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Introduction

Natural History Collections play a significant role in dif-
ferent fields of Biology, even in those not directly linked to 
taxonomy. In general, specimens housed at NHCs have a 
significant amount of data associated with the sample, such 
as date, location, collecting method and collector. These data 
are extremely valuable as they can be used in theoretical and 
applied studies such as ecological niche modeling (Sánchez-
Cordero and Martínez-Meyer 2000, Burns et al. 2003, 
Townsend Peterson and Navarro-Singüenza 2009, Labay et 
al. 2011), detecting areas of endemism (Domínguez et al. 
2006, Szumik et al. 2012) and recording the decline of plant 
and insect diversity (Biesmeijer et al. 2006, Farnsworth and 
Ogurcak 2006, Colla and Packer 2008, Cameron et al. 2011).

Many wild and cultivated plants are pollinated by insects, 
usually by bees (Michener 2007, Ollerton et al. 2012). Bees 
(Hymenoptera: Apoidea) are a biologically diverse group of 
insects whose origin in the Cretaceous is directly related to 
the first flowering plants (Michener 2007). Considering the 
degree of pollen specialization and constancy for gathering 
floral resources, bee species can range from narrowly oli-

golectic to broadly polylectic (Cane and Sipes 2006). Early 
bee collectors did not fully acknowledge the importance of 
registering the plant associations on the labels of every cap-
tured specimen and only occasionally mentioned them in 
published work (Alfken 1913, Friese 1916, Herbst 1922). 
Nowadays it is common to record on the label the name of 
the plant species on which the bee specimen was captured 
(what most mellitologists call its ‘host plant’). This can be 
done using e.g., a net sweeping method, as opposed to other 
more passive capturing techniques (pan traps, malaise traps). 

Interactions between pollinators and plants are the result 
of ecological and evolutionary processes that can be anal-
ized as complex networks (Memmott 1999, Bascompte and 
Jordano 2007, Vázquez et al. 2009). Several indices have 
been proposed to analyze these networks (Blüthgen et al. 
2008, Dormann et al. 2009) and numerous recent studies have 
evaluated the processes that determine the patterns observed 
(see Vázquez et al. 2009 for a review). These networks share 
common structural patterns such as nestedness (Bascompte 
et al. 2003) and modularity (Olesen et al. 2007). Networks 
are nested when the species interacting with specialists are 
a proper subset of the species interacting with generalists 

 
 
Information retrieved from specimens at Natural History Collections 
can improve the quality of field-based ecological networks

R. A. González-Vaquero1, A.-I. Gravel2 and M. Devoto3

1Museo Argentino de Ciencias Naturales ‘Bernardino Rivadavia’, CONICET, Av. Ángel Gallardo 470, C1405DJR, 
Buenos Aires, Argentina. Corresponding author, E-mail: rocioagv@yahoo.com, Tel.: 5411–4982–8370 Ext. 166 
2York University, 4700 Keele St., M3J 1P3, Toronto, Ontario, Canada  

3Cátedra de Botánica, Facultad de Agronomía, Universidad de Buenos Aires. Av. San Martín 4453, C1417DSE,  
Buenos Aires, Argentina

Keywords: Museum collections, Mutualistic networks, Plant-pollinator, Pollination.

Abstract: Numerous studies analyze the interactions between plants and their pollinators in ecological communities using a 
network approach. However, field studies rarely record all the interactions occurring in the field. In this sense Natural History 
Collections (NHCs) can provide information on interactions that may have been missed by field sampling. In this study we 
compare a network based on field sampling with a network based on data retrieved from specimens at NHCs, and we assess 
the degree to which these two sources of data are complementary. For this we used data available from a bee biodiversity study 
conducted in Southern Argentina for the South American bee genus Corynura (Halictidae: Augochlorini). Data on the floral 
associations of the specimens at NHCs were retrieved from the specimens’ labels, as the name of the plant species on which a 
given bee was captured is often recorded for many specimens at NHCs. Although field sampling recorded an unusually high 
number of insect-plant interactions, it misses some unique interactions present in the NHCs networks. Some structural proper-
ties of these networks are briefly analyzed, and usefulness and limitations of using NHCs data are discussed. We conclude that 
the information about insect-plant interactions extracted from NHCs could complement field-based data, especially in poorly 
sampled communities.

