Appendix 2 Fig. A6).
However, asymmetric networks produced extinction curves
above the diagonal, because the first interaction extinctions
only affected species from the largest subset (Supplementary
material Appendix 2 Fig. A6). The greater the asymmetry,
the longer the delay in the beginning of species extinction
in the smallest subset (Supplementary material Appendix 2
Fig. A6).

The observed qualitative and quantitative differences
between NBRA and IBRA in the node–node extinction plots
have some practical implications. The similarity in robustness across extinction sequences using IBRA downplays the
importance of determining whether more connected (generalist) or less connected (specialist) species are more likely
to become extinct in natural communities. Furthermore,
the broad range of robustness values obtained using IBRA
highlights the high dependence of robustness on the structural properties of each network (Dunne et al. 2002, Gao
et al. 2006, Allesina et al. 2009, Pastor et al. 2012), which
prevents generalizations about the robustness of pollination
networks. As previously suggested (Memmott et al. 2004,
Dormann et al. 2009, Pastor et al. 2012, Santamaría et al.
2014), network asymmetry is a key feature in the robustness
of bipartite networks, which will probably determine which
subset is the least robust.
Comparison of network robustness using node–node versus node–interaction extinction plots contributed to a better understanding of the interaction extinction process and
clarifies why what we expected to be the best and worst-case
scenarios was incorrect. The low robustness predicted from
the removal of interactions between the least connected species as compared with removing interactions between the
most connected species was much more obvious in the
node–interaction extinction plots, where the difference in
robustness between sequences was greater (Table 1, Supplementary material Appendix 1 Fig. A2). The lower robustness of the least connected first sequence in comparison with
most connected first sequence is because the probability
of choosing non-redundant interactions was greater when
extinction began with specialist species interactions. In this
way, the least connected first sequence in IBRA was actually
equivalent to a sequence that began by removing the least
redundant interactions, leading to the loss of the two species involved (plant and pollinator) and producing a worstcase scenario. The slope of this extinction curve increased
with the proportion of species with degree one on the y-axis.
Blüthgen et al. (2008) suggest that the proportion of specialist–specialist interactions may be underestimated in pollination networks. This adds relevance to the low robustness
found for this sequence of interaction removal. The most
connected first sequence began by removing the redundant
interactions sensu Allesina et al. (2009), which delays the
beginning of species extinction, i.e. a best-case scenario. The
random sequence produced an intermediate species extinction rate, which could be diminished by nestedness, as it
means that specialist–generalist interactions are the most
abundant (Bascompte et al. 2003).
The low robustness to removal of interactions between
species with few connections also has practical implications.
It is widely assumed that disturbances affecting species with
few connections will have a low impact on the network
because specialists tend to interact mostly with generalists
(Bascompte et al. 2003). Our results, however, indicate that
the removal of a very small fraction of specialist species interactions could suffice to cause the extinction of more than
50% of species in the network (Table 1, Supplementary
material Appendix 1 Fig. A2). Thus, although in a scenario of
species removal nestedness protects the network from extinction of species with few connections (Burgos et al. 2007),

