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bstract

Ecological networks are an increasingly popular tool to explore community assembly rules and frame practical conservation
ssues. However, most described networks vary largely in sampling effort, hampering the distinction of true biological patterns
rom artefacts caused by poor sampling. Identifying entire seeds in the droppings of mist-netted birds is generally considered a
referred sampling method for building unbiased, quantitative seed dispersal networks. We retrieved seeds from the droppings of
36 mist-netted birds captured during five days in seven sites in Portugal and estimated sampling completeness as the diversity
f seed species, disperser species, and links detected with respect to those predicted by Chao 2 estimator. In one of those
ites, sampling effort was extended to 25 days to evaluate the sensitivity of ten network structure descriptors to increasing
ampling effort. After five sampling days we detected 93% of the seed species, 97% of the disperser species, and 79% of
he links predicted by Chao 2, however sampling for 25 days resulted in the detection of more seeds, dispersers, and links
han those estimated at day 5. Most network descriptors only began to stabilize around day 8, except for Connectance and

eighted Connectance that stabilized earlier. Similarly, only after 8 days most networks descriptors significantly departed from
he confidence interval estimated by null models exclusively constrained by species abundances, thus reflecting independent
cological patterns. Nestedness was the only exception, as it never departed from the null models. We suggest that Chao 2 may
lightly underestimate the real diversity and that in our case at least eight sampling days were needed to build a sound seed
ispersal network as 67% of the seeds, 88% of the dispersers, and 71% of the links were detected. Our results have important
mplications for the interpretation of seed dispersal networks because under-sampled networks may produce biased descriptors
hat do not suitably characterize the focal communities.
usammenfassung
Ökologische Netzwerke werden immer beliebter als eine Methode, um die ‘assembly rules’ für Gemeinschaften zu unter-
uchen und praktische Naturschutzregeln zu entwerfen. Indessen variieren die meisten Netzwerke erheblich hinsichtlich des
robenahmeaufwandes, was die Unterscheidung zwischen tatsächlichen biologischen Mustern und Artefakten, die sich aus
nzureichender Probenahme ergeben, erschwert. Die Bestimmung von Samen aus dem Kot von Vögeln aus Japannetzfängen
ilt als eine bevorzugte Sammelmethode, um unverfälschte, quantitative Samenausbreitungsnetzwerke zu konstruieren. Wir
eparierten Samen aus dem Kot von 936 gefangenen Vögeln (sieben Fangplätze in Portugal; Fangzeitraum: i.d.R. fünf Tage)
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ortugal. Tel.: +351 239 855 210.

E-mail address: jmgncosta@gmail.com (J.M. Costa).

ttp://dx.doi.org/10.1016/j.baae.2015.09.008
439-1791/© 2015 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.

dx.doi.org/10.1016/j.baae.2015.09.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.baae.2015.09.008&domain=pdf
mailto:jmgncosta@gmail.com
dx.doi.org/10.1016/j.baae.2015.09.008


