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A B S T R A C T   

Pollination service is crucial to achieve successful plant sexual reproduction and long-term population persis
tence. This pollination service can be affected by plant conspecific density and also by intrinsic features of in
dividuals related to their flowering phenology and floral display. However, studies examining intrinsic and 
extrinsic traits on pollinator visitation and reproductive success of Mediterranean trees with limited reproduction 
are still scarce. We analyzed the effects of plant isolation, flowering phenology, flower weight and tree size on 
flower visitation probability, flowering patch visitation probability, fruit set and crop size. To this end, we 
intensively monitored pollinator visitation and fruit production of 67 (in 2019) and 73 (in 2020) Pyrus bour
gaeana Decne trees within a threatened Mediterranean population. Our results revealed that isolated individuals 
received more pollinators than those on conspecific aggregations, suggesting intraspecific competition for pol
linators in dense flowering neighborhoods. However, fruit set was higher in trees close to flowering conspecifics 
despite having fewer visits from pollinators, suggesting pollen limitation but not pollinator limitation in spatially 
isolated trees. Interestingly, we found increased crop sizes in spatially isolated trees which could be related to 
reduced intraspecific competition for resources in low-density neighborhoods (water, nutrients) and/or to higher 
reproductive investment (i.e. higher flower production). Overall, our results indicated pollen but not pollinator 
limitation in spatially isolated trees. Under this scenario of sexual reproduction mediated by pollinators, our 
findings stress the relevance of individuals’ spatial distribution for self-incompatible trees exhibiting low in
dividuals’ densities.   

1. Introduction 

Most angiosperm plants are pollinated by animals and this pollina
tion service is essential to achieve plant successful sexual reproduction 
and long-term population persistence (Knight et al., 2005; Ollerton 
et al., 2011). Within plant populations, flowering individuals do not 
typically exhibit either uniform spatial distribution or identical pheno
logical stage, which lead to a heterogeneous spatiotemporal distribution 
of floral resources. Pollinators often respond to such heterogeneity by 
optimizing their foraging behavior to maximize the reward obtained 
(MacArthur and Pianka 1966; Charnov 1976; Jha and Kremen 2013; 
Pope and Jha 2018). These changes in pollinators’ foraging behavior 
being able to select the most rewarding patches and individual plants 
may drive differences among plant individuals in pollination failure and 

reproductive success (Knudsen and Tollsten 1993; Kremen et al., 2007). 
From an ecological perspective, the density of flowering plants be

comes critical when the distance between conspecific neighbors leads 
changes in pollinators’ foraging behavior (Ghazoul 2005). In addition, 
pollinators frequently change their foraging behavior depending on 
flower density, foraging more intensively in dense flowering patches due 
to decreased energy investment in inter-patch movements (Jha and 
Kremen 2013; Kacelnik et al., 1986; Dreisig 1995). Consequently, plants 
growing isolated and/or at low densities may experience difficulties in 
attracting pollinators and exhibit increased pollination failure (Kunin 
1997; Waites and Ågren 2004; Castilla et al., 2015; Fedriani et al., 2015). 
Alternatively, increased competition for pollinators in dense flowering 
neighborhoods can lead to a reduction in the pollinator visitation rates 
and therefore, to a potential decrease of the plant reproductive success 
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(Mustajärvi et al., 2001; Gunton and Kunin 2009; Żywiec et al., 2018). 
For instance, Żywiec et al. (2018) found a lower individual reproductive 
success with increasing density of highly genetically related conspecifics 
in a long-term study with Sorbus aucuparia. 

Plant phenological patterns are typically plastic, changing with both 
biotic and abiotic factors across space and time (Nicotra et al., 2010; 
Inouye et al., 2018). Therefore, the availability of floral resources will 
depend on the phenological stage of the population (Pope and Jha 
2018). Those individuals flowering during the population peak might 
have an advantage compared with asynchronous individuals by at least 
two complementary reasons. First, a greater floral offer during the 
population peak may attract more pollinators increasing thus, the visi
tation rates (Forsyth 2003); and second, the higher availability of pollen 
donors may lead to increased pollination quantity and quality (Paschke 
et al., 2005; Alonso et al., 2012; Hildesheim et al., 2019). On this matter, 
several studies in Mediterranean plants showed that early-flowering 
plants are less pollinated due to the low presence of pollinators (Trav
eset 1995; Picó and Retana 2000; Sánchez et al., 2012) whereas 
late-flowering plants are more exposed to drought events, investing 
therefore less resources in reproduction (i.e. less amount of nectar and 
pollen, less flowers and more fruit abortions; Herrera 1992; 
Giménez-Benavides et al., 2007). On the contrary, it has been also 
showed that early-flowering plants can have greater reproductive suc
cess (Munguía-Rosas et al., 2011; Ison et al., 2018). For instance, Ison 
and Wagenius (2014) found that early-flowering individuals of Echi
nacea angustifolia showed greater reproductive success. Additionally to 
the spatiotemporal distribution of phenology, there are also intrinsic 
traits to the individual (related to reward levels offered to pollinators) 
that can alter these spatial and temporal dynamics. For instance, flower 
color, corolla size, nectar guides or scents (Endress 1994; Yan et al., 
2016) can lead pollinators to learn what floral traits they prefer and 
thus, change their foraging behavior (Weiss 2001; Yan et al., 2016; 
Herrera 2020). 

