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ABSTRACT. Climate change threatens the integrity of pollination webs by decoupling plants and
flower visitors both phenologically and ecologically. We simulated a range shift of flower-visitor
species along a steep east-west rainfall gradient to explore resulting patterns of extinction. The
systems studied seemed to be rather robust to range shifts. This results from (a) the positive
correlation between the geographic range and both the local (i.e. at each site) and the regional
(i.e. pooling across sites) number of interaction partners of the plants and flower visitors of these
webs, and (b) a nested assembly of interactions at the regional level. In a broader context, this
study reveals itself as a useful tool for understanding the links between the interaction pattern of
mutualistic webs and their response to a major threat such as climate change.

[Keywords: mutualism disruption, plant-pollinator interaction, Patagonia, global change,
extinction, nestedness]

RESUMEN. Robustez de las redes planta-visitante floral en simulaciones de cambio climático: El
cambio climático amenaza la integridad de las redes de polinización al desacoplar la plantas de
sus polinizadores tanto fenológica como ecológicamente. En este trabajo simulamos un
desplazamiento de los rangos geográficos de las especies de visitantes florales a lo largo de un
abrupto gradiente de precipitación este-oeste y exploramos los patrones de extinción resultantes.
Los sistemas estudiados resultaron moderadamente robustos ante los desplazamientos de
distribución generados. Esto se puede explicar por (a) la correlación positiva entre el número de
sitios a lo largo del gradiente en que fue encontrada una especie (de planta o de visitante floral)
y su número de especies mutualistas tanto a nivel local (en cada sitio) como regional (agregando
entre sitios), (b) el patrón de ensamble anidado que muestran las interacciones a nivel regional.
En un contexto más general, este estudio resulta una herramienta útil para comprender la relación
entre la estructura de interacciones de una red mutualista y su respuesta ante la amenaza del
cambio climático.

[Palabras clave: disrupción de mutualismos, interacción planta-polinizador, Patagonia, cambio
global, extinción, anidamiento]
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INTRODUCTION

The ecology of plant-pollinator (p-p) webs has
received much attention recently, with the
main efforts concentrated in describing gen-
eral patterns of assembly and interaction be-
tween species (Memmott 1999; Vázquez &
Aizen 2003; 2004, Jordano et al. 2003; Vázquez
2005; Jordano et al. 2006), the influence of en-
vironmental and geographical variables on
these patterns (Arroyo et al. 1982; Totland
1993; Elberling &  Olesen 1999; Malo & Baonza
2002; Medan et al. 2002; Ollerton & Cranmer
2002) and the response of these systems to
human-related perturbations (multiple factors,
Bond 1994; alien plants introduction, Memmott
& Waser 2002, Morales & Aizen 2002; cattle
grazing, Vázquez &  Simberloff 2003, 2004;
fragmentation, Aizen & Feinsinger 1994ab;
Aizen et al. 2002; Ashworth et al. 2003).

One potentially serious threat to p-p mutua-
lisms is climate change, which has been pre-
dicted to decouple plants and flower visitors
phenologically and ecologically (Kearns et al.
1998; McCarthy 2001; Peñuelas et al. 2004),
and to alter patterns of competition for flower
visitors among plants (Thórhallsdóttir 1998).
There is evidence of altitudinal (upward) and
latitudinal (poleward) range shifts and phe-
nological shifts of major groups from arthro-
pods to mammals and from grasses to trees
(Hughes 2000; Davis &  Shaw 2001; McCarthy
2001; Watt & MacFarlane 2002; Walther et al.
2002; Dixon 2003; Root et al. 2003), and ex-
perimental evidence of temporal shifts in plant
phenology in response to artificial warming
(Price & Waser 1998) and artificial modifica-
tion of water availability (Peñuelas et al. 2004).
However, to our knowledge there is still no
evidence of disruption of pollination mutua-
lisms as a consequence of climate change.

