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Efficient and unbiased sampling of ecological interactions is essential to our under-
standing of the functions they mediate. Seed dispersal by frugivorous birds is a key
mutualism for plant regeneration and community dynamics. Mist-netting is one of the
most widely used methods to sample avian seed dispersal through the identification
of seeds in droppings of captured birds kept inside cloth bags. However, birds may
drop seeds on the ground before being extracted from the net, leading to a fraction of
missing information due to ineffective sampling. Worryingly, this fraction could be
unevenly distributed across bird and plant species, leading to sampling biases. Here,
we assess the effectiveness of using a 1-m wide mesh below mist nets to sample seeds
dropped by entangled birds. We used data from birds mist-netted during one-year-
round. We sampled nearly 50% of interaction events and 75% of dispersed seeds on
the mesh band below the mist nets (i.e. lost information without this optimization).
The proportion of seeds sampled on the mesh bands was not evenly distributed among
bird species but strongly related to bird size, ranging from 57-63% in warblers to
84-94% in thrushes. Moreover, the proportion of seeds sampled on the mesh was
negatively related to seed size, although this relationship was weaker. We also evalu-
ated accumulation curves of species and pairwise interactions with increasing sam-
pling effort, both with and without using the mesh bands. The number of seed species
sampled increased by 21% when using the mesh bands and the number of pairwise
interactions by 36%. Our findings provide strong evidence on how inefficient and
biased traditional mist-netting can be for sampling community-wide seed—dispersal
interactions. We thus urge the use of mesh bands in future studies to increase sampling
effectiveness and avoid biases, which will ultimately improve our understanding of the
seed dispersal function.
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Introduction

Interactions between frugivorous animals and fleshy fruits
are essential for the endozoochorous seed dispersal of many
plant species across the world’s biomes. For example, up to
94% of woody species in tropical rainforests and up to 64%
in Mediterranean woodlands produce fleshy fruits and, thus,
rely on frugivores to disperse their seeds (Jordano 2014).
Frugivorous seed dispersers eat the edible pulp of fleshy fruits
to obtain nutrients and ¢ject undamaged seeds away from the
parent plants in conditions that are generally suitable for ger-
mination (Howe 1986, Herrera 2002). By doing so, they fos-
ter the colonisation of vacant areas for seedling establishment
and the exchange of individuals among plant populations
(Wang and Smith 2002, Jordano 2017). Hence, frugivore-
mediated seed dispersal is a pivotal process for the dynamics
of plant communities (Wang and Smith 2002, Schupp et al.
2010, 2017), particularly in the Anthropocene, under sce-
narios of habitat loss and fragmentation (Garcia et al. 2013,
Gonzélez-Varo et al. 2017), biological invasions (Teixido et al.
2022) and climate change (Gonzdlez-Varo et al. 2021).

The empirical study of seed—dispersal interactions requires
identifying the animal species that disperse seed species of
interest in a plant community, and quantifying the strength
of such pairwise interactions (Bascompte and Jordano 2013).
Therefore, a robust and complete sampling of the interactions
is required to extract reliable information on the identity and
relevance of species within interacting plant—{frugivore assem-
blages (Costa et al. 2016, Jordano 2016). The methods used
to detect these interactions are diverse and target on differ-
ent stages of the seed-dispersal process: direct observations of
fruit consumption (departure stage), sampling seeds ejected
by captured animals (transport stage) and sampling seeds
in animal defecations or regurgitations (deposition stage)
(Schlautmann et al. 2021, Quintero et al. 2022). None of
these approaches are free from biases. For instance, large birds
can be more easily detected through focal observations than
small ones (Vitorino et al. 2022) and, in the same way, large
scats are more easily detected on the ground when search-
ing for seeds defecated or regurgitated by frugivorous animals
(Schlautmann et al. 2021, Quintero etal. 2022). Accordingly,
there is a growing interest among ecologists regarding which
method could be more effective for sampling seed—dispersal
interactions, or how data from different sampling methods
could be combined (Jordano 2016, Schlautmann et al. 2021,
Quintero et al. 2022, Vitorino et al. 2022). In contrast, the
optimization of commonly used methodologies has received
very little attention.