1

u
i
u
e
v
b
g
N
w
D
A
d
S
u
©

K

I

n
a
e
t
“
H
u
i
d
L
R

c
N
D
a
t
t
N
a
1
b
f
i
(
i
(

l
V
M
m
(

56 J.M. Costa et al. / Basic and Applied Ecology 17 (2016) 155–164

nd bestimmten die Vollständigkeit der Erfassung als die Diversität der festgestellten Samenarten, Vogelarten und Verbindungen
n Relation zum nach Chao 2 berechneten Schätzwert. An einem der Fangplätze wurde die Probenahme auf 25 Tage ausgedehnt
nd die Reaktion von zehn Netzwerkdeskriptoren auf die zunehmende Stichprobengröße ermittelt. Nach fünf Probetagen
rhielten wir 93% der Samenarten, 97% der Vogelarten und 79% der vorhergesagten (Chao 2) Interaktionen. Der Fangzeitraum
on 25 Tagen erbrachte indessen noch mehr Samenarten, Vogelarten und Interaktionen. Die meisten Netzwerkdeskriptoren
egannen sich nach etwa acht Tagen zu stabilisieren. Nur Konnektanz und gewichtete Konnektanz stabilisierten sich früher. In
leicher Weise wichen die meisten Netzwerkdeskriptoren erst nach acht Tagen signifikant von den Vertrauensbereichen ab, die für
ullmodelle mit limitierten Artenabundanzen berechnet wurden, was unabhängige ökologische Muster anzeigt. Die ‘nestedness’
ar die einzige Ausnahme und wich in keinem Fall von den Nullmodellen ab. Wir meinen, dass Chao 2 die tatsächliche
iversität leicht unterschätzen könnte und dass in unserem Fall mindestens acht Fangtage benötigt wurden, um ein vernünftiges
usbreitungsnetzwerk zu konstruieren, da 67% der Samenarten, 88% der Vogelarten und 71% der Interaktionen (bezogen auf
en 25-tägigen Fangzeitraum) entdeckt wurden. Unsere Ergebnisse haben wichtige Konsequenzen für die Interpretation von
amenausbreitungsnetzwerken, weil unzureichend beprobte Netzwerke verfälschte Deskriptoren hervorbringen können, die zu
nbrauchbaren Beschreibungen der untersuchten Gemeinschaften führen.

 2015 Gesellschaft für Ökologie. Published by Elsevier GmbH. All rights reserved.
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ntroduction

The study of community-wide species interaction
etworks experienced a tremendous growth in recent years
nd proved a powerful tool to explore many processes in
cology, being particularly valuable in disentangling the rela-
ionships between the structure and function of nature’s
entangled bank” (Heleno et al. 2014; Olesen, Dupont,
agen, Rasmussen, & Trøjelsgaard 2012; Darwin 1859). The
se of ecological networks deepened our understanding of
mportant conservation issues such as environmental degra-
ation (e.g. Traveset et al. 2013; Tylianakis, Tscharntke, &
ewis 2007) and ecological restoration (e.g. Heleno, Lacerda,
amos, & Memmott 2010).
Seed dispersal is one of the research areas where ecologi-

al networks attracted greatest interest (e.g. Heleno, Olesen,
ogales, Vargas, & Traveset 2013; Carlo & Yang 2011;
onatti et al. 2011; Mello et al. 2011). The dispersal of seeds

way from the mother plant is a key process, allowing plants
o avoid competition, find suitable conditions for germina-
ion, and expand their distribution range (Traveset, Heleno, &
ogales 2014). Due to their high mobility, frugivorous birds

re the main seed dispersers in most ecosystems (Herrera
984; Traveset et al. 2014). Avian seed dispersal data can
e collected by: (1) recording fruit consumption by birds on
ocal plants (Olesen et al. 2011), (2) identifying entire seeds
n the droppings of mist-netted birds (Heleno et al. 2013), and
3) identifying seeds in droppings collected in the field and
dentifying the disperser species with molecular techniques
González-Varo, Arroyo, & Jordano 2014).

Most network structure descriptors are affected by samp-
ing effort to some degree (Blüthgen 2010; Blüthgen, Fründ,
ázquez, & Menzel 2008; Rivera-Hutinel, Bustamante,

arín, & Medel 2012), with qualitative indices being
ore sensitive to sample size than quantitative analogues

Banasek-Richter, Cattin, & Bersier 2004). Specifically, poor

2
g
f

 Food-webs; Mist-nets; Sampling effort

ampling underestimates the real diversity of links, truncat-
ng estimated trophic breath and leading to a biased network
tructure (Blüthgen et al. 2008). On the other hand, as
mplementing such a holistic approach is inherently highly
abour-intensive, it is important to know when further effort
ill not significantly increase the accuracy of the community
escription, thus avoiding unnecessary work load (Hegland,
unne, Nielsen, & Memmott 2010). This effort is of utmost

mportance to allow meaningful cross-study comparisons
Heleno et al. 2014).

