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Abstract: Seasonal dynamics shape the timing and intensity of bird-plant interactions but are increasingly
altered due to anthropogenic disturbances such as biodiversity loss and climate change. Baseline data on these
patterns are critical, especially for restored communities where threatened bird species act as both pollinators
and seed dispersers. We documented bird-plant interactions in Zealandia ecosanctuary, New Zealand, over nine
years and investigated seasonal patterns in the timing, duration, and rate of avian visits to flowers and fruits
at both the community and individual plant species levels. Additionally, we compared the dietary diversity of
the avian community and the evenness with which different species consumed flowers and fruits. During 568
hours of sampling between 2006 and 2015, we observed 1327 flower visits and 2886 fruit visits involving eight
native bird species and 25 native plant species. Flower visitation peaked in October (austral spring), while fruit
visitation peaked in April (austral autumn). Seven bird species visited the flowers of ten plant species, with
Fuchsia excorticata having the highest visitation rate (16.4 visits per hour). Eight bird species consumed the fruit
of 20 plant species, with Coprosma robusta (8.6 visits per hour) and Geniostoma ligustrifolium (8.1 visits per
hour) being the most visited. Visits were temporally staggered among plant species for both flowers and fruits.
Fruits that were visited mid-season and flowers with high visitation rates had the broadest temporal spreads of
visits. Fruits had a more even distribution of visits than flowers, indicating a broad exploitation of fruit resources
compared to a more specialised use of floral resources. Our findings reveal strong seasonal partitioning of bird-
plant interactions, with distinct and staggered peaks in flower and fruit visitation that likely reflect resource
availability. This seasonal partitioning indicates that birds track seasonal resource shifts to sustain year-round
foraging. These results provide long-term baseline data for a restored community of threatened mutualists,
offering a reference point for detecting and managing future shifts under environmental change.
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Introduction

The arrival of humans in New Zealand caused severe declines
in the endemic avifauna due to over-hunting, predation by
mammalian pests, and habitat loss (Craig et al. 2000; Innes
et al. 2022). Consequently, many forest birds became extinct
globally, such as moa (Dinornithiformes), piopio (Turnagra
spp.), and huia (Heteralocha acutirostris) (Holdaway 1989).
Others like hihi (Notiomystis cincta) and ticke (Philesturnus
spp.) died out on the main islands, and relict populations
remained only on a few predator-free offshore islands (Castro
etal. 2003; Hooson & Jamieson 2003). These changes in forest
community composition altered ecological processes, such as
bird-plant mutualisms (Burns 2013a). Recent conservation
efforts, such as pest management, habitat restoration, and
translocations to fenced sanctuaries like Zealandia Te Mara
a Tane (henceforth referred to as Zealandia) in Wellington
city, have partially restored some forest bird communities on
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New Zealand’s main islands (Howald et al. 2007; Miskelly
& Powlesland 2013; Innes et al. 2019). Understanding how
these recovering bird communities interact with native plants
is critical for assessing restoration success and anticipating
future changes in ecosystem function.

Many plants rely on birds for mutualistic interactions
such as pollination and seed dispersal. Correspondingly, many
groups of birds have evolved traits to facilitate such mutualistic
interactions. For instance, hummingbirds (Trochilidae)
and sunbirds (Nectariniidae) are specialist pollinators that
feed almost entirely on nectar (Abrahamczyk 2019), while
frugivorous birds, such as toucans (Piciformes) and hornbills
(Bucerotiformes), play a vital role as seed dispersers in
tropical forests (Kitamura et al. 2011; Naniwadekar et al.
2015, 2019; Corlett 2021). In New Zealand, forest birds
such as ti1 (Prosthemadera novaeseelandiae), korimako |
bellbird (4Anthornis melanura), and popokotea | whitehead
(Mohoua albicilla), are often dual mutualists, acting as both
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pollinators and seed dispersers for native plants (Clout & Hay
1989; Kelly et al. 2010; Burns 2013a; Fuster et al. 2019; Lim
& Burns 2023). Consequently, these birds feed on different
plant resources from season to season (O’Donnell & Dilks
1994; Scott et al. 2003; Kelly et al. 2010). O’Donnell and
Dilks (1994) studied the habitat use and foraging ecology of
the avian community in South Westland in the South Island
of New Zealand. Eighteen species of omnivorous birds
exhibited sequential dietary specialisation to varying levels
as they switched seasonally between different food resources
(O’Donnell & Dilks 1994). No equivalent long-term study has
been published for the North Island, or in restored habitats for
recovering bird communities.

In seasonal habitats, the temporal availability of plant
resources (e.g. flower and fruit production) corresponds to the
seasonally changing nutritional demands of their consumers
(e.g. pollinators and seed dispersers) (Snow & Snow 1971;
Herrera 1982). These bird-plant interactions may represent
true coevolved mutualisms (Stiles 1985). Previous studies on
seasonality in species interactions have provided key insights
into mutualistic networks under various ecological contexts.
For instance, in a subtropical forest in Costa Rica, seasonal
flower visitation by 22 hummingbird species enabled the
partitioning of the avian community into sub-communities
defined by their distinct seasonal trends in flower visitation,
thereby reducing interspecific competition and highlighting the
role of temporal complementarity in maintaining biodiversity
and ecosystem functioning (Stiles 1985). In the humid tropical
forests of Trinidad (Snow 1965) and temperate forests of
southern England (Snow & Snow 1988), where birds are
predominantly seed dispersers, fruits of at least a few plant
species were available to birds year-round, facilitating fruit
consumption by birds throughout the year. On Vancouver
Island in British Columbia, Burns (2002) reported that plants
producing fruits earlier in the season had higher fruit removal
rates, which may facilitate increased phenological synchrony
between plants and birds by selecting for earlier dates of fruit
maturation. These examples illustrate how seasonal dynamics
of bird-plant interactions vary across ecological contexts,
emphasising the need to understand such patterns inrecovering
temperate forest communities like those in New Zealand.

Climate change continues to alter the timing and duration
of cyclical seasonal events like flowering and fruiting across
ecosystems worldwide (Parmesan 2006; Cleland et al. 2007;
Inouye 2022). Shifts in temperature and precipitation regimes
disrupt the phenological synchrony between plants and their
avian mutualists, potentially affecting pollination and seed
dispersal success (Memmott et al. 2007; Renner & Zohner
2018; Duchenne et al. 2021). In New Zealand, however, there
remains considerable uncertainty about biodiversity responses
to both direct and indirect threats posed by climate change
(McGlone et al. 2010; Lundquist et al. 2011; Macinnis-Ng
etal. 2021). Establishing current baselines of temporal trends
in bird-plant interactions is therefore essential for detecting
and predicting the impacts of environmental change on the
seasonal timing of such interactions.

Therecovering bird community at Zealandia offers aunique
opportunity to investigate seasonal patterns of community-level
resource use within a regenerating North Island forest where
introduced predators are excluded and with a reintroduced
avian community. We documented bird-flower and bird-fruit
interactions in Zealandia over nine years and compiled a
comprehensive dataset to investigate seasonal trends in flower
and fruit visitation. We quantified these interactions using the
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related parameters of the time of occurrence (mean), duration
(range), and synchrony (variance) (Rathcke & Lacey 1985).
Because New Zealand birds interact with plants as both
nectivores and frugivores, we compared visitation patterns
between flowers and fruits to reveal complementary or
contrasting strategies of resource use.

