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deposition rate was assessed for plants that were con-
nected through remnant forest to a source population 
or unconnected by a crop matrix, and at increasing 
distances to a source population.
Results  Deposition rate per plant was higher in con-
nected than in unconnected plants, and decreased 
with increasing distances to a source population in 
an exponential fashion. Most of the dispersal events 
between connected plants occurred at the vicinity 
of a source population. Long dispersal events (up 
to 1259 m) were recorded between plants located at 
neighbouring forest patches separated by an agricul-
tural matrix.
Conclusions  Landscape connectivity through forest 
remnants is key to enhance pollen flow between self-
incompatible plants such as N. linariifolia. Besides, 
the evidence of pollen dispersal through the agri-
cultural matrix pinpoints the essential role of native 
pollinators in maintaining pollen flow among uncon-
nected plant populations in fragmented landscapes.
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Landscape connectivity · Habitat stepping stones · 
Pollen dispersal · Fluorescent dyes

Introduction

During the past decades, natural habitats around 
the globe have greatly been converted into crop-
lands mainly driven by agricultural intensification, 

Abstract 
Context  The process of forest fragmentation 
determines landscapes with isolated forest patches 
immersed in a distinct matrix. This process may hin-
der pollinator movement throughout the landscape, 
which may negatively impact on pollen flow among 
native plant populations.
Objectives  We evaluated the effect of the loss of 
forest connectivity on pollen dispersal by specialized 
native bees in the oil-producing and self-incompatible 
Nierembergia linariifolia.
Methods  We estimated pollen flow between plants 
of N. linariifolia at an agroecosystem with remnant 
forest of central Argentina. Six plant populations 
(source populations) were treated with fluorescent 
dyes as pollen analogues, and stigmata of recipient 
plants were collected to seek for dye particles. Dye 
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determining large extensions of a few crop types 
(Foley et al. 2005; Green et al. 2005). In general, the 
conversion of forests into farmlands has negative con-
sequences for biodiversity and ecosystem functioning 
(Fahrig 2003; Foley et  al. 2005). Land use changes 
have been particularly intense in the “Chaco Forest” 
and in the “Chaco Serrano Forest” at central Argen-
tina, which have experimented a massive contraction 
due to its conversion mostly to soybean and maize 
crops (Zak et  al. 2008; Hoyos et  al. 2012; Hansen 
et al. 2013; Cáceres 2015; Vallejos et al. 2015). This 
process has left a mosaic of forest patches of diverse 
size and shape with deep implications on ecosystem 
functions and services (Defries et al. 2004; Díaz et al. 
2015). Particularly, an unprecedented plant species 
loss over time related to habitat loss and fragmenta-
tion (a decrease of 24% of species richness, mainly 
driven mainly by non-woody, short-lived species) 
has been reported for the highly fragmented “Chaco 
Serrano Forest” (Cagnolo et  al. 2006; Aguilar et  al. 
2018).

The processes of habitat loss and fragmentation 
negatively affect pollination and plant fitness due to 
the erosion of plant-pollinator relationships in many 
ways (e.g. Cunningham 2000; Aizen et  al. 2002; 
Aguilar et  al. 2006). Habitat loss reduces pollina-
tor richness and density, and habitat fragmentation 
affects their behaviour and mobility throughout the 
landscape (Hadley and Betts 2012; Volpe et al. 2016). 
Particularly, pollinator mobility between unconnected 
habitat patches can vary according to the nature of the 
matrix (Jules and Shahani 2003), which may be more 
or less permeable for pollinators. This disruption in 
plant-pollinator relationships generally translates into 
decreases of visitation rates and pollen deposition on 
stigmata, which may determine a downfall in plant 
fitness (Cunningham 2000; Aguilar and Galetto 2004; 
Aguilar et  al. 2006; Garibaldi et  al. 2011). Moreo-
ver, isolated populations are susceptible to suffering 
demographic, environmental and genetic changes 
such as inbreeding, genetic drift and disruption of the 
gene flow pattern (Lienert 2004; Leimu et  al. 2010; 
Wanderley et al. 2020).

The study of pollen flow between unconnected 
plant populations is important to develop conserva-
tion and management strategies (Wanderley et  al. 
2020). In general, the evidence shows that pollen dis-
persal of many insect-pollinated plant species mainly 
occurs at the vicinity of a source population, and 

rapidly decreases at short distances in an exponential 
fashion (e.g. Townsend and Levey 2010; Van Ros-
sum 2010; Van Rossum and Triest 2010, 2012; Van 
Rossum et  al. 2011, 2012, 2015; Mayer et  al. 2012; 
Van Geert et al. 2014). This pattern of rapid decrease 
in pollen dispersal has been observed at fragmented 
landscapes with natural remnant habitats surrounded 
by urban (Van Rossum 2010; Van Rossum and Triest 
2012) and/or agricultural matrices (Van Geert et  al. 
2014). In addition, previous works on fragmented 
landscapes showed a lower (or almost null) pollen 
dispersal between unconnected than between con-
nected plant populations (e.g. Townsend and Levey 
2010; Van Rossum and Triest 2012; Van Geert et al. 
2014). In general, studies on pollen flow are scarce 
due to the difficulty of estimating pollen dispersal in 
natural populations (e.g. Austerlitz et al. 2004; Adler 
and Irwin 2006; Townsend and Levey 2010; Van 
Geert et  al. 2010; Ottewell et  al. 2012; Wanderley 
et al. 2020). Usually, pollen dispersal is estimated by 
using fluorescent dyes: flowers are treated with dye 
of a particular colour, whose presence is then deter-
mined on other non-treated flowers with specialized 
lamps or fluorescence microscopes. This inexpensive 
method has been proven to be efficient for pollen dis-
persal estimation both in experimental and natural 
plant populations (Young 2002; Townsend and Levey, 
2010; Van Geert et al. 2010).

