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spatial scales
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The responses of animal pollinators to the spatially heterogeneous distribution of floral resources are important for plant
reproduction, especially in species-rich plant communities. We explore how responses of pollinators to floral resources
varied across multiple spatial scales and studied the responses of two nectarivorous bird species (Cape sugarbird Promerops
cafer, orange-breasted sunbird Anthobaphes violacea) to resource distributions provided by communities of co-flowering
Protea species (Proteaceae) in South African fynbos. We used highly resolved maps of about 125 000 Protea plants at 27
sites and estimated the seasonal dynamics of standing crop of nectar sugar for each plant to describe the spatiotemporal
distribution of floral resources. We recorded avian population sizes and the rates of bird visits to > 1300 focal plants to
assess the responses of nectarivorous birds to floral resources at different spatial scales. The population sizes of the two bird
species responded positively to the amount of sugar resources at the site scale. Within sites, the effects of floral resources on
pollinator visits to plants varied across scales and depended on the resources provided by individual plants. At large scales
(radii > 25 m around focal plants), high sugar density decreased per-plant visitation rates, i.e. plants competed for animal
pollinators. At small scales (radii <5 m around focal plants), we observed either competition or facilitation for pollinators
between plants, depending on the sugar amount offered by individual focal plants. In plants with copious sugar, per-plant
visitation rates increased with increasing local sugar density, but visitation rates decreased in plants with little sugar. Our
study underlines the importance of scale-dependent responses of pollinators to floral resources and reveals that pollinators’
responses depend on the interplay between individual floral resources and local resource neighbourhood.

Since about 90% of angiosperms are dependent on animal
pollination (Ollerton et al. 2011), studies on plant—pollinator
interactions are of immense ecological importance (Heithaus
1974, Bond 1994, Dixon 2009, Menz et al. 2011). Floral
energy rewards produced by plants play a crucial role in
mediating plant—pollinator interactions (Heinrich and
Raven 1972, Heinrich 1975) because foraging movements
of pollinators are influenced by the spatially heterogeneous
distribution of floral resources [Ghazoul 2005, see Carlo and
Morales (2008) for a study on seed-dispersal interactions].
Pollinators tend to optimise their foraging movements in
order to balance energy intake in relation to energy expendi-
ture and, according to optimal foraging theory (Cody 1989),
this may lead to an ideal free distribution of pollinators
among resource patches (Fretwell and Lucas 1970).
Pollinator richness and abundance are often positively
correlated with the richness and abundance of plant
species (Potts et al. 2003, Biesmeijer et al. 2006, Dauber et al.

2010). However, pollinator abundance may not increase
proportionally to the resource density provided by a plant
community. A decrease in the pollinator to resource ratio
may emerge because the size of the pollinator population
is constrained by other environmental factors (Donaldson
and Ninni 2002, Feldman and McGill 2014) or influenced
by competition among pollinators (Ford and Paton 1982,
Smith-Ramirez and Armesto 2003, Mac Nally and Timewell
2005). Under such circumstances, the pollination services
are shared among more plants within a community (Goulson
2000) and pollinators become more selective in their visits to
plants (Schmitt 1983), directing their foraging movements
toward resource ‘hotspots’ within plant communities.
Pollinators mediate pollen transfer between plants
and these interactions are crucial for plant reproduction
(Ollerton et al. 2011). Thus, the pollinators’ response to
the resource density of plants may influence the balance
between pollinator-mediated facilitation and competition
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between co-flowering plants. An increase in plant density
was often associated with a higher frequency of pollinator
visits to plants, promoting facilitation of pollination services
(reviewed by Ghazoul 2005, see also Essenberg 2012, Duffy
et al. 2013). Within sites, however, plants with copious
resources might act as ‘magnets’ for pollinators, concentrat-
ing the shared pollination services and inducing competition
among plants (Thomson 1981, Ohashi and Yahara 2001,
Seifan et al. 2014). Both facilitation and competition for
animal pollinators have been observed between co-occurring
conspecific and heterospecific plants with shared pollinators.
Many studies have reported a positive relationship between
plant density and pollinator visitation per unit of time
(‘per-plant visitation rates’ hereafter; Klinkhamer and de
Jong 1990, Kunin 1997, Grindeland et al. 2005), while
others have found no or negative effects (Aizen 1997, Bosch
and Waser 2001, Sieber et al. 2011, Heystek and Pauw 2013).
In order to explain these contradictory findings, a recent
study underlined the importance of spatial scales (Hegland
2014, see also Rathcke 1983). Hegland (2014) showed that
high floral density at small scale (2.5 m) increased per-plant
visitation rates of shared pollinators, but that high floral den-
sity at large scale (25 m) decreased per-plant visitation rates.
Thus, facilitation effects of resource abundance on pollina-
tor visits at small scale changed towards competition at large
scale. Since plants differ in the amount of provided resources,
the effects of neighbourhood resource density on pollinator
visits may additionally depend on the resource amount pro-
vided by individual plants (Sargent 1990, Ohashi and Yahara
2001, Grindeland et al. 2005). Furthermore, the response
of a pollinator to resource density is likely to vary among
pollinator species (Essenberg 2013). Functional traits of
pollinators, such as body size, may be related to the forag-
ing requirements and the competitive ability of a pollinator
species (Parker and Sutherland 1986). We therefore studied
how pollinator responses depend on the resource amount
of individual plants and how different animal pollinators
respond to spatial resource distributions.