Birds are the main group of frugivorous seed dispersers
for the vast majority of endozoochorous plants (Herrera
2002, Jordano 2014). This explains why mist netting has
been — and still is — one of the standard methods used to
sample avian seed—dispersal interactions (Herrera 1984a,
Jordano 1989, Heleno et al. 2013, Costa et al. 2016, Fricke
and Svenning 2020). Collecting the seeds in droppings
ejected by captured birds allows species identification of
both interacting partners (i.e. plant species 7 dispersed by
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bird species ;) as well as quantifying the strength of pairwise
interactions (i.e. prevalence or number of seeds of plant
species 7 in droppings of bird species j; Costa et al. 2016).
Seeds recovered in bird droppings can also provide data on
their viability and hence, on the qualitative component
of the seed dispersal process (Schupp et al. 2010, 2017,
Nogales et al. 2017). In addition, when compared with
focal direct observation of frugivorous birds consuming
fruits (Sorensen 1981, Rumeu et al. 2020), the mist-netting
method has the advantage of better sampling interactions
with rare plants or with plants located outside the boundar-
ies of the study area (Escribano-Avila et al. 2018).

In mist-netting based studies, captured birds are extracted
from the net and kept inside cloth bags for a while (usu-
ally about 30 min, before or after ringing), where they can
drop seeds by defecating or regurgitating them. However,
before being extracted from the net, captured birds may
drop seeds that fall on the ground and get easily lost
(Gonzdlez-Varo et al. 2014). This can result in the loss of
whole interaction events (i.e. interactions between captured
birds and fleshy-fruited species that remain unsampled), or
the loss of fractions of them (i.e. some seeds of given spe-
cies are dropped on the ground and some others inside the
cloth bag, leading to biases in the strength of the interac-
tions recorded) (Herndndez-D4vila et al. 2015). Therefore,
the standard procedure of the mist-netting method could be
ineffective in sampling interactions and characterising their
weight, as previously suggested (Gonzdlez-Varo et al. 2014,
Herndndez-D4vila et al. 2015). Methods based on animal
captures such as mist-netting have intrinsic biases related to
species catchability (Quintero et al. 2022). But worryingly,
when sampling interspecific seed dispersal interactions, tradi-
tional mist-netting could lead to additional sampling biases
if the fraction of missing interactions is not evenly distrib-
uted across bird and plant species. These biases are in fact
expected, because gut passage time of seeds increases with
bird body mass, with mean values ranging from 22 to 80
min in frugivorous passerines (Herrera 1984b). Moreover,
small seeds tend to have longer passage times than large
seeds inside birds’ guts (Johnson et al. 1985, Fukui 2003).
According to these allometric relationships with gut passage
times, the standard sampling of seeds inside cloth bags could
lead to the undersampling of interactions involving small
birds and large seeds.

The placement of a plastic mesh beneath the mist nets
has been used in some studies to avoid the loss of drop-
pings of trapped bats (Galindo-Gonzdlez et al. 2009)
and birds (Gonzdlez-Varo et al. 2014). Yet, to our knowl-
edge, only one study has quantified the extent to which
this technique improves the sampling of bird droppings
with seeds (Herndndez-Ddvila et al. 2015). Although the
study was based on a small sample size (20 droppings with
seeds), it showed that cloth bags only included 35% of
all seeds dropped by captured birds. However, this report
has had little impact among researchers using mist nets to
study frugivory and seed dispersal. In addition, as far as
we know, no study has yet assessed whether the fraction of



unsampled interactions is related to the size of the interact-
ing bird and seed species.