Abbreviations: AIG–Anne-Isabelle Gravel, CONICET–Consejo Nacional de Investigaciones Científicas y Técnicas, FAUBA–
Facultad de Agronomía of the Universidad de Buenos Aires, INTA–Instituto Nacional de Tecnología Agropecuaria, MACN–
Museo Argentino de Ciencias Naturales ‘Bernardino Rivadavia’, NHCs–Natural History Collections, RAGV–Rocío Ana 
González-Vaquero



188								        González-Vaquero et al.

(Bascompte et al. 2003). In addition, networks may be par-
titioned into modules (also called compartments), which are 
groups of species that are linked more tightly together than 
they are to species in other modules (Olesen et al. 2007). 
Nestedness and modularity may reflect evolutionary and eco-
logical processes that shaped species interactions (Bascompte 
and Jordano 2007, Olesen et al. 2007, Dalsgaard et al. 2013).

The quality of field data used to build networks has been 
rising steadily in the last decade. However, despite increas-
ing sampling efforts, the number of interactions recorded in 
the field rarely reaches the number of interactions theoreti-
cally expected to occur (Chacoff et al. 2012). In addition, the 
seasonal and interannual species turnover (Petanidou et al. 
2008) and the insects’ flexible foraging preferences (Waser et 
al. 1996) further hinder recording all the biologically possible 
interactions in the field.

Sampling effort may be increased by investing more 
time in visual surveys, which increases the cost of any field 
study. The analysis of the pollen taken from the body (Bosch 
et al. 2009) or the nest (Dorado et al. 2011) of pollinators 
was recently proposed as a complementary method to visual 
surveys. These studies revealed a very significant number of 
interactions undetected in the field made by abundant as well 
as by rare pollinator species. As a result, when the pollen data 
were added to the respective visual survey-based data, many 
network properties were modified. In this context, the aim of 
this paper is to analyze how interaction data recovered from 
specimens at NHCs may complement the data that arise from 
a field study.

Materials and methods 

Field-based interaction data

We compiled data available from a bee biodiversity 
study conducted in an experimental station of the INTA 
(43°7’23.8’’S 71°33’42.9’’W) near Trevelin, in the prov-
ince of Chubut, Argentina. This study was led by AIG in the 
spring-summer of 2005–2006 and 2006–2007 (Gravel 2010). 
Inside the station, the native forest consisted mainly of maitén 
(Maytenus boaria), radal (Lomatia hirsuta), various species 
of southern beech (Nothofagus) and many bee-attracting 
shrubs and plants. A result of the experiments held at the sta-
tion was the formation of large areas of land at early succes-
sional stages (i.e., old field-like areas) after clear cuts. Four 
sites were selected for the study according to their physical 
characteristics and gradient of human disturbances. The area 
sampled covered 31.5 km2 in total, at an elevation from 270 
m to 680 m. All sites were sampled by two collectors using 
the opportunistic method (Droege 2008) in which collectors 
walk through the entire site, sweeping an entomological net 
over flowering plants and potential nesting sites where bees 
were observed. Bee sampling occurred at a single site on dry 
and sunny days only, between 11:00-16:00 h. Total sampling 
effort in the field amounted to 307 hours (184 hours in 37 
days for 2005-2006 and 123 hours in 35 days for 2006-2007). 
The bees in this study were identified to species (or otherwise 

morphotyped) by AIG. A total of 24.238 bees (representing 
50 species from 21 genera) were captured on 55 flower-
ing plant species. Most of the specimens are housed at the 
MACN. Plants were identified by AIG and confirmed by ex-
perts (see Acknowledgements). 

In this study, we only considered the female and male 
specimens of Corynura (Halictidae: Augochlorini), a bee ge-
nus endemic to the Argentinean Patagonia and Chile which 
currently includes 18 species (Moure et al. 2007). The choice 
of this genus in particular was due to the fact that Corynura is 
under revision by RAGV, and data from specimens at NHCs 
were available. The frequency of interactions was counted as 
the number of specimens collected on the flowers of a given 
plant species. From these data we built a matrix representing 
the interactions between plant species (each represented by 
a row) and their visitor species (in columns). An interaction 
between a given plant and a given visitor species was repre-
sented by the number of times that interaction was recorded, 
and the absence of a recorded interaction by a ‘0’. This ma-
trix, which was named ‘Field’, had a total of 3436 interac-
tions from all the specimens of Corynura captured, resulting 
in 115 unique interactions among seven bee species and 31 
plant species. 