Here, we investigated the effects of the “Chaco 
Serrano Forest” fragmentation on the process of 
pollen flow between populations of Nierember-
gia linariifolia (Solanaceae). N. linariifolia is self-
incompatible, as it requires cross-pollination for fer-
tilization and seed production (Cocucci 1984, 1991). 
The experiments of pollen limitation carried out by 
Cosacov et al. (2008) at different landscapes showed 
that this species is pollen-limited for fruit and seed 
production. The flowers of this species offer oils as 
a resource for pollinators, which is collected by spe-
cialized native bees. Given that these oil-collecting 
bees are the main pollinators of N. linariifolia (Cosa-
cov et al. 2008), from a functional point of view this 
plant species can be considered as highly specialized 
(Fenster et al. 2004). Populations of this species occur 
in open fields, road-sides and disturbed areas where 
soil have been recently exposed, and plants are dis-
played in patches of several flowering individuals. 
Therefore, in agroecosystems of central Argentina 
with forest remnants surrounded by a matrix of crops, 
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populations of N. linariifolia are more frequently 
found at the edge of forest patches than inside them, 
although populations of this species may also thrive 
at canopy gaps within forest fragments. All these fea-
tures make this species an interesting and adequate 
model for the study of pollen flow at fragmented 
landscapes.

The questions we address are: (i) Does the loss of 
connectivity due to forest fragmentation affect pollen 
flow mediated by bees between populations of N. lin-
ariifolia? (ii) What is the pattern of pollen dispersal 
in relation to the distance between plants of N. linari-
ifolia connected through remnant forest and between 
plants unconnected by a matrix of crops? The main 
hypothesis of this work poses that the presence of 
forest remnants immersed in a matrix of crops influ-
ences the foraging behaviour of pollinators, affecting 
the process of pollen flow between plants of N. lin-
ariifolia. Hence, the expected results are: (a) higher 
pollen flow between plants connected by forest rem-
nants than between plants unconnected by a matrix of 
crops; (b) a decrease of pollen dispersal with increas-
ing distances to the source plants in an exponential 
fashion, both for connected and unconnected plants. 
Finally, we discuss the implications of the results for 
biodiversity conservation and management strategies 
of pollinators and plant populations at fragmented 
landscapes.

Materials and methods

The species

N. linariifolia (Solanaceae; commonly named “chus-
cho”) is a perennial sub-shrub and self-incompatible 
species from South America, and it is found in the 
Chaco Region of Argentina, Uruguay, Paraguay and 
Brazil (Cocucci and Hunziker 1995). Its oil-produc-
ing flowers consist of a fertile column emerging from 
the centre of the corolla, which is usually flat and 
white, with lilac tones at the centre. The column is 
composed of a stigma in its apical zone, surrounded 
by five stamens (Cocucci 1991). The stigma is recep-
tive and the pollen is viable throughout the flower life. 
This species blooms between October and March, and 
individual plants bloom for 3–4 weeks with each indi-
vidual flower lasting 2–3 days (Cosacov et al. 2008). 
This plant species, like others of the same genre, 

contain toxic substances in the leaves which make it 
a poisonous species for livestock and other animals 
(Buschi and Pomillo 1987; Odini et al. 1995; Torino 
et al. 2017).

Several works have reported the solitary bees Cha-
lepogenus parvus, Ch. nigripes, Ch. cocucci, Ch. 
neffi, Ch. nigriventris, Tapinotaspis chalybaea, Tetra-
pedia sp. and Centris tricolor as the main pollinators 
of this species (Cocucci 1984, 1991; Cosacov et  al. 
2008; Maubecin et al. 2021). These are bees special-
ized in collecting energy-rich floral oils, which can 
be used for larval development, nest construction 
and possibly for adult nutrition (Buchmann 1987; 
Rasmussen and Olesen 2000). Also, previous studies 
have recorded occasional visits of bees from Halicti-
dae, as well as rare visits by the exotic Apis mellifera 
(Cocucci 1984, 1991; Cosacov et al. 2008), which are 
not oil-collecting bees and probably visit the flowers 
in search of pollen grains. Species of the solitary and 
specialized oil-collecting bees, which are the most 
frequent pollinators of N. linariifolia, also visit other 
flowers of the community at the studied region (spe-
cies of Amaranthaceae, Asteraceae, Convolvulaceae, 
Fabaceae, Passifloraceae, Solanaceae, etc.) to collect 
pollen and nectar (e.g. Aguiar 2003; Gonçalves et al. 
2012; Musicante 2013).