In this study, we investigate whether tree isolation and intrinsic traits 
of individuals such as flowering phenology, flower size and tree size 
affect pollinator visitation rates and reproductive success (i.e. fruit 
production) in the insect-pollinated and self-incompatible Pyrus bour
gaeana. This locally threatened species in the Doñana area (SW Spain) 
(Fedriani et al., 2020a) provides crucial food resources to diverse animal 
guilds (Żywiec et al., 2012; Garrote et al., 2018; Selwyn et al., 2020). 
This tree typically occurs at low density forming spatial clusters across 
the landscape formed by 6–8 reproductive trees at short distances 
(approx. 25m; Fedriani et al., 2010). A previous study showed that a 
greater conspecific density can positively influence fruit initiation, but 
also that abortion increased with such conspecific density rates as fruit 
development progresses. Nevertheless, crop size was positively corre
lated with tree neighborhood density (Fedriani et al., 2015). Such 
increased fruit abortion can be at least partially driven by high 
inbreeding load, due to exceeded kinship at the immediate neighbor
hood of trees (Castilla et al., 2019a). It is not yet clarified whether dif
ferences in pollinator visitation patterns among P. bourgaeana trees 
contribute to such density-dependent relationship of tree reproductive 
success. Because P. bourgaeana is a self-incompatible species, we pre
dicted that trees close to neighbors will receive more compatible pollen 
and thus will have higher reproductive success than spatially isolated 
trees, although that the effects of conspecific proximity could vary with 
the quantified aspect of reproductive success (e.g. crop size vs. fruit set; 
Fedriani et al., 2015). Also, based on previous studies (Endress 1994; 
Yan et al., 2016), we expected that larger flowers and trees will have 
higher pollinator visitation rates and thus higher reproductive success 
because they offer an increased floral reward to pollinators. Finally, we 
expected that proximity to flowering conspecifics (Fedriani et al., 2015; 
Żywiec et al., 2018) and flowering synchrony (Traveset 1995; Ison and 
Wagenius 2014) would affect pollination visitation and tree reproduc
tive success; however, we did not anticipate any direction in such effects 
given the mixed results of previous studies. 

2. Material and methods 

2.1. Study system 

Pyrus bourgaeana Decne (Rosaceae), the Iberian pear tree, is a small 
tree (3–6 m tall) distributed across the southern Iberian Peninsula and 
northern Morocco (Aldasoro et al., 1996). Our study population (called 
Matasgordas) is located in Doñana National Park (37◦89′N, 6◦26′W), on 
the west bank of the Guadalquivir River in southwestern Spain. The 
climate is Mediterranean sub-humid, characterized by dry, hot summers 
(June–September) and mild, wet winters (November–February). In the 
Doñana area, P. bourgaeana appears at low densities (usually <1 
tree/ha) across the landscape with tree distribution varying from highly 
isolated to strongly aggregated. In Matasgordas, trees form spatial 
clusters with an average radius of 25 m (6–8 reproductive individuals; 
Fedriani et al., 2010). This spatial aggregation arises from dispersal 
limitation, spatial aggregation of dispersed seeds, and clonal growth 
(Fedriani et al., 2010; Fedriani and Wiegand 2014; Castilla et al., 
2019b). In 2019, we used the study plot set by Fedriani et al. (2010) with 
an area of 60 ha (N = 67 trees) which was increased to 70 ha (N = 73 
trees) in 2020 (Fig. A1). All trees were georeferenced. 

The Iberian pear tree is a self-incompatible species that blooms 
during February–March. Flowers are pollinated by a highly diverse in
sect assemblage including species belonging to Diptera, Hymenoptera, 
Coleoptera and Lepidoptera orders (Herrera 1988; Żywiec et al., 2012; 
Authors, unpublished data). Inflorescences bear hermaphrodite flowers 
with radial symmetry and usually five oval petals. They have 3–20 
(mean 9.5 ± 0.5) flowers per inflorescence, a petal length of 6.7–19.6 
mm (mean ± 1SE = 12.0 ± 0.2 mm) and a petal area of 23.5–218.0 mm2 