We investigated seasonal variation in bird visitation to
flowers and fruits by analysing the timing of peak visits and
the temporal spread of visitation at both the community and
individual plant species levels, pooling the data across all
sampling years and bird species. We tested the hypothesis
that native forest birds, as dual mutualists, exhibit distinct and
temporally separated flower and fruit visiting seasons, with
visits to individual plant species staggered within these seasons.
We then used the pooled data to examine how visitation patterns,
specifically peak timing, temporal spread of visitation, and
visitation rates at the individual plant species level contribute
to broader seasonal trends. The mid-domain effect suggests
that randomly distributed periods of resource availability tend
to converge most frequently during the middle of the season
(Morales et al. 2005; Letten et al. 2013; Du et al. 2024). If the
timing of peak visits by birds reflects the seasonal availability
ofplantresources, we predict that flowers and fruits visited near
the middle of the season will have a broader temporal spread
of visits due to overlapping resource availability, while those
peaking near the season’s start or end will have a narrower
temporal spread of visits. If resource availability earlier in the
season is advantageous for mutualistic interactions (Burns
2002), we predict that plant species flowering and fruiting
earlier in their respective seasons will have higher visitation
rates. Furthermore, if abundant resources sustain repeated
visitation over longer periods (Fowler et al. 2016), we predict
that plant species with a greater temporal spread of visits will
have higher visitation rates. Lastly, we pooled the data across
all years and plant species to assess the dietary diversity of bird
species and the relative evenness with which they consume
flower versus fruit resources. We predicted greater diversity
and evenness in the fruit species visited compared to flower
species, since birds visit a higher number of plant species for
fruit resources than floral resources (Kelly et al. 2010; Burns
2013a). We have published the long-term dataset on bird-
flower and bird-fruit visitation in its entirety, in the hope of
facilitating future work.

Methods

Study site

All datawere collectedin Zealandia (41°18'3"' S, 174°44'8"E),
a wildlife reserve located in Wellington on the southern tip of
the North Island of New Zealand. Zealandia is surrounded by an
8.6 km-long perimeter fence designed to exclude all introduced
mammalian pests except for mice (Mus musculus) (Blick
et al. 2008). Situated 160-380 m above sea level, the reserve
experiences a mild, temperate climate, and receives around
127 cm of rainfall annually. Many threatened bird species have
been translocated within the reserve, including the previously
locally extinct pdopokotea, korimako, and tieke | North Island
saddleback (Philesturnus rufusater) (Miskelly et al. 2005).
Kaka (Nestor meridionalis) and kererti | New Zealand pigeon
(Hemiphaganovaeseelandiae), both large frugivores, have also
been reintroduced. The critically endangered hihi | stitchbird
(Notiomystis cincta) was translocated to the sanctuary in 2005,
marking the first time this species was present on mainland
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New Zealand in 150 years (Miskelly 2018). The populations
of tiT and tauhou | silvereye (Zosterops lateralis) that were
already present in low numbers before the fence installation
were greatly increased as a result of the pest eradication and
exclusion (Bell 2015). Bird populations within the reserve
and in surrounding areas are increasing due to ongoing pest
eradication and habitat management (McArthur et al. 2024).

Data collection

Field observations were carried out over nine years between
2006 and 2015. Sampling was conducted approximately once
every five days from January 2006 to December 2011, and then
less frequently from January 2012 to April 2015, approximately
once every nine days. We quantified bird-flower and bird-fruit
visits by observing wild birds foraging along a 4.6 km trail
that took approximately 1 hour to traverse. Observations were
conducted between 11:00 and 14:00 hours and discontinued if
interrupted by heavy rains or wind. Wild birds moved erratically
through the dense foliage, making it difficult to accurately
estimate the exact number of foraging interactions. Thus,
interactions were quantified more generally, following Snow
& Snow (1988) and Burns (2006). A visit was scored when
a bird was seen feeding from at least one flower or eating at
least one fruit. Observations ceased after each recorded visit
and resumed approximately 10 m down the trail to avoid
counting the same bird-plant interaction more than once. We
only included interactions between native birds and plants,
although introduced bird and plant species were also observed
occasionally (Burns 2012). The full dataset may be found in
the online supplementary material (Appendices S1-S4). Bird
and plant species with fewer than three recorded interactions
per food resource were excluded from further analyses. For
instance, flowers of mahoe (Melicytus ramiflorus) were
visited only once by a korimako, and hence this interaction
was excluded from the analyses. Kakariki | red-crowned
parakeet (Cyanoramphus novaezelandiae) were reintroduced
to Zealandia close to the beginning of the observation period,
so were present in low numbers in the reserve. Kakariki were
observed twice visiting fruits of kanono (Coprosma grandifolia)
and once visiting fruits of makomako (Aristotelia serrata)
over the study period and so these records were also excluded
from the analyses.

Statistical analyses
To examine whether the timing of flower and fruit visitation
varied seasonally, we pooled the flower and fruit visitation
records from all bird and plant species over all sampling years
and analysed the data using circular statistics (Berens 2009),
given that time is a non-linear variable. A circle represented
one cycle (i.e. one calendar year), and we analysed the
timing of visitation within this cycle (see Jammalamadaka
& Sengupta 2001). Each calendar month was first assigned a
corresponding numerical value (e.g. January = 1, February =
2, ..., December = 12), with visitation counts recorded as the
frequency of each value. These were then converted to angular
data by multiplying by 30, placing each month at 30° intervals
around the circle (360°/12). This approach standardised months
regardless oftheir varying number of days (Pewsey etal. 2013).
The corresponding frequencies of flower and fruit visitation
were then represented as angular data in degrees and used
to calculate circular statistics. Seasonality of visitation was
visualised using circular frequency distributions containing
12 bins, one for each month, going clockwise from January.
For both resources, we calculated two parameters using

the angular data to summarise the annual distribution of
visits: (1) circular mean ( © in degrees): a measure of central
tendency to identify the timing of peak visits, and (2) circular
standard deviation (csd in degrees): a measure of the spread
of visits around the peak. A smaller circular mean indicates
peak visitation earlier in the calendar year, and a larger circular
mean indicates peak visitation later in the calendar year,
corresponding to the angular values assigned for each month.
Likewise, a smaller circular standard deviation indicates a
narrower temporal spread of visits, while a larger circular
standard deviation suggests a broader temporal spread of
visits around the circular mean (see Wright & Calderon 1995;
Ting et al. 2008, Menon et al. 2024). We assessed the annual
distribution of visits to each resource using Rayleigh’s test
of uniformity (o = 0.05), which tests the null hypothesis that
the circular data is uniformly distributed throughout the year
(Pewsey etal. 2013). We also tested for similarity between the
seasonal timing of flower and fruit visits using Mardia-Watson-
Wheeler’s test for homogeneity (a = 0.05) (Jammalamadaka
& Sengupta 2001; Pewsey et al. 2013). This non-parametric
test comparing circular distributions was used instead of the
Watson-William’s test for homogeneity of means since our data
did not meet the assumption of a high concentration parameter
required for the Watson-William’s test (Pewsey et al. 2013;
Landleretal. 2021). Sampling effort was more standardised for
the first six years of sampling (2006-2011), compared to the
remaining sampling duration (2012-2015). Thus, we repeated
the above analyses on the subset of the data that was collected
between 2006 and 2011 to assess whether seasonal patterns
were affected by differences in sampling effort.

We calculated the circular means and circular standard
deviations of visitation for each plant species separately across
all sampling years and bird species. Additionally, we determined
the visitation rates, or the number of visits per sampling hour,
for flower and fruit resources for each plant species across all
sampling years and bird species. The sampling effort was not
consistent for all months in the study period, so we calculated
visitation rates by dividing the sum of recorded visits in each
calendar month by the total number of hours sampled for the
calendar month over the entire study duration. We compared
the circular distributions of visits to each pair of plant species
using the Mardia-Watson-Wheeler’s test to assess whether
flower and fruit visits were temporally staggered between
plant species throughout the year.