The foraging ranges of the mentioned oil-collect-
ing bee species have not been studied in detail, but 
some related previous works may offer some approxi-
mations. For instance, the observations made by 
Janzen (1971) suggest large foraging ranges for the 
bees of the genre Centris, a trait that may be extended 
to C. tricolor. Moreover, previous studies have shown 
a positive relationship between bee body size and 
their foraging ranges (Gathmann and Tscharntke 
2002; Greenleaf et  al. 2007; Hofmann et  al. 2020). 
This well-established pattern may suggest short for-
aging ranges for those small-sized species such as 
Ch. parvus, Ch. nigripes, Ch. cocucci and Ch. neffi 
(Maubecin et al. 2021), as well as for the small-sized 
Halictidae. Conversely, large foraging ranges have 
been evidenced for the exotic A. mellifera (Beekman 
and Ratnieks 2000).

Study area

The study was carried out in an agroecosystem 
with remnant forest, at the vicinity of Córdoba city 
(Córdoba Province, Argentina) (Fig.  1), which is 
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characterized by the presence of numerous forest 
patches of diverse size and shape, usually immersed 
in a matrix of crops. Farmers of the region regularly 
apply pesticides and herbicides to control pests and 
weeds of different crops and these applications have 
been increasing during the last years, which impose 
a threat to pollinators and native plant populations 
(Ferreira et al. 2017; Galetto et al. 2022). The forest 
patches belong to the “Chaco Serrano Forest”, where 
the vegetation is a semiarid shrub-forest, with native 
and exotic plant species (Cabido et al. 2018). During 
the sampling period (summer season 2019–2020), 
the matrix in the surroundings of the selected for-
est patches was composed by maize crops, before its 
flowering.

Estimation of pollen flow with fluorescent dyes

Pollen dispersal by pollinators was estimated with 
fluorescent dyes. Before the experiment, we walked 
along the edge of several forest patches looking after 
and georeferencing flowered populations of N. linari-
ifolia. Also, the use of fluorescent dyes was prelimi-
nary tested for this species, by treating some flow-
ers and observing pollinator visits to treated flowers. 
Several flower visits by native bees (Fig.  2) were 
recorded, including bees from genera Chalepogenus 
and Tapinotaspis, and the large-sized C. tricolor.

During each morning of the experiment (between 
7 and 8 am), we selected two flowered populations 
of the species located at distinct forest patches 
(hereafter, source populations) to apply fluorescent 
dyes of different colours (pink and yellow) on all 
recently open flowers of several plants in each popu-
lation (Fig. 1b-c; see Table 1 for more information). 

The geographical coordinates of the central point of 
each source population were recorded with the use 
of a GPS. With the help of a thin wooden stick, a 
bit of fluorescent dye was carefully deposited over 
the flower column (stigma and stamens) (Fig.  3a) 
of each targeted flower. After 48  hrs, during the 
morning of the third day since the beginning of the 
experiment (i.e. the day when fluorescent dyes were 
added to the flowers), we proceed with the collec-
tion of stigmata. With the help of tweezers, stigmata 
were extracted from some flowers of plants to which 
no fluorescent dye was previously applied located 
at each source population, and of plants located at 
the same forest patch and at neighbouring patches, 
at increasing distances from each source popula-
tion (see Fig. 1d for an example). All stigmata were 
extracted from plants located at the edge of forest 
patches. Each collected stigma was mounted on 
semi-permanent slides in polyvinyl-lactic acid-
glycerol for ulterior analysis in the laboratory; and 
the geographical coordinates of the location of 
each plant from which stigmata were collected was 
recorded with a GPS. 

The described procedure of flower marking with 
fluorescent dyes of a pair of plant populations and 
the later collection of stigmata in the landscape was 
repeated three times (over a month and half during 
spring/summer season), totalling data collection 
from six source populations. Samplings were done 
during sunny days and with favourable weather con-
ditions for pollinator activity (25–32 °C during the 
day and no rainfalls), which were relatively constant 
during each sampling event (i.e. between the initial 
flower marking and the final collection of stigmata). 
Between 10 and 20 flowered plants were treated 
with fluorescent dyes per population, with a mean 
of 160 treated flowers per population (Table  1). A 
total of 1660 stigmata from 159 plants were col-
lected to analyse pollen flow among plants of N. lin-
ariifolia (10.44 ± 4.11 flowers per plant; range 2–23 
flowers per plant).

At the laboratory, each collected stigma was 
observed under a fluorescence microscope (Zeiss 
Axiophot) with the use of different filters and mag-
nifications in order to seek for the presence of yel-
low and pink fluorescent dyes particles (Fig.  3b). 
Each stigma was categorized with the presence/
absence of fluorescent dye particles of each colour.