Richness estimators based on species and link accumu-
ation curves are a powerful way to evaluate sampling
ompleteness (Chacoff et al. 2012; Olito & Fox 2015; Rivera-
utinel et al. 2012), where the number of missing species is

stimated as those needed to reach a theoretical asymptote
Chacoff et al. 2012). Although some statistical methods have
een suggested to ease the problem (e.g. Bartomeus 2013),
here are no satisfactory solutions for poor sampling, and the
ampling effort needed to build comprehensive seed dispersal
etworks from which theoretical and applied conclusions can
e drawn has not yet been evaluated. In this study we aim to
valuate (1) the effect of sampling effort on the completeness
f seed dispersal networks based on the analysis of droppings
rom mist-netted birds, and (2) the sampling effort needed to
uild high quality seed dispersal networks so that reliable
etwork descriptors can be calculated.

aterials and methods

tudy sites and data collection

On five consecutive days in the first half of September

012, birds were captured in seven sites throughout Portu-
al ranging from agro-forestry systems to secondary native
orest (Fig. 1) (see Costa et al. 2014). In each site/day,
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Fig.  1.  Location of the study sites. (A) Larçã, Souselas; (B) Atenor,
Miranda do Douro; (C) Nozelos, Torre de Moncorvo; (D) Santa
Maria de Aguiar dam, Figueira de Castelo Rodrigo; (E) Casais da
Estrada, Achete; (F) Herdade de Freixo do Meio, Foros de Vale
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igueira; (G) Bensafrim, Lagos. Site A was sampled for 25 consec-
tive days; all other sites were sampled for five days.

0–100 m of mist-nets (according to the site specific condi-
ions) were operated during 5 h after dawn. Nets were visited
very 30 min and captured birds were individually placed in
inging bags to produce droppings (Heleno et al. 2013). Intact
eeds were later extracted from the droppings and identified
nder a dissecting microscope by comparison with a refer-
nce collection. Interaction frequency was quantified as the
umber of droppings from each bird species containing at
east one intact seed of any of the plant species. We built
uantitative seed dispersal networks for each site by consid-
ring the cumulative samples collected up to day i. We used
he number of days as a measure of sampling effort because
here were no significant differences in the number of drop-
ings collected per day (average ±  SD droppings collected
er day = 124.8 ±  22.7, see Appendix A: Table 1). The avail-
bility of fleshy fruits was independently assessed at each
ite by counting all ripe standing fruits along three 2 ×  25 m
ransects parallel to the mist-nets. In the site with highest fruit
iversity (n  = 10; Fig. 1, Site A—Larçã), sampling continued
or another consecutive 20 days.
etwork descriptors

The consistency of network structure descriptors to
ncreasing sampling effort was evaluated with the data

C
t
t
C
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ollected during five days in all sites (Table 1) and with the
ata collected during 25 consecutive days at the site with
he highest fruit diversity. We explored the effect of increas-
ng sampling effort in six qualitative and four quantitative
etwork descriptors. Qualitative descriptors included: Con-
ectance, the proportion of realised links from all possible
inks in the network (Jordano 1987); Nestedness (NODF)
Almeida-Neto, Guimarães, Guimarães, Loyola, & Ulrich
008), which reflects the degree of organization of interac-
ions around a core of generalist species; Disperser richness;
eed richness; Link richness; Qualitative Modularity, repor-

ing the existence of clusters of tightly interacting species
Olesen, Bascompte, Dupont, & Jordano 2007). Qualita-
ive Modularity was estimated with the algorithm QuaBiMo
Dormann & Strauss 2014) using both binary (qualita-
ive) and weighted (quantitative) matrices. Although this
lgorithm has been specifically developed for weighted inter-
ction matrices, we applied the same algorithm to binary
ersions of the original matrices in order to evaluate the
ffect of the input data (binary/weighted). The quantita-
ive descriptors included: Weighted Connectance, the ratio
etween linkage density (mean number of links per species)
nd the number of species in the network (Bersier, Banasek-
ichter, & Cattin 2002); Weighted Nestedness (WNODF),
s NODF but takes into account interaction frequency
Almeida-Neto & Ulrich 2011); Network specialisation index
H2