this does not happen in a scenario of interaction removal.
The results for the least connected first interaction extinction
sequence agrees with results reported for food webs (Allesina
et al. 2009), suggesting that pollination networks may be
potentially vulnerable to the loss of non-redundant interactions.
Need for empirical data
The significant correlation between robustness indices of
node–interaction and node–node extinction plots of IBRA
(Table 3) supports the use of the node–node extinction plot
of IBRA as a common ground to compare NBRA and IBRA,
at any rate for least connected first and random sequences.
This partial match between approaches raises the question
of assessing which of them, if either, is the most useful. The
convenience of each approach might depend on the type of
disturbance causing network disassembly. A sudden large
disturbance could trigger immediate species extinctions as
described by NBRA, especially if species extinction begins
with the most connected species as reported by Pauw (2007).
However, more gradual disturbances could first decrease species abundance and then lead to extinctions, which would be
better described by IBRA, especially by the least connected
first and random sequences. Such decreases in abundance
causing functional extinction could be seen as a “relaxation
time”(Diamond 1972) or an “extinction debt” (Brodie et al.
2014) before species extinction.
If functional extinction turns out to be a general trend in
the disassembling of ecological networks, current assessments
of ecological network robustness could be too optimistic, and
the interaction extinction based approach would be desirable. Thus, empirical data are urgently needed. For example,
including interaction diversity in the study of plant population responses to habitat fragmentation would shed light on
which robustness approach is more reliable. Unfortunately,
this has rarely been studied (Aguilar et al. 2006, Hadley and
Betts 2012). Studies for whole communities are also scarce
(Sabatino et al. 2010, Burkle and Knight 2012). Nevertheless, some evidence has been found of a decrease in population abundance preceding species extinction for food webs
(Säterberg et al. 2013). In addition, mutualism failure occurs
below a population abundance threshold (functional extinction threshold), even though no species is yet extinct (Bosch
and Waser 2001, Anderson et al. 2011). Evidence exists too
for species extinction mediated by the disruption in mutualism (Bond 1994). Increasing the mechanistic understanding
of the functional extinction in pollination networks is crucial
(Valiente-Banuet et al. 2014). For example, when one species decreases in abundance do all its interactions with other
partners decrease in parallel or not? Are weak interactions
affected more or less than strong interactions?
Limitations and further developments
Although our study provides new insights into the robustness assessment of pollination networks, we should also consider two limitations. First, a larger set of networks would
improve the reliability of the statistical comparisons between
approaches, even though it would not change the striking
qualitative differences in robustness range obtained using the
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two extinction approaches and their connection with network structure (see Dunne et al. 2002 for a similar reasoning). Secondly, considering the impact of each interaction
(i.e. the benefit of plant rewards for the pollinator and pollinator effectiveness – Vázquez et al. 2012, King et al. 2013,
Vieira and Almeida-Neto 2015) would have been desirable.
Unfortunately, gathering such data at a network scale is a
daunting task.
Additionally, our approach is a first step that can be
expanded in at least four ways. First, we have focused on
topological network robustness to the simulated extinction
of its components. A parallel research line which evaluates
the temporal persistence of species in the network by simulating population dynamics is a complementary tool that can
shed light on how species abundance fluctuation affects current inferences on bipartite network structure and robustness (Fortuna and Bascompte 2006, Valdovinos et al. 2009,
2013, Ramos-Jiliberto et al. 2012, García-Algarra et al. 2014,
Vázquez et al. 2015). It is also extremely important to obtain
empirical information on how ecological networks are disassembled, following the lead of Sabatino et al. (2010) and
Burkle and Knight (2012). These two approaches should be
merged in future studies.
Secondly, the possibility of rewiring should also be incorporated into IBRA as it has been done in NBRA (KaiserBunbury et al. 2010, Ramos-Jiliberto et al. 2012). We are
aware that assuming that a species losing all its interactions
cannot rewire to other species and inevitably becomes extinct
is too constrained. However, available empirical evidence on
pollinator behaviour is insufficient to establish realistic rewiring rules either in NBRA and IBRA. We expect that rewiring may increase robustness in IBRA as it does in NBRA
(Kaiser-Bunbury et al. 2010, Ramos-Jiliberto et al. 2012)
without changing qualitatively our conclusions.
Thirdly, how to achieve a proper comparison between
IBRA and NBRA needs further consideration. Despite rapid
progress on the simulation of ecological network disassembly, there is a lack of comparisons between the results of
different methods. This may be partly because the absence
of comparability between them (Gao et al. 2006, KaiserBunbury et al. 2010). We have tried to develop a common
ground between NBRA and IBRA but we are aware of its
limitations. The IBRA sequences proposed in this study are
analogous to those of NBRA in the sense that they indicate
best- and worst-case extinction scenarios. Our choice covered
the two most extreme scenarios, but finding exact analogues
to NBRA extinction sequences is complex, thus hindering
the comparability of NBRA and IBRA. Of course, other
interaction extinction sequences are possible. Any other
potential interaction extinction sequence would be intermediate between the ones modelled here and, although possibly
more easily comparable with NBRA, would be less informative. In the absence of empirical evidence of how pollination
networks disassemble, exploring the most extreme extinction
scenarios seems more desirable and represents a valuable step
forward in the assessment of network robustness, by providing a sound base for generalization of the NBRA. Our
extinction sequences allow us to explore what happens when
the interaction removal is preferably directed to the most- or
least-redundant interactions (in the spirit of Allesina et al.
2009). Our initial consideration of best- and worst-case
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scenarios was incorrect and a proper interpretation required
us to pay attention to the functionality or redundancy of the
interactions removed. Although we did not specifically test
it, choosing less extreme interaction extinction sequences
could avoid the reversal in the ranking of robustness of the
extinction sequences compared to NBRA. Consideration of
these less extreme extinction sequences could improve the
comparability between NBRA and IBRA and deserves future
consideration.
Finally, interaction frequency could be taken into account,
either directly or through interaction strength (Gilarranz
et al. 2012, Vázquez et al. 2012, Vieira and Almeida-Neto
2015). We have tentatively explored the effects of interaction frequency incorporation using the three ASP networks
for which interaction frequency data were available. We
simulated three analogous sequences of interaction extinction using interaction frequency as our decision criterion of
interaction selection to be removed (Supplementary material Appendix 2 Fig. A5–A6). In this case, the most-to-least
sequence removed interactions from the most to the least frequent, and the least-to-most sequence removed interactions
from the least to the most frequent. We found important
differences between this approach and the qualitative ones.
As the three networks showed different responses to the same
weighted interaction extinction sequences, general conclusions cannot be made. However, we noticed that when the
least frequent interactions were removed first, species from
the largest subset – which had a higher proportion of rare
interactions – became extinct faster than species from the
smallest subset. This result suggests that asymmetry may also
be a key structural pattern in the weighted interaction extinction approach, at least for the least-to-most sequence. The
apparently higher robustness in the least-to-most sequence
of weighted IBRA compared to un-weighted IBRA could
be explained by the asymmetry of dependence (Bascompte
et al. 2006) or simply by the high proportion of rare interactions that introduced randomness in the interaction extinction order. Incorporation of interaction strength also leads to
increases or decreases in robustness in recent analyses (Vieira
and Almeida-Neto 2015). Since our weighted interaction
extinction approach yielded promising results, a comparison
between weighted and un-weighted interaction extinction
approaches deserves further research using a larger set of
weighted networks.
Conclusion
Our comparison of the whole range of network robustness
produced by different scenarios of disassembly showed that
network robustness was very dependent on the approach
used. In general, the interaction extinction approach yielded
a greater effect of asymmetry and low robustness to the
extinction of interactions between the least connected species. Although we only had three alpine weighted networks,
our results also revealed differences between weighted and
un-weighted interaction extinction assessment approaches.
Furthermore, network asymmetry influenced all approaches
(node-based, interaction-based and weighted interactionbased) to a different extent. Thus, we are still far from
understanding the robustness of alpine and subalpine (and
probably other) pollination networks. These differences