Here, we carried out a comprehensive one year-round
study encompassing a diverse community of bird-dispersed
plants in northern Spain to assess how much the sampling
of seed-dispersal interactions is optimized by the placement
of a 1-m wide plastic mesh on the ground, below mist nets
(Fig. 1). This mesh band enables the quick detection of seeds
dropped by birds while trapped in the net. First, we assessed
the effectiveness of this method by estimating the proportion
of interaction events recorded and the proportion of seeds
recovered on the mesh. Second, we tested whether the pro-
portion of seeds sampled on the mesh (i.e. presumably lost on
the ground and unsampled when the mesh band is not used)
was unevenly distributed among birds and seeds of different
sizes. Finally, we estimated accumulation curves of species
and pairwise interactions to assess the extent to which this
technique improves the sampling in relation to standard mist
netting. Ultimately, our goal was to provide solid evidence
on the effectiveness of using mesh bands below mist nets to
perform more complete and unbiased samplings of seed—dis-
persal interactions.

Material and methods
Study design

Study sites

We conducted our study in three apple Malus X domes-
tica orchards located in northern Spain, between 43°28’
51"-43°27’ 10" N and 5°28" 58"-5°26" 45” W. Orchards
were separated from 1.5 to 4.5 km one from each other, and
their elevation ranged between 25 and 97 m a.s.l. They rep-
resent replicates of a regional agroecosystem that harbours
a diverse community of wild birds and fleshy-fruited plants
(Garcia et al. 2018), consisting of small orchards of 0.6-4.0
ha embedded in a highly variegated landscape with abundant
patches of natural woody vegetation. In fact, most orchards
are surrounded by hedgerows dominated by fleshy-fruited
plants (e.g. Hedera helix, Rubus fruticosus, Sambucus nigra),
which rely on frugivorous animals for the dissemination of
their seeds. The main frugivores known to disperse the seeds
of these hedgerow species are small- and medium-sized pas-
serines such as European robins Erithacus rubecula, blackcaps
Sylvia atvicapilla and thrushes Tiurdus spp. (Herndndez 2007).

Figure 1. Plastic mesh bands of 1 m-wide and 1 mm pore placed beneath mist nets allow the quick detection of seeds expelled by trapped
birds. (A and B) The colour of the mesh bands can be chosen to minimize visual contrast with the ground. (C) Mesh band can be placed in
tall-grass conditions. (D) Juvenile of European robin Erithacus rubecula trapped in a mist net with a mesh band underneath. Note the pres-
ence of one scat and two dogwood Cornus sanguinea seeds on the mesh, readily detectable for sampling.
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Mist-netting and sampling of bird droppings

The three sites were sampled with equal effort all year-round
(August 2019-July 2020), covering the entire fruiting phe-
nology of all local fleshy-fruited species. Each site was vis-
ited twice per month. Bird droppings were collected during
72 ringing sessions with five mist nets at each site, which
remained open for five consecutive hours. Mist-nets were of
different size, ranging between 9-18 m length and 2.5-3 m
height, total area of capture being of 178.5 m” Net mesh
varied between 16 and 19 mm.

We placed a 1 m-wide plastic mesh band of 1 mm pore
below each mist net (Fig. 1) to easily locate any seed expelled
by birds on the ground while trapped in the nets (between
its impact with the net and the subsequent manipulation
by the ringer). Mesh bands had exactly the same length as
the mist nets above them and were fixed to the ground with
pickaxes similar to those used for a camping tent. Mist nets
were checked every 45-60 min. Seeds located on the mesh
below captured birds were collected and assigned to the spe-
cific bird trapped in the vertical, recording that they were
seeds ‘sampled on the mesh’. It was always straightforward
to associate each captured bird with its dropping sample on
the mesh. Then, captured birds were kept up to 30-40 min
inside ringing cloth bags to obtain droppings (defecations or
regurgitations), as done in traditional mist-netting studies
(Rumeu et al. 2011, Spotswood et al. 2012a, Heleno et al.
2013, Costa et al. 2022). All captured birds were ringed
with a unique numbered aluminium ring (Aranzadi Ringing
Scheme) by the same person (CC), who also measured their
body weight to the nearest 0.1 g using a portable digital scale.
After ringing and releasing the birds where they had been
captured, those seeds found in the cloth bags were collected
and registered as ‘sampled inside the bag’. Regurgitated and
defecated seeds were pooled together due to the impossibility
of discerning between these two modes of ejection, both on
the mesh bands and — particularly — inside cloth bags. The
species identification of intact seeds in droppings were later
confirmed from external morphology by comparison with a
seed reference collection from the study area and a regional
guide for seed identification of fleshy-fruited species (Torroba
Balmori et al. 2013). To test whether the proportion of seeds
sampled on the mesh was unevenly distributed among seeds
of different sizes, we obtained data on seed length and seed
width from the literature (Torroba Balmori et al. 2013). Seed