′), measuring the degree of the partner’s selectivity as
he departure from a theoretical non-discrimination of inter-
ctions (Blüthgen, Menzel, & Blüthgen 2006); Quantitative
odularity, as Qualitative Modularity but based on the orig-

nal, weighted interaction matrices. The significance of each
etwork descriptor was assessed by comparison with the
5% confidence interval of a set of 1000 matrix random-
zations (100 for Modularity) with marginal totals equal to
he observed matrix. This allows us to distinguish if a certain
arameter is driven by biological/ecological characteristics of
he interacting species or results simply from random interac-
ion patterns driven mostly by species abundances. Piecewise
egressions were used to estimate the sampling effort needed
o achieve asymptotic values (i.e. slope of partial regression
ine not significantly different from zero).

Network descriptors were calculated with packages bipar-
ite 2.05 (Dormann, Gruber, & Fründ 2008) and vegan 2.2
Oksanen et al. 2015), while piecewise regressions were per-
ormed with package segmented 0.5 (Muggeo 2008) in R
.0.2 (R Development Core Team 2014).

ampling completeness

The minimum expected asymptotic richness of seed
pecies, disperser species and links was estimated with the

hao 2, a non-parametric estimator based on the propor-

ion of uniques (species captured on a single day) relative
o duplicates (species captured on two days) (Chao 1984;
olwell & Coddington 1994). The expected richness was
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Table  1.  Percentage of disperser species, seed species, and links detected during five consecutive sampling days across the seven sites.
Estimated values of richness were computed using the Chao 2 estimator. Estimates marked with * were computed based on the classic formula
of Chao 2 because the coefficient of variation for incidence distribution >0.5. O—observed richness, E  (95% C.I.)—estimated richness (95%
confidence intervals), %—sampling completeness (=O/E  ×  100).

Site No. of days Seeds Dispersers Links

O  E  (95% C.I.) % O  E  (95% C.I.) % O  E  (95% C.I.) %

A—Larçã 25 12 12 (12–16) 100 8 8* (8–21) 100 38 52 (42–93) 73
A—Larçã 5 7 7 (7–12) 100 6 6 (6–7) 100 17 30 (20–68) 57
B—Atenor 5 5 7* (5–24) 71 8 8 (8–15) 100 13 18 (14–40) 72
C—Nozelos 5 7 8 (7–19) 88 11 12 (11–21) 92 18 23 (19–44) 79
D—Santa

Maria de
Aguiar dam

5 7 7 (7–18) 100 11 12 (11–24) 92 25 29 (26–45) 86

E—Achete 5 10 11 (10-22) 91 11 11 (11–15) 100 33 41 (35–62) 81
F—Freixo do

Meio
5 2 2* (2–3) 100 5 5 (5–6) 100 6 6 (6–14) 100

G—Bensafrim 5 4 4 (4–5) 100 6 6 (6–14) 100 10 13 (10–28) 77
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omputed using the program EstimateS 9.1.0 (Colwell 2013).
he Chao 2 estimator was chosen for being more robust

o reduced sample size (Colwell & Coddington 1994), per-
orming considerably better than other estimators (Walther

 Moore 2005).
Sampling completeness was considered as the percentage

f observed richness relative to the estimated asymptotic rich-
ess. By extrapolation of the estimated rarefaction curves
Colwell et al., 2012), we estimated the additional number of
ampling days needed to detect 80%, 90%, and 100% of the
otal estimated richness.