Although the importance of energetic rewards in pollina-
tion systems has been recognised for decades (Heinrich and
Raven 1972, Heinrich 1975), we are aware of only one field
study that has attempted to summarize the heterogeneous
spatial distribution of floral resources provided by multi-
ple plant species into distribution maps of floral resources
(Feldman and McGill 2014). Here we explore how pollina-
tors respond to the distribution of nectar resources provided
by plants across scales and discuss how the response may
influence the balance between competition and facilitation
for animal pollinators between co-occurring plants. We first
tested whether the population size of two differently sized
nectarivorous birds (Cape sugarbird Promerops cafer and
orange-breasted sunbird Anthobaphes violace) were related
to variation in resource density among sites. Within sites,
we then tested whether per-plant visitation rates were related
1) to bird species identity, 2) avian population size, and 3)
the resource amount provided by individual plants and their
resource neighbourhood at various spatial extents. Previous
studies did not directly quantify the spatial distribution of
floral resources, but rather used proxies such as densities of
flowering plants (Gunton and Kunin 2009, Hegland 2014).
Such approaches, however, neglect variation in individual
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resource availability, e.g. among plant individuals differing
in species identity or size. In this study, we quantified floral
resources across various scales using highly resolved spatial
distributions of nectar resources provided by species-rich
plant communities. The plant communities encompassed 19
species of the genus Protea (family Proteaceae) from South
African fynbos. Protea species produce abundant diluted
nectar and are regularly visited by nectarivorous birds of
the sugarbird (Promeropidae) and sunbird (Nectariniidae)
families (Collins and Rebelo 1987).

We used optimal foraging theory to derive our hypoth-
eses (MacArthur and Pianka 1966, Ohashi and Yahara
2001). We predicted A) a linear increase in avian population
size with an increasing resource density at a site, but B) a
slower increase of the smaller of the two bird species because
of inter-specific competition among pollinator species, C)
higher per-plant visitation rates on plants with copious nec-
tar than on plants with little nectar; and D) increasing per-
plant visitation rates at high nectar resource densities at small
scale (i.e. facilitation predominant at the small scale), but
decreasing per-plant visitation rates at high nectar resource
densities at large scale (i.e. competition predominant at the
large scale).

Methods
Study system and study site

We studied the responses of nectarivorous bird populations
and per-plant visitation rates to the spatial distribution of
nectar resources of Protea species (family Proteaceae). The
genus Protea is emblematic for the ecological diversity found
in the fire-prone fynbos biome in the Cape Floristic Region,
South Africa (Schurr et al. 2012). In the fynbos biome,
Protea species are serotinous, i.e. release seeds after fire. Some
Protea species resprout from the roots shortly after fire, while
most are killed by fire and seedlings need about three years of
growth to produce first flowers (Protea atlas, Rebelo 2001).
Flowers are grouped in large inflorescences surrounded by
involucral bracts and flowers opens progressively from the
outer to the inner circles (Rebelo 2001). Protea species vary
greatly in floral traits and attract various flower visitors
(Rebelo 2001). In our study, we focused on tall, overstorey
Protea species that produce abundant diluted nectar (Collins
and Rebelo 1987). Overstorey Protea species are considered
to be primarily bird-pollinated (Rebelo 2001). We con-
firmed this notion for the majority of Protea species with
bird-exclusion experiments, although insect pollination also
contributed to reproduction of a few Protea species (Schmid
etal. 2015). Pollination experiments further showed that all
studied overstorey Protea species require animals to set seed,
but are self-compatible (Schmid et al. 2015). Nectarivorous
bird species visiting Protea species mainly encompass repre-
sentatives of two families, the sugarbirds (Promeropidae) and
sunbirds (Nectariniidae), mostly represented by two species.
The large Cape sugarbird (males 36.6 g, females 31.8 g,
Tjerve and Scholtz 2007) strongly depends on Prorea nectar
and its breeding season matches the peak in flowering time
of Protea species (Rebelo 1987). The orange-breasted sunbirds
(9.5 g, Williams 1993) mostly breed outside the peak flower-



ing season of Protea species and depend mostly on Ericaceae
species, especially during breeding (Rebelo 1987). Cape sugar-
birds often chase and dominate the smaller orange-breasted sun-
bird (Wooller 1982, Rebelo 1987).