dry weight was also obtained by weighting the seed load of
40-100 fruits ( 21 in the case of Solanum dulcamara) from up
to seven individuals per fleshy-fruited plant species present
in the hedgerows of the study areas. For those plant species
absent from the hedgerows but present in our samples (five
out of 17 species), seed dry weight was gathered from the
literature (Torroba Balmori et al. 2013).

Data analyses

Data from the three nearby localities were pooled for all
analyses and seed-dispersal information provided by recap-
tured birds was kept. We classified seeds from each interac-
tion event (i.e. interactions between a seed species 7 and an
individual bird captured 4) as 1) found only on the mesh, 2)
found only in the bag or 3) found in both. We focused on
the proportion of interaction events that were only sampled
on the mesh, as they represent events that would have been
missing by traditional sampling with cloth bags. These data
were expressed as a Bernoulli-distributed variable (1: event
sampled only on the mesh; 0: event sampled inside the bag).

en, we estimated the proportion of interaction events
detected only on the mesh by fitting a general linear model
(GLM) with binomial distribution and logit link to the inter-
cept of this response variable (i.e. only an intercept estimate;
no predictor variables). The intercept estimated by this GLM
does not account for the identity of the captured bird species
and thus equals the mean proportion observed in the sample
along with its error term. In order to account for clustered
measures per bird species, which contributed very unevenly
to the data (e.g. from 92 interaction events by Sylvia atri-
capilla to only three by S. borin; Table 1), we also fitted a
generalized mixed model (GLMM) including bird species as
random factor (random intercepts). We followed the same
analytical approach to estimate the proportion of seeds sam-
pled on the mesh per interaction event (i.e. fraction of seeds
probably lost on the ground without the mesh). In this case,
the number of seeds sampled on the mesh were modelled as
‘successes’ and the number of seeds sampled in the bag as
‘failures’ in the binomial GLM and GLMM (with bird spe-
cies as random intercepts) fitted to estimate the intercept (no
predictor variables). These analyses were performed using the
glmmTMB package ver. 1.1.2.3 (Brooks et al. 2017) in R ver.
4.0.2 (<www.r-project.org>). We used the emmeans package

Table 1. Contribution to seed dispersal, in terms of interaction events and number of dispersed seeds, by the mist-netted bird species that
dropped seeds. Note that a single interaction event (i.e. the interaction between a captured bird b and a seed species i) can be sampled only
on the mesh, only inside the cloth bag and in both places (e.g. a bird ejecting multiple seeds of a given plant species both on the mesh and
inside the bag). The 108 captures included 106 individuals and two recaptures of Sylvia atricapilla.

Captures Interaction events Seeds
Blrd SpeCieS n nr)nl mesh (0/0) non] y bag (0/0) nboth (O/O) nto(al mcsh (/0) nbag (0/0) ntotal
Erithacus rubecula 12 9 (75.0) 2(16.7) 1(8.3) 12 46 (74.2) 16 (25.8) 62
Sylvia atricapilla 67 37 (40.2) 4(37.0) 1(22.8) 92 238 (59.5) 162 (40.5) 400
Sylvia borin 2 0 (0.0) 0 (0.0) 3 (100.0) 3 3(42.9) 4 (57.1) 7
Turdus merula 15 12 (63.2) 0 (0.0) 7 (36.8) 19 353 (94.6) 0(5.4) 373
Turdus philomelos 12 5(41.7) 5(41.7) 2 (16.7) 12 3(77.9) 15 (22.1) 68
Total 108 63 (45.7) 41 (29.7) 34 (24.6) 138 693 (76.2) 217 (23.8) 910
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ver. 1.3.5.1 to obtain the estimated means and 95% confi-
dence intervals from the fitted models.