In this regard, modeling techniques can help
to envision the consequences that range shifts
of plants and flower visitors might have on
pollination mutualisms. The main obstacle is
the lack of a proper data set consisting of sev-
eral p-p webs in close proximity and along an
environmental gradient likely to be affected by
directional climate change (e.g. gradual change

in temperature and precipitation patterns).
Naturally occurring gradients, where varia-
tion in a single environmental factor outweighs
other less variable factors, are a useful ecologi-
cal tool in global change research (Vitousek &
Matson 1991; Steffen et al. 1999) as they can
help predict how environmental factors influ-
ence the structure and functioning of terres-
trial ecosystems. An initiative of the Interna-
tional Geosphere-Biosphere Program (IGBP)
identified on all continents a set of naturally
occurring transects of climate and vegetation
which represent an array of regional-scale gra-
dients that vary in major environmental vari-
ables (Steffen et al. 1999).

In the Patagonian region of South America,
from 40o to 55o S, there is a strong longitudinal
rainfall gradient, with a shift in vegetation in
less than 150 km from xeric desert shrubland
to grass-shrub steppe, leading to a low stature
tree cover and finally closed canopy forest
(Movia et al. 1982; Austin & Sala 2002). This
rainfall gradient, identified as an IGBP tran-
sect, provided us with the opportunity to study
a wide range of p-p webs occurring in close
proximity, encompassing a striking change in
mean annual rainfall but a minor 0.5-fold
change in altitude (Devoto et al. 2005) and a
0.25-fold change in mean annual temperature
(Movia et al. 1982).

Most of the existing climate change models
predict an increase in mean annual tempera-
ture coupled with a decrease in mean annual
precipitation in NW Patagonia for the next
century even under optimistic scenarios of at-
mospheric CO2 increase (see review by Hulme
& Sheard 1999). This change in local climate
conditions would be evidenced by a westward
movement of the isohyets. As mentioned above
such shift is likely to affect the distribution of
plants and flower visitors within the region
and possibly to decouple them spatially. In
this paper, we simulate the extinction dynam-
ics of species in plant-flower visitor webs in
response to range shifts of flower visitor spe-
cies and consequent decoupling of pollination
mutualisms as expected under climate change.
We used data from eight real plant-flower visi-
tor webs distributed along a steep gradient of
mean annual rainfall in NW Patagonia, Ar-
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gentina. Given the strong compositional chan-
ge in an east-west direction reported between
these plant-flower visitor webs (Devoto et al.
2005), we expected that, in general, a range
shift of flower visitors would cause major dis-
ruptions of pollination interactions and con-
sequently large extinction events both among
plants and flower visitors. We also expected
that simulating migrations of increasing pro-
portions of insects would result in clearly lar-
ger proportions of species becoming extinct.
We specifically seek to answer the following
questions: (1) How vulnerable are plant-flower
visitor webs to a simulated westward shift in
the range of the flower visitors? (2) Is there any
property of p-p webs associated with robust-
ness to such a shift?

MATERIALS AND METHODS

Eight plant-flower visitor webs were con-
structed with field data gathered from 1997 to
2002 along a steep rainfall gradient on the
western part of the IGBP transect mentioned
above (Table 1). The study sites comprise a
mean annual precipitation from 700 to 2550
mm and range from a xeric grass-shrub steppe
to a humid temperate forest (Zegers 1993; Ar-
royo et al. 1996; Paruelo et al. 1998ab). It should
be noted, however, that the rainfall gradient
studied here is part of a more extended gradi-
ent which extends from ca. 200 mm in central
Patagonia to more than 3000 mm on the Chil-
ean slope of the Andes. Extrapolating from
temperature charts (Movia et al. 1982), there is
a decrease in mean annual temperature (MAT)
from CT (ca. 10ºC) to LQ (ca. 8ºC) that is roughly
associated to differences in altitude (Table 1).
While this small variation may explain some
of the observed differences in assemblage com-
position, the turnover of species composition
among sites is mainly due to the much stron-
ger changes in Pre described (Devoto et al.
unpubl.). The average difference in assemblage
composition between adjacent sites, estimated
as Sørensen distances, was 0.71 for flower visi-
tors and 0.75 for plants (Appendix).

For each site, we constructed the plant-flower
visitor interaction web as a binary matrix
where ones represented observed visitations

while zeroes represented absence of interac-
tion (see Olesen & Jordano 2002 for a similar
approach). The ecological properties of these
pollination webs were described in detail else-
where (Devoto et al. 2005; Devoto 2006). The
original pollination webs as well as a dataset
on the distribution of each species along the
gradient are available from the first author
upon request.