(mean ± 1SE = 80.0 ± 2.8 mm2). Mean corolla and calyx area is 417.2 
± 0.35 mm2 and 30.7 ± 1.9 mm2, respectively; and nectar per flower is 
0–18.5 μL (mean ± 1SE = 2.0 ± 0.5 μL) (Żywiec et al., 2012). Flowers 
have five styles and 20–25 stamens (Aldasoro et al., 1996). Fruits are 
non-dehiscent globose pomes with 2–3 cm diameter and weight of ~9.5 
g (Fedriani and Delibes 2009). Aborted fruits, smaller than ripe fruits, 
are a rounded dry, dark brown pome of small size (1–2 cm; Fedriani 
et al., 2020b). Each one includes usually 0–3 apparently developed seeds 
(25–50 mg each; Fedriani et al., 2020b) within very hard pericarps. The 
possibility of germination of these seeds of aborted fruits and contribute 
to recruitment, is often assumed to be nil (Fedriani et al., 2015; Castilla 
et al., 2019A; but see Fedriani et al., 2020b). Mature seeds are more than 
four times heavier than aborted seeds (Fedriani et al., 2018). Fruit 
production varies markedly among trees and years (Fedriani et al., 
2015). Ripe fruits are dispersed mostly by Eurasian badgers Meles meles 
and red foxes Vulpes vulpes (Garrote et al., 2018; Fedriani et al., 2019, 
2020a; Selwyn et al., 2020). 

2.2. Tree size, flowering phenology and flower weight 

We monitored daily the flowering phenological status of every 
georeferenced tree within the study plot for two consecutive years (N =
67 and 73 trees in 2019 and 2020, respectively). The monitoring 
covered a 27-day period between February and March in both studied 
years. Flowering phenological status of each tree was recorded early 
morning, regardless of the weather. No data was recorded for 2 days in 
2019 and one day in 2020. We distinguished four pre-flowering stages 
involving different stages of flower bud development (Fig. 1): (a) flower 
buds are completely closed; (b) a small white tip is distinguished at the 
top of the flower bud; (c) inflorescences are visible and compact; and (d) 
inflorescence is unfolds, but flowers are still closed. One or two days 
after the inflorescence had unfolded, the first flowers opened and then, 
we recorded that day as “First flowering day”. Since “First flowering 
day” was recorded, we also monitored four flowering phases based on 
the abundance of open flowers in the individual: 1) < 25% open flowers; 
2) 25–50% open flowers; 3) 50–75% open flowers; and 4) > 75% open 
flowers (individual flowering peak). In 2019, three trees opened their 
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first flowers before the beginning of field sampling, and seven trees that 
flowered in 2019, did not flower in 2020. To know the level of flowering 
synchrony among trees (spatiotemporal, not about differences in the 
intensity of the phenophase), we calculated the flowering synchrony 
index of Augspurger (1983) of each tree regarding the remaining ones in 
both study years (N = 66 in 2019 and 68 in 2020). 

Flower weight is a measure that is related to flower size much easier 
to obtain than the actual flower size (Herrera 2020). Thus, during the 
peak of the flowering season, we collected around 20 flowers from each 
tree (14–29 and 5–28 flowers per tree in 2019 and 2020, respectively) 
well scattered in the tree crowns. We removed petioles with scissors and 
dried the flowers in a laboratory oven (J.P. SELECTA S.A.) at 65 ◦C 
during 1 h. Flower weight was measured with a PCE Instruments pre
cision scale. We also characterized the tree size by measuring its diam
eter at breast height (DBH, hereafter). 

2.3. Pollinator visitation 

Pollination censuses were conducted during daytime since our pre
vious observations and video records of flowering individuals indicate 
that insects visit flowers during daytime and not at nighttime (Authors 
unpublished data). We followed the sampling pollinator visitation 
method described in Herrera (2019). We conducted 3-min pollinator 
visitation, named “pollinator census” hereafter (i.e. basic sampling 
unit), in which we watched a flowering patch and counted its total 
number of open flowers. Censuses were done on lower and 
medium-upper canopy using a ladder, because canopy height can affect 
the irradiance received by flowering patches and potentially affect to the 
floral visitor community (Herrera 1995a). We recorded all pollinators 
visiting flowers in the patch during the 3-min period and the total 
number of flowers probed by each pollinator. We considered that pol
linators “visit” a flower and therefore the patch, when they perch on the 
flower and touch the anthers with some part of their bodies. 

Pollinator censuses were conducted in sunny and cloudy windless 
days from 10 a.m. to 5 p.m. The different flowering trees were moni
tored in random order of time and date pretending to have an hourly 
representation of each one. We used an area extent of approximately 1 

m2 to set our flower patches, adapted to assuredly of all pollinators’ 
visitation at a distance of 1.5–2.0 m. We watched to approximately 
22.61 ± 6.17 open flowers (6–56 open flowers) per patch. Sampled 
patches were randomly chosen at the moment of climbing the ladder. In 
total, we conducted 1,933 pollinator censuses on 67 trees and 46 
different dates and accounting for a total watching effort of 5,799 
flower⋅min− 1. We conducted 16.61 (4–45) censuses per individual (8.35 
(2–22), and 8.38 (2–23) at lower and medium-upper canopy, respec
tively). In both years we sampled 26 days: from February 22nd to March 
21st, in 2019; and from February 13th to March 12th in 2020. All cen
suses were conducted by a single observer, thus results have no bias from 
inter-observer heterogeneity. 

