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Abstract. The structure of plant–pollinator mutualistic interactions is important for pollination network stability
and robustness in the face of environmental change. Even slight changes in seasonal or annual precipitation
patterns can disrupt the critical plant–pollinator mutualisms that comprise healthy pollination systems, primarily
through changes in the availability of floral resources. Increased instances of drought across regions, especially
in the southwestern United States, are a likely threat to plant and pollinator species richness, phenology, and
mutualistic associations. In this paper, we evaluated temporal changes in plant–pollinator communities of the
San Francisco Peaks in northern Arizona between 2 years with substantially different cumulative precipitation
totals. Specifically, we evaluated how plant and pollinator species abundance, richness, mutualistic interactions,
and degree of pollinator generalization differed between 2 years, which we refer to as the “wet year” (2017) and
“dry year” (2018), and how these shifts may be further impacted at three different life zones (elevation zones).
We determined that plant species richness decreased in the dry year across all life zones, and at the highest life
zone, Spruce Fir, overall pollinator species generalization increased in the dry year, with a larger number of
species considered to be “core generalists”. Additionally, the timing of plant and pollinator activity periods was
less consistent in the dry year; there was delayed blooming for many floral resources until after monsoon rains
began, and insect activity tended to start and continue later in the season for all life zones. A greater number of
pollinator species considered to be core generalists in the dry year at this highest life zone despite fewer floral
resources until later in the season may suggest some degree of plasticity when it comes to partner choice, which
may be buffering this pollination system from community collapse when resources are scarce. With changing
climate, including unpredictable precipitation worldwide, studies to uncover which pollinator species and plant–
pollinator associations are most critical for community stability in drier conditions are important for informing
conservation decisions on local scales.

1 Introduction

Insect pollination networks are structured webs of overlap-
ping links (mutualistic interactions) between plant and polli-
nator species (Johnson and Steiner, 2000; Waser et al., 1996)
that are critical for overall ecosystem functioning. The un-
derlying assembly of these plant–pollinator interactions can
influence the system’s overall robustness to global change

(Doré et al., 2021; Thébault and Fontaine, 2010). Varia-
tion in the biotic associations across and within pollination
networks is largely driven by spatiotemporal differences in
species richness and/or abundance (Lance et al., 2017). Even
on small scales, existing plant–pollinator interactions can
fluctuate temporally (between years, seasons, or months) or
spatially (e.g., across elevations) due to the presence or ab-
sence of preferred interaction partners (Alarcón et al., 2008;
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Schwarz et al., 2020; Cuartas-Hernández and Medel, 2015),
where partner availability is often based on the phenology
and life history traits of the plant or insect species distributed
in that area (Hegland et al., 2009; Adedoja et al., 2020;
Lázaro et al., 2008). For example, while lower temperatures
and increased canopy cover at high-elevation communities
can result in lower bee species richness (Osorio-Canadas et
al., 2021; McCabe et al., 2019), fly pollinators tend to domi-
nate at higher elevations (McCabe et al., 2019; Kearns, 1992)
or in cooler and wetter environments in general (Adedoja
et al., 2020; Devoto et al., 2009; Doré et al., 2021). How-
ever, the extent to which these interactions fluctuate in plant–
pollinator communities on local scales and how species-level
responses may be exacerbated by increasing global change is
still unknown.

Besides natural spatiotemporal shifts in abiotic conditions,
human-driven climate change (including increases in global
temperatures or drought frequency) can also directly impact
plant–pollinator interactions (Adedoja et al., 2018). Warm-
ing temperatures or shifts in snowmelt date may cause phe-
nological mismatches between plant and pollinator activity
periods (Forrest, 2015; Kudo and Ida, 2013; Memmott et
al., 2007; Donoso et al., 2016), which can negatively impact
the survival and/or reproduction rates of insect partners, es-
pecially bees (Memmott et al., 2007; Schenk et al., 2018).
Earlier snowmelt could increase frosts that damage the buds
of plant partners, and declines in snowpack could affect the
overwintering ability of some solitary bee species (Forrest,
2015; Inouye, 2008; Pauli et al., 2013). Additionally, an an-
ticipated increase in drought frequency (Hung et al., 2021;
Dai, 2013; IPCC, 2022), where drought is defined as a “pe-
riod of abnormal precipitation deficit” (Dai, 2013; Phillips
et al., 2018), may also impact plant–pollinator communities
in certain regions. While drought conditions may be natu-
ral features for some arid and semi-arid ecosystems world-
wide (Hung et al., 2021), other ecosystems (e.g., temperate)
that are not normally subject to drought are being unnaturally
exposed to these detrimental conditions, potentially leading
these areas to be more severely impacted by environmental
change (Phillips et al., 2018; Chen et al., 2013). Even slight
changes in seasonal and/or annual precipitation patterns can
disrupt the critical plant–pollinator mutualisms that comprise
healthy pollination systems (Lance et al., 2017), primarily
through changes in the availability of floral resources (Hung
et al., 2021; Waser and Price, 2016; Burkle and Runyon,
2016; Schweiger et al., 2010). For example, some annual
plants remain dormant over entire seasons when experienc-
ing decreased precipitation, while others produce fewer flow-
ers per plant or shift their blooming phenologies (Phillips
et al., 2018; Waser and Price, 2016; Burkle et al., 2013;
Adedoja et al., 2020). Since insect pollinators help maintain
wild plant biodiversity across ecosystems and are critical for
food crop production worldwide (Klein et al., 2007; Potts
et al., 2010), understanding how plant–pollinator mutualisms

on local scales may respond to periods of decreased precipi-
tation is urgent.

Studies conducted along environmental gradients, either
natural or anthropogenic, can be used as model systems to
analyze impacts of climate change on pollination commu-
nities (Hoiss et al., 2015). For example, elevational gradi-
ents offer multiple habitat and temperature zones in a small
area and can act as an indirect space-for-time substitution
(Fukami and Wardle, 2005; Adedoja et al., 2018; Spehn and
Körner, 2005) when predicting the effects of environmental
change. We use three distinct life zones (vegetation zones)
along the elevational gradient of the San Francisco Peaks in
northern Arizona to evaluate temporal differences in plant
and pollinator abundance, species richness, and the timing
of blooming and foraging periods between 2 years (2017
and 2018). The second year of the study had substantially
lower cumulative precipitation (2018, hereafter referred to
as the dry year). Specifically, northern Arizona experienced
uniquely dry conditions in 2018, with the cumulative winter
precipitation (1 December–1 March) being just one-fourth of
that produced in the previous winter season, as well as an
exceptionally dry spring and a slower start to the summer
monsoon rains. The extent to which even slight year-to-year
differences in precipitation along elevational gradients may
alter pollination systems has only been touched upon (Lance
et al., 2017) and is still completely unknown for the San Fran-
cisco Peaks. We hypothesize that the drastic changes in pre-
cipitation across our 2 study years likely contributed substan-
tially to our observed patterns.

Pollinator species may also respond to shifts in partner
availability across environmental gradients (e.g., latitude, el-
evation) or across temporal scales (e.g., between years) by
becoming more or less generalized in their interactions (Alar-
cón et al., 2008; Adedoja et al., 2018). Breakdowns in plant–
pollinator associations and/or fluctuations in species diet
breadth or partner choice may occur with changes in pre-
cipitation since the degree of pollinator generalization of-
ten depends on available plant partners or overall resource
abundance. At some high-elevation communities, lower plant
diversity due to harsh growing conditions may cause polli-
nators to discriminate less between floral resources and ul-
timately have a wider diet breadth (greater generalization)
(Hoiss et al., 2015). Conversely, the warmer conditions at
lower elevations may promote mass flowering and longer
blooming periods of plants, ultimately leading to a more di-
verse pollinator community (Adedoja et al., 2020, 2018) that
can specialize on resources. When plant resource availability
is stable and interspecies competition is more prevalent than
intra-species competition, pollinators may have a narrower
diet breadth where each species can more efficiently use a
single resource (Ponisio et al., 2019; Endres et al., 2021). On
the other hand, when plant resources are unstable, it can be
advantageous for pollinators to discriminate less and increase
generalization (Ponisio et al., 2019; Gómez and Zamora,
2006). Ultimately, it is critical to understand how drier con-
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ditions may impact pollinator interactions and the degree of
generalization on local scales. The degree to which pollina-
tor species generalization on the San Francisco Peaks may
change between 2 years with differing levels of cumulative
precipitation, and how this varies at different elevation zones,
is also unexplored.