Fig. 1   a Study area. This was located in Córdoba province, 
Argentina, in an agroecosystem at the vicinity of Córdoba 
city. b, c Locations of source populations with plants treated 
with pink or yellow fluorescent dyes. Although only two col-
ours of fluorescent dye were used, populations were treated by 
pairs (one population treated with pink and the other with yel-
low fluorescent dye) at different time-periods, in order to avoid 
ambiguity on the origin of the fluorescent dye (see Table 1 for 
more details). d An example of the sampling context showing 
one source population of N. linariifolia (population A) and the 
location of the nearest plants from which stigmata were col-
lected: some plants (translucent white circles) located at the 
same forest patch of the source population (connected plants) 
and other plants located at a neighbouring patch with a matrix 
of maize crop between them (unconnected plants)

◂



	 Landsc Ecol

1 3
Vol:. (1234567890)

Data analysis

We calculated the proportion of stigmata with deposi-
tion of pink or yellow fluorescent dye for each plant, 
which was the main response variable (hereafter, 

deposition rate per plant). Given that each plant had 
the possibility of receiving fluorescent dye particles 
from two different source populations at the same 
time (treated with yellow or pink fluorescent dye; see 
Fig. 1), two records were calculated per plant, one for 

Fig. 2   Native bees visiting 
the flowers of N. linariifolia 
treated with fluorescent 
dyes, with particles adhered 
to their bodies. a T. cha-
lybaea visiting a flower 
treated with pink fluores-
cent dye. b T. chalybaea in 
flight, departing from the 
treated flower with particles 
of pink dye. c Ch. parvus 
visiting a flower treated 
with yellow fluorescent dye. 
d Bee from Halictidae visit-
ing a flower treated with 
pink fluorescent dye

Table 1   Information regarding plant populations treated with fluorescent dyes (i.e. source populations)

Note that, although only two colours of fluorescent dye were used, we did not mark two populations with fluorescent dye of the same 
colour at the same time-period

Population Day Latitude Longitude Colour of fluo-
rescent dye

# of flowered 
plants

# of treated 
plants

# of 
treated 
flowers

A 09/12/19  − 31.1942140  − 64.2748388 Yellow 19 10 130
B 09/12/19  − 31.1966405  − 64.2697172 Pink 16 10 89
C 17/01/20  − 31.1722425  − 64.2296589 Yellow 22 10 87
D 17/01/20  − 31.1739987  − 64.2355577 Pink 18 15 208
E 22/01/20  − 31.1926885  − 64.2738182 Pink 22 16 225
F 22/01/20  − 31.1983980  − 64.2638915 Yellow 21 20 210

Total 118 81 949
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each colour of fluorescent dye. This procedure led to 
have a number of records depicting the deposition 
rates of yellow or pink fluorescent dye equal to the 
double of the number of plants (159 plants * 2 source 
populations = 318 records; one record equals to one 
row in the final dataset). Each plant was associated 
with the deposition rate of fluorescent dye of one col-
our, a “distance” to each source population (continu-
ous factor, in meters), and a “class”, a discrete factor 
with two levels: plants connected to a source popula-
tion through remnant forest (i.e. located at the same 
forest patch of the source population); or unconnected 

plants, those located at a neighbouring forest patch 
separated from the source population by matrix of 
maize crop. The observed distances for connected 
plants ranged from 1 to 470 m, while for unconnected 
plants ranged from 54 to 1440 m. The maximum dis-
tance for unconnected plants (i.e. 1440 m, the abso-
lute maximum distance at which we sought for fluo-
rescent dye deposition) was higher than the maximum 
distance for connected plants due to the inclusion of 
plants of the distant neighbouring source population 
that was tested at the same time (with fluorescent 
dye of different colour; see Fig. 1). Data from all six 
populations were combined and analysed in a unique 
dataset.

Firstly, we compared the deposition rate between 
classes of plant (connected or unconnected), and 
frequency histograms were made for the deposition 
rate of each class of plant. Secondly, we evaluated 
the relationship between the deposition rate and the 
distance to the source population, combining all data 
and separately for plants connected and unconnected 
to a source population. Lastly, we calculated the pro-
portion of successful dispersal events (i.e. stigmata 
with deposition of fluorescent dye particles) with the 
distance to a source population, for connected and 
unconnected plants. Each dataset with records from 
connected and unconnected plants was separately 
sorted by the variable “distance” (distance of each 
plant from which each stigma was collected, from the 
lowest to the highest observed distance), and an accu-
mulated number of stigmata with deposition for each 
increasing distance was calculated. Then, the accu-
mulated number of stigmata with deposition at each 
observed distance was divided by the total number of 
stigmata with deposition (total number of successful 
events for connected or unconnected plants) in order 
to get an accumulated proportion of stigmata with 
dye  deposition. This analysis allowed us to deter-
mine the distance at which particular proportions of 
stigmata with dye deposition (i.e. proportion of suc-
cessful dispersal events) were found for each class of 
plant (for example, to determine the distance at which 
50% of successful dispersal events were observed 
for connected or unconnected plants). In order to get 
fair comparisons, for the models and plots in which 
we compared between classes of plant (connected vs. 
unconnected to a source population) we used a par-
tial dataset, which included records from the uncon-
nected plants located at a distance equal or lower to 

Fig. 3   a Flower of N. linariifolia treated with pink fluorescent 
dye. This was deposited with the help of a thin wooden stick 
on the fertile column of the flowers (stigma and stamens). b 
Photo of a stigma with a great number of deposited particles 
of yellow fluorescent dye (that appears green under the fluores-
cent microscope with adequate filters; Zeiss Axiophot, magni-
fication 5×1×)
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the maximum observed distance for connected plants 
(471  m); and records from the connected plants 
located at a distance equal or higher to the minimum 
observed distance for unconnected plants (54  m). 
The use of this partial dataset did not apply for the 
analysis of the proportions of successful dispersal 
events with the distance to a source population, where 
the complete dataset was used (records from plants 
located at any distance to a source population) in 
order to get a clear picture of the accumulation pat-
tern for connected plants at short distances from a 
source population.