To evaluate whether sampling completeness is affected by
ruit diversity across sites, a generalized linear model with
uasibinomial error distribution (due to data underdispersion)
as used.

esults

etwork descriptors

During the five sampling days, different network descrip-
ors showed different trends regardless of whether they were
ased on qualitative or quantitative links (Fig. 2). Both
onnectance and Weighted Connectance of all networks sta-
ilized at day 3. NODF, Weighted NODF and H2

′ showed a
igh site-specific variability (Fig. 2).
All but two (Seed Species and Link Richness) descriptors

tabilised before the end of the study at the site sampled
or 25 days (see Appendix A: Table 2) but different metrics
howed distinct patterns in respect to increasing sampling

ffort. The number of detected seed species and links was
till increasing as revealed by the positive slopes of the
artial regressions (seeds: 0.19 < β95% CL < 0.42; links:
.62 < β95% CL < 0.80) (Fig. 2, see Appendix A: Table 2).

s
A
s
(

owever, disperser’s diversity stabilised at day 8 with no
urther detected species (−0.02 < β95% CL < 0.02, Fig. 2, see
ppendix A: Table 2). Both Connectance and Weighted
onnectance remained relatively stable throughout the study
eriod (Connectance = 40–50% (−0.02 < β95% CL < 0.0005,
ig. 3A); Weighted Connectance = 21–27%
−0.001 < β95% CL < 0.0002, Fig. 3B). NODF stabi-
ized after day 8, (day 8–21: −0.01 < β95% CL < 1.17; day
1–25: −5.09 < β95% CL < 2.01; Fig. 3C, see Appendix A:
able 2), while Weighted NODF tended to stabilize at day

 but formally reached its asymptotic value only on day
6 (−0.51 < β95% CL < 0.58, Fig. 3D). The Qualitative and
uantitative Modularity as well as Network Specialization
2
′ stabilized around day 8 (Qualitative Modularity:

0.004 < β95% CL < 0.00002; Quantitative Modularity:
0.002 < β95% CL < 0.0008; H2

′: −0.004 < β95% CL < 0.001)
Fig. 3E, F and H; see Appendix A: Table 2).

ampling completeness

After five sampling days, we detected, on average, 93%
range: 71–100%) of the estimated seed species, 97%
92–100%) of the estimated disperser species, and 79%
57–100%) of the estimated links on the seven study sites
Table 1). Fruit diversity at a given site did not significantly
ffect sampling completeness (GLM: β  = −0.06, t  = −0.464,

 = 0.662; see Appendix A: Fig. 1). After the first five samp-
ing days in Larçã, we detected only 58% of the seed species,
5% of the disperser species, and 45% of the links detected
ithin 25 days. The detection rate improved to 67% of the
eeds, 88% of the dispersers, and 71% of the links by day 8.
fter 25 sampling days, we estimated to have recorded all

eed species (n  = 12), all disperser species (n = 8), and 73%
38 out of 52) of the estimated number of links at site A
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Fig.  2.  Effect of sampling effort (measured as the number of days) on the Connectance (A), Weighted Connectance (B), Nestedness (NODF
(C) and Weighted NODF (D)), Modularity (Qualitative (E) and Quantitative (F)), Specialization (H2

′ (H)), richness of seeds (I), dispersers (J),
a multan
v  allow
n

(
w
a
W

T

N

S

D

L

nd links (G) detected in seven seed-dispersal networks sampled si
alues correspond to days/sites where the network was too small to
etwork descriptors see the Materials and methods section.
Table 1). The observed richness in this site after 25 days
as higher than that estimated using Chao 2 at day 5 for

ll levels considered (Seeds, Dispersers, and Links; Table 1).
hile the final number of detected seed species and links was

w
d
A
o

able  2.  Number of additional sampling days needed to detect 80%, 90%

etwork descriptor Sampling period 

eed species 5 Days (mean of 7 sites) 

25 Days (1 site) 

isperser species 5 Days (mean of 7 sites) 

25 Days (1 site) 

ink diversity 5 Days (mean of 7 sites) 

25 days (1 site) 
eously during five consecutive days throughout Portugal. Missing
 the calculation of those network descriptors. For the definition of
ithin the confidence interval estimated after five sampling
ays, the same was not true for disperser species (Table 1).

 total of 50 days were considered necessary to detect 90%
f the links and 72 days would be needed to detect all links

, and 100% of the diversity estimated by the Chao 2 estimator.