2.4. Fruit production 

In February–March, we randomly chose four branches in each tree 
within the study plot (N = 64) and we marked such branches with 
colored plastic tags. Due to unavailability of flowering branches, we 
used 1–3 branches in 16 trees. On each branch, we tagged four inflo
rescence buds using colored threads. During the flowering time, we 
counted the number of open flowers in each marked inflorescence; and 
then, in July, we counted the number of fruits borne by each marked 
infructescence. In 2019, just before the initiation of fruit fall in early 
September, we estimated the crop size of all reproductive trees within 
the study plot by counting their fruits (with binoculars when it was 
needed). Fruits are arranged in discrete clusters which facilitated esti
mation of reliable crop size by visually counting fruits from the ground 
(e.g. Fedriani et al., 2015). 

2.5. Data analysis 

We examined the effect of flowering synchrony (i.e. flowering syn
chrony index of Augspurger 1983), mean flower weight and spatial 
isolation to the ten nearest neighbors (nnd10, hereafter) on pollinator 
visitation using generalized linear mixed models (GLMMs). Flowering 
synchrony index was calculated using the function SI2_onepop executed 
in the R flower package (Wang 2015). First flowering day and flowering 

Fig. 1. Flower bud stages: flower buds are completely closed (a); small white tip is distinguished at the top (b); inflorescence buds are visible and compact (c); and 
inflorescence unfolds, but flowers are still closed (d). 
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synchrony exhibited a highly positive correlation leading to inflated 
collinearity in our models (VIF = 0.7), thus we discarded first flowering 
day in pollinator visitation and fruit production models. This was 
because the flowering synchrony index better accounts the expectation 
of a higher visitation rate and reproductive success in flowering syn
chronous individuals. We estimated the spatial isolation of each tree 
using the function nndist executed in the R spatstat package (Baddeley 
and Turner 2005). Specifically, we calculated the distance to the nearest 
neighbor (nnd1), to the five nearest neighbors (nnd5) and to the ten 
nearest neighbors (nnd10). We used two measurements of pollinator 
functional abundance as response variables: flower visitation probabil
ity and patch visitation probability (Herrera 2019). Flower visitation 
probability is defined as per-time-unit probability that one individual 
flower in the flowering patch was visited per census, estimated as the 
ratio of number of flowers visited to those available in the patch. Patch 
visitation probability is defined as per-time-unit probability that at least 
one pollinator entered to the flowering patch and probed at least one 
flower. Therefore, patch visitation probability was encoded as a binary 
variable with 1 and 0 whether the flowering patch was or not visited, 
respectively. We fitted GLMMs with binomial error distribution and logit 
link function using glmer implemented in the R lme4 package (Bates 
et al., 2014). We included the total number of flowers in the flowering 
patch as a weight argument in models of flower visitation probability 
(Herrera 2019). In both analyses, we included year, tree and canopy 
nested within tree as random factors. We checked for overdispersion in 
our models using dispersion_glmer function from the R blmeco package 
(Korner-Nievergelt et al., 2015). 

Fruit set is defined as the probability that flowers become developed 
fruits (Wesselingh 2007). Fruit set was analyzed fitting GLMMs with 
binomial error distribution and logit link function using glmer imple
mented in the R lme4 package (Bates et al., 2014). We used as explan
atory variables flowering synchrony, mean flower weight and nnd10. 
We also included DBH as an additional explanatory variable in our 
models, which is an estimate of tree size. We included the number of 
flowers of each inflorescence (tagged buds) as weight argument, and 
tree as random factor. We also check whether there was any relationship 
between the number of total visitations to the monitored flowers in each 
tree (total visitations within trees) and their fruit set. To do this, we 
fitted generalized linear models with binomial error distribution using 
glm2 function from the R glm2 package (Marschner 2011), setting fruit 
set as response variable and visitations as explanatory variable. 

We used the same set of explanatory variables in the analysis of crop 
size (i.e. flowering synchrony, mean flower weight, nnd10 and DBH). 
We fitted GLMMs with Poisson error distribution using the function 
glmer implemented in the R lme4 package (Bates et al., 2014). We 
included year, tree and canopy nested within tree as random factors. We 
detected twelve observations that behave as statistical outliers using the 
romr.fnc function from the R LMERConvenienceFunctions package 
(Tremblay 2013). The removal of these outliers did not affect the 
observed patterns. In those models in which we detected evidence of 
overdispersion, we included an observational-level random effect 
(Harrison 2014). 