NHCs interaction data

Some species of Corynura are typical of semi-arid en-
vironments in central Chile, while others inhabit humid 
Nothofagus-dominated forests. We limited our analysis 
to the bees that had been collected in the Subantarctic and 
Patagonian subregions along the Southern Andes (Morrone 
2006), as they inhabit the same environments as where 
the field study was carried out. The identifications of all 
Corynura specimens housed at the entomological NHC of 
the MACN and the FAUBA were verified by RAGV. Some of 
the specimens were given a morphospecies status as the revi-
sion of the genus is still in progress. All the specimens had 
been collected by researchers from these institutions. Data on 
the floral associations of each species were retrieved from the 
specimens’ labels. The identification of the ‘host plants’ was 
not verified for it had been done by experts at MACN and 
FAUBA. We did not include data involving plants not identi-
fied to species level.

Specimens that had no plant associated to it (51.1% of all 
specimens housed at MACN and FAUBA) or had one only 
identified to the genus level (3.8%) were not included in the 
analysis. In total, data from 181 specimens housed at MACN 
and 135 specimens housed at FAUBA were included in a 
presence-absence matrix. We considered only the unique in-
teractions out of the 316 interactions detected. Therefore, we 
followed the same method as for the Field matrix, but here an 
interaction between a given plant and a given visitor species 
was represented by a ‘1’, and the absence of a recorded in-
teraction by a ‘0’. An interaction matrix named ‘Collections’ 
which contained 53 unique interactions among nine bee spe-
cies and 20 plant species was used in all subsequent analysis.
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Comparison and complementarity between NHCs and  
field-based networks

The Field matrix was compared to the interaction ma-
trix obtained from NHCs. In order to assess the degree 
to which NHCs enrich the information obtained from a 
field survey, the Field matrix was compared to a third ma-
trix (‘Field+Collections’, a “presence-absence” matrix as 
‘Collections’) which combined both data sets, including only 
the bee and plant species observed in the field study. The 
properties compared were nestedness, connectance, number 
of compartments, mean number of links per species, mean 
number of shared ‘host plants’, number of plants visited by 
each bee species (also referred to as the degree) and num-
ber of unique links. Connectance represents the proportion of 
possible links actually observed in a network (Blüthgen et al. 
2008). The number of compartments was defined as the num-
ber of sub-sets of the web which were not connected at all to 
another sub-set. The degree of bee species was calculated as 
the number of unique links that each bee species presented for 
a given network. The number of unique links was calculated 
as the sum of the degree of bee species of each network, as 
it represents the number of insect-plant interactions unique 
from that network. The properties were calculated with pack-
age ‘bipartite’ (Dormann et al. 2009) of R statistical software 
(R Development Core Team 2008) (see Appendix).

To estimate sampling completeness of plant-visitor inter-
actions for the Field network we computed the individual-
based rarefaction curve of unique interactions. For this we 
treated the number of recorded visits to flowers by insects as 
‘individuals’. Based on this curve we estimated the maximum 
number of interactions expected (IE) using the Chao 1 estima-
tor of asymptotic species richness. This index is defined as
IE = IO + (f1

2/2f2)
where f1 is the number of interactions observed once, f2 is the 
number of interactions observed exactly twice and IO is the 
number of observed interactions. Rarefaction curves and the 

number of expected interactions were calculated using func-
tions rarefy and estimateR in the R package ‘vegan’ (Oksanen 
et al. 2010) of R program. We used this approach instead of 
the sample-based rarefaction curves originally proposed by 
Chacoff et al. (2012) because the information on individual 
samples could not be retrieved from museum specimens.

Results

The Field network (Fig. 1) had a high connectance: nearly 
50% of all potential links were actually realized. The number 
of links per species, the number of shared ‘host plants’, and 
the number of unique links showed higher values in this net-
work when compared to the Collections network (Table 1). 
The nestedness values were quite similar between the three 
matrices, but only the Collections network was significantly 
nested (p<0.05). The three networks obtained had only one 
compartment (i.e., there were no isolated groups of interact-
ing species).

The number of plant species visited by each Corynura 
species (Table 2) showed higher numbers for the Field net-
work than for the Collections network, although when ranked, 
the relative position of each bee species was quite similar in 
both networks. Corynura aureoviridis and C. rubella were 
the species with the highest degree in both networks, despite 
the difference in the data source. Neither C. corinogaster nor 
Corynura sp.1 were detected in the Field network, probably 
because of their low abundance.