between approaches highlight the need to empirically document which of them (if any) is the most suitable. We need
to increase our understanding of empirical plant–pollinator
interactions in disturbed ecosystems to increase the realism
of simulated scenarios of robustness assessment.
Acknowledgements – We thank the authors cited in Table 1 for
making their data available, Jens Olesen for providing the data of
Arthur’s Pass, Craigieburn and Mount Cook networks, Rodrigo
Medel for providing the data of Lagunillas, José Cerca, Marta
Correia, Lucía de Soto, Raúl García-Camacho, Luis GiménezBenavides, Rubén Milla, Natalia Rodríguez, Alberto L. Teixido and
Rubén Torices for field work in the networks in Picos de Europa
(P.E.) and/or Sierra Nevada (S.N.), Miguel Carles-Tolrá, Leopoldo
Castro, Milos Cerny, Xavier Espalader, David Gibbs, David Gutiérrez, María Ángeles Marcos, Ana Isabel Martínez, Verner Michelsen,
Francisco Javier Ortiz, Marc Pollet, Adrian Pont and Hans-Peter
Tschorsnig for insect identification of networks P.E. and/or S.N.,
Juan Lorite for plant identification of network S.N., P.E. and S.N.
National Park staff for permits and Sergio González and Emilio
Huerta, keepers of the mountain refuge J. R. Lueje, for making
the fieldwork of the network P.E. much easier. Lori J. de Hond
and Jeff Ollerton reviewed the English. Adrián Escudero and José
Mª Gómez provided useful input to a previous draft. Stefano Allesina made useful comments on the manuscript. This study was
supported by the project URJC-CM-2007-CET-1620 from the
Universidad Rey Juan Carlos and the Comunidad de Madrid (MM
and SS), project 014/2009 from the Organismo Autónomo de
Parques Nacionales (Spain) (MM and SS), and project PGUI of
the Comunidad de Madrid MODELICO-CM/S2009ESP-1691.
This research was also supported by the Ministry of Economy and
Competitiveness-Spain under contract no. MTM2012-39101 (JG
and JMP).