Our study location uniquely incorporated a natural spatial
gradient (elevational) as well as a precipitation gradient (tem-
poral; wet year vs. dry year). There is great benefit to hav-
ing both angles in the same study system, as the use of data
from an especially dry year (2018) allowed us to not only
evaluate year-to-year changes in plant–pollinator communi-
ties on the San Francisco Peaks in general but also see how
these relationships may be more impacted at certain elevation
zones (life zones). Ultimately, we aimed to identify year-to-
year variation in plant and pollinator abundance, species rich-
ness, activity periods, and pollinator species generalization
between a wetter year (2017) and drier year (2018). We had
four primary questions. (1) How did average plant and pol-
linator abundance and species richness change across years
at each life zone? (2) How did the seasonal progression of
plant and pollinator activity periods vary between the wet
and dry years at each life zone? (3) Were there taxon-level
differences in pollinator activity, specifically between bees,
flies, and butterflies/moths, between the wet and the dry years
at each life zone? (4) Did overall pollinator species general-
ization vary across years and were there differences at each
life zone? We addressed how insect pollination communi-
ties may change across years along a natural environmen-
tal gradient in an especially diverse mountain system (Mc-
Cabe et al., 2020; Merriam and Stejneger, 1890) and con-
sider changes in yearly precipitation as a potential driver of
changes.

2 Methods

To address our study questions, we sampled insect pollina-
tors and recorded plant–pollinator interactions at three dis-
tinct life zones on the San Francisco Peaks. We first quanti-
fied year-to-year differences in abundance and species rich-
ness of both plants and pollinators at each life zone. We then
quantified changes in plant and pollinator activity periods by
comparing how abundance and species richness tracked with
the day of year (Julian date) across years. Julian dates, which
are single integers corresponding to a calendar date within a
year, range from 1 (1 January) to 366 (31 December). Finally,
we used a metric to quantify species-level pollinator gener-
alization and determined how this changed across years. Our
analyses also identified whether any changes were more pro-
nounced at certain life zones.

2.1 Study location and sampling methods

The pollination communities along the San Francisco Peaks
(35.341031° N, 111.683217° W), roughly 32 km north of

Flagstaff, Arizona, provided a unique study area to evaluate
impacts on plant–pollinator interactions with changing envi-
ronmental conditions. Not only is the southwestern United
States a known hotspot for bee species richness (McCabe et
al., 2020; Orr et al., 2021) but elevational gradients in gen-
eral also allow for sampling across a diverse range of habitats
and temperature zones in a short geographic distance (Smith
et al., 2015) and allow for the inclusion of high-elevation fly
and bumble bee pollinator species. The San Francisco Peaks
are considered one of the United States’ “sky islands” (iso-
lated mountain tops) and are characterized by the C. Hart
Merriam elevational gradient that spans seven life zones
(vegetation zones) (Merriam and Stejneger, 1890; Bowers
and McLaughlin, 1996). These life zones range from low-
elevation desert ecosystems to alpine forest environments
and cover an elevational range of roughly 785 to 3850 m
(Chesshire et al., 2021; Merriam and Stejneger, 1890). In
July and August 2017 and 2018 (as well as the first 2 d of
September in 2017 due to fieldwork timing), we sampled
insect pollinators (bees, flies, and butterflies/moths) at three
life zones: Ponderosa Pine (∼ 2200–2500 m), Mixed Conifer
(∼ 2550–2700 m), and Spruce Fir (∼ 2750–3100 m). We had
six distinct sites at each life zone, each of which was further
divided into three 60 m× 2 m transects. Along each transect,
we used Ryobi hand vacuums (Lance et al., 2017) and sweep
nets to collect any insect pollinators touching the reproduc-
tive parts of flowering plant species and recorded the host
plant interaction. Each transect was sampled for 30 min by
a single person, and the number of plants, flowers, and buds
was recorded for each plant species. Data were pooled across
all three transects each time a site was sampled. We had a
total of four sampling periods in the wet year (2017) and
five sampling periods in the dry year (2018). This extra sam-
pling period in the dry year was opportunistically conducted
in mid-July 2018, in an effort to start sampling the plots as
soon as possible after a forest closure was lifted. However, to
maintain an equal number of sampling periods across years,
we have dropped the extra sampling period from the 2018
data when conducting the analyses below. Additional analy-
sis including the extra sampling period from 2018 showed
slight differences and can be found in Appendix A. Each
sampling period comprised a series of 3 consecutive days,
with each day dedicated to sampling all six sites at one life
zone during peak foraging time (09:00–15:00) (Chesshire et
al., 2021). Sampling occurred on fair-weather days (no rain,
sunny to partly cloudy conditions). If severe thunderstorms
did not allow complete sampling on any given day, we re-
turned to the sites on the fourth or fifth consecutive day to
finish collections. We randomized the order of sites visited
during each sampling period to capture pollinators with dif-
ferent foraging times. The dates of each sampling period are
noted in file 1 in the Supplement. All pollinators were taken
to the Northern Arizona University (NAU) pollinator lab for
curation and identification. For the purposes of our study, we
considered all flower-visiting insects captured on plants to be
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pollinators, although we did not do further pollen analysis on
each specimen.

2.2 Species identification

Our methods for specimen curation and species identifica-
tion are outlined in detail in the methods of Chesshire et
al. (2021). Briefly, we identified insects at the NAU polli-
nator lab using published identification guides, field guides,
and textbooks (Marshall, 2012; Norrbom et al., 2010; Skev-
ington et al., 2019; Brock and Kaufman, 2006; Ascher and
Pickering, 2024; Michener et al., 1994) as well as expert
opinion on certain genera from bee taxonomists, including
Karen Wright, Texas A&M University (Melissodes); Jason
Gibbs, University of Manitoba (Lasioglossum); Harold Ik-
erd, USDA-ARS (Andrenidae); and Terry Griswold, USDA-
ARS. Many fly individuals were identified to tribe, genus,
or species by John Carr, MIT, through examination of pho-
tographs taken at NAU’s macro-imaging system. Additional
photographs of bees, flies, butterflies, and moths were also
uploaded to the BugGuide.org “ID Request” page for identi-
fication. Insect specimens that could not be confidently iden-
tified to species were assigned a morphospecies designa-
tion, where individuals with similar morphological charac-
teristics were grouped (McCabe et al., 2020). Each morphos-
pecies was classified by the genus, subgenus if determined,
and a unique three-digit number. All pollinator morphos-
pecies were included in the abundance and species richness
counts for each analysis. Plants were identified to genus or
species in the field and confirmed at the herbarium of NAU
through examination of field samples. Images of most plant
species were posted to iNaturalist.org, many of which re-
ceived research-grade identifications that confirmed species
determination.

2.3 Climate data

Daily precipitation data were obtained from the Global
Historical Climatology Network (GHCN) database through
the NOAA National Climatic Data Center (Menne et
al., 2012a, b), with precipitation values recorded at the
Flagstaff Pulliam Airport weather station. We began calculat-
ing cumulative precipitation for 2017 on 1 December 2016,
and summed the daily precipitation until 2 September 2017,
which was the last day of our sampling season. The same
process was repeated for cumulative precipitation totals for
2018, ranging from 1 December 2017 until 2 September
2018. We also compared the precipitation patterns of our 2
study years to the average precipitation patterns seen in the
3 years prior (2014–2016). Specifically, we calculated yearly
cumulative precipitation for the years 2014, 2015, and 2016
individually, again starting on 1 December of the previous
winter through 2 September for each calendar year, and then
averaged the cumulative precipitation values for each calen-
dar day across those 3 years. Since 2016 was a leap year

that included a 29th day in February, we used the precipita-
tion values from 28 February for each of the other 4 years as
placeholders for the non-existent 29 February.