Target sampling completeness

80% 90% 100%

0 0 2
0 0 0

0 0 1
0 0 0

1 2 5
8 25 47
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Fig.  3.  Effect of the sampling effort (measured as the number of days) on the Connectance (A), Weighted Connectance (B), Nestedness
(NODF (C) and Weighted NODF (D)), Modularity (Qualitative and Quantitative), Specialization (H2

′ (H)), richness of seeds (I), dispersers
(J), and links (G) detected on the seed-dispersal network at Larçã (Fig. 1). The dashed lines indicate the 95% confidence interval of 1000 runs
(100 for Modularity) of a null model based exclusively on species abundances. The fitted lines represent the theoretical values estimated by
piecewise linear regressions, except for Connectance, which was fitted with linear regression, with the grey area indicating the 95% confidence
i dequat
5 For the
s

(
a
s

D

t
(
C
l
S
t

N

d
t
n
(
e
i
W
q

nterval. The dashed vertical line at day 8 indicates the minimum a
 indicates the duration of the sampling period on the other sites. 

ection.

Table 2). An animation of accumulation of species and links
t the most intensively sampled site (Larçã) is available as
upporting information (see Appendix B).

iscussion

In this study we show that while some network descrip-
ors can be accurately estimated with lower sampling effort
number of Disperser Species, Connectance, and Weighted
onnectance), most network metrics only started to stabi-
ize after eight mist-netting days (number of Links and Seed
pecies, NODF, Weighted NODF, Modularity (both Quanti-

ative and Qualitative), and H2
′).

r
w

e sampling effort suggested for this site, while the full line at day
 definition of network descriptors see the Materials and methods

etwork properties

While five sampling days suitably captured the biological
iversity across the seven study sites, it was not sufficient
o deliver a completely sound representation of the commu-
ity structure measured by all but two network descriptors
Connectance and Weighted Connectance). Contrary to our
xpectation we could not detect a trend for quantitative
ndices performing better to lower sampling efforts. In fact,

eighted NODF took slightly longer to stabilize than its
ualitative counterpart.
Both Connectance and Weighted Connectance remained
elatively stable throughout the study period and therefore
ere accurately predicted even with low/moderate sampling
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ffort. However, only after day 7/8 the network is signif-
cantly less connected than we would expect according to

 random association among species (Fig. 3). Still, given
he small difference between observed and predicted val-
es, such significance may be explained by the intrinsic
athematical behaviour of the used null model, which tends

o generate matrices more connected than that observed
Dormann, Fründ, Blüthgen, & Gruber 2009). Additionally,
hese descriptors showed similar trends in all of our study
ites, suggesting that such robustness to sample size is not
etwork-specific but also that these descriptors are of limited
nformative value to compare seed dispersal networks. Pre-
ious studies on pollination networks found a tendency for
n initial increase in Connectance towards an asymptote that
ight be reached at relatively low (Nielsen and Bascompte

007) or higher (Rivera-Hutinel et al. 2012) levels of samp-
ing completeness. Our results suggest that, despite both
onnectance and Weighted Connectance of seed dispersal
etworks may be stable even with a low sampling effort, they
re of limited use if we want to compare at least similar seed
ispersal networks. Moreover, despite its wide use in ecolog-
cal network studies and apparent robustness to sample size,
onnectance seems to have no relation between its value and

he network conservation status (Heleno, Devoto, & Pocock
012). Further work is required to confirm the extent of this
eneralization.