We used the Akaike Information Criterion (AIC) to compare models 
containing all possible combinations of the explanatory variables for 
each response variable analyzed, created with the dredge function from 
the R MuMIn v1.43.17 package (Bartón 2020). Then, we tested whether 
the variables from selected models were significant based on Likelihood 
Ratio test with χ2 distribution. Predicted means of our top-ranked 
models were obtained and plotted using the R ggeffects package 
(Lüdecke 2018). All analyses were performed in R 4.0.0 (R Core Team 
2018). 

3. Results 

3.1. Pollinator visitation 

For flower visitation probability, we found four top models with 
ΔAIC <2 (Table 1a). The distance to the ten nearest neighbors (nnd10) 
was the only explanatory variable in the top-ranked models showing a 
significant effect on flower visitation probability (Likelihood Ratio 
Tests: χ2 = 23.70, P < 0.0001). In other words, flowers of spatially 
isolated trees had greater flower visitation probability than those of 
spatially aggregated trees (Fig. 2a). Neither flower weight (LRT: χ2 =

1.40, P = 0.24; Fig. 2b) nor flowering synchrony (LRT: χ2 = 0.80, P =
0.37; Fig. 2c) had significant effects on flower visitation probability. Our 
results were consistent using mean distance to the nearest neighbor and 
to the five nearest neighbors (Table A1; Figs. A2 and A3). 

Our results showed three models with ΔAIC <2 for patch visitation 
probability (Table 1b). Similarly to flower visitation probability, we 
found that only nnd10 had a significant effect on patch visitation 
probability (LRT: χ2 = 17.21, P < 0.0001). In other words, flowering 
patches of spatially isolated trees had a greater probability of being 
visited than those of spatially aggregated trees (Fig. 2d). Neither flower 
weight (LRT: χ2 = 2.59, P = 0.11; Fig. 2e) nor flowering synchrony (LRT: 
χ2 = 0.001, P = 0.98; Fig. 2f) showed a significant effect on the patch 
visitation probability. Our results were consistent using mean distance 
to the nearest neighbor and to the five nearest neighbors (Table A1; 
Figs. A2 and A3). 

3.2. Fruit set 

Four models had similar explanatory power on fruit set (Table 1c). 
We found that spatially aggregated trees had greater fruit set than 
spatially isolated trees (Fig. 3a), showing the spatial isolation a signifi
cant effect on fruit set (LRT: χ2 = 13.59, P < 0.001). Neither flower 
weight (LRT: χ2 = 0.92, P = 0.35; Fig. 3b), flowering synchrony (LRT: χ2 

= 0.98, P = 0.32; Fig. 4a) nor the DBH (LRT: χ2 = 0.10, P = 0.75; Fig. 4b) 

Table 1 
Top-ranked models for pollinator visitation and reproductive success 
variables. Models are ranked based on the Akaike Information Criterion (AIC). 
Differences in AIC between each model and the model with lowest AIC (ΔAIC) 
are shown. Only models exhibiting ΔAIC <2 with the top model are shown for 
each response variable. For each model, Akaike’s weights is indicated (ωi). 
nnd10 means the distance to the ten nearest neighbors; Flower weight, the 
average weight of the trees’ flowers; DBH, the diameter of the trunk at breast 
height; and Synchrony, the flowering synchrony index of the trees.  

Flower visit probability (a) 

Model statement AIC ΔAIC ωi 

nnd10 9760.70 0.00 0.367 
nnd10 + Flower weight 9761.30 0.56 0.276 
nnd10 + Synchrony 9761.90 1.16 0.205 
nnd10 + Flower weight + Synchrony 9762.50 1.77 0.152 

Patch visit probability (b) 

nnd10 + Flower weight 2208.20 0.00 0.418 
nnd10 2208.70 0.59 0.312 
nnd10 + Flower weight + Synchrony 2210.10 2 0.154 

Fruit set (c) 

nnd10 1666.50 0.00 0.293 
nnd10 + Synchrony 1667.50 1.01 0.177 
nnd10 + Flower weight 1667.80 1.28 0.154 
nnd10 + DBH 1668.70 1.96 0.11 

Crop size (d) 

nnd10 + Flower weight + DBH 9063.40 0.00 0.293 
nnd10 + Flower weight 9064.30 1.00 0.178 
nnd10 + DBH 9064.70 1.40 0.146 
nnd10 + Flower weight + Synchrony + DBH 9064.80 1.47 0.140  
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Fig. 2. Effects of tree spatial isolation, flower weight and flowering synchrony on pollinator visitation probability. The top panels showed the effect of our 
explanatory variables on flower visitation probability (i.e. per-time-unit probability that one individual flower in the flowering patch was visited per census), while 
the bottom panels showed the effects on patch visitation probability (i.e. per-time-unit probability that at least one pollinator entered to the flowering patch and 
probed at least one flower). Explanatory variables are standardized to mean zero and standard deviation one. Values of explanatory variables above and below zero 
indicate higher and lower spatial isolation (a, d), flower weight (b, e) or synchrony (c, f) than the population mean, respectively. The gray area shows 95% confidence 
intervals, and “p” indicates the p-value in Likelihood Ratio Tests. 