References
Aguilar, R. et al 2006. Plant reproductive susceptibility to habitat
fragmentation: review and synthesis through a meta-analysis.
– Ecol. Lett. 9: 968–980.
Albert, R. et al. 2000. Error and attack tolerance of complex
networks. – Nature 406: 378–382.
Allesina, S. et al. 2009. Functional links and robustness in food
webs. – Phil. Trans. R. Soc. B 364: 1701–1709.
Anderson, S. H. et al. 2011. Cascading effects of bird functional
extinctions reduce pollination and plant density. – Science
331: 1068–1071.
Arroyo, M. T. K. et al. 1982. Community studies in pollination
ecology in the high temperate Andes of central Chile. I.
Pollination mechanisms and altitudinal variation. – Am. J.
Bot. 69: 82–97.
Astegiano, J. et al. 2015. The robustness of plant–pollinator assemblages: linking plant interaction patterns and sensitivity to
pollinator loss. – PLoS ONE 10: e0117243.
Bascompte, J. et al. 2003. The nested assembly of plant–animal
mutualistic networks. – Proc. Natl Acad. Sci. USA 100:
9383–9387.
Bascompte J. et al. 2006. Asymmetric coevolutionary networks
facilitate biodiversity maintenance. – Science 312: 431–433.
Berg, S. et al. 2015. Ecological communities are vulnerable to realistic extinction sequences. – Oikos 124: 486–496.
Blüthgen, N. et al. 2008. What do interaction network metrics tell
us about specialization and biological traits? – Ecology 89:
3387–3399.

Bond, W. J. 1994. Do mutualisms matter? Assessing the impact of
pollinator and disperser disruption on plant extinction. – Phil.
Trans. R. Soc. B 344: 83–90.
Bosch, M. and Waser, N. M. 2001. Experimental manipulation of
plant density and its effect on pollination and reproduction of
two confamilial montane herbs. – Oecologia 126: 76–83.
Brodie, J. F. et al. 2014. Secondary extinctions of biodiversity. –
Trends Ecol. Evol. 29: 664–672.
Burgos, E. et al. 2007. Why nestedness in mutualistic networks?
– J. Theor. Biol. 249: 307–313.
Burkle, L. and Irwin, R. 2009. The importance of interannual
variation and bottom–up nitrogen enrichment for
plant–pollinator networks. – Oikos 118: 1816–1829.
Burkle, L. and Knight, T. 2012. Shifts in pollinator composition
and behavior cause slow interaction accumulation with area in
plant–pollinator networks. – Ecology 93: 2329–2335.
Dayton, P. K. et al. 2000. Marine reserves: parks, baselines and
fishery enhancement. – Bull. Mar. Sci. 66: 617–634.
Diamond, J. M. 1972. Biogeographic kinetics: estimation of
relaxation times for avifaunas of southwest Pacific islands.
– Proc. Natl Acad. Sci. USA 69: 3199–3203.
Dormann, C. et al. 2009. Indices, graphs and null models: analyzing bipartite ecological networks. – Open Ecol. J. 2: 7–24.
Dunne, J. A. et al. 2002. Network structure and biodiversity loss
in food webs: robustness increases with connectance. – Ecol.
Lett. 5: 558–567.
Dupont, Y. L. et al. 2003. Structure of a plant flower visitor network in the high altitude sub-alpine desert of Tenerife, Canary
Islands. – Ecography 26: 301–310.
Elberling, H. and Olesen, J. M. 1999. The structure of a high
latitude plant–flower visitor system: the dominance of flies. –
Ecography 22: 314–323.
Fortuna, M. A. and Bascompte, J. 2006. Habitat loss and the structure of plant–animal mutualistic networks. – Ecol. Lett. 9:
281–286.
Gao, L. et al. 2006. Betweenness-based attacks on nodes and edges
of food webs. – Discrete Contin. Dyn. Syst. Ser. B 13:
421–428.
García-Algarra, J. et al. 2014. Rethinking the logistic approach for
population dynamics of mutualistic interactions. – J. Theor.
Biol. 363: 332–343.
Gilarranz, L. J. et al. 2012. The architecture of weighted mutualistic
networks. – Oikos 121: 1154–1162.
Hadley, A. S. and Betts, M. G. 2012. The effects of landscape
fragmentation on pollination dynamics: absence of evidence
not evidence of absence. – Biol. Rev. 87: 526–544.
Hegland, S. J. and Nielsen, A. 2009. How does climate warming
affect plant–pollinator interactions? – Ecol. Lett. 12: 184–195.
Holme, P. et al. 2002. Attack vulnerability of complex networks.
– Phys. Rev. E 65: 056109.
Jordano, P. et al. 2003. Invariant properties in coevolutionary networks of plant–animal interactions. – Ecol. Lett. 6: 69–81.
Kaiser-Bunbury, C. N. et al. 2010. The robustness of pollination
networks to the loss of species and interactions: a quantitative
approach incorporating pollinator behaviour. – Ecol. Lett. 13:
442–452.
King, C. et al. 2013. Why flower visitation is a poor proxy for
pollination: measuring single-visit pollen deposition, with
implications for pollination networks and conservation.
– Meth. Ecol. Evol. 4: 811–818.
MacArthur, R. H. 1955. Fluctuations of animal populations and a
measure of community stability. – Ecology 36: 533–536.
Memmott, J. et al. 2004. Tolerance of pollination networks to
species extinctions. – Proc. R. Soc. B 271: 2605–2611.
Olesen, J. M. et al. 2008. Temporal dynamics in a pollination
network. – Ecology 89: 1573–1582.
Pastor, J. M. et al. 2012. Effects of topology on robustness in ecological bipartite networks. – Netw. Heterog. Media 7: 429–440.