2.4 Plant and pollinator abundance and species
richness across years (question 1)

To evaluate temporal changes in plant and pollinator abun-
dance and species richness between years with differing lev-
els of cumulative precipitation, we analyzed year-to-year dif-
ferences in the average abundance of plants and pollinators,
as well as the average species richness of plant and pollina-
tors, between the wetter year (2017) and drier year (2018)
at each life zone. Plant abundance was defined as the num-
ber of total flowers observed along all three transects at each
site, hereafter referred to as “flower abundance”. First, we
constructed generalized linear mixed models (GLMMs) with
the lme4 package v1.1-35.1 (Bates et al., 2015) in R Statis-
tical Language v4.3.2 (R Core Team, 2023), with abundance
of either plants or pollinators specified as the response vari-
able and the life zone, year, and interaction effect between
life zone and year set as the predictor variables (fixed fac-
tors). The site and sampling period were set as random-effect
terms, with the sampling period nested within the site, as
each site was sampled several times across different sam-
pling periods. These analyses were repeated with species
richness of either plants or pollinators specified as the re-
sponse variable. According to the Shapiro–Wilk test for nor-
mality, all abundance and species richness data for both in-
sect pollinators and plants at Mixed Conifer and Spruce
Fir were non-normally distributed (p > 0.05) but not over-
dispersed, so we selected a Poisson family distribution for
these GLMMs (Bolker, 2019). Similarly, for plant species
richness and abundance data at Ponderosa Pine, data were
non-normally distributed (p > 0.05) but not over-dispersed,
so we also selected a Poisson family distribution for these
GLMMs. However, for insect abundance and species rich-
ness at the Ponderosa Pine life zone specifically, a high num-
ber of zeros in the data affected models using a Poisson
family, so we selected a negative binomial family for both
insect-related models at Ponderosa Pine. For these last two
models, we used the R package glmmTMB v1.1.9 (Brooks
et al., 2023) to incorporate the negative binomial family. For
each analysis, we used the Anova() function in the R pack-
age car v3.1.2 (Fox et al., 2012) to test for the overall signif-
icance of fixed effects (p value < 0.05). The Anova() func-
tion allows users to select which method (Type I, II, or III)
is used to calculate the sum of squares (SS), with the default
selection set to Type II, where all main factors are tested con-
sidering every other main effect in the model but not consid-
ering interactions (Mangiafico, 2015). For each model, we
determined whether there were significant interaction effects
between variables by first using this default option, and if the
interaction effect was significant, we re-ran the function with
the type argument set to the Type III sum of squares, where
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every term in the model is tested in light of every other term
in the model (Mangiafico, 2015). Type III is the best choice
for sum of squares if there are significant interaction effects
between any of the interaction terms (Mangiafico, 2015). Fi-
nally, we used the pairs() function in the R package em-
means v1.8.9 (Lenth et al., 2018) to perform Tukey’s post hoc
pairwise comparisons for the least-square means of each life
zone and year combination. Analyses were restricted to only
include plant species with a documented pollinator partner,
meaning that at least one pollinator was physically present
on the flower of that plant species for at least one life zone.
All pollinator data were used in analyses. We used the least-
square means from the emmeans() function to visualize the
data as bar graphs.

2.5 Temporal changes in plant and pollinator activity
across years (question 2)

To compare the seasonal progression of plant and pollinator
activity periods between the wet and dry years at each life
zone, we created GLMMs to track average plant and pollina-
tor abundance and species richness estimates with the sam-
pling day (numerical values 1–366 assigned to each calendar
date, a.k.a. Julian date) for both the 2017 and 2018 sampling
periods. Based on methods outlined by Adedoja et al. (2020),
we refer to the Julian date as the day of year (DOY). Ju-
lian dates are single integers corresponding to calendar dates
within a year, ranging from 1 (1 January) to 366 (31 De-
cember), and can be used to compare differences in observed
plant and pollinator data on similar days between years. Data
were separated by life zone, and GLMMs for each life zone
were constructed in the R package lme4 v1.1-35.1 (Bates
et al., 2015) to examine any year-to-year variation in the
seasonal progression of plant and pollinator abundances or
species richness estimates over time. In our models, abun-
dance or species richness data of plants or pollinators (kept
at a site level) were specified as the response variable, and
DOY, year, and the interaction effect between DOY and year
were set as the predictor variables (fixed factors). The site
and sampling period were again set as random-effect terms,
with the sampling period nested within the site, as each site
was sampled several times across different sampling periods.
We selected a Poisson distribution for all models due to non-
normally distributed data that were not over-dispersed. For
all analyses, we used the Anova() function in the R package
car v3.1.2 (Fox et al., 2012) to test for overall significance of
fixed effects (p value < 0.05), and for each model, we again
selected either the Type II or Type III method for calculating
the sum of squares depending on whether there were signifi-
cant interactions between fixed effects. Analyses were again
restricted to just include plant species for which we had a
documented pollinator partner.

2.6 Phenology of pollinator taxa groups across years
(question 3)

To determine any taxon-level differences in pollinator activ-
ity periods between the wet and dry years, we pooled pollina-
tor abundance data across all six sites of a life zone (for each
sampling period) and grouped the data by insect order. This
was to evaluate any year-to-year variation in the total abun-
dances of the three different pollinator taxa groups through-
out each season. Specifically, the pollinators were grouped by
order into Hymenoptera (bee), Diptera (fly), or Lepidoptera
(butterfly/moth), each of which has different foraging tech-
niques or morphological traits that contribute to their roles as
pollinators. We repeated this process for pollinator species
richness data using raw species richness values. Graphs were
created separately for each life zone, where abundance or
species richness of pollinators (grouped into three distinct
taxa groups) was the dependent variable, and sampling day
(DOY) was the independent variable. These graphs helped
visualize differences in the seasonal progression (timing) of
total abundance and total species richness for each taxon
group and how peaks may vary within a taxon group across
years and between taxa groups within a single year.

2.7 Pollinator species generalization (question 4)

For each year separately, at each life zone, we assigned all
pollinator species a numerical generalization value using the
formula Gc= ki − kmean/O

′

k (Lance et al., 2017; Dáttilo et
al., 2013), where ki is the mean number of interactions across
sampling periods for a given pollinator species, and kmean
and Ok are the mean and standard deviation among pollina-
tors, respectively, for k. Species with Gc values > 1 represent
core generalist pollinators since they have a larger number of
plant species interactions relative to other pollinators in the
network (Dáttilo et al., 2013). Data were pooled across all
six sites of a given life zone but separated by sampling pe-
riod to calculate the mean number of interactions per polli-
nator species for a given combination of year and life zone.
Ultimately, this resulted in a distinct set of plant/pollinator
species and interactions for each life zone in both 2017 and
2018, where we could then identify any variation in species-
level generalization across years at a given life zone (e.g.,
does the Gc value of Bombus huntii change from 2017 to
2018 at Mixed Conifer?). We calculated the following for
each life zone: (1) whether the generalization levels for the
subsets of pollinators present during both years generally in-
creased or decreased, (2) the total number of core general-
ist pollinator species for each year, and (3) the percentage
of plant–pollinator interactions made up of those generalist
pollinators, and/or the percentage of individuals made up of
those generalist pollinators, for each year. As a discussion
point, we also determined if any pollinator species were con-
sidered core generalists at a given life zone during both the
wet year and the dry year to identify those insects that may
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be critical pollinator partners regardless of the drought con-
ditions.

3 Results

We collected a total of 1404 individuals comprising 139 pol-
linator species (37 % bees, 41 % flies, 22 % butterflies) over
the course of the 2-year study. This comprised 100 species
(626 individuals) during the wet year and 94 species (778 in-
dividuals) during the dry year, with 55 species overlapping
across years. These numbers exclude 299 pollinator individ-
uals that were collected during the extra sampling week in the
dry year. A list of 16 species collected in the extra sampling
week of the dry year that were not collected during any other
time in the 2-year study is provided in file 2 in the Supple-
ment. For plants, we encountered 45 flowering plant species
with pollinator partners over the course of the 2-year study
(33 species with interaction partners in 2017, 38 species with
partners in 2018, with 67 % overlap). Species information for
both plants and pollinators is provided in files 2 and 3 in the
Supplement.