We analysed the deposition rate per plant in rela-
tion to the class of plant (connected/unconnected) and 
to the distance to a source population with general-
ized linear mixed models with a binomial family as a 
link function and the number of stigmata as weights 
of the model (Zuur et  al. 2009). For a better model 
fitting, the distance to a source population was trans-
formed with natural logarithm. This variable was 
later retransformed to the original scale (in meters), 
as well as the predicted values, for plotting. Also, 
overdispersion was corrected with the incorpora-
tion of an individual level effect (Harrison 2014). All 
models and plots were made with R (R Core Team 
2020). Particularly, we used the function glmer from 
the lme4 package (Bates et al. 2015), and the package 

DHARMa (Hartig 2020) for residuals analysis. Plots 
were made with the ggplot2 package (Wickham 
2016), and the prediction curves were calculated with 
the ggeffects package (Lüdecke 2018).

Results

Overall, 46% of total recorded plants exhibited at 
least one stigma with fluorescent dye deposition of 
any colour. The total recorded plants included those 
plants susceptible of receiving fluorescent dyes from 
two source populations (i.e. fluorescent dyes of two 
different colours), at any distance to a source popu-
lation, either connected or unconnected (see M&M 
for more details on the construction of the dataset). 
Particularly, when analysing data with comparable 
distances (partial dataset; see M&M for more details), 
80% of the records from connected plants had at least 
one stigma with fluorescent dye deposition compared 
to 52% of the records from unconnected plants. The 
observed distances for successful dye dispersal events 
considering all sampled plants ranged from 1 to 
1259  m (see Table  2 for more details on total, con-
nected and unconnected plants for the complete and 
partial dataset).

Table 2   Statistical information relative to the deposition of 
fluorescent dye particles on stigmata of total, connected and 
unconnected plants, for the complete dataset (records from 
plants located at any distance to a source population) and par-

tial dataset (records from plants located at comparable dis-
tances from a source population between plant classes (from 
54 to 471 m); see M&M for details)

In order to get fair comparisons between connected and unconnected plants, the columns related to the partial dataset should be ana-
lysed. Std. Err. standard error

Complete dataset (all distances) Partial dataset (distances between 54 and 
471 m)

Total plants Connected Unconnected Total plants Connected Unconnected

Proportion of stigmata with 
deposition

0.46 0.87 0.25 0.66 0.80 0.52

Deposition rate per plant
 Range 0–1 0–1 0–0.73 0–1 0–1 0–0.73
 Median 0 0.38 0 0.14 0.25 0.07
 Mean ± Std. Err 0.18 ± 0.02 0.45 ± 0.03 0.05 ± 0.01 0.21 ± 0.02 0.29 ± 0.03 0.13 ± 0.02

Distance of successful dispersal 
events

 Range 1–1259 1–471 54–1259 56–471 56–471 56–464
 Median 115.79 65.77 150.07 150.07 140.82 133.82
 Mean ± Std. Err 169.66 ± 19.71 111.92 ± 13.31 314.85 ± 54.3 181.50 ± 14.52 189.42 ± 17.80 166.29 ± 25.84
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Plants unconnected to a source population showed 
a higher number of null depositions on their flow-
ers compared with connected plants, when analysing 
data with comparable distances (Fig. 4). None of the 
unconnected plants exhibited the total number of col-
lected stigmata with deposition of fluorescent dye (i.e. 
deposition rate = 1). In this sense, the deposition rate 
was higher in plants connected to a source popula-
tion (i.e. located at the same forest patch; 0.29 ± 0.03) 
than in unconnected plants (0.13 ± 0.02) (Z =  − 4.38; 
P < 0.001) (Table 2; Fig. 5).

In general, the deposition rate of a given plant 
decreased with increasing distances to a source 
population (i.e. without differentiating between 
connected and unconnected plants; Z =  − 15.03; 
P < 0.001; Fig.  6a). In the same way, the deposition 
rate decreased with increasing distances to a source 

population for connected (Z =  − 7.51; P < 0.001; 
Fig.  6b) and unconnected plants (Z =  − 8.22; 
P < 0.001; Fig. 6c).

Between connected plants, the 50% of successful 
dispersal events (i.e. stigmata with deposition of fluo-
rescent dye particles) occurred at approximately 36 m 
or less from a source population, compared to a dis-
tance of approximately 111 m or less for unconnected 
plants (Fig. 7). Indeed, most of the successful disper-
sal events occurred at the vicinity of source popula-
tions (Fig.  7), especially between connected plants, 
given the observed distances at which 75% of suc-
cessful dispersal events occurred between connected 
(138 m) and unconnected plants (446 m).