When we added interaction data from the Collections 
matrix to the Field matrix, connectance and the number of 
unique links increased (Table 1). Both data sets had 22 in-
teractions in common, but the Collections network contained 
nine not previously recorded interactions increasing the num-
ber of unique links of the Field network from 115 to 124 (Fig. 
2a). An estimation of sampling completeness showed that the 
field study was able to detect 88.5% of the expected interac-

Figure 1. Ecological network obtained from the Field data set showing the interactions among the species. Species codes are given in 
the Supplementary Table S1.
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tions (Fig. 2b), which increased to 95.4% when the interac-
tions from the Collections network were added.

The field study detected an average of ca. 0.37 unique 
interactions per hour of sampling (115 interactions/ 307 hours 
of field sampling). Thus, the additional 9 unique links ob-
tained from NHCs data roughly represent 24 ‘saved’ sam-
pling hours.

Discussion

Our study is the first one to use information from speci-
mens at NHCs in the context of a network analysis. We com-
pared an interaction network based on field sampling against 
a network based on data obtained from specimens at NHCs, 
for a particular South American bee genus. In this section we 
will first discuss some limitations of using data from NHCs 
in ecological studies, then we will discuss our results in the 
context of the present study. Finally, we will discuss the ap-
plicability of our approach to the study of networks of eco-
logical interactions.

Limitations

One of the problems with using data from specimens 
collected in different places and seasons is the potential lack 
of geographical/phenological overlap between the plant and 
pollinator species considered. For example, if an attempt 
was made to create a network based solely on NHCs data, 
Corynura species from central Chile (not considered for the 
present analysis) may only interact with a subset of plants 
from that region. This may lead to an incorrect interpretation 
of results, since a pollinator species cannot interact with plant 
species that are not present within their distributional range. 
Lack of phenological overlap is practically unavoidable be-
cause field trips to collect specimens are rarely conducted 
throughout the season, and NHCs also receive scattered spec-

imens from different sources (donations, exchanged speci-
mens, etc.). However, a recent study suggests that these limi-
tations might actually not be so relevant since heterogeneous 
sampling effort was found to have a small impact on network 
metric biases (Rivera-Hutinel et al. 2012).

In networks from data of NHCs specimens it is difficult to 
consider all the factors mentioned above since we have a set 
of interactions from specimens collected on different dates, 
in different places and using different methodologies. This 
makes any attempt to estimate abundances unreliable. Even 
if we restrict the analysis to a month or a locality in particular, 
we would usually have too few interactions for an accurate 
representation of the network. Furthermore, it is known that 
the number of interactions influences several attributes of the 
network and a generalist species may be considered as a spe-
cialist just because of a lack of data (Blüthgen et al. 2008). 
Rivera-Hutinel et al. (2012) estimated the sensitivity of six 
network metrics to sample effort, keeping constant network 
size and sampling evenness. Their results suggested that 
connectance may give understimated values when sampling 
completeness is below 70% of the expected pollinator assem-
blage, while nestedness and modularity may be less sensitive 
to sampling completeness. Accordingly, we believe that it is 
more cautious to only consider the new interactions that may 
emerge from NHCs data instead of analizing the data as in a 
regular ecological network study. It is here that NHCs may 
provide particularly useful additional data. Due to the fact 
that such collections are usually from numerous places, col-
lected at various times and by many individuals, their addi-
tion to a thorough field study may express a broader range of 
interactions than a single field study alone.

The Field network and its complementarity with NHCs data

Some network properties, such us linkage density, gen-
erality and connectance, depend strongly on the number of 
species considered (Banasek-Richter et al. 2004, Tylianakis 
et al. 2007). Particularly for connectance, there are at least 
four possible causes for the remarkably high value obtained. 
Given there is a negative correlation between the number of 
species in a network and its connectance, the first cause could 
be the low number of species in our field network. Second, 

Table 1. Properties of the networks obtained from the Field 
matrix, from the Collections matrix and from the sum of 
both data sets considering only the species of the field study 
(Field+Collections). *Figures considering the total number of bee 
(9) and plant (42) species (see Table SI).

Field Collections Field+ 
Collections

# spp. Corynura 7 9 7
# spp. Plants 31 20 31
# Bee species miss-
ing* 2 0 2

# Plant species  
missing* 11 24 11

Nestedness 38.94  
(p=0.22)

39.10  
(p=0.01)

31.38 
(p=0.06)

Connectance (%) 53.0 29.4 57.1
Mean number of 
links per species 3.03 1.83 3.26

Mean number of 
shared ‘host plants’ 2.14 0.97 2.45

# Unique links 115 53 124

Table 2. Number of plant species visited by each Corynura spe-
cies in the Field and the Collections networks.