Our study was conducted in the winter-rainfall fynbos in
the western Cape. The study area (120 X 70 km) extended

from Bainskloof Pass (33°37’S, 19°05’E) in the north-west
to Gansbaai (34°36°S, 19°30’E) in the south-east, incor-
porating variation in elevation from 20-1500 m (Fig. 1A).
Field work took place at 27 study sites on which Protea spe-
cies dominated the overstorey vegetation (so called ‘proteoid
fynbos’). The study sites varied largely in the number of
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Figure 1. Study area and resource maps of standing crop of nectar sugar in Protea communities. (A) Study area in southern Africa within
the Cape Floristic Region (CFR) as delimited by Goldblatt (Goldblatt 1978), black line. 27 study sites (white points) were situated in
the south western part of the Fynbos Biome. The image was processed with the elevation grid of 30 arc-seconds (~ 1 km) provided by
WorldClim (Hijmans et al. 2005). (B) An exemplary 200 X 200 m plot (site no. 11) and its 110 X 110 m core zone showing the locations
of all mapped plants of the three Protea species occurring at this site. (C) Resource map for study site 11 on Julian day 181. Predictions of
resource maps were derived by a combination of data from different sources and yielded predictions of the standing crop in nectar sugar for
each mapped plant on each day of observation (see Supplementary material Appendix 1, Fig. Al for analytical details). The grey-shaded
areas on top of the resource map illustrate the scale-specific sugar densities: 1) site sugar within the 120 X 120 m core zone (grey square)
and 2) neighbourhood sugar around a focal plant (black dot) in various concentric radii (grey circles represent exemplary radii at radius
40, 20, and 5 m, respectively). Focal plant sugar (plant scale) was given by the product of the observed number of inflorescences and the
estimated standing sugar crop for the species.
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Protea species (2-9 species) and plant density. Adjacent study
sites were situated at least 300 m apart and were unlikely to
host the same breeding birds. At each study site, we defined a
200 X 200 m plot (including a 120 X 120 m core zone). The
dimension of the core zone is larger than the mean size of
sugarbird territories (mean territory size = 0.8 ha, Calf et al.
2003). At each site, we mapped all overstorey Protea plants
with a high accuracy Differential Global Positioning System
(80-37 300 mapped plants per site). For all mapped plants,
we recorded the species identity and the plant size (stem
length along the main growth axis). For some large and
dense monospecific patches (> 10 plants m=2), plants were
not individually mapped. Instead, we mapped the outline of
the patch, estimated the plant density in 2 X 2 m plots and
measured the canopy height of a subsample of 30 plants. We
then simulated plant locations in a patch according to a com-
pletely random spatial distribution with plant density given
by the observed mean density. The sizes of these plants were
drawn from a patch-specific gamma distribution estimated
by a maximum likelihood fit to the measured plant sizes (the
gamma distribution generally fitted better than alternative
lognormal or Weibull distributions). Observations of bird
activity took place during the flowering peaks of most Protea
species from April to August 2012. Every study site was vis-
ited three times with two to five weeks between visits. During
each visit, we recorded A) population sizes of nectarivorous
birds and B) the visitation rates of birds on focal plants in the
morning hours. For each focal plant, we recorded the exact
location and the number of flowering inflorescences in the
afternoon following the bird observations.

Resource maps and multiple-scale resource
variables

In order to compare floral resource effects on avian pollina-
tors across various spatial scales, we estimated floral resource
distributions at multiple spatial scales, corresponding to
site scale, neighbourhood scale and plant scale. The sugar
amount of each focal plant (referred to as ‘plant sugar’) was
given by the product of the observed number of inflores-
cences and the predicted mean sugar amount per inflores-
cence for each species and site (Supplementary material
Appendix 1, Fig. Al). To compute the resource distribu-
tions at site and neighbourhood scales, we estimated maps
of resource distributions, given by the standing crop of
nectar sugar for each mapped plant and for each day of
observation (Fig. 1B-C; see details in Supplementary material
Appendix 1, Fig. Al). Standing crops of nectar sugar are an
accurate measure for nectar availability in Protea species that
generally produce very large amounts of nectar that are rarely
depleted (Nicolson and Thornburg 2007, Geerts and Pauw
2011).

We used different data sources to estimate standing crops
of nectar sugar in time and space. We first collected informa-
tion on flowering phenology for each Protea species, from
the flowering status (binary variable) of 15 863 populations
(48-4145 per Protea species) provided by the Protea atlas
project (Rebelo 2001). We further recorded the number of
inflorescences on randomly selected plants (n = 6943 obser-
vations, 51-1245 per species, 1-865 per populations) at our
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study sites between March 2011 and August 2012. For each
of these plants, we measured plant size (stem length along
the main growth axis), inflorescence length, trunk length
and specific leaf area (Supplementary material Appendix 1,
Fig. Al). We further used information on sprouting abil-
ity of each species, as provided by Rebelo (2001). For a
subset of these plant individuals (n,,, = 484 individuals, 4
80 individual per species, 1-34 individual per population),
we also extracted standing crop of nectar from harvested
inflorescences (n,, = 850 inflorescences) by centrifugation
in the field (Armstrong and Paton 1990). We measured nec-
tar volume (ml) using microsyringes (0.05 ml precision) and
nectar sugar concentration (w/w) using handheld refracto-
meters (Bellingham and Stanley, reading range: 0-50 Brix).
The product of nectar sugar concentration (transformed
into weight per volume) and nectar volume gave the sugar
amount (mg) per inflorescence. For the same plant individu-
als, we additionally recorded the time of the day and the
percentage of open flowers of the harvested inflorescences.