We further explored whether the proportion of seeds sam-
pled on the mesh was related to bird and seed size. In the case
of birds, biometric measures from recaptured individuals were
excluded. We used individual body weight as a proxy of bird
size. For fleshy-fruited species, seed length, seed width and
seed dry weight were highly correlated (r > 0.85 in all cases,
p < 0.001). We eventually selected mean seed dry weight as
a proxy of seed size because the model with this variable (see
model details below) had a better fit than the model includ-
ing seed length or seed width as a proxy of seed size (AAIC
> 2.1 in both cases). We tested for the effect of bird and
seed size (separately and grouped) on the proportion of seeds
sampled on the mesh by ficting GLMMs with binomial error
structure and logit link function, using the R package glm-
mTMB. The models included bird and plant species as ran-
dom factors (random intercepts) to account for the repeated
measures per bird and seed species. We assessed the goodness-
of-fit of these models from their AIC and marginal R* values
(R \mimy)» that is, the variance explained by the fixed-effects
variables, using the delta method (Nakagawa et al. 2017);
R®¢/ vum Values were obtained with the R package MuMIn
(ver. 1.43.17) (Bartoni 2020).

Finally, we evaluated accumulation curves of bird and seed
species, as well as of pairwise interactions, with increasing
sampling effort with and without the mesh bands below the
mist nets. We used the rarefaction/extrapolation method as
proposed by Chao et al. (2014). For this purpose, we built
incidence matrices with information on whether each seed
species 7, each bird species j or each ij pairwise interaction was
recorded in seed—dispersal events during each ringing session.
These matrices were constructed separately for the subset data
collected inside cloth-bags (i.e. obtained through the tradi-
tional mist-netting method), and for the whole data collected
on the mesh bands and inside cloth bags. The analyses were
computed using the iNEXT package (Hsieh et al. 2016) in R
(<www.r-project.org>), using the diversity order q=0 (spe-
cies richness) and based on incidence biodiversity data.

Results

We captured a total of 108 frugivorous birds (106 individu-
als and two recaptures) from five different species (Table 1)
while dispersing seeds from 17 fleshy-fruited plant species
(Supporting information). These captures yielded a total
of 138 interaction events (note that a single dropping can
include more than one interaction event if it contains seeds
from multiple species), corresponding to 34 unique pair-
wise interactions. Half of the captured birds (52%; 56 out
of the 108) dropped seeds only on the mesh. These repre-
sent captures that would not have produced data without
the mesh. Or, in other words, this percentage means that
only 52 captured birds (48%) would have reported data on
seed—dispersal interactions with a traditional mist-netting
sampling.

100 (A)
0.75

0.50 —

0.25

Proportion of interaction events
sampled on mesh

0.00

T T
GLM GLMM

1.00 - (B)

0.75

0.50

Proportion of seeds
sampled on mesh

0.25

0.00

GtM GL;VIM
Model type

Figure 2. (A) Proportion (mean + 95% confidence intervals) of
interaction events sampled only on the mesh estimated by a GLM
(filled circle) and a GLMM (open circle). The GLMM included
bird species as a random intercept to account for the uneven contri-
bution of bird species to seed dispersal (repeated measures per bird
species). (B) Proportion (mean + 95% confidence intervals) of
seeds sampled on the mesh estimated by a GLM (filled circle) and a
GLMM (open circle).

Bird species did not contribute equally to seed dispersal.
For instance, Sylvia atricapilla was responsible for 92 (67%)
out the 138 interaction events, whereas S. borin contributed
only with three (2%) (Table 1). Strikingly, we found that
46% of all interaction events recorded were sampled only on
the mesh (Table 1 and GLM estimate in Fig. 2a), and this
value reached 49% when accounting for the uneven contri-
bution of bird species (GLMM estimate in Fig. 2a).