We used an algorithm written in Mathematica
software (Wolfram Research, Champaign, Ill.)
to model the extinction process of p-p net-
works. The following assumptions were made:
(a) An interaction observed among a p-p pair
in one site is assumed to be allowed in any of
the other sites. Thus, a regional matrix is con-
structed incorporating all plants, insects and
interactions recorded across the eight sites,
depicting all the “ecologically possible” inter-
actions in the region. (b) Only insects followed
rainfall shifts, as they are the more mobile com-
ponents of pollination webs (in terms of their
ability to alter their geographic range to cope
with isohyet displacement). Plants, which may
alter their ranges in a much longer time scale,
were not simulated to move between sites and
their survival was measured after the move-
ment of insects. (c) All flower visitors were con-
sidered equally abundant and equally efficient
as flower visitors of the plants they visited. (d)
Compensatory mechanisms of plants (e.g. au-
tomatic self-pollination, vegetative propaga-
tion, etc) were not considered. Thus, any plant
without flower visitors was considered extinct.
(e) Shifts in floral specificity of insects (e.g. start
to visit a new plant species in the absence of
the original partner) were not allowed. Thus,
any flower visitor without proper plants to visit
(i.e. those with which it interacted in the re-
gional matrix) was considered extinct. (f) A
parameter p, equal for all 8 sites, is introduced
which governs the proportion (between 0 and
1.0, with 0.1 fixed intervals) of flower visitors
migrating westward from one site to the next
adjacent one.

For each parameter p the following steps were
iterated: (1) A random set of flower visitor spe-
cies for a fixed value of p was selected from
each site and moved to the contiguous site to
the west. In this way, each site gained new
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flower visitors “immigrating” from the adja-
cent site to the east and lost flower visitors “emi-
grating” to the adjacent site to the west. This
step thus created a new assemblage of flower
visitors at each site. As the easternmost ma-
trix, CT, only lost species, it was not included
in calculations. (2) All the ecologically possible
interactions between the already existing
plants and the new assemblage of flower visi-
tors were determined for each site. To this end,
the records of the regional matrix were used as
a reference. For example, in any given new
matrix, if the insect “A” and the plant “B” had
been recorded interacting in any of the eight
original matrices, then an interaction between
both species was established. (3) The propor-
tion of plant and flower-visitor species at each
site that were left without interactions (i.e. had
gone “extinct”) was calculated. In the case of
plants, this proportion was measured with
respect to all the plants present, whereas in
the case of flower visitors it was referred only
to the migrating animals. These two measures
are thus not comparable. In order to obtain sta-
tistically valid results, 100 iterations of the
above steps were taken for each parameter p.

Additionally, as a first step to relate the struc-
tural features of the pollination webs to their

robustness, we measured the degree of nested-
ness (Bascompte et al. 2003) of the eight local
and the regional webs with Aninhado soft-
ware (Guimarães & Guimarães 2006). In addi-
tion, as a way to calculate the probability that
a matrix with a given degree of nestedness
might be randomly produced, for each real
network we generated 1000 random networks
using the CE null model in Aninhado. This
model in equivalent to Model #2 of Bascompte
et al. (2003) and allows separating two con-
founding interaction patterns that can cause
nestedness: heterogeneity in number of inter-
actions per species and true asymmetric eco-
logical specialization (see also Model #2 of
Vázquez & Aizen 2003 for a somewhat simi-
lar approach).

Finally, we evaluated to what extent assum-
ing that when a link between a plant species
and a flower visitor species is observed at one
site, it will also occur at another site, provided
both the plant and the flower visitor species
are present (assumption a). For each plant-
flower visitor interaction of the regional ma-
trix we calculated the number of sites in which
the pair was observed interacting, and the to-
tal number of sites where the pair existed (in-
teracting or not).