We combined these different sources of information to
estimate the spatiotemporal distribution of standing crop
of nectar sugar at the study sites for each day of observa-
tion (‘resource maps’, Fig. 1C and Supplementary material
Appendix 1, Fig. Al for analytical details). First, we used
the extensive data on the flowering status of Protea popu-
lations at different times of the year (from the Protea atlas
project, Rebelo 2001) to estimate the phenological peak of
flower production for each species (‘day of flowering peak’).
Second, we described temporal variation in inflorescence
number for each sampled plant (‘individual plant phenol-
ogy’) using a generalised linear mixed model (GLMM) with
Poisson errors. We related the number of inflorescences
per plant (response variable) to temporal distance from the
flowering peak, plant size, and a set of plant functional traits,
while treating site identity and species identity as random
effects. Third, we used a linear mixed model to relate the
standing crop of nectar sugar per inflorescence (‘stand-
ing crop of nectar sugar’) to plant functional traits, while
accounting for time of the day and percentage of open florets
in the florescence (as fixed effects), as well as site identity
and species identity as random effects. Finally, we used the
predictions from the second and third model to estimate the
standing crop of nectar sugar for each mapped plant and
day of observation, given by the product of the number of
inflorescences and standing crop of nectar sugar. This yielded
spatially-explicit maps of standing crop of nectar sugar per
plant at the days of bird observation (‘resource maps’). The
spatiotemporal variation in sugar densities depends on Protea
densities and its species composition, as well as on the num-
ber of inflorescences produced by a Prorea individual at a
given time. Sugar densities are assumed to be independent
from the foraging behaviour of pollinators.

With the estimated resource maps, we were able to
calculate 1) site sugar density in the 120 X 120 m core zone
(‘site sugar’, expressed as g sugar ha-!, Fig. 1C) and 2) neigh-
bourhood sugar density in various radii from focal plants
(‘neighbourhood sugar’, Fig. 1C). Consistent with Hegland
(2014), neighbourhood sugar density was calculated across
concentric circles of different radii around a focal plant.
We considered radii of 1 to 40 m (Fig. 1C), excluding focal
plants from calculations of neighbourhood sugar. The spatial



variation of site sugar among sites was much larger than tem-
poral variation within sites across the four months of study
[Supplementary material Appendix 1, Fig. A2A; between
site variation (spatial): sum of squares =276.1, within site
variation (temporal): sum of squares = 8.0]. Since the time
intervals between repeated visits were similar across all sites
(2-5 weeks), the temporal variability in site sugar at each site
was not influenced by sampling bias.

Avian populations

Populations of each nectarivorous bird species were assessed
before 10:00 h with 10 min point counts during three visits
at each site. Two observers were situated in the middle of the
plot and recorded bird activity in opposite directions.
We included all observations of nectarivorous birds within
30 m distance from the observers to avoid biases in detection
probability and used the maximal number of individuals
recorded simultaneously to avoid double counts. The nec-
tarivorous bird community in the study area included two
families (sunbird family Nectariniidae and sugarbird fam-
ily Promeropidae) and four other bird species. The number
of observations varied strongly between species (n =493,
orange-breasted sunbird; n = 189, Cape sugarbird). We did
not include the rare observations of the southern double-
collared sunbirds Cinnyris chalybeus and the Malachite sun-
birds Nectarinia famosa in population measures because they
represented less than 5% of all observations and were only
observed on a few study sites (<4 sites). We observed Cape
sugarbirds and orange-breasted sunbirds throughout the
study area; population sizes of the two species were unre-
lated to the elevation of the study sites (R2<<0.04; p>0.05
in both cases). We determined the number of simultaneously
observed individuals of Cape sugarbirds and orange-breasted
sunbirds separately for each site and visit and derived an
overall measure of avian population size by summing the
two species-specific estimates, referred to as ‘avian popula-
tion size’. In addition, we recorded whether Cape sugarbirds
were breeding at the site at the time of the visits and we
estimated the number of defended territories.