To examine whether the seasonality of visits to individual
plantspecies influenced overall temporal patterns of flower and
fruit visitation, we quantified pairwise relationships between
the timing of peak visits (circular mean), temporal spread
of visits (circular standard deviations), and visitation rates
(number of visits per sampling hour). To test the hypothesis
that plants visited in the middle of the flowering or fruiting
season would be visited for a longer duration, we evaluated
the fit of a sinusoidal curve of the circular means and circular
standard deviations for each plant species. To test whether
visitation rates varied linearly with the circular means and
circular standard deviations for flower and fruit resources,
we used a series of linear regressions.

Finally, we compared the visitation diversity and evenness
for each bird species between flower and fruit resources. For
both resource types, visitation diversity was quantified using
the Shannon diversity index (Shannon 1948), which measures
both the number of plant species visited and the relative
frequency of visits to each species. Visitation evenness among
plant species was assessed using Pielou’s evenness index



(Pielou 1966), which measures the uniformity of visitation
across species, with values approaching 1 indicating that visits
were distributed more evenly among available plant species.
Differences in visitation diversity and evenness between flower
and fruit resources were tested using Wilcoxon rank sum tests.

To assess the influence of sampling effort on the observed
interactions, we plotted sampling accumulation curves for
cumulative unique interactions recorded over the study
duration and examined sampling completeness using Chaol
asymptotic richness estimates (Chao 1987). Additionally, as
sampling effort was inconsistent between months, we plotted
the sampling accumulation curves for each calendar month
separately and examined sampling completeness using Chaol
asymptotic richness estimates for each calendar month (Chao
1987). All analyses and visualisations were conducted in the
R environment using the “circular”, “ggplot2”, and “vegan”
packages (Wickham 2016; Agostinelli & Lund 2022; Oksanen
et al. 2022; R Core Team 2022).

Results
Between 2006 and 2015, a total of 4213 feeding visits (1327

flower visits and 2886 fruit visits) were observed over 568
hours of sampling (Appendix S1). Eight species of native birds,
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t1, tauhou, korimako, kerert, hihi, kaka, tieke, and popokotea,
visited 25 native plants during the study (Table 1). The timing
of flower and fruit visitation by birds varied throughout
the year. Flower visitation was higher between August and
December, peaking in late October (9= 290 + 56°; Fig. 1a).
Fruitvisitation was higher between February and June, peaking
in late April (6= 118 = 57°; Fig. 1b). Visitation followed
a unimodal distribution for both flower (Z=0.161, p =0.002)
and fruit (Z = 0.198, p < 0.001) visits, indicating significant
seasonal peaks in the consumption of both resources. Circular
distributions of visitation differed significantly between fruit
and flower visits throughout the year (W =403.79, p <0.001),
indicating that the seasonal distributions of flower and fruit
visits were temporally distinct.

Visits to flowers of ten native plant species (Fig. 1¢) and
fruits of 20 native plant species (Fig. 1d) were observed during
the study. Five plant species were visited for both flowers
and fruits: Fuchsia excorticata, Geniostoma ligustrifolium,
Pseudopanax arboreus, Pittosporum eugenioides, and
Scheffleradigitata (Burns 2013a). Fuchsia excorticataflowers
had the highest visitation rate (16 visits per hour of sampling),
followed by flowers of Phormium tenax (5 visits per hour), P,
arboreus (4 visits per hour), and Sophora microphylla (3 visits
per hour). Coprosma robusta fruits had the highest visitation
rate (9 visits per hour).

Table 1. Summary of flower and fruit visitation for all bird species combined, sampled from Zealandia ecosanctuary
in Wellington, New Zealand, between 2006 and 2015. Visitation records were pooled across all sampling years and all
bird species. Codes in parentheses in the first column are used in figures 2 and 3 and correspond to plant species names.
Visitation rates (number of visits per hour, column ‘rate’), timing of peak visits or circular mean (column ‘@’, in degrees),
and temporal spread of visits or circular standard deviations (column ‘csd’, in degrees) are indicated for flower and fruit
resources. A higher circular mean indicates a later date of peaks in visits and higher circular standard deviations indicate
a broader temporal spread of visits. Cells with dashes indicate that no interactions were observed for that plant species.

Plant species (code) Flower Fruit

rate 2] csd rate 2] csd
Aristotelia serrata (AS) - - - 0.68 52.8 14.4
Coprosma grandifolia (CG) - - - 4.26 76.8 323
Coprosma robusta (CR) - - - 8.57 150.1 48.5
Coriaria arborea (CA) - - - 1.9 70.7 64.3
Elaeocarpus dentatus (ED) - - - 0.29 114.7 56.9
Fuchsia excorticata (FE) 16.39 277.7 45.8 1.02 259 324
Geniostoma ligustrifolium (GL) 0.69 302.6 8.6 8.06 144.8 24.8
Hedycarya arborea (HA) - - - 0.56 44.9 32.9
Hoheria sexstylosa (HS) 0.19 92.9 8.9 - - -
Knightia excelsa (KE) 0.19 330.0 0.00 - - -
Melicytus ramiflorus (MR) - - - 7.62 97.6 39.9
Metrosideros excelsa (ME) 0.09 359 11.99 - - -
Muehlenbeckia australis (MA) - - - 0.95 148.7 20.6
Myoporum laetum (ML) - - - 2.35 133.2 30.3
Myrsine australis (MyA) - - - 3.59 79.0 71.6
Phormium tenax (PT) 5.07 353.0 19.7 - - -
Piper excelsum (PEXx) - - - 1.46 77.6 25.7
Pittosporum eugenioides (PE) 0.15 300.0 0.00 2.36 181.9 28.8
Pittosporum tenuifolium (PTe) - - - 0.23 180.0 19.0
Podocarpus totara (PTo) - - - 0.77 143.0 20.1
Pseudopanax arboreus (PA) 4.11 231.7 223 7.02 94.9 49.7
Ripogonum scandens (RS) - - - 0.26 99.2 72.6
Rubus cissoides (RC) - - - 0.23 42.8 14.9
Schefflera digitata (SD) 0.4 54.9 30.9 6.19 162.2 31.8
Sophora microphylla (SM) 3.11 290.7 16.3 - - -
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Figure 1. Seasonality of bird-flower and bird-fruit visitation sampled from Zealandia ecosanctuary in Wellington, New Zealand, between
2006 and 2015. Visitation records were pooled across all sampling years and all bird species. Each segment in the circular histograms
represents one calendar month and occupies 30° of the circle. The size of each segment represents the relative proportion of visits recorded
in each month. Black arrows indicate the circular mean (timing of peak visits) for flowers (a) and fruit (b), with longer arrows representing
a lower temporal spread of visits. Each segment in the stacked bar plots represents the visitation rate (number of visits per hour) for
flowers (c) and fruit (d) of each plant species per month. Refer to Table 1 for plant species names corresponding to the codes in the legend.

Visitation to both flowers and fruits by birds was temporally
staggered among plant species. For example, visits to
P. arboreus flowers peaked earlier in the season, followed
by visits to the flowers of S. microphylla and P. tenax.
Likewise, visits to C. grandifolia fruits peaked earlier in
the season, followed by visits to the fruits of P. arboreus,
M. ramiflorus, and C. robusta. Pairwise comparisons of the
seasonal distributions of visits between plant species showed
that visits to both flowers and fruits were temporally distinct
for most pairs (p < 0.05, Mardia-Watson-Wheeler’s test with
Bonferroni correction), with some exceptions (Appendix
S2). Flower visits to two species pairs, G. ligustrifolium and
P eugenioides, and Metrosideros excelsa and S. digitata,
had similar seasonal distributions (p > 0.05, Mardia-Watson-
Wheeler’s test with Bonferroni correction). Fruit visits to ten
species pairs, C. robusta and Elaeocarpus dentatus, Coriaria
arborea and Hedycarya arborea, C. arborea and Ripogonum

scandens, E. dentatus and Myrsine australis, E. dentatus and
S. digitata, F. excorticata and H. arborea, G. ligustrifolium
and Podocarpus totara, Muehlenbeckia australis and P. totara,
Myrsine australis and R. scandens, and P. eugenioides and
Pittosporum tenuifolium, had similar seasonal distributions
(p > 0.05, Mardia-Watson-Wheeler’s test with Bonferroni
correction).