3.1 Climate data

By the first day of March, cumulative precipitation for the
winter of 2017 had reached 287.02 mm compared to just
103.63 mm by that day in 2018 (Fig. 1a). This was primarily
due to an overall lower number of daily precipitation events
in the late winter of 2018 compared to 2017. Specifically,
there were 16 d in January 2017 with some degree of precip-
itation, whereas only 4 d in January 2018 had precipitation
events (file 4 in the Supplement). Further, in late spring and
early summer (1 May–1 July), there were fewer daily precip-
itation events in the 2018 season, and there was a 44 d period
(3 May–15 June) with no rainfall at all (Fig. 1b). Notably,
the longest period without rain in May–June 2017 (wet year)
was still impressive (31 d). Finally, while the monsoon rains
characteristic to the southwestern United States started as ex-
pected in mid-July both years, the first rainfall event greater
than 25 mm in the dry year did not occur until 14 August
(33.27 mm), while in the wet year, the first rainfall event of
the monsoon period occurred earlier on 23 July (45.47 mm)
(file 4 in the Supplement). This led to cumulative precipita-
tion in the dry year failing to catch up to that of the wet year,
even by the start of September.

3.2 Plant and pollinator abundance and species
richness across years (question 1)

For flower abundance, there was a significant interaction
effect of the year and life zone (Table 1), with flower
abundance slightly lower in the dry year overall at Mixed
Conifer and Spruce Fir (Fig. 2a). For plant species richness,
there were significant effects of year alone (p < 0.001), with
slightly lower plant richness overall in the dry year (Fig. 2b).

There were no significant differences in flower abundance
across paired life zone comparisons, which could be due to
high variance across sites sampled within a life zone (Fig. 2).
For species richness, however, the number of plant species at
Ponderosa Pine in the dry year was significantly lower than
that of Ponderosa Pine in the wet year (estimated marginal
mean (EMM) – z=−3.497, p= 0.006).

For average pollinator abundance, there was a significant
effect of life zone (Table 1; Fig. 2c), with the lowest abun-
dances occurring at Ponderosa Pine, but no significant effects
of year or the interaction between life zone and year. Simi-
larly, for pollinator species richness, there were no significant
effects of year or the interaction between life zone and year,
although there was a significant effect of life zone alone, with
the lowest richness estimates occurring at Ponderosa Pine
(Table 1; Fig. 2d). There were a few significant differences
in average pollinator species richness between life zone pairs
across years. For example, insect richness was significantly
higher in the dry year at Mixed Conifer (EMM – z= 2.896,
p= 0.043) and Spruce Fir (EMM – z= 3.207, p= 0.017)
compared to Ponderosa Pine in the wet year. Similarly, in-
sect abundances were significantly higher in the dry year at
Mixed Conifer (EMM – z= 3.899, p= 0.001) and Spruce
Fir (EMM – z= 3.604, p= 0.004) compared to Ponderosa
Pine in the wet year.

3.3 Temporal changes in plant and pollinator
abundance and richness across years (question 2)

At Mixed Conifer and Spruce Fir, flower abundance was sig-
nificantly higher in the wet year than in the dry year (Ta-
ble 2). Flower abundance peaked earlier in the season at
Mixed Conifer during the wet year than it did in the dry year,
and at Spruce Fir, while flower abundance showed a simi-
lar seasonal progression across years, abundances were ge-
nerally higher at any given Spruce Fir site in the wet year
than they were in the dry year (Fig. 3a). Interestingly, this
same trend did not apply at the lowest life zone Ponderosa
Pine, where flower abundances were generally higher in the
dry year (Fig. 3a). For plant species richness estimates, there
was a significant effect of year alone at Ponderosa Pine and
Mixed Conifer and a marginally significant effect at Spruce
Fir (Table 3), with plant species richness estimates trending
higher in the wet year (Fig. 4a). These results support the
significant decrease in plant species richness in the dry year
produced by our GLMMs used in question 1. Additionally,
there was a significant effect of DOY on plant species rich-
ness for all life zones (Table 3).

Pollinator abundance patterns did not significantly differ
at particular DOYs across years for Ponderosa Pine or Mixed
Conifer, but there was a significant interaction effect of DOY
at Spruce Fir (Table 2). However, there was no significant
interaction effect of year on flower abundance at any of the
life zones. Visually, however, pollinator abundances were ge-
nerally higher in the dry year throughout the course of the
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Figure 1. Precipitation data for 2017 vs. 2018 in Flagstaff, Arizona. (a) Cumulative precipitation from 1 January through 2 September in
2017 and 2018 compared to the average cumulative precipitation for 2014–2016. (b) Daily precipitation totals across wet vs. dry years in the
months of May, June, and July, which include the first portion of the sampling period used in this study and reflects the start of the monsoon
rains each year (∼mid-July).

Table 1. Results of GLMMs assessing average plant and pollinator abundance and species richness estimates across years. DOF is degrees
of freedom. A ∗ symbol shown between two terms represents the interaction of those fixed factors.

Response variable Fixed factors Chi-sq DOF p value

Flower abundance Life zone 0.06 2, 151 0.971
Year 1.22 1, 151 0.270
Life zone∗year 9.18 2, 151 0.010

Plant richness Life Zone 6.19 2, 151 0.045
Year 17.18 1, 151 < 0.001
Life zone∗year 2.59 2, 151 0.274

Pollinator abundance Life Zone 18.53 2, 151 < 0.001
Year 2.22 1, 151 0.136
Life zone∗year 0.01 2, 151 0.994

Pollinator richness Life zone 13.3 2, 151 0.001
Year 2.12 1, 151 0.145
Life zone∗year 3.75 2, 151 0.153
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Figure 2. Average abundance and average species richness estimates of plants and pollinators across years at each life zone. Values were
derived from the least-square means obtained from our models. (a) Average flower abundance, (b) average estimated plant species richness,
(c) average pollinator abundance, and (d) average estimated pollinator species richness. Error bars represent 95 % confidence around model
predictions. Letters denote significant differences across individual life zone pairs – where life zone pairs that share letters are not significantly
different, while pairs that do not share letters are significantly different.

Table 2. Summary statistics for the generalized linear mixed models (GLMMs) assessing temporal changes in plant and pollinator abundance
across years. A ∗ symbol shown between two terms represents the interaction of those fixed factors.

Response variable Life zone Fixed factors Chi-sq DOF p value

Flower abundance Ponderosa Pine DOY 7.94 1, 46 0.005
Year 0.18 1, 46 0.675
DOY∗year 0.01 1, 46 0.905

Mixed Conifer DOY 0.17 1, 45 0.673
Year 4.05 1, 45 0.044
DOY∗year 0.66 1, 45 0.418

Spruce Fir DOY 0.13 1, 47 0.714
Year 16.3 1, 47 < 0.001
DOY∗year 0.06 1, 47 0.806

Pollinator abundance Ponderosa Pine DOY 0.112 1, 46 0.738
Year 0.059 1, 46 0.809
DOY∗year 0.108 1, 46 0.743

Mixed Conifer DOY 2.26 1, 45 0.133
Year 0.85 1, 45 0.358
DOY∗year 0.39 1, 45 0.533

Spruce Fir DOY 11.74 1, 47 < 0.001
Year 1.4 1, 47 0.236
DOY∗year 0.28 1, 47 0.598
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Figure 3. Total abundance of flowers (a) and insect pollinators (b) across the day of year (DOY). Results are reported at each life zone.
Lines represent the lines of best fit for 2017 data (wet year; in blue) and 2018 data (dry year; in red). Julian dates range from 197 to 245,
which encompass 16 July–2 September of a calendar year. Significant effects of the year are denoted with the ∗ symbol, where p < 0.001 is
marked with ∗∗∗ and p < 0.05 is marked with ∗.

Table 3. Summary statistics for the generalized linear mixed models (GLMMs) assessing temporal changes in plant and pollinator species
richness estimates across years. A ∗ symbol shown between two terms represents the interaction of those fixed factors.