Per-plant visitation rates

During the three visits at each site, we recorded visitation
rates of birds on focal plants of 17 Protea species during
45 min sessions from 07:00 to 12:00 h. Depending on
the availability of flowering plants, we selected 1-11 focal
plants per session, all situated in the core zone of each plot
at least 20 m distant from the observer. We observed 6-346
(median =46, 1333 in total) focal plants per species across
all sites (see Supplementary material Appendix 1, Fig. A2B
for the complete species list and sample sizes for each spe-
cies). We considered only avian visits to focal plants with
legitimate foraging events, i.e. birds made contact with the
stigma and therefore potentially transferred pollen. Bird
visitors frequently foraged on Prorea inflorescences from the
side (17% of all foraging events observed), and these ille-
gitimate visits were excluded from the analysis. Including all
bird visits in the analyses resulted in qualitatively identical
results. We used per-plant visitation rates (number of avian

visits per unit of time) for each nectarivorous bird species as
response variables in further analyses. We only included bird
visits from Cape sugarbirds and orange-breasted sunbirds to
be consistent with the counts of avian population size, and
because the two species represented more than 85% of all
visits.

Data analyses

We tested the relationships between avian population sizes
of the two bird species (Cape sugarbird and orange-breasted
sunbird) and main and interaction effects of bird species
identity and site sugar (log-transformed) assuming a Poisson
error distribution. We also tested the effects of site sugar on
the presence or absence of Cape sugarbirds on the study site
and the number of territories of Cape sugarbirds on the day
of observation, assuming a binomial and a Poisson error dis-
tribution, respectively. We included site identity and date as
random intercepts in these models.

We tested the relationships between per-plant visitation
rate (number of legitimate bird visits per 45 min) and bird
species identity (Cape sugarbird or orange-breasted sunbird),
avian population size (from the point count survey conducted
on the same day, but independent from the observation of
bird visitation rates), focal plant sugar (log-transformed)
and a sugar density variable (log-transformed) assuming a
Poisson error distribution. The sugar density was either site
sugar or neighbourhood sugar at a specific radius (Fig. 1).
Sugar density variables were partly correlated between each
other (Supplementary material Appendix 1, Table Al). To
account for collinearity, we sequentially tested each sugar
density variable, including in the models either site sugar
or one of the neighbourhood sugar variables. Because bird
species might differ in their response to resources, we also
included the two-way interactions of bird species with avian
population size, focal plant sugar and the sugar density vari-
able, respectively. Because the effect of sugar density could
depend on focal plant sugar, we also added the two-way
interaction of focal plant sugar and the respective sugar den-
sity variable. In order to account for spatial and temporal
autocorrelation between focal plants, we included random
intercepts of species identity and, nested in this order, session
identity, date and site identity.

All statistical analyses were performed with R (ver. 3.0.2,
R Core Team). We used mixed effects models as implemented
in the ‘lme4” package (ver. 1.0-4, Bates et al. 2013) and
model averaging functions as implemented in the ‘MuMIn’
package (ver. 1.9.5, Barton 2013). For each response vari-
able, model selection among the full model and all possible
subsets of predictor variables was performed according to the
corrected Akaike information criterion (AICc). We consid-
ered all models with AAICc <2 to be similarly supported,
best models (Burnham and Anderson 2002). From these
subsets of best models, we averaged the parameter estimates
across the models where the respective parameter appeared,
weighted by the relative importance (given by AICc) of
each model (Johnson and Omland 2004). The approach of
model averaging allows the quantification of the effect size
of each variable across several equivalent models. To assess
the significance of the main and interaction effects that
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Table 1. Effects (mean =+ standard errors) of bird species and site
sugar on avian population size (n =284 point counts for each spe-
cies). The full model including main and interaction effects of bird
species and site sugar was better than all other models (AAICc <12
in comparison to all other models).

Estimates Aok -1 p-value
Intercept -1.26+0.24
Bird species (sunbird) 1.46+0.25 21.3 <0.001
Site sugar 1.00+0.23 7.5 0.006
Bird species X site sugar -0.82+0.23 12.4 0.004

were included across all models with AAICc <2, we applied
Wald’s %2 tests. The significance level of each variable was
tested independently of the sequence of main effects in the
statistical model. To ensure comparability among predictor
variables, all numerical predictors were scaled and centred
prior to analysis.

The data used in this study are archived in the Senckenberg
repository:  <http://dataportal-senckenberg.de/database/
metacat/bikf.349.1/bikf>.

Results
Avian population size and nectar resources

Avian population size (i.e. the number of simultaneously
observed bird individuals in standardised point counts)
increased with site sugar (full model including main and
interaction effects of site sugar and bird species: marginal
R>=0.53, Table 1, Fig. 2; AAICc<12 to all other mod-
els). Populations of orange-breasted sunbird increased
continuously with site sugar and were also present at sites
with low amounts of site sugar. In contrast, Cape sugarb-
irds were absent from sites with low amounts of site sugar.
Sugarbird populations, however, increased at a higher rate
than sunbird populations with increasing site sugar (Table 1,
Fig. 2). Accordingly, the presence of breeding sugarbirds and
the number of sugarbird territories were positively related
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to site sugar (presence: Ypp_; = 6.8, p=0.009, marginal
R2=0.37; number of territories: x3p_, = 13.9, p<0.001,
marginal R?=0.34). Avian population size of the two
species increased less than proportionally with increasing site
sugar. For instance, while about 3000 g sugar per ha were
required for the occurrence of a single Cape sugarbird, about
8000 g sugar per ha were required for an additional sugarb-
ird individual (model estimates are given in Table 1).