Fig. 3. Effects of tree spatial isolation and flower weight on reproductive success. The top panels showed the effect of our explanatory variables on fruit set (i.e. 
proportion of flowers setting fruits), while the bottom panels showed the effects on crop size (i.e. total fruit production per individual). Explanatory variables are 
standardized to mean zero and standard deviation one. Values of explanatory variables above or below zero indicate greater and lower spatial isolation (a, c) or 
flower weight (b, d) than the population mean, respectively. The gray area shows 95% confidence intervals, and “p” indicates the p-value in Likelihood Ratio Tests. 
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had significant effect on fruit set. Our results were consistent using mean 
distance to the nearest neighbor (LRT: χ2 = 0.047, P = 0.83) and to the 
five nearest neighbors (LRT: χ2 = 3.87, P = 0.05) (Table A2; Figs. A4 and 
A5). We did not find any relationship between pollinator visits and fruit 
set (LRT: χ2 = 0.06, P = 0.80). 

3.3. Crop size 

We found four models with similar explanatory power on tree crop 
size (Table 1d). The distance to the ten nearest neighbors had a signif
icant effect on crop size (LRT: χ2 = 8.04, P < 0.01). Hence, spatially 
isolated trees had greater crop size than spatially aggregated trees 
(Fig. 3c). Our results also supported a marginal effect of DBH on crop 
size (LRT: χ2 = 3.18, P = 0.074), with crop size increasing as the width of 
the tree trunk increases (Fig. 4d). Finally, we did not detect any effect 
neither of flowering synchrony (LRT: χ2 = 4.84, P = 0.47; Fig. 4c) or of 
mean flower weight (LRT: χ2 = 2.86, P = 0.09; Fig. 3d) on tree crop size. 
Our results were consistent using mean distance to the nearest neighbor 
and to the five nearest neighbors (Table A2; Figs. A4 and A5). 

4. Discussion 

In this study, we examined the effects of distance to flowering con
specifics and intrinsic features of individuals such as flowering 
phenology, tree size and flower size on pollinator visitation rates and 
reproductive success in the insect-pollinated tree Pyrus bourgaeana. Our 
results highlight an important role of spatial isolation affecting all 
intrinsic features of trees. Although spatial isolation had a positive effect 
on pollinator visitation and crop size, it had a negative effect on fruit set, 
which suggests a decline of compatible conspecific pollen donors with 
spatial isolation for our target self-incompatible tree. Altogether, our 
results stress the relevance of individuals’ spatial distribution for self- 
incompatible trees exhibiting low individuals’ densities. 

4.1. Spatial isolation 

Increased pollinator visitation rates in dense flowering patches have 
been frequently reported in the literature (House 1992; Kunin 1993; 
Lamont et al., 1993; Law and Lean 1999; Dick et al., 2008). In contrast, 
our results revealed that trees more spatially isolated have higher 
probabilities for pollinator visitation than those which are in dense 
neighborhoods. This pattern was consistent for flower visitation prob
ability and patch visitation probability. In the same line, recent studies 
have found a negative effect of plant conspecific density on pollinator 
visitation rates for other self-incompatible species (Wagenius and Lyon 
2010; Hendrickson et al., 2018). For instance, Wagenius and Lyon 
(2010) reported greater pollinator visitation in spatially isolated Echi
nacea angustifolia plants. The positive relation between distance to 
conspecifics and pollinator visitation rates could be more frequent than 
expected, and especially for self-incompatible species. A potential 
explanatory mechanism for this unusual pattern could be an inflated 
intraspecific competition for pollinators (Zimmerman 1980). In partic
ular, intraspecific competition between pollinators would cause a 
displacement to less visited foraging areas and thus, a decline of polli
nator visitation rates in aggregated individuals (Kunin 1997; Mustajärvi 
et al., 2001; Fedriani et al., 2015; Żywiec et al., 2018). An alternative 
explanatory mechanism could be the microhabitat occupied by trees. 
For instance, isolated individuals located in more thermal environments 
(e.g. plot edges), are more favorable for pollination by ectothermic an
imals (i.e. insects; Beattie 1971; Herrera 1995b, 1997; Zamora 1999; see 
in Herrera 2020) or for pollinator nesting (i.e. areas with increased 
abundance of bare ground; Steffan-Dewenter et al., 2002). 