To account for the variation in sampling effort between
2006-2011 and later years, we analysed the subset of data
between January 2006 and December 2011 in isolation. This
analysis yielded similar results to that of the full dataset. A
total of 3536 feeding visits (1022 flower visits and 2514 fruit
visits) were observed over 435 hours of sampling in the data
subset. Flower visitation peaked in late October (6= 292 +
54°) and fruit visitation was highest between February and
June, peaking in early May (6= 126 + 56°). Flowers of nine
native plant species and fruits of 20 native plant species were



visited. Flowers of P. eugenioides were not visited during this
period, making this the only species from the full dataset not
included in the subset of the data. Visitation again followed a
unimodal distribution throughout the year for both flowers (Z
=0.6367, p <0.001) and fruits (Z = 0.6202, p < 0.001), and
visits to flowers and fruits peaked at opposite times of the year
(W =299.61, p<0.001). The similar results for distributions
of visits for the subset of the data compared to the full dataset
indicate that the observed seasonal patterns in flower and fruit
visits were likely not affected by differences in sampling effort.

Pairwise relationships between plant species-level timing
of peak visits (circular mean), temporal spread of visits
(circular standard deviation), and visitation rate yielded
two significant relationships (Appendix S3). For flower
visits, there was no relationship between circular means and
circular standard deviations (R° =—0.124, p = 0.932; Fig. 2a),
whereas the circular means and circular standard deviations
for fruit visits followed a sinusoidal distribution (B> = 0.203,
p < 0.05; Fig. 2b), consistent with our predictions of a mid-
domain effect. Thus, plant species whose fruits were visited
near the beginning or end of the fruiting season were visited
over a shorter period, while those whose fruits were visited
around the middle of the fruiting season had a higher temporal
spread of visitation. Circular means and visitation rates for
flower (R* = 0.186, p = 0.119; Fig. 2¢) and fruit visits (R*> =
1.385, p=0.255; Fig. 2d) did not vary significantly in a linear
manner, contrary to our prediction of a positive relationship
between peak timing and rate of visits. Flower visitation rate
increased linearly with circular standard deviation (R*=0.477,
p < 0.05; Fig. 2e), indicating that flowers of plant species
that were visited at a higher rate also had a higher temporal
spread of visitation. To test whether this pattern was driven
by F. excorticata, we repeated the analysis excluding this
species, and the relationship was no longer significant (R* =
0.224, p=0.112). No relationship was detected between fruit
visitation rate and circular standard deviations of fruit visits
(R?=-0.015, p = 0.407; Fig. 2f).

Birds visited twice as many fruit species as flower species.
Of the eight bird species, tii1 (z = 18) and tauhou (n = 17)
visited the highest number of fruit species, followed by hihi
(n=14) and tieke (n = 14). Kereru visited the lowest number
of fruit species (n = 6). T1 (n = 10) visited the highest number
of flower species, followed by hihi (» = 6) and tauhou (n =
5). Tieke visited the lowest number of flower species (n =
2), while kererli were not observed visiting flowers (see Lim
& Burns 2023). Visitation diversity and evenness were both
significantly higher for fruits than for flowers (W =1, p <
0.001 and W =8, p <0.05, respectively; Fig. 3).

Sampling effort was greater during the fruiting season
(January—June; 318 hours) than the flowering season (July—
December; 250 hours). According to the Chaol asymptotic
richness estimator, our sampling captured 93% ofall estimated
bird—flower interactions and 90% of bird—fruit interactions for
the entire study duration, indicating a high degree of overall
sampling completeness (Appendix S4). However, interaction
accumulation curves for each calendar month suggested that
reduced effort during certain months over the study period
may have led to some interactions being missed (Appendix
S4). Sampling completeness was highest in August (94%),
January (85%), and July (80%), whereas it was lowest in
November (33%), suggesting that some interactions may have
gone undetected during this month (Appendix S4).
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Discussion

Ourfindingsrevealed distinct flower and fruit visitation seasons
by the forest bird community in Zealandia, consistent with
earlieraccounts of seasonal resource switching by New Zealand
birds (O’Donnell & Dilks 1994). Because most breeding
forest birds in New Zealand are sedentary and territorial rather
than long-distance migrants (Diamond 1984; Burns 2013b),
they must rely on local and seasonally available resources
throughout the year (O’Donnell & Dilks 1994; Innes et al.
2022). Flower visits peaked in mid-spring, while fruit visits
peaked during autumn, likely corresponding to the seasonal
availability of plant resources. Moreover, flower and fruit
visits were temporally staggered among plant species within
the respective seasons. This contrasts with the year-round
fruit visitation by seed dispersers in the forests of Trinidad
(Snow 1965) and southern England (Snow & Snow 1988),
where fruit availability is temporally staggered between plant
species throughout the year. The observed temporal patterns
likely reflect coevolution between plants and birds, which may
help explain the high prevalence of dual-mutualist species in
New Zealand (Stiles 1985; Kelly etal. 2010; Burns 2013a) and
align with the generally greater occurrence of dual mutualists
on islands (Fuster et al. 2019).

Within-community temporal partitioning of resource
availability among plant species may reduce interspecific
competition for pollinators and seed dispersers, align with fruit
maturation schedules, orreflect species-specific physiological
responses to environmental factors such as light, moisture,
and temperature (Primack 1985; Stephens et al. 2022). The
observed temporal staggering of flower and fruit visits by
birds supports this potential phenological partitioning. For
example, P. arboreus produces flowers from June to August,
S. microphylla from August to October, and P. tenax from
September to January (de Lange 2025d, 2025¢), which aligns
closely with the visitation peaks observed in our study: P.
arboreus in August, S. microphylla in October, and P. tenax
in December. Similarly, C. grandifolia produces fruit from
September to April, M. ramiflorus from November to March,
and G. ligustrifolium from March to July (de Lange 2025a,
2025b,2025¢,2025¢g), which corresponds with their observed
visitation peaks: C. grandifolia in March, M. ramiflorus in
March—April, and G. ligustrifolium in May. However, S.
digitatatypically produces fruit in February—March (de Lange
2025f), whereas in our study, visits to S. digitata fruit peaked
in June. This discrepancy may be caused due to differences in
plantphenology inresponse to microhabitat variability between
different locations (Olliff-Yang & Ackerley 2020; Beck &
Givnish 2021; Kim & Oh 2025). Documenting the flowering
and fruiting phenology of plants alongside visitation records
would help account for habitat-specific variation and resolve
the relationship between resource availability and use by birds.