Site
(abbreviation)

Lago
Queñi
(LQ)

Paso
Puyehue

(PP)

Lago
Tromen

(LT)

Arroyo
Pedregoso

(AP)

Villa
Traful
(VT)

Lago
Huechulaf-
quen (LH)

La
Lipela

(LL)

Confluencia
Traful
(CT)

Geographic
coordinates

S 40º 09´
W 71º 43´

S 40º 44´
W 71º 53´

S 39º 34´
W 71º 26´

S 40º 37´
W 71º 35´

S 40º 39´
W 71º 21´

S 39º 48´
W 71º 12´

S 40º 48´
W 71º 6´

S 40º 43´
W 71º 05´

Mean annual
precipitation
(mm)

2550 2000 1750 1700 1250 1050 750 700

Altitude
(m.a.s.l.)

800 950 1000 872 900 780 735 727

No. of flower
visitors

113 38 111 48 81 101 116 114

No. of plants 23 17 23 16 28 29 33 21

Degree of
nestedness

4.94 13.58 3.71 16.09 11.72 4.47 4.51 14.6

Table 1. Characteristics of eight complete plant-pollinator communities located in NW Patagonia,
Argentina. For further details see Devoto et al. (2005). Degree of nestedness was measured using
Aninhado software (Guimarães and Guimarães 2006).

Tabla 1. Características de ocho redes planta-polinizador completas localizadas en el NO de Patagonia,
Argentina. Ver Devoto et al. (2005) para más detalles. El grado de anidamiento fue medido con el
programa Aninhado (Guimarães y Guimarães 2006).
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RESULTS

The average proportion of extinct species
across sites and migration proportions was
0.366 (range: 0.363-0.370) for flower visitors,
and 0.076 (0.024-0.102) for plants (n=100 ran-
domizations per site for both guilds). However,
there were notable differences in the propor-
tion of extinct species between sites, both
among flower visitors and plants. These be-
tween-site differences remained roughly con-
stant under different percentages of migration
(Figure 1). Across sites, the proportion of ex-
tinction was moderate among flower visitors
and remained roughly constant under increas-
ing migration percentages. This pattern is the
result of the way calculations were made, and
should be interpreted cautiously (see Discus-
sion). For plants, however, there was an evi-
dent increase in the proportion of extinctions
with increasing migration of flower visitors
(Figure 2), although the maximum values
achieved were quite low (roughly 0.1; Figure
2). Overall, the plant-flower visitor systems of
Andean Patagonia seemed to be quite resilient
to a westward shift in the range of flower visi-
tors.

Concerning the degree of nestedness, all webs
were significantly nested. For all webs, includ-
ing the regional web (Figure 3), the probability
that the matrix was randomly generated was
P<0.05 (Monte Carlo test; n=1000 runs; Table 1).

Finally, the evaluation of the validity of as-
sumption a showed that out of 1056 interac-
tions in the regional matrix, 369 (34%) could
have occurred in more than one site. Out of
these possible interactions, only 122 (33%)
were actually measured in the field, and on
average occurred in 55% of the possible sites
(Figure 4).

DISCUSSION

Model assumptions

Given the unavoidable constraints of a mod-
eling approach such as ours it should be con-
sidered in what ways the simplifying assump-

tions made could have influenced the results.
Whereas some of the assumptions are likely to
overestimate species’ extinction probabilities,
others may cause the opposite effect. First, in
light of the evidence that plant-flower visitor
interaction networks are highly stochastic both
spatially and temporally (Herrera 1988, 2005,
Gómez &  Zamora 1999; Minckley et al. 1999
p. 138 and references therein, Thompson 2001;
Williams et al. 2001), assuming that when a
link between a plant species and a flower visi-
tor species is observed at one site, it will also
occur at another site, provided both the plant
and the flower visitor species are present (as-
sumption a), is arguable. Indeed our results
show that pairs of potential mutualists inter-
act only in a fraction of the sites in which both
are present.

Second, we only allowed flower visitors to
migrate, whereas plants were “left to their fate”
because we assume that flower visitors have
higher dispersal ability than plants (assump-
tion b). To our knowledge, there is no pub-
lished evidence to validate this assumption,
but it seems reasonably sound in light of the
evident higher mobility of insects as compared
to plants. Had we shifted plants at the same
rate than flower visitors the extinct proportion
of species of both guilds would have probably
been much lower; in addition, if both guilds
had been allowed to migrate but in an un-
coupled way (that is, at different rates) it is
safe to assume that the extinction figures
would have been intermediate.