Response variable Life zone Fixed factors Chi-sq DOF p value

Plant species richness Ponderosa Pine DOY 9.84 1, 46 0.001
Year 15.17 1, 46 < 0.001
DOY∗year 0.24 1, 46 0.625

Mixed Conifer DOY 4.49 1, 45 0.034
Year 5.43 1, 45 0.019
DOY∗year 0.61 1, 45 0.433

Spruce Fir DOY 4.14 1, 47 0.042
Year 3.22 1, 47 0.073
DOY∗year 0.2 1, 47 0.652

Insect species richness Ponderosa Pine DOY 0.53 1, 46 0.466
Year 0.01 1, 46 0.912
DOY∗year 0.14 1, 46 0.708

Mixed Conifer DOY 0.002 1, 45 0.965
Year 0.005 1, 45 0.946
DOY∗year 0.002 1, 45 0.964

Spruce Fir DOY 3.69 1, 47 0.054
Year 9.34 1, 47 0.002
DOY∗year 1.48 1, 47 0.223
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Figure 4. Species richness estimates of plants (a) and insect pollinators (b) across the day of year (DOY). Results are reported at each life
zone. Lines represent the lines of best fit for 2017 data (wet year; in blue) and 2018 data (dry year; in red). Julian dates range from 197 to
245, which encompass 16 July–2 September of a calendar year. Significant effects of year are denoted with the ∗ symbol, where p < 0.001 is
marked with ∗∗∗, p < 0.005 is marked with ∗∗, and p < 0.005 is marked with ∗. Marginally significant results are marked with a • symbol
(where p < 0.08).

season at both Mixed Conifer and Spruce Fir (Fig. 3b). This
did not hold true for Ponderosa Pine, where trends in pollina-
tor abundances were visually similar across years. Pollinator
species richness estimates did not differ at particular DOYs
across years for Ponderosa Pine or Mixed Conifer, but there
was a marginally significant effect of DOY alone and a sig-
nificant effect of year alone at Spruce Fir (Table 3), with pol-
linator richness generally being higher in the dry year at this
life zone (Fig. 4b).

3.4 Visual patterns of total richness across seasons
(question 2 continued)

Additionally, we visualized how the seasonal progression
(timing) of plant and pollinator activity varied between years,
where abundance and species richness values for a given
DOY were used as indicators of activity. We graphed total
abundance and raw species richness values for both plants
and pollinators to visualize within-year fluctuations in activ-
ity (peaks or dips) and how the timing of those fluctuations
differed between wet and dry years (Appendix B, Figs. B1–
B3).

There were observable differences in the timing of plant
and pollinator activity across years, where species richness
and abundance values in the wet year (2017) differed from
those observed on similar sampling days (DOYs) in the dry

year (2018). For example, at Mixed Conifer in the wet year,
pollinator species richness was relatively stable until a de-
cline began in late August, and total insect abundance did
not drop until the last day of our sampling period (DOY
241). Conversely, in the dry year, total pollinator species
richness at Mixed Conifer fluctuated throughout the season,
and on the last day of sampling, pollinators were much more
speciose than they were on that same day in the wet year (23
species compared to 8 species, respectively). For plants at
both Ponderosa Pine and Mixed Conifer, total richness was
generally lower in the early weeks of the dry season com-
pared to that of the wet year but then eventually caught up
by mid-August, after which the species richness of plants
trended higher in the dry year. Similarly, flower abundance
peaked later in the dry year at Ponderosa Pine and Mixed
Conifer (Fig. B3). At Spruce Fir, total pollinator abundance
and richness values were also higher throughout the dry year,
especially during the earlier portion of the sampling sea-
son. For example, pollinator richness peaked in early August
(DOY 218) in the dry year (25 species), but total species rich-
ness never reached that number in the wet year. For pollinator
abundance at Spruce Fir, on DOY 211, over 100 insect indi-
viduals were sampled in the dry year, whereas insect abun-
dances were already on the decline by that day in the previous
wet year.
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Figure 5. Pollinator abundance for all sampled insects combined
as well as divided by taxon group for both the wet year (2017) and
the dry year (2018). Points on the graph correspond to numbers ob-
tained on true sampling days. Day of year refers to Julian dates,
ranging from 206 to 245, which encompass 25 July–2 September
of a calendar year. (a) Ponderosa Pine, (b) Mixed Conifer, and
(c) Spruce Fir.

3.5 Phenology of pollinator taxa groups across years
(question 3)

The total abundance and species richness of all pollinator
taxa groups (bees, flies, and butterflies/moths) mostly in-
creased and decreased in tandem across the course of a sea-
son, regardless of life zone or year (Figs. 5 and 6). However,
there were a few noticeable exceptions at Spruce Fir (Figs. 5c
and 6c).

Across years, our results indicated that the increased pol-
linator species richness and abundance in the dry year could
be largely driven by flies, especially at Ponderosa Pine and
Mixed Conifer. In these life zones, late-season total fly abun-
dance and richness values were consistently higher in the dry
year than in the wet year. For example, on the last day of the
sampling season in the wet year at Ponderosa Pine, flies made
up 16 individuals comprising five species, whereas in the dry
year, fly abundance and richness nearly doubled, with 30 in-
dividuals comprising nine species. A similar pattern existed

Figure 6. Pollinator species richness for all sampled insects com-
bined as well as divided by taxon group for both the wet year (2017)
and the dry year (2018). Points on the graph correspond to numbers
obtained on true sampling days. Day of year refers to Julian dates,
ranging from 206 to 245, which encompass 25 July–2 September
of a calendar year. (a) Ponderosa Pine, (b) Mixed Conifer, and
(c) Spruce Fir.

at the Mixed Conifer life zone (Figs. 5b and 6b), where flies
dominated insect abundance in the latter half of the dry year,
with 92 individuals collected on each of the last 2 sampling
days. In the previous year at Mixed Conifer, only 21 and 10
fly individuals were collected on the last two sampling dates,
respectively.

At the Spruce Fir life zone, while flies drive increased
total species richness during part of the dry year (Fig. 6c),
bees also showed higher species richness in dry vs. wet years
(Fig. 6c). While bee species richness at Spruce Fir never ex-
ceeded five species in the wet year, total bee richness was at
nine species (17 individuals) at the start of the dry year sam-
pling and was never lower than seven species until the last
sampling day of the season.

3.6 Pollinator species generalization (question 4)

For the subset of pollinator species that were present both
years, the highest zone at Spruce Fir had the greatest num-

https://doi.org/10.5194/we-25-5-2025 Web Ecol., 25, 5–27, 2025



16 P. R. Chesshire and L. M. Holeski: Plant-pollinator community response to yearly precipitation differences

ber of pollinator species (52.4 %) to experience increases in
their Gc values between the wet year and the dry year (Ta-
ble 4), compared to the two lower life zones. Also at Spruce
Fir, there were more pollinator species considered core gen-
eralists (Gc > 1) in the dry year compared to the previous
wet year (Table 5a), and the percentage of total interactions
made up of core generalist species was also higher in the
dry year (Table 5c). Similarly, at both Mixed Conifer and
Spruce Fir, the percentage of total insect individuals made
up of the core generalist pollinators increased from the wet
year to the dry year (Table 5), although this trend did not
hold true at the lowest life zone Ponderosa Pine. Interest-
ingly, while at the lower life zone Ponderosa Pine there were
no pollinator species overlapping as generalists across both
years, there were two pollinator species that overlapped as
generalists across years at Mixed Conifer and two pollinator
species that overlapped as generalists across years at Spruce
Fir (file 5 in the Supplement).

4 Discussion

The North American southwest has been in the midst of
a megadrought for over 2 decades, with 2000–2021 being
classified as the driest 22-year period since the year 800
(Williams et al., 2022). Drought conditions are only expected
to worsen in this region in upcoming years (Balling and
Goodrich, 2010; Cook et al., 2015), and increased drought
severity may lead to shifts in species assemblages and biotic
mutualisms across ecosystems (Hung et al., 2021; Barton and
Ives, 2014). In pollination systems, it is important to evalu-
ate shifts in plant–pollinator species abundance, diversity, or
phenological activity with increasing drought conditions, as
well as potential species-level shifts in dietary generalization
of pollinators. Understanding which insect pollinators might
be most affected by partner loss due to short-term decreases
in precipitation, or perhaps even more relevant, which will be
most responsible for maintaining plant–pollinator commu-
nity stability after perturbations, is critical. For conservation
purposes, it is important to identify and preserve the pollina-
tor species with a high influence on pollination community
structure.