Fruitvisitation showed strong evidence for the mid-domain
effect(Moralesetal. 2005; Duetal. 2024), with peak fruit visits
to mostplantspecies occurring during the middle of the season.
This may reflect more stable climatic conditions during this
period, facilitating extended fruitavailability. Flower visitation,
however, showed no such trend, suggesting a lower degree of
overlap between flower visits to different plant species. Unlike
F. excorticata, plants such as P. arboreus, S. microphylla, P.
tenax,and S. digitatahad shortand temporally distinct windows
of flower visitation. Therefore, the seasonal dynamics of
flower visitation were likely characterised by strong temporal
partitioning and potential competition for nectivores among
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Figure 2. Pairwise relationships between (a) the circular mean (timing of peak visits) and circular standard deviation (temporal spread of
visits, abbreviated as ‘csd’) of flower visits, (b) the circular mean and circular standard deviation of fruit visits, (¢) the visitation rate and
circular mean of flower visits, (d) the visitation rate and circular mean of fruit visits, (e) the visitation rate and circular standard deviation
of flower visits, and (f) the visitation rate and circular standard deviation of fruit visits. Each point represents a plant species sampled
from Zealandia ecosanctuary in Wellington, New Zealand, between 2006 and 2015. Visitation records were pooled across all sampling
years and all bird species. Refer to Table 1 for plant species names corresponding to the codes in the plots. For a, b, ¢ and d, the circular
mean is represented using the corresponding months. Higher circular means indicate later dates of peaks in visits, and higher circular
standard deviations indicate a broader temporal spread of visits. The solid green curve represents the sinusoidal relationship between the
timing and temporal spread of fruit visits. The solid orange line represents the positive relationship between flower visitation rate and
the temporal spread of flower visits. No line indicates that no relationship was detected.
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Figure 3. Boxplots representing the visitation diversity (Shannon diversity index) (a) and evenness (Pielou’s evenness index) (b) of
flower and fruit resources for each bird species sampled from Zealandia ecosanctuary in Wellington, New Zealand, between 2006 and
2015. Each point represents a bird species, with common names of birds indicated next to the corresponding points. Asterisks indicate
significant differences between flower and fruit resources (*p < 0.05; ***p < 0.001). Visitation records were pooled across all sampling

years and all plant species.

a few, high-reward species with short flowering phenophases
(Stiles 1975; Rathcke & Lacey 1985), whereas the seasonal
dynamics of fruit visitation seemingly followed the resource
concentration hypothesis, with a mid-season abundance peak
that promoted overlap and potentially facilitated more diffuse
frugivore interactions (Herrera 1998; Jordano 2014).

The timing of peak visits to both flowers and fruits did not
explain the visitationrates to individual plant species, indicating
that factors other than seasonal timing may shape interaction
frequency. Such factors may include avian abundance,
morphological trait-matching, and phenological overlap
(Sonne et al 2020; Pefia et al. 2023). Visitation rates to flowers
increased with a higher temporal spread of visits. This pattern
was likely driven by F. excorticata, which exhibited both high
visitation rates and an extended flowering period from June to
January (Webb etal. 1988). When F. excorticata was excluded
from the analysis, the relationship weakened, suggesting that
birds follow the principles of optimal foraging theory, whereby
highly abundant floral resources attract repeated and extended
visitation windows, in contrast to more ephemeral resources
that are exploited more briefly (Pyke et al. 1977).

Birds foraged broadly and evenly on fruits of different
species, whereas floral interactions were more specialised,
indicating greater competition among plant species for
nectivores than frugivores (Kelly et al. 2010; Anderson et al.
2011). Tt1, hihi, and tauhou were highly generalised omnivores,
exploiting a wide range of fruit resources, whereas kererti

specialised on a limited subset of fruit species (Burns 2013b).
The prolonged and overlapping availability of fruits, as evident
in our findings, may represent a bet-hedging strategy, wherein
plants mitigate the risk of reproductive failure by spreading the
timing and conditions of fruit production (Schubert & Walters
2022). Such astrategy may confer an advantage to species with
lower-quality fruits by increasing their likelihood of dispersal
inacompetitive environment (Snow 1965; Burns 2005; Palacio
et al. 2021). In contrast, flowers showed shorter and more
temporally distinct visitation windows, likely reflecting the
need to concentrate flowering to maximise conspecific pollen
transfer and align with peak pollinator activity (Rathcke &
Lacey 1985; Elzinga et al. 2007).

Flower visitation was strongly skewed toward a single
species, F. excorticata, which had the highest visitation rate of
any species of flower or fruit. As one of five species visited for
bothits flowers and fruit (Burns 2013a), F. excorticata appears
to be a particularly valuable resource for the avian community
at Zealandia. Fuchsia excorticata trees are susceptible to
large-scale defoliation and mortality caused by introduced
mammals such as brushtail possums (7richosurus vulpecula)
(Pekelharing etal. 1998; Sweetapple & Nugent 1999), making
them a vulnerable resource in areas where invasive pests are
notactively managed. Broader surveys across forest types may
uncover additional key plant species that serve as important
food resources for birds at a local scale.

In addition to analysing seasonal patterns of bird-
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plant interactions, we present a multi-year dataset of field
observations of bird-plant interactions in a regenerating
forest in New Zealand. O’Donnell & Dilks (1994) previously
published a similar dataset of bird-plant interactions collected
over two years from a mixed podocarp-hardwood and beech
forest in South Westland in the South Island of New Zealand.
Comprehensive datasets such as those of O’Donnell & Dilks
(1994) and the present study are important data sources for
subsequent research on pollination and seed dispersal systems
inNew Zealand (e.g. Newstrom & Robertson 2005, Kelly et al.
2010, Burns 2012, Wotton & McAlpine 2015).

Long-term data highlight the ecological drivers and
temporal dynamics that shape bird-plant mutualisms (e.g.
Herrera 1998; Traveset et al. 2015; Anderson et al. 2021;
Ohkawara et al. 2022). Multi-year studies also effectively
capture infrequent yet important interactions in bird-plant
networks (Weatherhead 1968; Herrera 1998). For instance,
our data showed that kaka, hihi, and ta1 visited the flowers
of Hoheria sexstylosa, confirming the reports by Kelly et al.
(2010) which listed H. sexstylosa as a “possible occasionally-
visited entomophilous-flowered” plant. Previous studies
have highlighted the cryptic importance of bird pollination
in the New Zealand flora and the dearth of such descriptive
data from sanctuaries (Castro & Robertson 1997; Anderson
2003; Kelly et al. 2010; Anderson et al. 2021). Birds could
potentially pollinate all flowers they visit, even those that are
not considered typically ornithophilous (Kelly et al. 2010).
The ten flower species visited by birds in Zealandia comprised
a mix of ornithophilous flowers (£ excorticata, Knightia
excelsa, M. excelsa, S. microphylla, P. tenax), generalist
flowers (G. ligustrifolium, P. arboreus), frequently-visited
entomophilous flowers (P. eugenioides), and occasionally-
visited entomophilous flowers (S. digitata) as listed by Kelly
etal. (2010).

Introduced species often play complex roles in ecological
networks (Traveset & Richardson 2014; Peralta et al. 2020).
Correspondingly, there is mixed evidence for the role of
introduced species in bird-plant mutualisms in New Zealand.
For instance, introduced birds such as European blackbirds
(Turdus merula) were previously considered to be relatively
unimportant mutualists (Kelly et al. 2006). However, later
studies suggest thatin habitats where native frugivores became
rare, blackbirds acted as important frugivores, interacting with
a high diversity of plants (Burns 2012; Garcia et al. 2014).
Blackbirds were prominent frugivores in Zealandia throughout
our study period, accounting for 750 fruit visits, making them
the third mostrecorded frugivore after tauhou and ta1. Similarly,
non-native plants are often incorporated into existing food webs,
with neutral to negative effects on native animals (Schirmel
etal. 2016; Nelson et al. 2017). Tree lucerne (Chamaecytisus
palmensis) and Darwin’s barberry (Berberis darwinii) were
highly visited by native birds in Zealandia. For our study, we
only considered native species to establish reference points
for seasonal patterns in bird-plant interactions. However, the
records of bird-plant interactions between non-native species
are included in the online dataset (Appendix S1-S4).