Discussion

The main result of our work shows that the loss of 
connectivity due to forest fragmentation negatively 
affects pollen flow in the oil-producing and self-
incompatible N. linariifolia. Plants connected to a 

Fig. 4   Frequency histograms of deposition rates per plant 
(# stigmata with dye/# of collected stigmata), for plants con-
nected (a; n = 65) and unconnected (b; n = 63) from a source 
population. Note the higher proportion of unconnected plants 
with null deposition compared to the connected plants. The 
records included in this graphical analysis correspond to plants 
located at comparable distances between plant classes (partial 
dataset; see M&M for details)

Fig. 5   Deposition rate (# stigmata with dye / # of collected 
stigmata) of connected (n = 65) and unconnected (n = 63) 
plants. The records included in this analysis correspond to 
plants located at comparable distances between plant classes 
(partial dataset; see M&M for details). The boxplot indicates 
the median (horizontal line), the 25th and 75th percentiles 
(lower and upper hinges) and each percentile ± 1.5 * IQR/
sqrt(n) (IQR interquartile range, sqrt squared root, n number of 
samples) (whiskers)
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source population showed higher deposition rates of 
fluorescent dye particles compared to plants uncon-
nected by a crop matrix of non-flowered maize. In this 
sense, connected populations of N. linariifolia within 
a forest patch significantly increased the deposition of 
fluorescent dye, and most dispersal events occurred 
at short distances. Nevertheless, bees were also capa-
ble of dispersing fluorescent dye particles between 
unconnected plants of N. linariifolia, evidencing the 
potentiality of pollen dispersal even at considerable 
distances within the studied agroecosystem.

Given  the entomophilic nature of the flowers of 
N. linariifolia, results  indicate that specialized bees 
are acting as successful pollen dispersers across the 
agroecosystem with fragmented forest. The pres-
ence of remnant forest greatly improved pollen flow 
between plants, as evidenced by the higher deposi-
tion rates on plants connected to a source popula-
tion (more than twice of the mean deposition rate 
per plant) and by the lower proportion of plants with 
null pollen deposition compared with unconnected 
plants. These results are consistent with several pre-
vious works in which a significant boost in pollen 
dispersal was found between plant populations that 

were connected through habitat corridors (also called 
“linear landscape elements”) (Townsend and Levey 
2010; Van Geert et al. 2010; Van Rossum and Triest 
2012). Nevertheless, both Van Geert et al. (2010) and 
Van Rossum and Triest (2012) found almost no dis-
persal events between unconnected plant populations 
of Primula species, whose flowers are mostly visited 
by bees. The few dispersal events between uncon-
nected plant populations may be explained because 
of the high levels of landscape fragmentation (Van 
Geert et al. 2010), where remnant habitats were rep-
resented by thin linear landscape elements composed 
by ditches; or because of a harsh urban composition 
of the matrix (Van Rossum and Triest 2012), which 
may hinder pollinator mobility throughout the land-
scape. Conversely, in our work we found a consider-
able number of dispersal events between unconnected 
plants, a striking result that may be explained because 
the studied landscape is composed by several forest 
patches of considerable size and relatively close to 
each other, favouring pollinator movements through-
out the landscape and between neighbouring patches.

Van Geert et al. (2014) showed higher rates of flu-
orescent dye particles through habitat lineal corridors 

Fig. 6   Deposition rate 
(# stigmata with dye/# 
of collected stigmata) in 
relation to the distance to 
a source population for a 
total plants (n = 318), b 
connected plants (n = 107) 
and c unconnected plants 
(n = 211). The maximum 
distance for unconnected 
plants was truncated to 
500 m for a better compari-
son with connected plants. 
Note in a the presence of 
some deposition events 
at distances further from 
500 m, which correspond 
with plants that were 
unconnected to a source 
population. The curve indi-
cates the predicted values 
according to the final statis-
tical model. This analysis 
included records from 
connected and unconnected 
plants from all observed 
distances (complete dataset; 
see M&M for details)
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when the matrix was composed by pastures compared 
to matrices composed by arable fields or a combi-
nation of these and pastures. In this sense, matrices 
composed by crops with intensive agricultural prac-
tices such as monocultures of soybean or maize (as in 
our work) may differentially affect pollinator move-
ment patterns compared with matrices composed 

by diverse crops, or by a combination of crops and 
pastures (Jules and Shahani 2003). Moreover, the 
effect of mass-flowering crops on diluting pollinators 
throughout the landscape has been evidenced in pre-
vious works (e.g. Holzschuh et al. 2011, 2016; Stan-
ley and Stout 2014), which may affect pollination of 
plants within remnant patches as well as pollen flow 
between unconnected plant populations. For instance, 
previous works show that flowered maize crops are 
usually foraged by A. mellifera and even other native 
bees, which collect pollen grains (Danner et al. 2014; 
Malerbo-Souza et al. 2018), indicating that the pres-
ence of mass-flowering maize crops can affect pol-
linator foraging activity. More studies are needed to 
evaluate the influence of different matrix composi-
tions, such as mass-flowering maize crops, on the 
foraging behaviour of pollinators throughout the land-
scape and on the process of pollen dispersal on native 
plants.