We sampled a total of 910 seeds, from which 693 (76%)
were found on the mesh bands below the mist-nets (Table
1 and GLM estimate in Fig. 2b) and only 217 (24%) were
recovered inside the cloth bags (Table 1). The estimated
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proportion of seeds found on the mesh was the same (76%)
when accounting for the repeated measures per bird species,
although estimated 95% confidence intervals were much
wider (GLMM estimate in Fig. 2b). Indeed, the quantita-
tive contribution of bird species was highly unbalanced. For
instance, Turdus merula dispersed 373 (41%) out of all 910
seeds sampled, from which 353 were found on the mesh
(51% out of the 693 seeds sampled below mist nets). In con-
trast, S. borin dispersed only seven seeds (0.8%) and contrib-
uted to the 0.4% of the seeds found on the mesh (Table 1).

We found strong evidence that the proportion of seeds
sampled on the mesh was positively related to bird size (Table
2, Fig. 3a). The proportion of seeds sampled on the mesh
ranged from 57-63% in small-sized birds like robins and
warblers to 84-94% in thrushes Zurdus sp., our largest spe-
cies (Fig. 3a). The effect of seed size and its explanatory power
were weaker (Table 2, Fig. 3b). The proportion of seeds sam-
pled on the mesh decreased with seed size, from 74 to 14%,
but this reduction was only clear for seeds heavier than 100
mg (Fig. 3b). Without using the mesh band, these results
indicate that small seeds dispersed by large birds have a higher
probability of being dropped before the bird is extracted from
the mist net, being potentially lost and unsampled.

Regarding the species and interactions sampled, we found
that all the five bird species dropped seeds inside cloth-bags.
Accordingly, the accumulation curves with increasing sam-
pling effort were very similar for the sampling without mesh
bands and the whole sampling (Fig. 4a). However, we found
three seed species on the mesh (n=17 species, Supporting
information) that were not recorded inside the cloth bags
(n=14 species, 82% of the total). This modest difference
became consistent after approximately 15 sampling ses-
sions, although extrapolated curves points to convergence
after increasing sampling effort (dashed lines, Fig. 4b). With
respect to the identity of bird—plant pairwise interactions,
we found that the interactions recorded only inside the cloth
bags (n=25) accounted for the 74% of the total pairwise
interactions detected with the whole sampling strategy add-
ing the mesh bands (n=34). Importantly, the lower capacity
of cloth bags to sample pairwise interactions was clear after
a few sampling days, and the extrapolated curves indicate
that the deficit of pairwise interactions would remain after
increasing sampling effort (dashed lines, Fig. 4c).

Discussion

There is consensus among ecologists on the importance
of a robust and complete sampling of species interac-
tions to acquire a more comprehensive knowledge of
complex ecological communities and the functions they
mediate (Jordano 2016, Escribano-Avila et al. 2018,
Schlautmann et al. 2021, Quintero et al. 2022). Our
results prove that it is necessary to optimize the mist-net-
ting method with mesh bands to improve the sampling of
seed—dispersal interactions.

Optimizing the sampling of seed-dispersal
interactions

Here we show that the simple placement of a mesh band
beneath mist nets doubles the number of bird captures
reporting data on seed—dispersal interactions. Strikingly,
it avoids the undersampling of ~50% of all interaction
events and ~75% of all dispersed seeds (Fig. 2). Hence, our
results reveal that by the traditional mist-netting technique,
researchers might be sampling only the ~25% of dispersed
seeds. The percentage of seeds found on the mesh is close
to the 78% reported by Herndndez-Dévila et al. (2015)
applying a similar methodology to mist-netted passerines in
Neotropical cloud forests and pastures. The latter suggests
that our findings could be broadly generalizable across eco-
systems and regions whenever the frugivores are small- and
medium-sized birds.

Overall, our results uncover the vast amount of infor-
mation on frugivory and seed dispersal by birds that can
be lost when the sampling technique is not optimized.
The methodology proposed here is not only important in
terms of sampling effectiveness but also in ethical terms if
we bear in mind that mist-netting is an invasive technique
not devoid of risks (Spotswood et al. 2012b). Therefore, it
seems mandatory to maximize the information that can be
obtained from captured animals. In this line, 56 out of the
108 captured birds (52%) only produced data on the mesh
bands. In other words, all seed-dispersal data from half of
the birds would have been lost on the ground without the

mesh bands.