Per-plant visitation rates within communities

On 1333 focal plants, we recorded a total of 239 visits of
Cape sugarbirds and 242 visits of orange-breasted sunbirds.
Per-plant visitation rates were positively related to avian
population size (Table 2, Fig. 3A). This effect was stronger
for sugarbirds than for sunbirds (Table 2), corroborating
the stronger increase of sugarbird than sunbird populations
with increasing site sugar (Table 1). Per-plant visitation rates
were consistently positively correlated with focal plant sugar,
i.e. focal plants with copious sugar showed higher per-plant
visitation rates than focal plants with little sugar (Table 2,
Fig. 3B). Effects of neighbourhood sugar on per-plant
visitation rates varied with the radius at which neighbour-
hood sugar was calculated (Table 2, Fig. 4). At large scales
(radii>25 m) and site scale, per-plant visitation rates
decreased with sugar density (Table 2, Fig. 3A and Fig. 4)
and there was no interaction between focal plant sugar and
neighbourhood sugar, i.e. high sugar density at large scales
had similarly negative effects on all plants (Table 2, Fig.
4). At small scales (radii <5 m), per-plant visitation rates
increased with high sugar density, particularly in plants
with copious sugar, but decreased in plants with lictle sugar
(Table 2; Fig. 3B and Fig. 4). Models with neighbourhood
sugar measured at 1, 2 and 3 m radii had similarly low
AICc values, whereas all models with neighbourhood sugar
measured at radii larger than 3 m showed AAICc values > 2
compared to the model with the lowest AICc-value at 2
m-radius.

Cape sugarbird

Site sugar In(g ha‘1)

Figure 2. Effect of site sugar (in g sugar ha~!, log-normal transformed) on the avian population sizes of the two main nectarivorous bird
species present in the study area: orange-breasted sunbirds Anthobaphes violacea (circles) and Cape sugarbirds Promerops cafer (triangles).
Raw data (points) for the three visits on the 26 study sites are represented with predicted values of fixed effects (lines). We added jitter to

the raw data to reduce overlapping data points.
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Table 2. Effects of bird species, avian population size, focal plant sugar and sugar density on per-plant visitation rates of avian pollinators.
We show averaged parameter estimates (mean = standard error) across subsets of best models for three models differing in the sugar density
variable (log-transformed), while the other variables were identical. We present results for 1 m-neighbourhood sugar (marginal R2=0.05),
40 m-neighbourhood sugar (marginal R2=0.05), and site sugar (marginal R2=0.08). All numerical predictors were scaled and centred.
Significant effects (p =0.05) are written in bold. Asterisks denote the level of significance of the respective predictor term with Wald’s y2-test:

*for p=0.05; ** for p=0.01 and *** for p=0.001.

Sugar density variables

1 m-neighbourhood 40 m-neighbourhood Site
sugar sugar sugar
Bird species (sunbird) 0.13+0.10 0.11%+0.11 0.12+0.10
Avian population size 0.36+0.18 0.42+0.18 0.60 = 0.18**
Focal plant sugar 0.51 +0.10%** 0.50 £0.10%** 0.50 £0.11%**
Sugar density 0.06 £0.10 -0.19%x0.15 -0.56 £0.21%*
Bird species X avian population size -0.28 £0.10** -0.30 £0.11** -0.31£0.10**
Bird species X focal plant sugar -0.07 =0.10 -0.12*0.10 -0.13%0.10
Bird species X sugar density -0.18=0.09 -0.12x0.09 -0.04=0.10
Focal plant sugar X sugar density 0.23 £0.09* 0.08+0.08 0.08 +0.09

Discussion

We explore how responses of pollinators to floral resources
varied across spatial scales and discuss how this scale-de-
pendence may influence the balance between competition
and facilitation for animal pollinators between co-occurring
plants. Both Cape sugarbirds and orange-breasted sunbirds
responded positively to the amount of sugar resources at
the site scale, especially the large-bodied Cape sugarbirds.
Within sites, the effects of sugar resources on pollinator visits
to plants varied across scales and depended on the individual
properties of plants. At large scales (radii>25 m and site
sugar), high sugar density decreased per-plant visitation rates,
i.e. plants competed for animal pollinators. At small scales
(radii <5 m), our results suggest that both competition and
facilitation for avian pollinators occur between neighbour-
ing plants, depending on the sugar amount offered by the
focal plants. At high sugar density, plants with copious sugar
attracted more pollinators, whereas plants with little sugar
were less frequently visited. Our findings, thus, show that

effects of floral resource on plant—pollinator interactions
vary across scales and depend on the variability in individual
floral resources. This finding has important implications for
pollinator effects on plant reproduction.