Field Collections

C. analis 6 4

C. aureoviridis 24 14

C. chilensis 16 3

C. corinogaster – 1

C. rubella 22 8

Corynura sp.1 – 4

Corynura sp.2 14 6

Corynura sp.3 14 6

Corynura sp.5 19 7
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the fact that most halictid bees are known to be general-
ists (Michener 2007) may contribute to the high number of 
links in the network. Third, there is a well-known relation-
ship between the abundace of flower visitors and the degree 
of generalization recorded in the field (Vázquez and Aizen 
2003). In our own study, the species that visited the high-
est number of plant species in all networks, C. aureoviridis, 
is by far the most abundant Corynura species in Argentina 
(RAGV, unpublished). Thus, a sampling method whereby 
only abundant species were captured may bias the measure-
ment of connectance. A fourth cause could be the fact that 
the Field network was intensively sampled, as connectance 
rely directly on the number of interactions recorded. Field 
network included 3436 interaction events for a total of 38 
species, which is why the additional information from NHCs 
increased the number of unique interactions recorded only by 
7.83%. Nevertheless, we believe that NHCs interaction data 
may be a more important complement to ecological studies in 
poorly sampled communities.

As the two datasets have different sizes and resulted from 
deployment of different collecting methodologies, they can-

not be compared in terms of connectance. However, they can 
be compared when considering the mean number of links per 
species and the number of unique links, which is higher in 
the network from the field sampling. Considering this and the 
difference in the degrees of many of the bee species present in 
the systems studied (Table 2), we can note that the field study 
shows far more insect-plant interactions than the data from 
just NHCs. For example, C. chilensis was associated with 16 
plant species in the field sampling, but the data from NHCs 
associated this bee species with only three plants, missing 
several interactions. The previous statement is logical since 
NHCs usually have specimens collected in isolated events as 
said before, and most of them with no plant association. 

On the other hand, if we consider the number of species 
of Corynura, we see that not all the species of the genus were 
found at the field study’s collecting sites. This may be due 
to the low abundance of some species (C. corinogaster and 
Corynura sp.1 in our study), although the absence of some 
species in a single community cannot be rejected either, even 
though the sampled area was within its distributional range. 
This shows that while field sampling at a local community 

Figure 2. a: Overlapped display of the matrices that represent the interaction between visitors (in rows) and plants (in columns) in the 
Field and Collections networks. Interactions shared by both networks (in black), interactions unique to Field (in light grey) and interac-
tions unique to Collections (in dark grey) are displayed. Species codes are given in the Supplementary Table SI. b: Rarefaction curve 
(black solid line; 95% confidence interval in grey) of unique interactions for the Field network. The black dot and arrow indicate the 
increase in the total number of interactions detected when the Collections data are combined to the Field data. The number of theoreti-
cally expected interactions (black dashed line) with its SE (grey dashed line) are also shown. Only the species in the Field network were 
considered for both analyses.
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is essential for a particular ecological study (e.g., ecological 
network study), in order to cover as many species of a genus 
or family as possible along with their floral ‘host plants’ spe-
cies, it is necessary to fall back on NHCs specimens or to 
sample the entire distributional range of the study group. This 
is particularly important when evaluating floral preferences 
of some pollinator species, as a species may be a good pol-
linator of a certain crop in a particular area, but it prefers to 
visit another plant when in another location.

Recently, some studies have attempted to increase the 
number of interactions detected by using a pollen analysis ap-
proach (Bosch et al. 2009, Dorado et al. 2011). This is a time 
consuming analysis, and a pollen reference collection of the 
area is needed. Moreover, pollen may be difficult to identify, 
and pollen from species belonging to the same genus may be 
undistinguishable (Dorado et al. 2011). Even though pollen 
loads tend to prevail on the legs of hairy pollinators, even 
after some manipulation of the specimens, we do not consider 
pollen analysis from specimens at NHCs as a reliable source 
of data. In the field all pollinators from a certain plant spe-
cies are usually sacrificed in a single killing jar, where pollen 
loads can be contaminated with pollen grains that previously 
belonged to another specimen. As we do not know the methods 
used to collect the bees in the NHCs used in our study, analyz-
ing their pollen load would have rendered misleading results. 