In our study, we found that flower abundance and plant
species richness tended to decrease in the dry year, while
abundance and species richness estimates of pollinators were
stable and/or increased in the dry year (with increases in
pollinator species richness mainly seen at the highest life
zone at Spruce Fir). These results are consistent with other
studies that show how decreased precipitation can negatively
impact floral resource availability. For example, a study on
plant–pollinator communities in the foothills of the Fort
Huachuca mountains that experienced natural drought con-
ditions showed that during a drought year (2009), there was
a sizable decrease in plant species richness compared to the
previous wet year (Lance et al., 2017). In fact, drought events

in general can cause annual plants to remain dormant for en-
tire seasons and/or perennial plants to save resources and pro-
duce fewer flowers (Phillips et al., 2018; Hung et al., 2021).
For pollinators, while it may at first seem counterintuitive
for values to increase or remain stable in the dry year (fewer
plant resources could lead to fewer consumers), this is un-
derstandable since the populations of insect pollinators, es-
pecially bees and flies, usually depend on the resource avail-
ability of the previous summer (Endres et al., 2021; Forrest,
2015).

Our results showed that the phenology of total plant and
pollinator activity (where changes in total abundance and
species richness values were used as indicators of activity)
was less consistent in the dry year than in the wet year
(Figs. B1–B3). For plant species richness, pollinator abun-
dance, and pollinator species richness, differences in phenol-
ogy were not significantly different across years, but there
was a trend for total pollinator values to be higher in the dry
year for a particular DOY and for plant richness to be lower
for a particular DOY at all three life zones (Figs. B1–B3).
The higher species richness of plants and pollinators on late
sampling days in the dry year at Ponderosa Pine and Mixed
Conifer suggests that after the San Francisco Peaks finally
received heavier rains in mid-to-late July (Fig. 1), plants did
bloom, but the timing was delayed compared to the previous
summer. The late rains could also correspond to the spike in
total insect pollinator abundance at the end of the dry year at
these two life zones; with plant partners blooming later, in-
sects may have been able to continue foraging later in the sea-
son than in the previous year. Previous studies on phenolog-
ical asynchrony suggest that mutualistic insects will modify
their foraging activity alongside plant partners by responding
to similar shifts in abiotic cues, such as alterations in emer-
gence time and life cycle due to weather variation (Burkle et
al., 2013; Forrest, 2015; Bartomeus et al., 2011; Kudo, 2014).
This phenomenon could be one possibility for why we ob-
served increases in flies species richness and abundance after
late rains during the dry year, as Diptera tend to have pref-
erences for wetter conditions (Devoto et al., 2009). It is also
possible that the lower bee and butterfly/moth abundance and
species richness near the end of the dry season allowed flies
to dominate due to reduced interspecific competition. These
possibilities are not mutually exclusive.

At Spruce Fir, in addition to increased fly numbers in the
dry year relative to the wet year, there was also slightly
higher bee abundance and species richness in the first part
of the dry season. Specifically, during the first sampling
day in the wet year (DOY 207), there were just five bee
species (12 individuals) sampled at Spruce Fir. On a sim-
ilar sampling date in the dry year (DOY 211), there were
nine species (17 individuals) sampled, despite the drier con-
ditions. Bee abundance and species richness in this zone then
declined during the dry year with the late-season rains. It
is possible that at this higher life zone, bees thrived dur-
ing these unexpectedly dry weeks since arid and warm habi-
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Table 4. Overall changes in pollinator Gc values (generalization) for the subset of pollinator species present during both the wet year (2017)
and the dry year (2018) at each life zone.

Ponderosa Pine Mixed Conifer Spruce Fir

% of species with increased Gc values in dry year 38.1 % (8 species) 37.1 % (13 species) 47.6 % (10 species)
% of species with decreased Gc values in dry year 61.9 % (13 species) 62.9 % (22 species) 52.4 % (11 species)

Table 5. Percentage of pollinator species scored as core generalists (Gc values > 1) at each life zone for both the wet year (2017) and the dry
year (2018), as well as the proportion of total interactions and total individuals made up of those generalist pollinators.

Life zone/year (a) % of species scored as (b) % of total interactions (c) % of total individuals made up
core generalist pollinators made up of generalist pollinators by generalist pollinators

Ponderosa Pine 2017 10.2 % (5 species) 28 % 42 %
Ponderosa Pine 2018 5 % (2 species) 17 % 21 %
Mixed Conifer 2017 8.2 % (5 species) 27 % 42 %
Mixed Conifer 2018 8.5 % (5 species) 28 % 51 %
Spruce Fir 2017 5.3 % (2 species) 22 % 63 %
Spruce Fir 2018 14.9 % (7 species) 37 % 67 %

tats are conducive to the needs of many bee species (Orr et
al., 2021; Michener, 2000). In fact, a recent study conducted
in the coastal sage scrub habitats in San Diego County in
the years before and after a significant drought event (Hung
et al., 2021) found that bee abundance of certain species
increased after the drought and that the assemblage was
strongly represented by small-bodied and eusocial bees, es-
pecially the subgenus Dialictus of the genus Lasioglossum.
Smaller-bodied bees may require fewer resources (Hung et
al., 2021), and many Dialictus members may be dietary
generalists, allowing these bees to survive on any plant re-
sources available during the drought years. Our dataset indi-
cates similar increases in small-bodied, eusocial bees (e.g.,
Lasioglossum (Dialictus), Hylaeus, and Protandrena) in
the dry year (https://doi.org/10.6084/m9.figshare.24944643,
Chesshire, 2024).

In most systems, insect pollinator species have some de-
gree of dietary generalization, and many plant–pollinator
mutualistic interactions show plasticity (Waser et al., 1996;
Endres et al., 2021; Johnson and Steiner, 2000; Rabeling et
al., 2019). This can allow for continued feeding for pollina-
tors in the face of decreased plant availability, even if it is
at a lower resource intake (Endres et al., 2021), thus avoid-
ing starvation. Our results support the niche theory, which
suggests that the number of interaction partners may expand
or contract under certain environmental conditions, includ-
ing droughts (Endres et al., 2021; Fontaine et al., 2008). We
showed by multiple metrics that on the San Francisco Peaks,
insect pollinators are tending towards higher generalization
in the dry year at the highest life zone, Spruce Fir. At Spruce
Fir, a greater number of pollinator species were determined
to be core generalists, and the percentage of total interactions
made up of this subset of core generalists was higher than
it was in the previous wet year. This suggests that the most