Avian populations

In line with our hypothesis, the local abundance of nectar
resources strongly influenced the population sizes of the
two bird species. Our results suggest a causal link between
the density of floral resources and the size of pollinator
populations. This may be explained by the high mobility of
birds that enables them to track nectar resources over large
distances (Fraser 1997a). Consequently, nectarivorous birds
aggregate and attempt to breed where nectar resources are
abundant (Ford 1979, Calf et al. 2003). Nonetheless, local
environmental conditions, for instance those related to ele-
vation and temperature, may also influence the number of
nectarivorous birds at a site (Feldman and McGill 2014).

(A) 0.2 Avian population size (B) 025 - 1m-neighbourhood

(75 sugar (NS)

S NS > 1g (high)

4 0.2 0g < NS < 1g (low)
E 0.15 g NS = 0g (no)
©
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8
3 04} T
>
5 0.4}
2 &
o)
o 0.05f

8(5 t 0.05F Q“ ”
% %,
0~ okl o
L 1 | | J L f . , ,
2 4 6 8 10 2 4 6 8 10

Site sugar In(g ha_1)

Focal plant sugar In(mg)

Figure 3. Relationships between per-plant visitation rates and (A) site sugar and avian population size (number of individuals) for every visit
per site, and (B) focal plant sugar and 1 m-neighbourhood sugar. We computed the predicted values from the averaged estimates of all fixed
effects in the sets of best models with AAICc < 2 to draw the medians (points) and 0.05/0.95 quartiles (lines).

625



0.6

l

Effect size
——"
- ——
—

i e L
“ D\ /] T

o - IR L UL

_02 L
A Focal plant sugar i
Vv Sugar density
* Focal plant sugar x Sugar density
—04 - L n 1 " 1 " 1 N ]
1 10 20 30 40
Radius (m)

Figure 4. Scale-specific effect sizes of three predictors on per-plant
visitation rates: 1) focal plant sugar (unfilled pointing-up triangles),
2) neighbourhood sugar density within various radii from focal
plants (grey pointing down triangles) and 3) interaction between
focal plant sugar and neighbourhood sugar density (black stars).
Focal plant sugar was identical in all models, sugar density values
changed according to the radius considered in each model. If the
respective main or interaction effects were included in models with
AAICc<2, mean averaged estimates were drawn with standard
errors, otherwise no effect size was drawn. Table 2 gives effect sizes of
all predictors for the radial distances of 1 and 40 m, respectively.

Feldman and McGill (2014) reported only weak relation-
ship between abundance of nectar resources and humming-
bird populations. The effect of floral resources on birds may
indeed vary among years (Herrera 1998) and bird species
(Mulwa et al. 2013).

In our study, bird species differed in their responses to
sugar density. The large-bodied Cape sugarbirds were almost
always absent from study sites below a threshold sugar density
of about 3000 g sugar ha~!. Cape sugarbirds strongly depend
on sugar resources of Protea species and their breeding cycle
coincides with the flowering peak of Protea species during
winter rainfalls (Rebelo 1987, Geerts 2011). Establishing
appropriate breeding territories thus requires Cape sugarb-
irds to track Protea resources over large spatial scales (Fraser
1997a). In contrast, the smaller-bodied orange-breasted
sunbirds were commonly observed at low resource density
and showed a continuous increase in population size with
increasing nectar resources. Even though orange-breasted
sunbirds regularly forage on Protea species, their distribution
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is more closely related to the presence of Ericaceae species,
especially during their breeding season (Rebelo 1987), and
they are less likely to track Protea resources over large spatial
extents (Fraser 1997b). During the austral winter, however,
only few Erica species flower and orange-breasted sunbirds
therefore frequently forage on Protea species during that
time of the year. The distinctive response of the two bird
species to sugar density might be further explained by differ-
ent daily energy requirements related to difference in body
mass, given that Cape sugarbirds (males 36.6 g; females 31.8
g; mean =34.1 g, Tjorve and Scholtz 2007) are substan-
tially heavier than orange-breasted sunbirds (9.5 g, Williams
1993). Assuming that sugarbirds and sunbirds absorb almost
100% of the nectar sugar they take up (Lotz and Nicolson
1996, Jackson et al. 1998), the allometric equation for nec-
tarivorous birds (Nagy 2001) predicts daily sugar require-
ments of about 9.1 g for Cape sugarbirds and 3.8 g for
orange-breasted sunbirds. Higher flight costs at low resource
density and higher daily energy requirements of sugarbirds
compared to sunbirds might explain the smaller proportion
of sugarbirds compared to sunbirds observed at low resource
density (Buchmann et al. 2012).