Table 2. Main results of the generalized linear mixed-models predicting the effect of bird size (body weight) and seed size (mean seed dry
weight) on the proportion of seeds found on the mesh band placed beneath the mist nets (response variable). We fitted three different models
where the predictor variables were, respectively, (a) bird size, (b) seed size and (c) both bird and seed size. In the three models, bird and
plant species were included as random factors (random intercepts). Results include parameter estimates + SE for the predictors and good-
ness-of-fit measures for the models (AIC, AAIC and R?,,,»)- Asterisks denote significant levels as follows: ¥, 0.1 < p > 0.05; *, p < 0.05; and
*#* p < 0.001. Bold values indicate the goodness-of-fit measures of the model with AAIC=0.

Model predictors and goodness-of-fit (@) Bird size (b) Seed size (c) Bird and seed size
(Intercept) —0.050 + 0.441 1.244 + 0.555* 0.123 + 0.404
Body weight 0.028 + 0.007*** - 0.030 + 0.007***
Seed weight - —0.005 + 0.003" —0.005 + 0.003*
AlIC 611.0 611.3 608.6

AAIC 2.4 2.7 0

Rt 0.247 0.116 0.401

R Gimmo 0.698 0.744 0.713
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The role of bird and seed size

The proportion of seeds sampled on the mesh was strongly and
positively related to bird size while, to a lesser extent, negatively
related to seed size (Table 2, Fig. 3). This means that the infor-
mation lost by traditional sampling inside cloth bags is not
evenly distributed across bird and plant species. For instance,
warblers and robins dropped 57-63% of seeds on the mesh,
whereas thrushes dropped 84-94% of the seeds they dispersed.
These percentages illustrate that not using mesh bands pro-
duces sampling biases between bird species in the way that data
from larger species are underrepresented in relation to data
from smaller species. This undersampling is particularly con-
cerning because large birds are already sampled less frequently
through mist netting than expected from frugivory observa-
tions (Vitorino et al. 2022). Moreover, not using mesh bands
can produce also sampling biases between plant species in the
way that data from smaller-seeded species are underrepre-
sented in relation to data from larger-seeded species, although
this relationship seems to be highly influenced by the heaviest-
seeded species occurring in our community (Laurus nobilis).
Together, these results indicate that small seeds dispersed
by large birds have a much higher probability of being lost
and unsampled without using mesh bands. This is the oppo-
site of our expectation that the proportion of seeds dropped
on the mesh (i.e. undersampling) would be greater for small
birds and large seeds. Indeed, gut passage time increases with
bird body mass (Herrera 1984b, Johnson et al. 1985, Levey
1986, Uriarte et al. 2011), and small seeds tend to have lon-
ger passage times than large seeds (Johnson et al. 1985, Fukui
2003). Our unexpected results might be explained by the fact

that larger frugivorous birds have larger meal sizes, ingesting
more fruits — and thus seeds — than smaller birds (Snow and
Snow 1988). For example, Snow and Snow (1988) reported
that meal sizes of ivy Hedera helix were of 8.3 and 8.8 fruits
per visit for our study thrushes (77 merula and T. philomelos,
respectively) but of 2.3 for European robins and 2.5 for black-
caps. In many occasions, birds defecate or regurgitate seeds
as a behavioural response when they become entangled in
the mist-net (Rumeu et al. unpubl.). If so, the first dropping
would contain more seeds in larger than in smaller birds, par-
ticularly if the fruits consumed have many small seeds. The
latter would also explain why smaller seeds such as Solanum
dulcamara, Sambucus nigra or Rubus fruticosus, were more
frequently dropped on the mesh bands than larger seeds.
Another non-mutually exclusive possibility is related to the
fact that large and small birds exhibit behavioural differences
when they get trapped in the nets. For example, large spe-
cies are generally louder than small ones, and smaller birds are
more prone to stress (Spotswood et al. 2012b). Differences on
bird activity on the net could ultimately affect the rate of defe-
cation and regurgitation and, thereby, the proportion of seeds
found earlier on the mesh bands and later on the cloth bags.