generalized pollinator species were responsible for more net-
work interactions (links) in the dry year. Additionally, at
Spruce Fir over 52 % of the pollinator species that foraged
both years showed increases in their total plant partners in
the dry year (Table 4). Increased pollinator generalization for
some species in the dry year, despite fewer floral resources,
may suggest some degree of plasticity when it comes to part-
ner choice. Our results showing increases in species gener-
alization in drier conditions support the findings of recent
studies on pollinator assemblages across environmental gra-
dients; during years of drought in Crested Butte, Colorado,
the biennial plant species scarlet gilia (Ipomopsis aggregata)
received increased abundance and species richness of polli-
nator visitors compared to in non-drought years (Endres et
al., 2021). These results are consistent with the theory that
pollinator diet breadth (generalization) increases in condi-
tions with decreased floral resources, with insect visitor cat-
egory richness being 4.08 times higher in drought years than
in non-drought years (Endres et al., 2021). Similarly, an anal-
ysis by Doré et al. (2021) revealed that across an anthro-
pogenic gradient, pollinator generalization increased with
human disturbance, suggesting that some plant–pollinator as-
sociations can exhibit plasticity in response to environmen-
tal perturbations. Although this study was not directly re-
lated to precipitation, it provides an example of pollinator
species widening their diet breadth to include more partners
in habitats that have higher risks of extinction/threats (Doré
et al., 2021). Importantly, for all Gc calculations, we ac-
knowledge the caveat that high individual abundances may
positively correlate to higher Gc values simply because the
more abundant species are likely to be sampled more fre-
quently (Winfree et al., 2014; Chesshire et al., 2021), which
could be a contributing factor to the increased Gc values in
the dry year for some species.
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Overall, identifying which pollinator species are seem-
ingly critical for local network stability in drought condi-
tions may be most important for conservation purposes. Gen-
eralist pollinators might be better equipped to handle envi-
ronmental perturbations due to their ability to use available
plant resources in the face of missing plant partners (Hung et
al., 2021), and their persistence can hold together many of the
plant–pollinator links within a network (Biella et al., 2019).
However, even if those species’ populations are stable and
abundant now, any threats leading to loss of these important
generalists can lead to faster community collapse (Lance et
al., 2017; Hegland et al., 2009; Chesshire et al., 2021). For
example, the more generalized pollinators currently inhabit-
ing Spruce Fir may face shrinking habitat and range contrac-
tion in upcoming years (Osorio-Canadas et al., 2021; Biella
et al., 2017), and combined with decreased flower produc-
tivity due to increased drought severity, they could face de-
creases in both food and habitat. Protecting the species most
responsible for community robustness may help preserve net-
work function in the face of environmental change and may
also inadvertently secure any rare yet functionally impor-
tant bee species that associate with generalist plants (Bas-
compte et al., 2003; Simpson et al., 2022). In our study,
one critical pollinator species during the dry year was the
fly Ptilodexia 002. This species had the starkest example of
Gc values increasing between years; although Ptilodexia 002
was present both years at all life zones, it interacted with
more plant species in the dry year (increased Gc values) at all
life zones. This increase in plant partners led Ptilodexia 002
to be classified as a generalist species at Ponderosa Pine and
Spruce Fir in the dry year even though it was not considered
a generalist in the previous year. Ultimately, Ptilodexia 002
is a critical species within the San Francisco Peaks pollina-
tor communities. In fact, previous research shows that mem-
bers of the Ptilodexia genus are known to be important pol-
linators of angiosperms (Glinos et al., 2019; Wilder, 1976).
Adults are nectar feeders that have been observed probing
on flowers for long periods, and sampled individuals have
had numerous pollen granules attached to their tarsi (Wilder,
1976). Further, a 2016 Argentinian study determined that the
threatened medicinal plant species Minthostachys verticillata
is absolutely dependent on animal pollination, and over 70 %
of its pollinator visits were from Ptilodexia cf. cingulipes in-
dividuals (Glinos et al., 2019). This is an important example
of how uncovering the species-level trends within the San
Francisco Peaks pollination networks can be very informa-
tive.

Although our results are specific to the local pollinator
communities of northern Arizona, these findings are rele-
vant to other pollination systems worldwide. For example,
the San Francisco Peaks are one of the sky islands found
in the southwestern United States. These isolated moun-
tain tops support a high diversity of plants and animals
in just a few square kilometers due to the multiple habi-
tat types present along the elevational gradient (Bowers and

McLaughlin, 1996). Sky islands are not only composed of
biodiversity hotspots at each habitat (Bowers and McLaugh-
lin, 1996) but also support species at low-elevation habitats
(e.g., desert) that could not possibly exist at the higher zones
(e.g., alpine). Because of this, there is often high species
turnover across the elevational gradient. It is crucial to un-
derstand current turnover in plant–pollinator interactions at
these different habitat zones and also anticipate how climate
change may accelerate species turnover across the rest of
the North American southwest, where additional sky islands
exist (Bowers and McLaughlin, 1996) and bees are most
diverse (Orr et al., 2021). Furthermore, even when study-
ing short-term pollination network responses to environmen-
tal changes in completely different ecosystems globally, the
main takeaways remain the same: how will pollinator com-
munities respond to consecutive years of extreme abiotic dif-
ferences?

While we provide unique and valuable plant–pollinator in-
teraction data because our study encompassed three different
elevational zones across years with distinctly different pre-
cipitation levels, there are important caveats and limitations
to this work. For example, our study covers only a 2-year
period in natural communities, so we cannot definitely at-
tribute the temporal changes observed to lower cumulative
precipitation. While such “snapshot” studies of local pollina-
tion networks are important, multi-year repetition is critical,
especially if working to pinpoint which abiotic and/or biotic
factors drive different patterns. As mentioned, it is hard to
disentangle the extent to which changes in species richness,
abundance, and generalization are due to yearly precipita-
tion differences or due to other reasons that may drive pol-
lination network changes across time. Some plant–pollinator
interactions may be naturally temporally dependent, where
species diversity, link rewiring, and species turnover varies
not only year-to-year but also across weeks or months within
a season (Schwarz et al., 2020). This can lead to within-
year fluctuation and rapid species turnover and/or rapid inter-
action rewiring of plant–pollinator associations (CaraDonna
et al., 2017). There may have also been additional abiotic
factors contributing to differences in species richness and
abundance in the dry year (2018), including massive forest
fires surrounding the San Francisco Peaks and precipitation
regimes in the years prior to our study. Additionally, as the
North American southwest is in the midst of a 20-year-long-
megadrought, even our wet year had a 31 d period of no rain,
which highlights that although we view our study in the con-
text of a wet year vs. dry year, this is all relative because the
megadrought is creating much more arid conditions in the
area than in previous decades (Williams et al., 2022). Finally,
the order in which the wet year vs. dry year occurred may
be important; if the San Francisco Peaks experienced a wet
year after a dry year, it is possible that opposite species rich-
ness and abundance trends may have been observed across
years. These caveats highlight the need for continued, multi-
year studies on local pollination systems across the North
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American southwest, such as the San Francisco Peaks but
also elsewhere.

5 Conclusion

Ultimately, with a predicted increase in the severity and in-
tensity of droughts across ecosystems worldwide, including
those within the southwestern United States (Balling and
Goodrich, 2010; Cook et al., 2015; IPCC, 2022), understand-
ing the response of plant–pollinator communities and mutu-
alistic interactions to environmental change is critical. How-
ever, regardless of the species-level trends uncovered in local
pollination systems, the answer for preserving ecosystems
is not always clear cut. Although identifying and protect-
ing the critical generalist species that are most responsible
for community stability in disturbed conditions are likely the
most important routes to take now, other uncontrollable shifts
in ecosystem dynamics may impact pollinator communities.
For example, if generalist pollinators start to replace all the
specialists entirely (Doré et al., 2021), there may be negative
consequences on ecosystem function. Some generalists are
unable to handle certain flower types as efficiently as spe-
cialists, and there may be increases in hetero-specific pollen
transfer (Doré et al., 2021; Endres et al., 2021; Morales and
Traveset, 2008). Additionally, as was observed at the Spruce
Fir life zone in the dry year, drought conditions could lead to
increases in bee abundance at higher elevations due to drier
conditions. While this may not be entirely negative since bees
are critical for pollination services, increasing drought will
still lead to an overall decrease in plant productivity at these
high-elevation communities (Osorio-Canadas et al., 2021),
and it is not certain that such benefits will outweigh the cost.
Regardless, it would be beneficial for future plant–pollinator
studies to identify any important species-level associations
within the system. Knowledge of local-scale trends in in-
sect pollinators and their food plants can be used to scale
up across regions and help prepare conservation strategies in
a world increasingly threatened by global change.