Third, we considered that all flower visitors
of a plant species are equally abundant and
efficient as pollinators (assumption c). Typi-
cally, in plant-flower visitor webs a rather small
subset of the visitor species is conducting the
majority of pollination of a plant species
(Johnson and Steiner 2000; Fenster et al. 2004;
Vázquez et al. 2005; Sahli and Conner 2006).
However, it is close to impossible to actually
measure the pollination contribution of each
visitor to each plant species when dealing with
more than 100 and 400 plant and flower visi-
tor species, respectively, as it is our case. Intro-
ducing in our model variation, for instance,
among visitors in their contribution as polli-
nators or among plants in abundance is an
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Figure 1. Proportion (mean ± SE) of flower visitors (left) and plants (right) “extinct” (i.e. left without
mutualists) as a function of the migration of different proportions (0.2-0.8, indicated above each graph)
of flower visitors (n = 100 randomizations).

Figura 1. Proporción (media ± ES) de visitantes florales (izq.) y plantas (der.) “extinguidos” (i.e. que
quedaron sin mutualistas) en función de la migración de diferentes proporciones (0.2-0.8, indicado
sobre cada gráfico) de visitantes florales (n = 100 repeticiones aleatorias).
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interesting theoretical refinement that would,
nevertheless, complicate significantly our mo-
del beyond the objectives of this work. Another
shortcoming somewhat related to the one just
mentioned, and that is not restricted to this
particular study, is the lack of consideration
of interaction strength in plant-flower visitor
interaction networks (Memmott 1999). For in-
stance, a plant-flower visitor interaction ob-
served only once in the field has, in our ap-
proach, an equal value as an interaction ob-
served a hundred times. However, the addi-
tional amount of sampling effort needed to
characterize interaction strengths among all
pairs of interacting species determines that this
shortcoming is unsolvable for our data set.
Nevertheless, it remains a matter of specula-
tion whether it would alter our results signifi-
cantly if considered.

Fourth, we considered that any plant or flower
visitor left with no interactions would become

Figure 2. Proportion of extinct plant (π ) and
flower visitor (′) species at each percentage of
flower visitor migration (mean ± SE). Average
across the seven sites. Both curves were included
in the same graphs for simplicity, but they are not
directly comparable as they were calculated
differently (see Discussion).

Figura 2. Proporción de especies de plantas (π) y
visitantes florales (′) extinguidos según distintos
porcentajes de migración de visitantes florales
(media ± ES). Promedio de los siete sitios. Por
simplicidad, ambas curvas fueron incluidas en el
mismo gráfico, pero no son comparables entre sí
debido a que fueron calculadas de diferente
manera (ver Discusión).

Figure 3. Regional matrix of interactions between
113 plant (columns) and 418 flower visitor (rows)
species constructed from eight pollination webs
from NW Patagonia, Argentina (for further details
on original webs see Devoto et al., 2005). Four
types of interactions are labelled, A: generalist
plants interacting with generalist flower visitors;
B: specialist plants interacting with generalist
flower visitors; C: specialist flower visitors
interacting with generalist plants; D: specialist
plants interacting with specialist flower visitors.

Figura 3. Matriz regional de interacciones entre
113 especies de plantas (columnas) y 418 especies
de visitantes florales (filas) construida a partir de
ocho redes de polinización del NO de Patagonia,
Argentina (ver Devoto et al., 2005 para más
detalles sobre las redes originales). Se indican
cuatro tipos de interacciones, A: plantas
generalistas que interactúan con visitantes florales
generalistas; B: plantas especialistas que
interactúan con visitantes florales generalistas; C:
visitantes florales especialistas que interactúan con
plantas generalistas; D: plantas especialistas que
interactúan con visitantes florales especialistas.
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extinct. However, plants could exhibit compen-
satory mechanisms of reproduction, which are
alternative to animal pollination, such as veg-
etative reproduction, pollinator-independent
(i.e. automatic) self-pollination, etc. (Bond
1994). To grossly assess the extent to which
this assumption biased our results, we com-
piled information on pollinator dependence
of the local flora from Arroyo &  Squeo (1990),
Aizen & Basilio (1995), Riveros et al. (1996),
Aizen & Ezcurra (1998), Devoto et al. (2006),

and our own unpublished results. Given that
these sources are rather disparate with respect
to their methods each plant species was as-
signed to one of three groups of pollinator de-
pendency if it matched at least one of a set of
criteria (below), as follows: high dependency
(entomophilous species, dioecious, highly self-
incompatible, pollen-ovule ratio [P:O; Cruden
1977] indicating obligate xenogamy), moder-
ate dependency (ambophilous species, gyno-
monoecious or andromonoecious flowers, par-