Overall, our findings revealed complex temporal
patterns in bird-plant interactions that addressed a key gap
in our understanding of community-level mutualisms in
New Zealand. Fruit visitation was more generalised and
temporally widespread between species, whereas flower
visitation was more specialised and temporally distinct,
reflecting complementary patterns in bird-flower and bird-fruit
interactions. With climate change shifting the timing of seasonal

events (Tiusanenetal. 2020; Inouye 2022; Stephens etal. 2022)
and human-driven disturbances like species introductions and
habitat modifications threatening pollination and seed dispersal
mutualisms (Neuschulz et al. 2016), long-term datasets like
ours are crucial for assessing ecological and conservation
outcomes in restored habitats. Future work should integrate
detailed phenological data of flower and fruit production with
avian visitation patterns to better understand seasonal resource
preferences relative to availability.

Acknowledgements

The authors would like to thank the two anonymous reviewers
and Warwick Allen for their constructive comments that helped
refine the study.

Additional information and declarations

Author contributions: TV and KCB conceived the study,
KCB collected the data, TV conducted data analysis, and TV
wrote the manuscript with editorial contributions from KCB.

Conflict of interest: The authors declare no conflicts of interest.
Funding: The authors received no funding for this study.
Ethics: Ethics approval was not required for this study.

Data availability: The dataset used in this study is published
online athttps://doi.org/10.6084/m9.figshare.29832476.v3.
Further information can be obtained by contacting the authors.

References

Abrahamczyk S2019. Comparison ofthe ecology and evolution
ofplants with a generalist bird pollination system between
continents and islands worldwide. Biological Reviews
94(5): 1658-1671.

Agostinelli C, Lund U 2022. R package ‘circular’: Circular
Statistics (version 0.4-95). https://r-forge.r-project.org/
projects/circular/.

Anderson SH 2003. Therelative importance of birds and insects
as pollinators of the New Zealand flora. New Zealand
Journal of Ecology 27(2): 83-94.

Anderson SH, Kelly D, Ladley JJ, Molloy S, Terry J 2011.
Cascading effects of bird functional extinction reduce
pollination and plant density. Science 331(6020):
1068-1071.

Anderson SH, Ladley JJ, Robertson AW, Kelly D 2021. Effects
of changes in bird community composition and species
abundance on plant reproduction, through pollination and
seed dispersal. Ibis 163(3): 875-889.

Beck JJ, Givnish TJ 2021. Fine-scale environmental
heterogeneity and spatial niche partitioning among
spring-flowering forest herbs. American Journal of Botany
108(1): 63-73.

Bell BD2015. Temporal changes in birds and bird song detected
in Zealandia sanctuary, Wellington, New Zealand, over
2011-2015. Notornis 62(4): 173—183.

Berens P 2009. CircStat: a MATLAB toolbox for circular
statistics. Journal of Statistical Software 31: 1-21.

Blick R, Bartholomew R, Burrell T, Burns KC 2008.



10

Successional dynamics after pest eradication in the Karori
Wildlife Sanctuary. New Zealand Natural Sciences 33:
3-14.

Burns KC 2002. Seed dispersal facilitation and geographic
consistency in bird—fruit abundance patterns. Global
Ecology and Biogeography 11(3): 253-259.

Burns KC 2005. Is there limiting similarity in the phenology
of fleshy fruits? Journal of Vegetation Science 16(6):
617-624.

Burns KC 2006. A simple null model predicts fruit-frugivore
interactions in a temperate rainforest. Oikos 115(3):
427-432.

Burns KC2012. Are introduced birds unimportant mutualists?
A case study of frugivory in European blackbirds (Turdus
merula). New Zealand Journal of Ecology 36(2): 171-176.

Burns KC 2013a. Comparative ecology of bird-pollinated and
bird-dispersed New Zealand plants. New Zealand Journal
of Botany 51(3): 206-212.

Burns KC 2013b. What causes size coupling in fruit—frugivore
interaction webs? Ecology 94(2): 295-300.

Castro I, Robertson AW 1997. Honeyeaters and the
New Zealand forest flora: the utilisation and profitability
of small flowers. New Zealand Journal of Ecology 21(2):
169-179.

Castro I, Brunton DH, Mason KM, Ebert B, Griffiths R
2003. Life history traits and food supplementation affect
productivity inatranslocated population of the endangered
Hihi (Stitchbird, Notiomystis cincta). Biological
Conservation 114(2): 271-280.

Chao A 1987. Estimating the population size for capture-
recapture data with unequal catchability. Biometrics 43:
783-791.

Cleland EE, Chuine I, Menzel A, Mooney HA, Schwartz
MD 2007. Shifting plant phenology in response to global
change. Trends in Ecology & Evolution 22(7): 357-365.

Clout MN, Hay JR 1989. The importance of birds as browsers,
pollinators and seed dispersers in New Zealand forests.
New Zealand Journal of Ecology 12: 27-33.

Corlett RT 2021. Frugivory and seed dispersal. In: Del-Claro
K, Torezan-Silingardi HM eds. Plant-animal interactions:
Source of biodiversity. Cham, Springer International
Publishing. Pp. 175-204.

Craig J, Anderson S, Clout M, Creese B, Mitchell N, Ogden
J, Roberts M, Ussher G 2000. Conservation issues in
New Zealand. Annual Review of Ecology and Systematics
31(1): 61-78.

de Lange PJ 2025a. Coprosma grandifolia Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https://www.nzpcn.org.nz/flora/species/
coprosma-grandifolia/ (accessed on 12 August 2025).

de Lange PJ 2025b. Geniostoma ligustrifolium Fact Sheet
(content continuously updated). New Zealand Plant
Conservation Network. https://www.nzpcn.org.nz/flora/
species/ geniostoma-ligustrifolium-var-ligustrifolium/
(accessed on 12 August 2025).

de Lange PJ 2025¢. Melicytus ramiflorus Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https://www.nzpcn.org.nz/flora/species/
melicytus-ramiflorus-subsp-ramiflorus/ (accessed on 12
August 2025).

de Lange PJ 2025d. Phormium tenax Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https:// www.nzpcen.org.nz/flora/species/
phormium-tenax/ (accessed on 12 August 2025).

New Zealand Journal of Ecology, Vol. 49, No. 1, 2025

de Lange PJ2025e. Pseudopanax arboreus Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https://www.nzpcn.org.nz/flora/species/
pseudopanax-arboreus/ (accessed on 12 August 2025).

de Lange PJ 2025f. Schefflera digitata Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https://www.nzpcn.org.nz/flora/species/
schefflera-digitata/ (accessed on 12 August 2025).

de Lange PJ 2025g. Sophora microphylla Fact Sheet (content
continuously updated). New Zealand Plant Conservation
Network. https://www.nzpcn.org.nz/flora/species/
sophora-microphylla/ (accessed on 12 August 2025).

Diamond JM 1984. Distributions of New Zealand birds on
real and virtual islands. New Zealand Journal of Ecology
7:37-55.

Du', Zhang R, Tang X, Wang X, Mao L, Chen G, Lai J, Ma
K 2024. The mid-domain effect in flowering phenology.
Plant Diversity 46(4): 502-509.

Duchenne F, Fontaine C, Teuliére E, Thébault E 2021.
Phenological traits foster persistence of mutualistic
networks by promoting facilitation. Ecology Letters
24(10): 2088-2099.

Elzinga JA, Atlan A, Biere A, Gigord L, Weis AE, Bernasconi
G 2007. Time after time: flowering phenology and biotic
interactions. Trends in Ecology & Evolution 22(8):
432-439.

Fowler RE, Rotheray EL, Goulson D 2016. Floral abundance
and resource quality influence pollinator choice. Insect
Conservation and Diversity 9(6): 481-494.

Fuster F, Kaiser-Bunbury C, Olesen JM, Traveset A 2019.
Global patterns of the double mutualism phenomenon.
Ecography 42(4): 826-835.