An intriguing result of our work is the contrasting effects of distance 
to conspecific trees on fruit set (i.e. relative reproductive success) and 
crop size (i.e. absolute reproductive success). Specifically, we found that 
more spatially isolated trees had lower proportion of flowers setting 
fruits, as predicted. Reduced fruit set in trees with higher pollinator 

Fig. 4. Effects of tree flowering synchrony and DBH on reproductive success. The top panels showed the effect of our explanatory variables on fruit set (i.e. pro
portion of flowers setting fruits), while the bottom panels showed the effects on crop size (i.e. total fruit production per individual). Explanatory variables are 
standardized to mean zero and standard deviation one. Values of explanatory variables above or below zero indicate greater and lower flowering synchrony (a, c) or 
tree size (b, d) than the population mean, respectively. The gray area shows 95% confidence intervals, and “p” indicates the p-value in Likelihood Ratio Tests. 
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visitation probabilities support pollen but not pollinator limitation in 
more spatially isolated individuals of our self-incompatible tree species. 
Indeed, Ison and Wagenius (2014) found similar results for the 
self-incompatible perennial herb Echinacea angustifolia and as they point 
out, this pattern could be more frequent than expected in 
self-incompatible species. One explanation could be a decline in the 
availability of compatible pollen donors in spatially isolated trees. This 
decline in pollen donors can have detrimental consequences for fruit 
production in self-incompatible species due to (i) inflated selfing due to 
geitonogamy (i.e. pollen deposition among flowers of the same indi
vidual; Somanathan and Borges 2001; Somanathan et al., 2004; Meekers 
and Honnay 2011) and (ii) increased biparental inbreeding if close 
neighbors are genetically related (Ison et al., 2018; Suarez-Gonzalez and 
Good, 2014; Fedriani et al., 2015; Castilla et al., 2019a). Furthermore, a 
non-exclusive mechanism could be related to the effectiveness of polli
nators depositing pollen on stigmas (Gómez et al., 2010; Castilla et al., 
2017; Valverde et al., 2019). An increased abundance of low-effective 
pollinator species visiting spatially isolated trees could account for 
reduced fruit set in those individuals. Ongoing studies examining the 
pollinator identity of our visits will help to elucidate whether this hy
pothesis is plausible for our study system. 

Despite their reduced fruit set, and in contrast with our initial pre
dictions (Fedriani et al., 2015), more spatially isolated individuals had 
greater crop sizes. We posit a possible explanatory mechanism for this 
compensation in fruit production. Trees in dense neighborhoods, 
showing higher fruit set, could have lower access to resources (e.g. 
limited space, higher intra-specific competition and less water, moisture 
and nutrients available; Fedriani et al., 2015) which lead them to allo
cate fewer resources to reproduction and thus to produce, on average, 
lower numbers of flowers. In other words, it is possible that isolated 
individuals, having this greater access to resources, could grow further 
and thus produce on average more flowers per individual than trees 
living in dense neighborhoods (Fuchs et al., 2003). Even with a low 
proportion of flowers setting fruits, large flower production could 
compensate total fruit production (Ollerton and Lack 1998; Castilla 
et al., 2011). 

4.2. Flowering synchrony 

Some works have reported positive synchrony effects on plant 
reproductive success (e.g. fruit set; Torres et al., 2002; Rodríguez-Pérez 
and Traveset 2016). On the contrary, there are works that show the 
opposite trend with higher flowering synchrony leading to lower 
reproductive success in plants (Ison et al., 2018). Our findings revealed 
no relation between the flowering synchrony and pollinator visitation 
rates, fruit set and crop size. These results could be attributed to the 
prolonged flowering period of P. bourgaeana trees regarding the entire 
population flowering period (mean flowering time = 13 days [2–27 
days]). Therefore, most individuals within population flowered some
what at the same time (mean flowering synchrony in the population was 
0.76 ± 0.15, A3 Table). This would increase the chances of having a 
large number of donors. Accordingly to our results, Gómez (1993) found 
that pollinators of Hormathophylla espinosa did not show any preference 
for synchronous plants. Interestingly, Torres et al. (2002) found that the 
effect of first flowering date was much more relevant than the effects of 
flowering synchrony and flowering duration. However, we must note 
that first flowering day and flowering synchrony were positively 
correlated in our study (correlation = 0.70, P < 0.0001). 

4.3. Flower weight and DBH 

Finally, we analyzed the average flower weight and the effect of 
DBH. Contrary to our expectations (Endress 1994; Yan et al., 2016), 
results from this study did not support a meaningful effect of flower 
weight on pollinator visitation probabilities, which means that polli
nators visited trees regardless of the flower weight. We assumed heavier 