Perspectives

The analysis of ecological networks, such as insect-plant 
networks, could provide additional information to taxo-
nomic studies. For example, the presence of compartments 
in a network of a particular pollinator genus may reflect the 
co-evolution of some species with their associated plants 
(Lewinsohn et al. 2006). Phenotypic complementarity, and 
phylogenetic and climatic history can significantly contrib-
ute to the interaction patterns among species (Rezende et al. 
2007, Dalsgaard et al. 2013). Given the amount of data avail-
able for Corynura in particular, the next step should be to 
analyze if there is evidence of co-evolution between closely 
related species of this genus and the plant species they pol-
linate. This supports the new approach that is being given to 
taxonomy known as ‘integrated taxonomy’, which proposes 
the delimitation of species taking into consideration morpho-
logical, molecular and behavioral data (Dayrat 2005, DeSalle 
et al. 2005).

Nowadays numerous initiatives facilitate this new ap-
proach by the management and availability of biologi-
cal data, such as Global Biodiversity Information Facility 
(www.gbif.org), Inter-American Biodiversity Information 
Network (www.iabin.databasin.org/) and Morphbank (www.
morphbank.net). The Pollinator Information Network of the 
Americas (www.pollinator.org/PINA.htm) has the purpose 
of developing a network of linked and integrated databases 
among major pollinator data sources, through a common set 
of data standards and exchange protocols. This online cata-
logue of pollinators of the western hemisphere includes data 
on insect-plant associations, which could be very useful in 
many ecological studies.

Our study shows that data from specimens at NHCs may 
add some information, such as species or interactions missed, 
to a standard field sampling of interactions. This can be done 
as long as there is a substantial amount of reliable data avail-
able, which highlights the need to get accurate data in the 
field (in this case, the plant species visited by bees) as well as 
the importance of NHCs as additional sources of information 
for different fields in biology.

Acknowledgements: This study was conceived during the 
course ‘Redes de Interacciones Ecológicas’ taught in 2010 by 
D. Vázquez, N. Chacoff and L. Cagnolo, all of whom made 
helpful comments on an early draft of this manuscript. We 
thank A. Kutschker from the Universidad Nacional de la 
Patagonia San Juan Bosco in Esquel, Chubut, for her help 
with plant identifications, and A. R. Alsina, L. Packer, B. 
Dalsgaard and two anonymous reviewers for their comments 
that improved the manuscript. AIG’s fieldwork was funded by 
a Discovery Grant from the Natural Science and Engineering 
Research Council of Canada awarded to L. Packer. RAGV 
thanks Administración de Parques Nacionales for the collect-
ing permits granted. This research was funded by a scholar-
ship from CONICET to RAGV.

References

Alfken, J.D. 1913. Berschreibung einiger chilenischer Halictus-
Arten (Hym). Deut. Entomol. Z. 1913: 323-329.

Banasek-Richter, C., M.-F. Cattina and L.-F. Bersier. 2004. Sampling 
effects and the robustness of quantitative and qualitative food-
web descriptors. J. Theor. Biol. 226: 23-32.

Bascompte, J., P. Jordano, C.J. Melián and J.M. Olesen. 2003. The 
nested assembly of plant-animal mutualistic networks. Proc. 
Natl. Acad. Sci. USA 100: 9383-9387.

Bascompte, J. and P. Jordano. �����������������������������������   2007. Plant–animal mutualistic net-
works: the architecture of biodiversity. Annu. Rev. Ecol. Evol. 
S. 38: 567-593.

Biesmeijer, J.C., S.P.M. Roberts, M. Reemer, R. Ohlemuller, M. 
Edwards, T. Peeters, A.P. Schaffers, S.G. Potts, R. Kleukers, 
C.D. Thomas, J. Settele and W.E. Kunin. 2006. Parallel declines 
in pollinators and insect-pollinated plants in Britain and the 
Netherlands. Science 313: 351-354.

Blüthgen, N., J. Fründ, D.P. Vázquez and F. Menzel. 2008. What do 
interaction network metrics tell us about specialization and bio-
logical traits? Ecology 89: 3387-3399.

Bosch, J., A.M. Martín González, A. Rodrigo and D. Navarro. 2009. 
Plant-pollinator networks: adding the pollinator’s perspective. 
Ecol. Lett. 12: 409-419.

Burns, C.E., K.M. Johnston and O.J. Schmitz. 2003. Global climate 
change and mammalian species diversity in U.S. national parks. 
Proc. Natl. Acad. Sci. USA 100: 11474-11477.