Garcia D, Martinez D, Stouffer DB, Tylianakis JM 2014. Exotic
birds increase generalization and compensate for native
bird decline in plant—frugivore assemblages. Journal of
Animal Ecology 83(6): 1441-1450.

HerreraCM 1982. Seasonal variation in the quality of fruits and
diffuse coevolution between plants and avian dispersers.
Ecology 63(3): 773-785.

Herrera CM 1998. Long-term dynamics of mediterranean
frugivorous birds and fleshy fruits: a 12-year study.
Ecological Monographs 68(4): 511-538.

Holdaway RN 1989. New Zealand’s pre-human avifauna and its
vulnerability. New Zealand Journal of Ecology 12: 11-25.

Hooson S, Jamieson IG 2003. The distribution and current status
of New Zealand saddleback Philesturnus carunculatus.
Bird Conservation International 13(2): 79-95.

Howald G, Donlan CJ, Galvan JP, Russell JC, Parkes J,
Samaniego A, Wang Y, Veitch D, Genovesi P, Pascal M,
Saunders A, Tershy B 2007. Invasive rodent eradication
on islands. Conservation Biology 21(5): 1258—1268.

Innes J, Fitzgerald N, Binny R, Byrom A, Pech R, Watts
C, Gillies C, Maitland M, Campbell-Hunt C, Burns B
2019. New Zealand ecosanctuaries: types, attributes and
outcomes. Journal of the Royal Society of New Zealand
49(3): 370-393.

Innes J, Miskelly CM, Armstrong DP, Fitzgerald N, Parker
KA, Stone ZL 2022. Movements and habitat connectivity
of New Zealand forest birds. New Zealand Journal of
Ecology 46(2): 3481.

Inouye DW 2022. Climate change and phenology. Wiley
Interdisciplinary Reviews: Climate Change 13(3): ¢764.

Jammalamadaka SR, Sengupta A 2001. Topics in circular
statistics (Vol. 5). Singapore, World Scientific Press. 172 p.



Vaishnav et al.: Flower/fruit consumption by birds

Jordano P 2014. Fruits and frugivory. In: Gallagher RS ed.
Seeds: the ecology of regeneration in plant communities.
Wallingford, Cabi. Pp 18-61.

Kelly D, Robertson AW, Ladley JJ, Anderson SH, McKenzie
RJ2006. Relative (un) importance of introduced animals
as pollinators and dispersers of native plants. In: Allen
RB, Lee WG eds. Biological invasions in New Zealand.
Berlin, Heidelberg, Springer. Pp. 227-245.

Kelly D, Ladley JJ, Robertson AW, Anderson SH, Wotton
DM, Wiser SK 2010. Mutualisms with the wreckage of an
avifauna: the status of bird pollination and fruit-dispersal
in New Zealand. New Zealand Journal of Ecology 34(1):
66-85.

KimMH, Oh'YJ2025. Fine-scale environmental heterogeneity
drives intra-and inter-site variation in Taraxacum officinale
flowering phenology. Plants 14(14): 2211.

Kitamura S, Thong-Aree S, Madsri S, Poonswad P 2011.
Characteristics of hornbill-dispersed fruits in lowland
dipterocarp forests of southern Thailand. The Raffles
Bulletin of Zoology 24: 137-147.

Landler L, Ruxton GD, Malkemper EP 2021. Advice on
comparing two independent samples of circular data in
biology. Scientific Reports 11(1): 20337.

Letten AD, Lyons SK, Moles AT 2013. The mid-domain
effect: it’s not just about space. Journal of Biogeography
40:2017-2019.

Lim G, Burns KC 2023. Avian translocations restore dual
interaction networks in an island ecosystem. Restoration
Ecology 31(1): e13768.

Lundquist CJ, Ramsay D, Bell R, Swales A, Kerr S 2011.
Predicted impacts of climate change on New Zealand’s
biodiversity. Pacific Conservation Biology 17(3): 179-191.

Macinnis-Ng C, Mcintosh AR, Monks JM, Waipara N, White
RS, Boudjelas S, Clark CD, Clearwater MJ, Curran TJ,
Dickinson KJM, Nelson N, Perry GLW, Richardson SJ,
Stanley MC, Peltzer DA 2021. Climate-change impacts
exacerbate conservation threats in island systems:
New Zealand as a case study. Frontiers in Ecology and
the Environment 19(4): 216-224.

McArthur N, Flux I, Harvey A 2024. State and trends in the
diversity, abundance and distribution of birds in Poneke
/ Wellington City. Client report prepared for Greater
Wellington Regional Council. Wellington, Greater
Wellington Regional Council. 73 p.

McGlone M, Walker S, Hay R, Christie J2010. Climate change,
natural systems and their conservation in New Zealand. In:
Nottage RAC, Wratt DS, Bornman JF eds. Climate change
adaptation in New Zealand. Wellington, New Zealand
Climate Change Centre. Pp. 82-99.

Memmott J, Craze PG, Waser NM, Price MV 2007. Global
warming and the disruption of plant—pollinatorinteractions.
Ecology Letters 10(8): 710-717.

Menon D, Behera D, Ayyappan N 2024. Phenological trends and
associated climate drivers of a tree community in lowland
dipterocarp forest, Western Ghats, India. International
Journal of Biometeorology 69: 117-193.

Miskelly C, Empson R, Wright K 2005. Forest birds
recolonising Wellington. Notornis 52(1): 21-26.

Miskelly CM 2018. Changes in the forest bird community
of an urban sanctuary in response to pest mammal
eradications and endemic bird reintroductions. Notornis
65(3): 132-151.

Miskelly CM, Powlesland RG 2013. Conservation
translocations of New Zealand birds, 1863—2012. Notornis

60(1): 3-28.

Morales MA, Dodge GJ, Inouye DW 2005. A phenological mid-
domain effectin flowering diversity. Oecologia 142: 83-9.

Naniwadekar R, Mishra C, DattaA2015. Fruitresource tracking
by hornbill species at multiple scales in a tropical forest
in India. Journal of Tropical Ecology 31(6): 477—490.

Naniwadekar R, Rathore A, Shukla U, Chaplod S, Datta A
2019. How far do Asian forest hornbills disperse seeds?
Acta Oecologica 101: 103482.

Nelson SB, Coon JJ, Duchardt CJ, Fischer JD, Halsey SJ,
Kranz AJ, Parker CM, Schneider SC, Swartz TM, Miller
JR 2017. Patterns and mechanisms of invasive plant
impacts on North American birds: a systematic review.
Biological Invasions 19: 1547—-1563.

Neuschulz EL, Mueller T, Schleuning M, Bohning-Gaese
K 2016. Pollination and seed dispersal are the most
threatened processes of plant regeneration. Scientific
Reports 6(1): 29839.

Newstrom L, Robertson A 2005. Progress in understanding
pollination systems in New Zealand. New Zealand Journal
of Botany 43(1): 9512943.

O’Donnell CF, Dilks PJ 1994. Foods and foraging of forest birds
in temperate rainforest, South Westland, New Zealand.
New Zealand Journal of Ecology 18(2): 87-107.

Ohkawara K, Kimura K, Satoh F 2022. Long-term dynamics
of the network structures in seed dispersal associated
with fluctuations in bird migration and fruit abundance
patterns. Oecologia 198(2): 457-470.

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre
P, McGlinn D, Minchin PR, O’Hara RB, Simpson GL,
Solymos P, Stevens MHH, Szdcs, E, Wagner H 2022.
vegan: community ecology package. R package version
2.5-7, https://CRAN.R-project.org/package=vegan.

Olliff-Yang RL, Ackerly DD 2020. Topographic heterogeneity
lengthens the duration of pollinator resources. Ecology
and Evolution 10: 9301-9312.