533

Pauw, A. 2007. Collapse of a pollination web in small conservation
areas. – Ecology 88: 1759–1769.
Petanidou, T. et al. 2008. Long-term observation of a pollination
network: fluctuation in species and interactions, relative invariance of network structure and implications for estimates of
specialization. – Ecol. Lett. 11: 564–575.
Poisot, T. et al. 2012. The dissimilarity of species interaction
networks. – Ecol. Lett. 15: 1353–1361.
Primack, R. B. 1983. Insect pollination in the New Zealand mountain flora. – N. Z. J. Bot. 21: 317–333.
Proulx, S. R. and Phillips, P. C. 2005. The opportunity for canalization and the evolution of genetic networks. – Am. Nat. 165:
147–162.
Ramos-Jiliberto, R. et al. 2010. Topological change of Andean
plant–pollinator networks along an altitudinal gradient.
– Ecol. Complex. 7: 86–90.
Ramos-Jiliberto, R. et al. 2012. Topological plasticity increases
robustness of mutualistic networks. – J. Anim. Ecol. 81:
896–904.
Rezende, E. L. et al. 2007. Non-random coextinctions in phylogenetically structured mutualistic networks. – Nature 448:
952–928.
Sabatino, M. et al. 2010. Direct effects of habitat area on interaction diversity in pollination webs. – Ecol. Appl. 20:
1491–1497.
Santamaría, S. et al. 2014. Robustness of alpine pollination
networks: effects of network structure and consequences for
endemic plants. – Arct. Antarct. Alp. Res. 46: 568–580.

Supplementary material (available online as Appendix
oik-02921 at < www.oikosjournal.org/appendix/oik-02921 >).
Appendix 1–2.

534

Santamaría, S. et al. 2015. Data from: Removing interactions,
rather than species, casts doubt on the high robustness of
pollination networks. – Dryad Digital Repository,
< http://dx.doi.org/10.5061/dryad.73520 >.
Säterberg, T. et al. 2013. High frequency of functional extinctions
in ecological networks. – Nature 499: 468–470.
Solé, R. V. and Montoya, J. M. 2001 Complexity and fragility in
ecological networks. – Proc. R. Soc. B 268: 2039–2045.
Stang, M. et al. 2009. Size-specific interaction patterns and size
matching in a plant–pollinator interaction web. – Ann. Bot.
103: 1459–1469.
Valdovinos, F. S. et al. 2009. Structure and dynamics of pollination
networks: the role of alien plants. – Oikos 118: 1190–1200.
Valdovinos, F. S. et al. 2013. Adaptive foraging allows the maintenance of biodiversity of pollination networks. – Oikos 122:
907–917.
Valiente-Banuet, A. et al. 2014. Beyond species loss: the extinction
of ecological interactions in a changing world. – Funct. Ecol.
29: 299–307.
Vázquez, D. P. et al. 2012. The strength of plant–pollinator interactions. – Ecology 93: 719–725.
Vázquez, D. et al. 2015. A conceptual framework for studying the
strength of plant–animal mutualistic interactions. – Ecol. Lett.
18: 385–400.
Vieira, M. C. and Almeida-Neto, M. 2015. A simple stochastic
model for complex coextinctions in mutualistic networks:
robustness decreases with connectance. – Ecol. Lett. 18:
144–152.