Cameron, S.A., J.D. Lozier, J.P. Strange, J.B. Koch, N. Cordes, L.F. 
Solter and T.L. Griswold. 2011. Patterns of widespread decline 
in North American bumble bees. Proc. Natl. Acad. Sci. USA 108: 
662-667.

Cane, J.H. and S.D. Sipes. 2006. Characterizing floral specializa-
tion by bees: analytical methods and a revised lexicon for oli-
golecty. In: N.M. Waser and J. Ollerton (eds.), Specialization 
and Generalization in Plant-Pollinator Interactions. University 
of Chicago Press, Chicago. pp. 99-122.



NHCs and ecological networks	 193

Chacoff, N.P., D.P. Vázquez, S.B. Lomáscolo, E.L. Stevani, J. 
Dorado and B. Padrón. 2012. Evaluating sampling completeness 
in a desert plant-pollinator network. J. Anim. Ecol. 81: 190-200.

Colla, S.R. and L. Packer. 2008. Evidence for decline in eastern 
North American bumblebees (Hymenoptera: Apidae), with spe-
cial focus on Bombus affinis Cresson. Biodivers. Conserv. 17: 
1379-1391.

Dalsgaard, B., K. Trøjelsgaard, A.M. Martín Gonzalez, D. Nogues-
Bravo, J. Ollerton, T. Petanidou, B. Sandel, M. Schleuning, 
Z. Wang, C. Rahbek, B. Sutherland, J-C. Svenning and J.M. 
Olesen. 2013. Historical climate-change influences modularity 
and nestedness of pollination networks. Ecography 36: 1-10.

Dayrat, B. 2005. Towards integrative taxonomy. Biol. J. Linn. Soc. 
85: 407-415.

DeSalle, R., M.G. Egan and M. Siddall. 2005. The unholy trinity: 
taxonomy, species delimitation, and DNA barcoding. Philos. T. 
Roy. Soc. B. 360: 1905-1916.

Domínguez, M.C., S. Roig-Juñent, J.J. Tassin, F.C. Ocampo and G.E. 
Flores. 2006. Areas of endemism of the Patagonian steppe: an 
approach based on insect distributional patterns using endemic-
ity analysis. J. Biogeogr. 33: 1527-1537.

Dorado, J., D.P. Vázquez, E.L. Stevani and N.P. Chacoff. 2011. 
Rareness and specialization in plant-pollinator networks. 
Ecology 92: 19-25.

Dormann C.F., B. Gruber and J. Fründ. 2008. Introducing the bipar-
tite Package: Analysing Ecological Networks. R News 8: 8-11.

Dormann, C.F., J. Fründ, N. Blüthgen and B. Gruber. 2009. Indices, 
graphs and null models: analyzing bipartite ecological networks. 
Open Ecol. J. 2: 7-24.

Droege, S. 2008. The very handy manual: how to catch and identify 
bees and manage a collection. USGS Native Bee Inventory and 
Monitoring Lab [WWW document]. URL http://www.bees.ten-
nessee.edu/publications/HandyBeeManual.pdf [accessed on 7 
January 2014].

Farnsworth, E.J. and D.E. Ogurcak. 2006. Biogeography and decline 
of rare plants in New England: historical evidence and contem-
porary monitoring. Ecol. Appl. 16: 1327-1337.

Friese, H. 1916. Die Halictus-Arten von Chile (Hym). Deut. Entomol. 
Z. 1916: 547-564.

Gravel, A-I. 2010. Bee Comunity Comparison in Northwestern 
Patagonia (Argentina). Master thesis, York University, Toronto.

Herbst, P. 1922. Revision der Halictus-Arten von Chile (Hym). 
Entomol. Mitt. 11: 180-191.

Labay, B., A.E. Cohen, B. Sissel, D.A. Hendrickson, F.D. Martin, and 
S. Sarkar. 2011. ��������������������������������������������Assessing historical fish community composi-
tion using surveys, historical collection data, and species distri-
bution models. PLoS ONE 6: e25145.

Lewinsohn, T.M., P.I. Prado, P. Jordano, J. Bascompte and J. Olesen. 
2006. Structure in plant–animal interaction assemblages. Oikos 
113: 174-184.

Memmott, J. 1999. The structure of a plant–pollinator food web. 
Ecol. Lett. 2: 276-280.

Michener, C.D. 2007. The Bees of the World. Johns Hopkins 
University Press, Baltimore.