Figure 4. Distribution of number of sites where flower visitor interactions occurred. From top to
bottom, each graph corresponds to a subset of interactions which could have occurred in a maximum
potential number of sites. For this, a site was considered to be able to accommodate a given interaction
only if the plant and the flower-visitor species involved had been recorded interacting at least once in
any one site. Additionally, the total number of interactions in each subset is provided. For example, out
of 222 interactions that could have occurred in a maximum of two sites (first graph), only 49 were
recorded on two sites, while 173 were only recorded in one site.

Figura 4. Distribución del número de sitios en que ocurrió una interacción entre una planta y un
visitante floral. De arriba hacia abajo, cada gráfico corresponde a un subconjunto de interacciones que
podría haber ocurrido en un número máximo de sitios potenciales. Para esto, un sitio fue considerado
capaz de registrar una determinada interacción sólo si la interacción entre las especies de planta y de
visitante floral había sido registrada al menos una vez en cualquiera de los sitios. Además, se provee el
número total de interacciones en cada subconjunto. Por ejemplo, de las 222 interacciones que podrían
haber ocurrido en un máximo de dos sitios (primer gráfico), sólo 49 fueron efectivamente registradas
en dos sitios, mientras que las restantes 173 fueron registradas en sólo un sitio.
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tially self-compatible; P:O indicating faculta-
tive xenogamy or facultative autogamy) and
low dependency (agamospermous species,
highly self-compatible, high automatic fruit
formation, P:O indicating obligate autogamy).
Out of 113 plant species recorded in the field
we found information on 60: 30 (50%) showed
high dependence, 22 (36.7%) showed moder-
ate dependence, and only 8 (13.3%) species
showed low dependence (details available on
request). In this context, our model would be
overestimating extinction rates only moder-
ately given the high dependency on pollina-
tors evidenced in the subsample of plants we
could characterize.

Fifth, we assumed a fixed floral specificity of
insects (e.g. we did not allow an insect to start
to visit a new plant species in the absence of
the original partner): after migrations our mo-
del only established interactions previously
extant in the regional matrix. However, both
plants and flower visitors may be capable of
finding alternative pollination partners when
deprived from their original mutualists. For
example, insects migrating to a new commu-
nity could be capable of visiting a plant spe-
cies which was not present in their original
community but that has cues which allow the
insects to identify it as a useful resource. This
assumption may have inflated the extinction
rates reported. In this context, it is useful to
think about the ecology of biological invasions:
very few introduced plants are known to have
failed to establish in a new environment be-
cause of lack of pollinators, or other mutualis-
tic partners and also there is evidence of mu-
tualist shifts in plants and pollinators after
invasion to a new environment (see recent re-
views by Richardson et al. 2000 and Vázquez
2006).

Finally, we moved flower visitors by only one
step to the west. This decision was based on
the worst possible climate change scenario for
the next century for Argentina (Hulme &
Sheard 1999), in which an 18% decrease in
mean annual precipitation is predicted for the
region of our study. On average, this change
would imply that the annual rainfall currently
reported for each of our study sites (Table 1)
would shift to the next site to the west. Al-

though the effect of a movement of flower visi-
tors of two sites to the west would have caused
a larger disruption of pollination interactions
than the one-site move we tested, it is not un-
reasonable to assume that the presence of re-
gional generalists still would have significan-
tly buffered extinction rates. One final concern
related to this point is the lack of an appropri-
ate null model against which to compare our
extinction rates. Calculating extinction rates
under an eastward range shift scenario or even
under a random shift of species between any
pair of sites would not render any useful mea-
sure to compare our results with.