The deposition rate of fluorescent dye on recipi-
ent plants decreased in an exponential fashion with 
the distance to source populations, in agreement with 
previous works on pollen dispersal for plant species 
mainly pollinated by bees (Townsend and Levey 
2010; Van Geert et  al. 2010; Van Rossum and Tri-
est 2010, 2012; Aquino and Amela García 2019) or 
butterflies (Townsend and Levey 2010). Consist-
ently with the mentioned studies, in our work the 
great majority of dispersal events were observed at 
the vicinity of source populations (75% of dispersal 
events at distances less than 100 and 400 m between 
connected plants and unconnected plants, respec-
tively). This result, especially for plants connected 
through remnant forest, may be explained by the 
potentially short (but yet unknown) foraging ranges 
of the native solitary bee species that commonly visit 
the flowers of N. linariifolia. Previous studies have 
shown a positive relationship between bee body size 
and their foraging ranges (Gathmann and Tscharntke 
2002; Greenleaf et al. 2007). For instance, the small 
size of bee species from the genus Chalepogenus 
(Maubecin et al, 2021) and of the observed Halictidae 
bees that commonly visit the flowers of N. linariifo-
lia may support the reported pattern of short disper-
sal events. Related to this, some previous works have 
reported the presence of high habitat patch fidelity 
for several solitary bee species (e.g. Kapyla 1978; 
Franzén et  al. 2009). Also, the dispersal events at 
short distances from the source population could be 

Fig. 7   Accumulated proportion of successful dispersal events 
(i.e. stigmata with deposition of fluorescent dye particles) 
in relation to the distance to a source population, for con-
nected (a) and unconnected (b) plants. Horizontal lines indi-
cate the accumulated proportions of 0.5, 0.75 and 0.95; and 
their intersection with the accumulated curve determine the 
vertical lines, which indicate the distances at which the men-
tioned accumulated proportions where reached. The maximum 
distance for unconnected plants was graphically truncated 
to 500 m for a better comparison with connected plants. The 
accumulated proportion of 0.95 for unconnected plants was 
reached at a distance of 1094 m. This analysis included records 
from connected and unconnected plants from all observed dis-
tances (complete dataset; see M&M for details)
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also explained by the activity of the large-sized bee 
C. tricolor, whose genre (Centris) has been described 
as a “trap-line” pollinator (i.e. a pollinator that visits 
the same group of plants every day and presumably 
in the same order) (Aquino and Amela García 2019). 
If the described behaviour patterns take place for the 
bee species visiting N. linariifolia, these may influ-
ence the maximum foraging distances by solitary 
bees, even between plants connected through remnant 
forest, and would partially explain the short dispersal 
events of fluorescent dye.

Interestingly, several dispersal events between 
plants unconnected by a matrix of maize crops hap-
pened at far distances from a source population (up 
to 1259 m), differing from previous studies on pollen 
dispersal (also by using fluorescent dye particles as 
pollen analogues), where almost no dispersal events 
were found between unconnected plant populations 
(Van Geert et al. 2010; Van Rossum and Triest 2012; 
Van Rossum et  al. 2015; Aquino and Amela García 
2019). Nevertheless, Van Rossum (2010) recorded 
long dispersal events (up to 2.6  km) among uncon-
nected populations of Centaurea jacea at a landscape 
with an urban area matrix, and postulates bumble-
bee species as the responsible for these long disper-
sal events. On one hand, the long dispersal events 
found in our work cannot be explained by direct dis-
persal of potentially short foraging pollinators such 
as the small bees from the genus Chalepogenus or 
bees from Halictidae. On the other hand, the large-
sized native bee C. tricolor may be capable of large 
foraging flights (see the observation made by Janzen 
(1971) for the genus Centris), which may explain 
these long dispersal events. The ability of perform-
ing very long flights by A. mellifera would explain 
part of the reported long dispersal events (Beekman 
and Ratnieks 2000), but visits of this exotic bee spe-
cies to N. linariifolia are very rare (Cosacov et  al. 
2008). Although C. tricolor is the best candidate as 
the responsible for the long pollen dispersal events 
between N. linariifolia plants, more experiments on 
the foraging behaviour of the different native pollina-
tor species should be carried out to better understand 
pollen dispersal throughout the landscape. Another 
possible explanation for the observed long dispersal 
events is the occurrence of secondary pollen trans-
ference (or in this case, transference of fluorescent 
dye particles), a process that occurs when pollina-
tors remobilize pollen grains that had already been 

deposited to the stigma of a flower by a previous pol-
linator (i.e. “remobilization” of pollen grains) (Thom-
son and Eisenhart 2003), although the occurrence of 
this process should be properly tested for N. linari-
ifolia. Ultimately, the observed long distance disper-
sal events emphasize the important role of pollinators 
in improving pollen flow between unconnected plant 
populations in fragmented landscapes.

Although the use of fluorescent dye as a pollen 
analogue has been proven to be an acceptable proxy 
of pollen dispersal at different contexts and for diverse 
plant species (e.g. Austerlitz et  al. 2004; Adler and 
Irwin 2006; Townsend and Levey 2010; Van Geert 
et al. 2010; Ottewell et al. 2012; Van Rossum and Tri-
est 2012; Wanderley et  al. 2020), this method may 
not completely correspond with the actual process of 
pollen dispersal happening at the field. Fluorescent 
dye particles are smaller than pollen grains and may 
move farther, but they are also less sticky, so they 
may underestimate effective pollen dispersal (Adler 
and Irwin 2006). The use of quantum dots appears as 
a novel method to track the fate of individual pollen 
grains (Minnaar and Anderson 2019). These are sem-
iconductor nanocrystals that act as pollen labels, and 
emit bright light when exposed to UV light. Although 
it needs further verification at the field, this promis-
ing technique appears to be a better, more precise and 
relatively inexpensive alternative to fluorescent dyes 
to estimate pollen dispersal.