The two measures of Nestedness (NODF and Weighted
ODF) were more sensitive to sampling effort than Con-
ectance. Asymptotic values of NODF were achieved earlier
day 8) than for Weighted NODF (day 16), but overall our
esults coincide with those of Rivera-Hutinel et al. (2012)
ho found NODF to be relatively stable if at least 30% of the
etwork had been sampled. However, the observed network
as not significantly nested (Fig. 3) even after 25 sampling
ays. This pattern was not the result of sampling limitations,
s both NODF and Weighted NODF values were relatively
table, with as low as half of the full sampling effort and
hus not to be expected to change with a higher sample size,
ut likely driven by species abundances. Taken altogether
ur results question the ecological relevance of Nestedness
ndices (see also James, Pitchford, & Plank 2012). Modularity
as been increasingly used in network studies as it is strongly
elated to Nestedness (Fortuna et al. 2010). We found both
ualitative and Quantitative Modularity to stabilize after 7

nd 8 sampling days, respectively, and to encompass real eco-
ogical information as it cannot be explained by null models
ased solely on species abundances. However, it is important
o note that wile Quantitative Modularity revealed a network

ore modular than expected by chance, the analyses based on
inary matrices revealed the opposite pattern, reinforcing the
alue of weighted interaction networks in the capacity of this
lgorithm to detect modules (Dormann & Strauss 2014). Net-

′
ork Specialization H2 stabilized around day 6 to 8 and was
igher (i.e. more specialized) than expected under random
pecies associations. These results corroborate the stability of
his metric to moderate sampling effort (Blüthgen et al. 2006;

a
t
a
a
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chleuning, Böhning-Gaese, Dehling, & Burns 2014). These
hree descriptors (NODF, Weighted NODF, and H2

′) showed
igh site-specific trends, and while they seem to convergence
o a narrower range during the five sampling days (Fig. 2), this
ampling effort is insufficient to provide a clear pattern and
ighlight the meaningfulness of these descriptors to compare
imilar seed dispersal networks. The breakpoints identified
y the piecewise regression (i.e. those that maximise the
ariability explained by the regression lines) should also be
egarded as conservative given that quasi-asymptotic values
re often reached a few days before the estimated breakpoint
Fig. 3).

From Fig. 3, and considering the sampling effort and
ata quality trade-off, a minimum of eight sampling days
re required to adequately sample our seed dispersal net-
ork (detection of 67% for seed species, 88% for disperser

pecies, and 71% for links). After this day, all descrip-
ors either reach an asymptote or have a highly reduced
lope and show a consistent pattern of significance with
espect to null models. Our results are restricted to seven
ites in Portugal and to a particular sampling method (iden-
ification of seeds on the droppings of mist-netted birds),
o further studies testing different sampling strategies and
ifferent interaction types, particularly in hyper-diverse
cosystems, are important to test the generality of these
esults.

An assessment of each descriptor’s quality is critical
o derive meaningful network descriptors that reveal true
cological attributes of biological communities and not
athematical artefacts resulting from poor sampling or

xclusively from species abundances. Since rare species and
inks require a higher sampling effort to be recorded, the
ypically low evenness of species abundances alone can
rive some observed properties of the structure of some
etworks (Vázquez & Aizen 2004). Network descriptors
an be more or less sensitive to these sampling artefacts
Rivera-Hutinel et al. 2012; Blüthgen 2010; Blüthgen et al.
008), thus its values may either reflect sample effects or
eal nature processes. The use of appropriate null models is a
ay to disentangle if the processes structuring the observed
etworks are mostly mathematical or biological (e.g. Araujo,
e Almeida, Cardoso, & Corso 2010; Vázquez, Chacoff,

 Cagnolo 2009; Vázquez et al. 2007; Vázquez & Aizen
004). These analyses surpass the scope of this study but are
rucial if one wants descriptors that mirror true biological
atterns.