Palacio FX, Cataudela JF, Montalti D, Ordano M 2021. Do
frugivores exert selection on fruiting phenology? Potential
scenarios across three plant populations of a Neotropical
vine, Passiflora caerulea. Evolutionary Ecology 35(4):
555-574.

Parmesan C 2006. Ecological and evolutionary responses
to recent climate change. Annual Review of Ecology,
Evolution, and Systematics 37: 637—669.

Pekelharing CJ, Parkes JP, Barker RJ 1998. Possum
(Trichosurus vulpecula) densities and impacts on fuchsia
(Fuchsia excorticata) in South Westland, New Zealand.
New Zealand Journal of Ecology 22(2): 197-203.

PenaR. Schleuning M, Dalerum F, Donoso I, Rodriguez-Pérez
J, Garcia D 2023. Abundance and trait-matching both
shape interaction frequencies between plants and birds
in seed-dispersal networks. Basic and Applied Ecology
66: 11-21.

Peralta G, Perry GL, Vazquez DP, Dehling DM, Tylianakis JM
2020. Strength of niche processes for species interactions
is lower for generalists and exotic species. Journal of
Animal Ecology 89(9): 2145-2155.

Pewsey A, Neuhduser M, Ruxton GD 2013. Circular statistics
in R. Oxford, Oxford University Press. 142 p.

Pielou EC 1966. The measurement of diversity in different
types of biological collections. Journal of Theoretical
Biology 13: 131-144.

Primack RB 1985. Patterns of flowering phenology in
communities, populations, individuals, and single flowers.



12

In: White J ed. The population structure of vegetation.
Dordrecht, Springer Netherlands. Pp. 571-593.

Pyke GH, Pulliam HR, Charnov EL 1977. Optimal foraging: a
selectivereview of theory and tests. The Quarterly Review
of Biology 52(2): 137-154.

R Core Team 2022. R: a language and environment for
statistical computing. Version 4.2.2. Vienna, Austria,
R Foundation for statistical computing. http://www.R-
project.org/.Rathcke B, Lacey EP 1985. Phenological
patterns of terrestrial plants. Annual Review of Ecology
and Systematics 16:179-214.

RennerSS, Zohner CM 2018. Climate change and phenological
mismatch in trophic interactions. Trends in Ecology &
Evolution 33(3): 164-176.

Schirmel J, Bundschuh M, Entling MH, Kowarik I, Buchholz S
2016. Impacts of invasive plants onresident animals across
ecosystems, taxa, and feeding types: a global assessment.
Global Change Biology 22(2): 594-603.

Schubert SC, Walters EL 2022. Subannual phenology and the
effectof staggered fruit ripening on dispersal competition.
Biotropica 54(1): 31-41.

Scott SN, Clegg SM, Blomberg SP, Kikkawa J, Owens IP
2003. Morphological shifts in island-dwelling birds: the
roles of generalist foraging and niche expansion. Evolution
57(9): 2147-2156.

Shannon CE 1948. A mathematical theory of communication.
The Bell System Technical Journal 27(3): 379—423.
Snow B, Snow D 1971. The feeding ecology of tanagers and

honeycreepers in Trinidad. Auk 88: 291-322

Snow B, Snow D 1988. Birds and berries. London, Poyser
Monographs. 243 p.

Snow DW 1965. A possible selective factor in the evolution of
fruiting seasons in tropical forest. Oikos 15(2): 274-28]1.

SonnelJ, Vizentin-BugoniJ, Maruyama PK, AraujoAC, Chavez-
Gonzalez E, Coelho AG, Cotton PA, Marin-Gémez OH,
Lara C, Lasprilla LR, Machado CG, Maglianesi MA,
Malucelli TS, Matrin GonzalezAM, Oliveira GM, Oliveira
PE, Ortiz-Pulido R, Rocca MA, Rodrigues LC, Sazima
I, Simmons BI, Tinoco B, Varassin IG, Vasconcelos MF,
O’HaraB, Scheuning M, Rahbek C, Sazima M, Dalsgaard
B 2020. Ecological mechanisms explaining interactions
within plant-hummingbird networks: morphological
matching increases towards lower latitudes. Proceedings
of the Royal Society B 287(1922): 20192873.

Stephens RE, Sauquet H, Guerin GR, Jiang M, Falster D,
Gallagher RV 2022. Climate shapes community flowering
periods across biomes. Journal of Biogeography 49(7):
1205-1218.

Stiles FG 1975. Ecology, flowering phenology, and
hummingbird pollination of some Costa Rican Heliconia
species. Ecology 56(2): 285-301.

Stiles FG 1985. Seasonal patterns and coevolution in the
hummingbird-flower community of a Costa Rican
subtropical forest. Ornithological Monographs 36:
757-787.

Sweetapple P, Nugent G 1999. Provenance variation in fuchsia
(Fuchsia excorticata) inrelation to palatability to possums.
New Zealand Journal of Ecology 23(1): 1-10.

Ting S, Hartley S, Burns KC 2008. Global patterns in fruiting
seasons. Global Ecology and Biogeography 17(5):
648-657.

Tiusanen M, Kankaanpéd T, Schmidt NM, Roslin T 2020.
Heated rivalries: Phenological variation modifies
competition for pollinators among arctic plants. Global

New Zealand Journal of Ecology, Vol. 49, No. 1, 2025

Change Biology 26(11): 6313-6325.

Traveset A, Richardson DM 2014. Mutualistic interactions
and biological invasions. Annual Review of Ecology,
Evolution, and Systematics 45(1): 89-113.

Traveset A, Olesen JM, Nogales M, Vargas P, Jaramillo P,
Antolin E, Trigo MM, Heleno R 2015. Bird—flower
visitation networks in the Galapagos unveil a widespread
interaction release. Nature Communications 6(1): 6376.

Weatherhead PJ 1986. How unusual are unusual events? The
American Naturalist 128(1): 150-154.

Webb CJ, Sykes WR, Garnock-Jones PJ 1988. Fuchsia
excorticata (J.R.Forst. & G.Forst.) L.f. Flora of
New Zealand. Volume 4 — Flora of New Zealand
Naturalised Pteridophytes, Gymnosperms, Dicotyledons.
https://floraseries.landcareresearch.co.nz/taxa/62ac4621-
455b-4¢29-8a59-d6246¢89738 (accessed 30 April 2025).

Wickham H 2016. ggplot2: Elegant graphics for data analysis.
New York, Springer-Verlag. Pp 189-201.

Wotton DM, McAlpine KG 2015. Seed dispersal of fleshy-
fruited environmental weeds inNew Zealand. New Zealand
Journal of Ecology 39(2): 155-169.

Wright SJ, Calderon O 1995. Phylogenetic patterns among
tropical flowering phenologies. Journal of Ecology 83(6):
937-948.

Received: 8 November 2024; accepted: 3 September 2025
Editorial board member: Warwick Allen

Supplementary material

Additional supporting information may be found in the online
version of this article.

Appendix S1. Monthly summaries of bird-plant interactions in
Zealandia ecosanctuary in Wellington, New Zealand, between
2006 and 2015.

Appendix S2. Summaries of pairwise comparisons of circular
distributions of bird-plant visitation for each species pairusing
Mardia-Watson-Wheeler’s test for homogeneity of means with
Bonferroni correction.

Appendix S3. Summary of results of pairwise relationships
between circular means, circular standard deviations, and
visitation rates for both flower and fruit resources.

Appendix S4. Sampling accumulation curves and estimates
of sampling completeness for each calendar month.

The New Zealand Journal of Ecology provides online
supporting information supplied by the authors where this
may assist readers. Such materials are peer-reviewed and
copy-edited but any issues relating to this information (other
than missing files) should be addressed to the authors.