Robustness of pollination webs and its causes

The significant turnover of species between
the eight plant-flower visitor communities stu-
died (Devoto et al. 2005) suggested that the
simulated displacement of flower visitor ran-
ges due to climate change would show cata-
strophic extinctions in pollination webs. How-
ever, our simulations in general only had a
low (in the case of plants) to moderate (in the
case of flower visitors) impact on the structure
of the webs studied. But, direct comparisons
between the responses of plants and flower
visitors should be avoided as they were mea-
sured in different ways. In the case of plants,
the interpretation of extinction rates is straight-
forward, as they were measured in relation to
all plant species originally present in the com-
munity. For flower visitors, however, this pro-
portion was measured with respect to the mi-
grated species. In addition, the fairly stable
extinction rate of pollinators throughout all the
scenarios is owed to the fact that no matter
how many species are selected randomly, each
of them has a specific probability to survive
the migration which is just given by the mis-
match of potential plant species in the new
habitat. Therefore, the constant extinction rates
in each site irrespective of the migrating pro-
portion (Figure 1) and the average proportion
across all sites will be just the same (and only
vary due to different random samples taken).
Mean values from 100 randomizations from,
say, 10% selected pollinators will be the same
as from 100 randomizations from 50% polli-
nators drawn from the same population.
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Assessing the effect of potential sampling bi-
ases on our results (Olesen &  Jordano 2002) is
difficult. If our dataset suffered from sampling-
related flaws an additional sampling effort
would have increased the number of species
as well as of interactions detected. New spe-
cies detected would probably be among the less
abundant and with rather few interactions
(Stang et al. 2006), which are also the more
vulnerable components of ecological webs. In
addition, an increased additional sampling
would have detected new interactions which
would have increased connectance (the pro-
portion of potential interactions actually real-
ized) of each community, a feature which is
positively correlated to robustness (Dunne et
al. 2002; Estrada 2007).

Three concomitant properties of these polli-
nation webs seem to have contributed to their
resilience to even the most extreme climate
change scenarios simulated (50% migration
and above). The three properties can only be
appreciated by adopting a regional perspec-
tive on the pollination webs studied. The first
two properties have been described in detail
elsewhere (Devoto et al. submitted), although
not in the context of robustness in the face of
resilience to climate change. First, generalist
species tend to be more geographically wide-
spread than specialist species. In other words,
there is a positive correlation both among plant
and flower visitor species between regional
degree of generalization (i.e. the overall num-
ber of pollination partners that one species has
across the gradient) and geographic range (i.e.
the number of sites where the species was
found across the gradient) (Devoto et al. sub-
mitted). Second, regional and local estimates
of degree of generalization are highly corre-
lated for the generality of species. This results
in a positive correlation between local degree
of generalization (i.e. the number of pollina-
tion partners one species has at a particular
site) and geographic range (i.e. the number of
sites where the species was found across the
gradient) both among plant and flower visitor
species (Devoto et al. submitted). These two
properties alone would suffice to explain a
large proportion of the resilience to simulated
climate change exhibited by the webs studied.
As the more generalist species are also the more

widespread they would not be seriously put
at risk when shifted from one place to another
(in the case of flower visitors) or when receiv-
ing new partners from a neighboring commu-
nity (in the case of plants) as, given their gen-
eralist character, they would probably find a
suitable partner in the new community where
they are placed. However, a third property,
regional-level nestedness, which is here first
reported for any pollination system, adds an
additional resilience cue to these systems.

The nested nature of assembly patterns has
been reported recently for individual (i.e. based
on a single community) plant-flower visitor
webs (Petanidou & Ellis 1996; Bascompte et
al. 2003). In a nested web “the more specialist
species interact only with proper subsets of
those species interacting with the more gener-
alists” (Bascompte et al. 2003). In other words,
“the set of interactions recorded for any spe-
cies is nested within any other more generalist
species” (Jordano et al. 2006). This assembly
pattern organizes the community around a cen-
tral core of plant and flower visitor species that
strongly interact among themselves. Nested-
ness has been claimed to have strong implica-
tions for community persistence as it can pro-
vide alternative routes for system responses to
perturbations such as the elimination of a spe-
cies or an interaction: a species is more un-
likely to become “extinct” after the elimination
of other species when embedded on such a
highly cohesive network (Memmott et al. 2004;
Jordano et al. 2006).