Accumulation curves of species and pairwise
interactions

Our evaluation of accumulation curves for species and pair-
wise interactions with increasing sampling effort also evi-
denced the importance of the mesh band below mist-nets to
gather a more comprehensive data in terms of diversity (rich-
ness) of the species and interactions recorded. The bird species
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Page 8 of 10

acting as seed dispersers were equally sampled regardless of
the mesh-band (Fig. 4a), but this was not the case for the
plant species. Using the mesh-band allowed us to detect the
dispersal of a 21% more plant species (17 instead of 14 spe-
cies; Fig. 4b). However, the most striking result came from the
pairwise interactions, as we show that the mesh-band allowed
us to detect 36% more pairwise interactions (34 instead of
25). Thus, we can end up with a deficient sampling when the
mesh band is not used and, worryingly, this undersampling
tends to increase with sampling sessions (Fig. 4c). This result
is particularly relevant for mist-netting studies characterizing
networks of seed dispersal interactions, because under-sam-
pled networks may result in biased descriptors that affect our
understanding of the studied communities (Costa et al. 2016,
Acevedo-Quintero et al. 2020, Vitorino et al. 2022).

Final considerations

Here, we show strong evidence on the effectiveness of using
a mesh band below mist nets as a simple and low-cost tech-
nique to optimize this widely-used method to sample seed—
dispersal interactions. We are aware that there can be some
challenges associated to the use of mesh bands. For example,
if many frugivorous birds are simultaneously caught in the
same net, correctly assigning faecal samples to individual
birds may become difficult (Herndndez-D4vila et al. 2015).
Besides, the terrain where mist nets can be placed may vary
substantially depending on the local conditions of each par-
ticular study site. However, the effectiveness of the method-
ology here proposed is such that, even on highly irregular or
steep terrains, we encourage researchers to find the way of
using a mesh band below the mist-nets. The colour of the
mesh band can be also chosen to minimize the visual impact
(see a grey mesh band on a frozen terrain in Fig. 1A).

To some extent, the percentages reported here could be
influenced by the time intervals to check the mist nets, which
ranged between 45 and 60 min, a very standard interval in
Spain that is not recommended to exceed (Pinilla 2000).
Frequency to check mist nets checks usually varies among
studies according to environmental conditions (Pinilla 2000,
Spotswood et al. 2012b) or the presence of potential preda-
tors (Guimardes et al. 2020), but intervals typically range
between 30 and 60 min. One might argue that a shorter
interval would have produced much lower percentages of
interactions and seeds sampled on the mesh bands. However,
it is important to note that 30 min already exceeds the peak
of the gut passage time of the thrushes, the largest birds of
our study (Morales et al. 2013). Moreover, our results suggest
that the gut passage time is not an important variable pre-
dicting the proportion of seeds sampled on the mesh, given
its positive relationship with bird size (Herrera 1984b) and
the behavioural responses to net impact discussed above. We
thus think that shorter check intervals (e.g. 30 min instead
of 45-60 min) would have led to similar results. In fact,
Herndndez-Davila et al. (2015) reported a 78% of seeds sam-
pled on plastic sheets placed on the ground with checking
periods of 30 min.



Strikingly, previous recommendations on the use of
bands below mist nets to collect droppings (Galindo-
Gonzilez et al. 2009, Herndndez-D4vila et al. 2015) have
gone unnoticed among researchers studying seed-disper-
sal interactions. In this contribution, we demonstrate the
crucial role of using mesh bands to obtain a more com-
prehensive picture of interacting communities in terms of
interaction events, interaction strength (measured as the
number of seeds dispersed), and diversity of species and
interactions. Most of the current knowledge on frugivory
and seed dispersal by birds is framed within network theory
and based on data obtained through mist netting (Fricke
and Svenning 2020). Therefore, we strongly urge the use of
mesh bands for future studies of seed—dispersal interactions
based on mist-netted birds as a complementary technique
to traditional sampling inside cloth-bags. Finally, it is not
only a matter of sampling effectiveness and sampling biases,
but also our responsibility to obtain the best possible data
quality when using handling procedures that might affect
the welfare of animals.
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