flowers would have greater levels of floral reward (i.e. nectar and pol
len). However, previous studies have found different levels of variation 
in nectar and morphological traits among P. bourgaeana trees (Żywiec 
et al., 2012). Therefore, a positive correlation between flower weight 
and floral reward could be questionable and must be explicitly 
addressed in further studies. Furthermore, some studies have shown that 
pollinators can have a greater capacity to respond to floral displays (i.e. 
total flower production) than to floral weight or size (Harder and Barrett 
1995; Ohashi and Yahara 2002; Mitchell et al., 2004; Makino and Sakai 
2007). In this regard, we found that tree size had a marginally positive 
effect on crop size, which might suggest higher reproductive investment 
in trees with larger size and thus, greater floral displays. We measured 
DBH as an indirect estimate of floral display because it is expected that 
larger trees will have a greater flower display (Weiner and Thomas 
1986; Herrera 1993; Ollerton and Lack 1998; Kato and Hiura 1999; 
Torres et al., 2002; Castilla et al., 2017). However, we must note that we 
could not perform a correlation between DBH and the number of flowers 
per individual since this last variable was not measured. Therefore, a 
direct link between tree size and floral display has not been addressed 
for the study species yet. Furthermore, previous studies have found 
evidence of population aging (Żywiec et al., 2018) and thus, a consid
erable portion of these large trees could be experiencing reproductive 
decay due to aging, preventing a clear positive relationship between 
floral display and tree size. Taken together, our results suggest that 
larger isolated trees could have more access to resources, which trans
lates into slightly greater crop sizes. 

5. Conclusions 

Our analyses of a self-incompatible Pyrus bourgaeana population in 
Doñana National Park disclose that of all our evaluated variables 
examined, spatial isolation had the most striking effect on our response 
variables. In light of the current findings, spatial isolation may not be as 
detrimental to plants as we might think, since isolated individuals have 
the greatest absolute reproductive success despite their lowest relative 
reproductive success (i.e. success per flower). Our results also suggest 
pollen but not pollinator limitation in spatially isolated trees. Interest
ingly, this potential pollen limitation seemed compensated with greater 
flower production in these spatially isolated trees. Under this scenario of 
sexual reproduction mediated by pollinators, our findings accentuate 
the relevance of individuals’ spatial distribution for self-incompatible 
trees. 
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M.T. Alonso-López et al.                                                                                                                                                                                                                      

https://doi.org/10.1016/j.actao.2022.103866
https://doi.org/10.1016/j.actao.2022.103866


Acta Oecologica 117 (2022) 103866

8

References 

Aldasoro, J., Aedo, C., Muñoz-Garmendia, F., 1996. The genus Pyrus L (Rosaceae) in 
south-west Europe and north Africa. Bot. J. Linn. Soc. 121, 143–158. 

Alonso, C., Herrera, C.M., Ashman, T.L., 2012. A piece of the puzzle: a method for 
comparing pollination quality and quantity across multiple species and reproductive 
events. New Phytol. 193, 532–542. 

Augspurger, C.K., 1983. Phenology, flowering synchrony, and fruit set of six neotropical 
shrubs. Biotropica 15, 257. 

Baddeley, A., Turner, R., 2005. Spatstat: an R package for analyzing spatial point 
patterns. J. Stat. Software 12, 1–42. 

Bartón, K., 2020. MuMIn: Multi-Model Inference. R package version 1.43.17.  
Bates, D., Maechler, M., Bolker, B., Walker S, 2014. lme4: Linear Mixed- Effects Models 

Using Eigen and S4. R Package Version 1.1-7. 
Beattie, A.J., 1971. Itinerant pollinators in a forest. Madrono 21, 120–124. 
Castilla, A.R., Alonso, C., Herrera, C.M., 2011. Exploring local borders of distribution in 

the shrub Daphne laureola: individual and populations traits. Acta Oecol. 37, 
269–276. 

Castilla, A.R., Pope, N., Jha, S., 2015. Positive density-dependent reproduction regulated 
by local kinship and size in an understorey tropical tree. Ann. Bot., mcv170 

Castilla, A.R., Godoy, J.A., Delibes, M., Rodriguez-Prieto, A., Fedriani, J.M., 2019b. 
Microgeographic variation in recruitment under adult trees: arrival of new 
genotypes or perpetuation of the existing ones? Plant Biol. 21, 695–705. 

Castilla, A.R., Pope, N.S., O’Connell, M., Rodriguez, M.F., Treviño, L., Santos, A., Jha, S., 
2017. Adding landscape genetics and individual traits to the ecosystem function 
paradigm reveals the importance of species functional breadth. Proc. Natl. Acad. Sci. 
USA 114, 12761–12766. 
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Mustajärvi, K., Siikamäki, P., Rytkönen, S., Lammi, A., 2001. Consequences of plant 
population size and density for plant–pollinator interactions and plant performance. 
J. Ecol. 89, 80–87. 

Nicotra, A.B., Atkin, O.K., Bonser, S.P., Davidson, A.M., Finnegan, E.J., Mathesius, U., 
et al., 2010. Plant phenotypic plasticity in a changing climate. Trends Plant Sci. 15, 
684–692. 

Ohashi, K., Yahara, T., 2002. Visit larger displays but probe proportionally fewer flowers: 
counterintuitive behaviour of nectar-collecting bumble bees achieves an ideal free 
distribution. Funct. Ecol. 16, 492–503. 
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