The efficiency of mist nets to capture birds depends
n several factors, such as habitat structure, weather or
ird behaviour and size (Estades, Escobar, Tomasevic,
ukasovic, & Páez 2006; Pagen, Thompson, Frank, &
urhans 2002). Nevertheless, mist-netting is likely the best
ethod to construct quantitative seed dispersal networks
s it is largely free of observer bias and allows great
axonomic resolution (species level with few exceptions),
llows the detection of inconspicuous dispersers and inter-
ctions, makes the study of individual food choice possible
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hrough individual marking (e.g. rings), and allows the
valuation of the effect of seed ingestion on its viability
Costa et al. 2014; Traveset, Robertson, & Rodríguez-
érez 2007; Heleno, Ross, Everard, Memmott, & Ramos
011).

ampling completeness

Five sampling-days detected consistently >71% of the dis-
ersed seed species and >92% of the disperser species across
he seven sites. We estimate that during the same period the
ajority of the links (79%) were also detected, but the samp-

ing completeness was lower (down to 57%) on the most
iverse site (Larçã).
As expected, the thorough detection of links required

igher sampling intensity than the detection of the species.
his is partly a mathematical consequence, once that new

inks require new species but species do not necessarily report
ew links, and partly because some links are likely very rare
ven if they involve common species. A similar effect was
lready described for pollination networks (Chacoff et al.
012). However, due to the generally lower size of seed
ispersal networks, with lower diversity of dispersers, i.e.
nimals/plants ratio lower in seed dispersal than in pollina-
ion networks, one may expect that seed dispersal studies
equire less effort to attain a similar sampling complete-
ess (Blüthgen, Menzel, Hovestadt, Fiala, & Blüthgen 2007;
uimarães et al. 2007).
In Larçã, 25 sampling days resulted in the detection of a

igher richness of seeds, dispersers, and links than that esti-
ated by Chao 2 with only five sampling days. However,

ince this estimator computes the minimum expected rich-
ess (Chao 1984; Colwell & Coddington 1994) and the seeds
nd link richness detected after 25 days lay within the confi-
ence interval of that estimated after five days, we consider
hat this estimator performed relatively well for seeds and
inks. For dispersers, however, the richness detected after 25
ays lay above the confidence interval estimated after five
ampling days. This, at least apparent, underestimation of
hao 2 might reflect a poor performance of the estimator

or species richness due to low sample size (five capture
ccasions) (Walther & Moore 2005). This apparent under-
stimation can be largely explained by an increase in the
vailability of ripe fruits (advancing fruit phenology) and
ew potential dispersers (bird migration) entering an open
ommunity.

We estimated that all species and 73% of the links between
lants and avian dispersers were detected in Larçã with 25
ampling days. Interestingly, some species pairs that are
resent in this site, but apparently not interacting, are known

o interact elsewhere: e.g. Sylvia  atricapilla  with Daphne
nidium, Sylvia  melanocephala  with Smilax  aspera  (Olesen
t al. 2011). We believe that the independent study of species
nd link distributions (e.g. interaction distribution modelling)

A

 Ecology 17 (2016) 155–164

olds a large potential to understand community assembly
ules in ecology.

oncluding remarks

Our results suggest that while some descriptors can be
ccurately estimated with lower sampling effort, at least eight
ampling days were needed to accurately describe the struc-
ure of our seed dispersal network based on the droppings
f mist-netted birds. More studies on the effect of samp-
ing intensity on network descriptors are needed to allow

 generalization of the conclusions on the effort required
o get a realistic overview of the seed dispersal networks’
tructure and to critically assess sampling limitations in pre-
ious studies. The reproducibility of the results is a central
enet of experimental science, and there is no reason why
his should not be applied to ecological networks studies, for
hich the identification of what is a sound sampling effort is
aramount.
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