Morrone, J.J. 2006. Biogeographic areas and transition zones of Latin 
America and the Caribbean Islands based on panbiogeographic 
and cladistic analyses of the entomofauna. Annu. Rev. Entomol. 
51: 467-494. 

Moure, J.S., D. Urban and G.A.R. Melo. 2007. Catalogue of Bees 
(Hymenoptera, Apoidea) in the Neotropical Region. Sociedade 
Brasileira de Entomologia, Curitiba.

Oksanen J., F.G. Blanchet, R. Kindt, P. Legendre, R.B. O’Hara, 
G.L. Simpson, P. Solymos, M.H.H. Stevens and H. Wagner. 
2010. Vegan: Community Ecology Package. R package version 
1.17–2. [WWW document]. URL http://cran.r-project.org/web/
packages/vegan/ [accessed on 7 January 2014].

Olesen, J.M., J. Bascompte, Y.L. Dupont and P. Jordano. 2007. The 
modularity of pollination networks. Proc. Natl. Acad. Sci. USA 
104: 19891-19896.

Ollerton, J., V. Price, W.S. Armbruster, J. Memmott, S. Watts, N.M. 
Waser, Ø. Totland, D. Goulson, R. Alarcón, J.S. Stout and S. 
Tarrant. 2012. Overplaying the role of honey bees as pollinators. 
Trends Ecol. Evol. 27: 141-142.

Petanidou, T., A.S. Kallimanis, J. Tzanopoulos, S.P. Sgardelis and 
J.D. Pantis. 2008. Long-term observation of a pollination net-
work: fluctuation in species and interactions, relative invariance 
of network structure, and implications for estimates of special-
ization. Ecol. Lett. 11: 564-575. 

R Development Core Team. 2008. R: A language and environment for 
statistical computing. R Foundation for Statistical Computing, 
Viena, Austria. [WWW document]. URL http://www.R-project.
org [accessed on 7 January 2014].

Rezende, E.L., P. Jordano and J. Bascompte. �����������������������2007. Effects of pheno-
typic complementarity and phylogeny on the nested structure of 
mutualistic networks. Oikos 116: 1919-1929.

Rivera-Hutinel, A., R.O. Bustamante, V.H. Marín and R. Medel. 
2012. Effects of sampling completeness on the structure of plant-
pollinator networks. Ecology 93: 1593-1603.

Sánchez-Cordero, V. and E. Martínez-Meyer. 2000. Museum speci-
men data predict crop damage by tropical rodents. Proc. Natl. 
Acad. Sci. USA 97: 7074-7077.

Szumik, C., L. Aagesen, D. Casagranda, V. Arzamendia, D. Baldo, L.E. 
Claps, F. Cuezzo, J.M. Díaz Gómez, A. Di Giacomo, A. Giraudo, 
P. Goloboff, C. Gramajo, C. Kopuchian, S. Kretzschmar, M. 
Lizarralde, A. Molina, M. Mollerach, F. Navarro, S. Nomdedeu, 
A. Panizza, V.V. Pereyra, M. Sandoval, G. Scrocchi, and F.O. 
Zuloaga. 2012. Detecting areas of endemism with a taxonomi-
cally diverse data set: plants, mammals, reptiles, amphibians, 
birds, and insects from Argentina. Cladistics 28: 317-329. 

Townsend Peterson, A. and A.G. Navarro-Singüenza. 2009. Making 
biodiversity discovery more efficient: An exploratory test using 
Mexican birds. Zootaxa 2246: 58-66.

Tylianakis, J.M., T. Tscharntke and O.T. Lewis. 2007. Habitat modi-
fication alters the structure of tropical host-parasitoid food webs. 
Nature 445: 202-205.

Vázquez, D.P. and M.A. Aizen. 2003. Null model analyses of special-
ization in plant-pollinator interactions. Ecology 84: 2493-1501.

Vázquez, D.P., N. Blüthgen, L. Cagnolo and N.P. Chacoff. 2009. 
Uniting pattern and process in plant-animal mutualistic net-
works: a review. Ann. Bot. 103: 1445-1457.

Waser N.M., L. Chittka, M.V. Price, N.M. Williams and J. Ollerton. 
1996. Generalization in pollination systems, and why it matters. 
Ecology 77: 1043-1060. 

Received August 9, 2013 
Revised January 24, 2014 
Accepted March 6, 2014

Appendix

Supplementary methods and Table S1. The file may be down-
loaded from www.akademiai.com.