Implications for conservation and management

The results of this work have direct implications for 
the conservation and management of remnant forest 
in agroecosystems. Particularly, results emphasize 
the role of remnant forest in connecting plant popu-
lations, which improves pollen flow throughout the 
landscape, and highlight the important role of native 
bees in enhancing pollen dispersal from a source pop-
ulation to unconnected recipient plants (i.e. separated 
by a distinct matrix such as crops), even probably at 
long distances. It is interesting to stress out the con-
trasting effects that forest loss and fragmentation may 
have to the persistence of the populations of plant 
species such as N. linariifolia. Given that popula-
tions of N. linariifolia mainly thrive at degraded and 
unshaded habitats, such as the edges of forest patches 
and canopy gaps, this species would be benefited by 
processes that promote the creation of these types of 
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open habitats, such as the processes of forest loss and 
fragmentation. However, these processes also have 
profound negative effects on plant biodiversity and 
plant-pollinator interactions over space and time (e.g. 
Cagnolo et al. 2006; Aguilar et al. 2006, 2008; Gal-
etto et al. 2022). The loss of plant richness may have 
cascading effects on pollinator abundance and diver-
sity (Hadley et  al. 2012; Ferreira et  al. 2013), and 
consequently affect the pollination of plants highly 
dependent on specialized pollinators such as N. linar-
iifolia. Indeed, Cosacov et al. (2008) showed that this 
species is pollen-limited for fruit and seed produc-
tion through quantity (pollinator visitation rates and 
number of pollen grains deposited on stigmata) and 
quality (compatibility of the deposited pollen grains) 
components. Pollen limitation in N. linariifolia could 
be partially explained by restrictions on pollen dis-
persal by pollinators inhabiting highly degraded and 
fragmented landscapes, as exhibited in the present 
study.

Our results support the necessity of develop-
ing forest management and restoration strategies 
to preserve and enhance native bee richness and 
abundances, which could also improve pollen flow 
throughout the landscape (Menz et  al. 2011) and 
maintain the pollination service for native plants and 
crops (Galetto et al. 2022). In this sense, the creation 
of linear forest corridors, hedgerows and the con-
servation of field margins with native plant species 
(i.e. linear landscape elements) may improve pollen 
dispersal, as it would facilitate native bees in reach-
ing isolated plants (Van Geert et al. 2010; Townsend 
and Levey 2010; Cranmer et al. 2012; Kormann et al. 
2016). Also, the preservation of even small forest 
patches, or the generation of new ones with native 
flora, may act as stepping stones for native bees (for 
instance, patches of habitat providing floral resources 
and nesting sites) which would also improve pol-
len flow towards isolated plant populations (Lander 
et al. 2010; Menz et al. 2011; Van Rossum and Tri-
est 2012). Particularly in highly degraded landscapes, 
restoration of native flora should take into account 
a thorough selection of native plant species to be 
planted, in order to offer diverse resources for differ-
ent pollinator species throughout the year (Menz et al. 
2011). Finally, the adoption of ecological intensifica-
tion practices will enhance abundance and richness 
of pollinators (IPBES 2016). Among others, these 
practices involve the preservation of high-quality 

natural or semi-natural habitats inside farms and in 
the surroundings, an increased crop diversity (which 
implies a more complex matrix for pollinators), and 
the reduction of agrochemicals applications, all prac-
tices that may counterbalance the negative impacts 
of intensive monoculture agriculture (Kennedy et al. 
2013; Galetto et  al. 2022). Overall, the mentioned 
strategies would improve biodiversity conserva-
tion, increase gene flow between unconnected plant 
populations, enhance genetic variability and prevent 
inbreeding, which may redound in an increase of 
plant fitness (Lienert 2004; Leimu et al. 2010; Wan-
derley et al. 2020).

Conclusions

Our work contributes to the body of empirical 
research studying the effects of habitat fragmenta-
tion on pollen flow between unconnected plant popu-
lations, by focusing on a self-incompatible species 
with specialized oil-producing flowers such as N. 
linariifolia. By using fluorescent dyes as pollen ana-
logues, the results show an increase of pollen flow 
between plants inhabiting the same forest patch, and a 
decrease of pollen dispersal with increasing distances 
to a source population. Deposition rates per plant 
were higher in connected than in unconnected plants, 
and long dispersal events (> 1000 m) were recorded 
between plants located at neighbouring forest patches 
separated by an agricultural matrix. Overall, our 
results highlight the importance of forest connectivity 
throughout the landscape to enhance pollen flow in N. 
linariifolia and pinpoint the essential role of native 
bees in connecting plants unconnected by a matrix of 
crops, supporting the urgent need to develop strate-
gies of forest management and restoration in order to 
conserve native bees populations and pollination ser-
vices at fragmented landscapes.
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