Nestedness can be appreciated in the regional
matrix (constructed at the start of our model-
ing procedure) by sorting first rows (plants)
and then columns (flower visitors) from the
most generalist to the most specialist species
(Figure 3). The salient feature that immediately
arises is that both generalist and specialist
species of one guild tend to interact mainly
with generalists of the opposite guild. Thus,
there is a nucleus of highly interacting species
of both guilds (i.e. generalists interacting with
generalists; region A in Figure 3) with two
‘tails’ of specialists interacting with general-
ists, one of specialist plants interacting with
generalist flower visitors (region B in Figure 3)
and the other of specialist flower visitor in-
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teracting with generalist plants (region C in
Figure 3). The regional nested pattern provides
additional resilience to climate change because
it implies that, regionally, the specialist spe-
cies are linked to generalist (and thus more
persistent) species. Just as it happens with gen-
eralists, this increases the chances that a spe-
cialist species will find a suitable pollination
partner under any range-shift scenario.

Overall, we acknowledge that our assump-
tions represent a gross simplification of a
rather complex phenomenon as is the extinc-
tion of species triggered by a regional range
shift of species in response to climate change.
Nevertheless, it seems that relaxing our as-
sumptions would make the networks even
more resilient than we report above, thus
strengthening the conclusion that pollination
networks are rather robust to climate change.
However, it should also be highlighted that
this study only focuses on the mutualistic in-
teractions themselves, and does not regard
other potential impacts on plants or flower
visitors, some of which may be severe (e.g.
drought, modification of larval habitats, phe-
nological mismatch).

CONCLUSIONS

Our results support the idea that pollination
networks are, at least in simulations, rather
robust to the consequences of climate change.
Memmott et al. (2004) explored probable pat-
terns of extinction in two large networks of
plants and flower visitors by simulating the
removal of flower visitors and consequent loss
of the plants they visited. Following system-
atic removal of flower visitors from the most
generalized to the most specialized, they ex-
pected (such as we did with highest migration
rates) catastrophic extinctions among plants.
However, although the decline in species num-
ber was high (as compared to other sequential
extinction criteria they also tested) declines
were no worse than linear. They related this
resilience to extinction to system symmetry
(which, as mentioned above, causes a redun-
dancy in flower visitors per plant) and to the
nested pattern of interactions in their networks
(Memmott et al. 2004).

The present comparative study of real geo-
graphically-related pollination webs reveals
itself as a useful tool for understanding the
possible consequences of predicted climate
change on the structure and function of polli-
nation systems. However, considering that our
simulations are exclusively based on visita-
tion webs there is a clear need to distinguish
between mere visitors and those species which
are efficient pollinators. These species are ulti-
mately responsible for the resilience of polli-
nation systems to human-induced perturba-
tions which will surely increase in the near
future. Simulations like the one we have
showed, but applied to quantitative rather than
qualitative webs, are likely to provide a useful
insight into this issue.

All in all, our simulation can be viewed as a
theoretical prediction against which real ex-
tinction rates in Patagonian plant-flower visi-
tor webs could be compared in the near future,
when predicted climate changes take place. The
differences between our randomly-generated
extinction rates and those that will actually
occur may prove a useful benchmark to explore
more in depth the extinction dynamics that will
likely take place in the temperate forests of
Patagonia.
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LQ PP LT AP VT LH LL
a)

PP 0.802

LT 0.614 0.741

AP 0.703 0.79 0.694

VT 0.6 0.848 0.652 0.658

LH 0.777 0.871 0.687 0.786 0.693

LL 0.8 0.948 0.796 0.854 0.757 0.735

CT 0.807 0.881 0.766 0.839 0.682 0.768 0.653

b)

PP 0.846

LT 0.59 0.837

AP 0.65 0.696 0.631

VT 0.72 0.86 0.708 0.772

LH 0.755 0.904 0.659 0.813 0.735

LL 0.888 0.957 0.846 0.875 0.724 0.754

CT 0.86 0.1 0.853 0.945 0.829 0.782 0.686

APPENDIX

Sorensen distances between sites in (a)
flower-visitor and (b) plant assemblage com-
position. Diagonal values in bold correspond
to distances between sites that are adjacent in
terms of mean annual rainfall (see Table 1 for
details).
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