We observed lower pollinator-to-resource ratios at high
sugar density compared to low sugar density. One explanation
for the slow increase of avian population size with increasing
sugar resources might be competition among avian pollina-
tors (Ford 1979, Mac Nally and Timewell 2005), especially
due to the aggressive territorial behaviour of Cape sugarb-
irds during their breeding season (Wooller 1982, Seiler and
Rebelo 1987). The low pollinator-to-resource ratio at high
resource density, as observed in this study, lends support
to the hypothesis that avian pollinators mediate the nega-
tive effect of plant density on Prorea seed set at high plant
density, as has been reported in previous studies on Protea

species (Esler and Cowling 1990, Nottebrock et al. 2013).

Per-plant visitation rates

Per-plant visitation rates decreased with increasing site sugar,
indicating competition between plants for avian pollinators
at high sugar density. These results are in line with expected
dilution effects of pollinator visits to plants at low pollinator-
to-resource ratios (Goulson 2000, Otway et al. 2005). Under
this scenario, it has been hypothesised that pollinators con-
centrate on highly rewarding plants within plant communi-
ties (Thomson 1981). Our results corroborate this hypothesis
in two ways. First, we observed more frequent bird visits to
focal plants with copious sugar. Second, high neighbour-
hood sugar density at small scales significantly increased the
visitation rates of plants with copious sugar, but decreased
the visitation rates of plants with little sugar. Plants with
little sugar only contribute marginally to the sugar density
at small scales and thus become less likely to be visited by
pollinators. Plants with copious sugar therefore experienced
a competitive advantage over plants with lictle sugar. Our
findings are therefore the first to show that floral resources of
focal plants interact with the local resource neighbourhood
in their effect on pollinator visitation. The only other study
that formally tested the interacting effects between individ-
ual properties and local floral neighbourhood on pollinator



visits found a positive correlation between visitation rates
and individual display size and neighbouring floral density
(Grindeland et al. 2005). However, this study only detected
additive effects of display size and local neighbourhood on
visitation rates of pollinators and no synergistic interaction
as found in our study.

Increased per-plant visitation rates on plants with copi-
ous sugar and the interspecific variation in focal plant sugar
among Protea species (Supplementary material Appendix 1,
Fig. A2B) may promote interspecific competition for avian
pollinators. Interspecific competition for animal pollinators
may depend on the local context, since the study sites var-
ied in plant species assembly. That is, a plant species with a
medium sugar amount might show competitive advantages
in a community where most species produce little sugar,
but competitive disadvantages in communities where most
plants produce copious sugar. To reduce competition for
animal pollinators within plant communities, different non-
exclusive mechanisms have been proposed. For instance,
competitively inferior species may displace their flowering
phenology, thereby avoiding synchronous flowering with
highly competitive species (Waser 1978, Silvertown et al.
2005). Additionally, plants may adapt their pollination sys-
tem and decrease their dependency on the pollinators shared
with the competitive plant species (Waser 1983). Hence,
variation in flowering phenology among Protea species
(Protea atlas, Rebelo 2001) and a low dependency on avian
pollination of some Protea species (Coetzee and Giliomee
1985, Schmid et al. 2015) might contribute to reduce inter-
specific competition for avian pollinators among Protea
species.

Per-plant visitation rates generally increased with increas-
ing avian population size. This positive effect was particularly
strong for Cape sugarbirds, because they only occurred on
the most sugar rich sites, whereas orange-breasted sunbirds
were more widespread. At high sugar density, sugarbirds may
displace sunbirds towards alternative nectar resources, due to
their competitive dominance. Pollination services of orange-
breasted sunbirds may nevertheless be important for Protea
communities that do not host breeding Cape sugarbirds. At
low Protea density, sunbirds may buffer the lack of pollina-
tion services provided by sugarbirds. Such buffering effects
of displaced pollinators may increase the stability of plant
communities (Ghazoul 2006, Verdd and Valiente-Banuet
2008).

Conclusions

Albeit the prediction of floral resources from species traits
is not as accurate as repeated resource measurements on all
plant individuals, our approach is more efficient and offers
the unique opportunity to estimate the spatial and temporal
variability in floral resources among and within plant com-
munities. The consumer—resource relationships detected
by our analysis corroborate the strength of this trait-based
approach for studying plant—animal interactions in natural
communities. Here, we have shown that variation in floral
resource availability among sites influences the population
density of nectarivorous birds and that within-site variabil-
ity in floral resources shapes variation in pollinator visitation

among plants. The effects of neighbourhood resources on
per-plant visitation rates of pollinators varied across scales,
suggesting competition between plants for pollinators at
large scales and both facilitation and competition at small
scales. Furthermore, the interacting effects of individual and
neighbourhood resources on visitation rates underline the
importance of integrating individual resource variability into
resource-based pollination studies. Future studies of resource
effects on animal pollinators should therefore account for
the scale- and context-dependence of consumer—resource
relationships in species-rich communities.
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