Appendix A

A1 Supplemental methods

A1.1 Plant and pollinator abundance and species
richness across years with extra sampling week
retained

We repeated the analyses for question 1 after retaining data
from the extra sampling week in the dry year. Specifically,
these analyses evaluated year-to-year differences in the av-
erage abundance of plants and pollinators, as well as the av-
erage species richness of plant and pollinators, between the
wetter year (2017) and drier year (2018) at each life zone.
For these supplemental analyses, plant abundance was still
defined as the number of total flowers observed along all

three transects at each site, and we again constructed general-
ized linear mixed models (GLMMs) with abundance of either
plants or pollinators specified as the response variable and the
life zone, year, and interaction effect between life zone and
year set as the predictor variables (fixed factors). The site
and sampling period were again set as random-effect terms,
with the sampling period nested within the site, as each site
was sampled several times across different sampling periods.
When data from the extra sampling week were included be-
cause greater sampling effort may lead to a higher chance of
encountering more species (Evans et al., 2017), we did not
use raw species richness values in our models. Instead, to ac-
count for the additional sampling week in the dry year, we
used species richness estimates generated with the package
iNEXT v3.0.0 (Hsieh et al., 2016) using R Statistical Lan-
guage v4.3.2 (R Core Team, 2023). This individual-based
rarefaction method computes diversity estimates of order q

(where here, q = 0, i.e., species richness) by interpolating
or extrapolating assemblages based on a reference sample
obtained from observed data (Colwell et al., 2012; Chao et
al., 2014). Abundance data were not modified as our mod-
els work with means at each life zone across wet and dry
years for which the additional sampling week is considered
when calculating averages. According to the Shapiro–Wilk
test for normality, all abundance and species richness data for
insect pollinators were non-normally distributed (p > 0.05)
and over-dispersed, so we selected a negative binomial fam-
ily distribution for these two GLMMs (Bolker, 2019). Abun-
dance data for plants were also non-normally distributed and
over-dispersed, so we also selected a negative binomial fam-
ily distribution for this model. The non-normally distributed
plant species richness data were not over-dispersed (disper-
sion ratio= 0.33), so we selected a Poisson family distribu-
tion for this model. In order to better create GLMMs using a
negative binomial family, we used the R package glmmTMB
v1.1.9 (Brooks et al., 2023) for these supplemental models.
For all analyses, we again used the Anova() function in the
package car v3.1.2 (Fox et al., 2012) to test for overall signif-
icance of fixed effects (p value < 0.05), and for each model,
we again selected either the Type II or Type III method for
calculating the sum of squares depending on whether there
were significant interactions between fixed effects. Analy-
ses were again restricted to just include plant species for
which we had a documented pollinator partner. All polli-
nator data were used in analyses. We used the least square
means from the emmeans() function to visualize the data as
bar graphs.

A1.2 Temporal changes in plant and pollinator activity
across years with extra sampling week retained

We also repeated the analyses for question 2 after retaining
data from the extra sampling week in the dry year. Ques-
tion 2 analyses were conducted to compare the seasonal
progression of plant and pollinator activity periods between
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the wet and dry year at each life zone. We again created
GLMMs to track average plant and pollinator abundance and
species richness estimates with the sampling day (numeri-
cal values 1–366 assigned to each calendar date, a.k.a. Ju-
lian date) for both the 2017 and 2018 sampling periods. Data
were separated by life zone, and GLMMs for each life zone
were constructed in the R package glmmTMB v1.1.9 (Brooks
et al., 2023) to examine any year-to-year variation in the
seasonal progression of plant and pollinator abundances or
species richness estimates over time. To account for the extra
sampling week in 2018, we again used the rarefied species
richness estimates that were generated using the package iN-
EXT v3.0.0. Abundance data were unmodified. In our mod-
els, abundance or species richness data of plants or pollina-
tors (kept at a site level) were specified as the response vari-
able and DOY, year, and the interaction effect between DOY
and year were set as the predictor variables (fixed factors).
The site and sampling period were again set as random-effect
terms, with the sampling period nested within the site, as
each site was sampled several times across different sampling
periods. We selected a negative binomial distribution for all
models due to non-normally distributed and over-dispersed
data. For all analyses, we used the Anova() function in the
package car v3.1.2 (Fox et al., 2012) to test for overall signif-
icance of fixed effects (p value < 0.05), and for each model,
we again selected either the Type II or Type III method for
calculating the sum of squares depending on whether there
were significant interactions between fixed effects. Analyses
were again restricted to just include plant species for which
we had a documented pollinator partner.

A2 Supplemental results and discussion

A2.1 Plant and pollinator abundance and species
richness across years with extra sampling week
retained

Similarities to main analyses. For plant species richness, re-
sults were very similar with and without the extra sampling
week. In these supplemental GLMMs, when using rarefied
richness values to account for the extra sampling week there
were significant effects of the year alone (p= 0.017), and the
interaction between life zone and year was marginally signif-
icant (p= 0.055), with slightly lower plant richness overall
in the dry year (Table A1). Additionally, there were no signif-
icant differences in flower abundance across paired life zone
comparisons, and for species richness, the number of plant
species at Ponderosa Pine in the dry year was significantly
lower than that of Ponderosa Pine in the wet year (EMM –
z=−3.322, p= 0.012).

For pollinator species richness, results were also very sim-
ilar with and without the extra sampling week. When us-
ing rarefied richness values, there were no significant effects
of year or of the interaction between life zone and year, al-
though there was a significant effect of life zone alone, with

the lowest richness estimates occurring at Ponderosa Pine
(Table A1). Further, there were no significant differences
in pollinator species richness estimates across years for in-
dividual life zone pairs. Also, there were a few significant
differences in average pollinator abundances between life
zones across years, with insect abundance being significantly
higher in the dry year at Mixed Conifer (EMM – z= 4.277,
p < 0.001) and Spruce Fir (EMM – z= 3.366, p= 0.010)
than at Ponderosa Pine in the wet year.

Differences from main analyses. For flower abundance,
however, when data from the extra sampling week was re-
tained, there was a marginally significant effect of year on
flower abundance (Table A1), with abundance slightly lower
in the dry year overall at all life zones. This differs from our
main results when the extra sampling week was excluded;
while there was a significant interaction effect of year and
life zone, there was no effect of year alone. Additionally,
average flower abundance was slightly higher at Ponderosa
Pine in the dry year. This discrepancy could be due to very
low abundances recorded across all life zones during the ex-
tra sampling week in the dry year, which ultimately brought
down average abundances in our GLMMs compared to when
these data were removed for the main analyses.

For pollinators, when data from the extra sampling week
were retained, average abundances were higher overall in the
dry year, with a marginally significant effect of year (Ta-
ble A1). However, there was no significant effect of year in
our main analyses when this extra sampling week was ex-
cluded. This discrepancy could be because removing the 299
individuals collected in the extra sampling week of the dry
year had a more pronounced effect on whether year was sig-
nificant than anticipated. These differences reiterate our point
that removing the extra sampling week from the dataset be-
fore conducting analyses was the appropriate choice to accu-
rately compare trends across years.

A2.2 Temporal changes in plant and pollinator
abundance and richness across years with extra
sampling week retained

Similarities to main analyses. At Mixed Conifer, when re-
taining data from the extra sampling week, flower abundance
peaked later in the dry year than the wet year, and at the
Spruce Fir life zone, while flower abundance showed a simi-
lar seasonal progression across years, abundances were gene-
rally higher at any given Spruce Fir site in the wet year than
they were in the dry year. For plant species richness, when
using rarefied richness estimates, there was a significant ef-
fect of year alone at Ponderosa Pine and a marginally signifi-
cant effect at Mixed Conifer and Spruce Fir (Table A3), with
plant species richness estimates trending higher in the wet
year. Very similar trends were seen in the main text analyses.

For pollinator abundance, patterns did not significantly
differ at particular DOYs across years for Ponderosa Pine
or Mixed Conifer, but there was a significant interaction ef-
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fect of DOY at Spruce Fir (Table A2). For pollinator species
richness estimates, there were no differences for particular
DOYs across years for Ponderosa Pine, but there was a sig-
nificant effect of DOY alone at Mixed Conifer (Table A3)
and a marginally significant effect of year alone at Spruce
Fir, with pollinator richness generally being higher in the dry
year. These same trends were seen in our main text analyses
when the extra sampling week was removed.

Table A1. Results of GLMMs assessing average plant and pollinator abundance and species richness estimates across years when data from
the extra sampling week in 2018 were retained. A ∗ symbol shown between two terms represents the interaction of those fixed factors.

Response variable Fixed factors Chi-sq DOF p value

Flower abundance Life zone 0.33 2, 151 0.848
Year 2.95 1, 151 0.086
Life zone∗year 4.07 2, 151 0.131

Plant richness Life zone 7.67 2, 151 0.022
Year 5.73 1, 151 0.017
Life zone∗year 5.78 2, 151 0.055

Pollinator abundance Life zone 16.48 2, 151 < 0.001
Year 3.75 1, 151 0.053
Life zone∗year 0.81 2, 151 0.667

Pollinator richness Life zone 8.34 2, 151 0.015
Year 1.51 1, 151 0.219
Life zone∗year 0.77 2, 151 0.679

Table A2. Summary statistics for the generalized linear mixed models (GLMMs) assessing temporal changes in plant and pollinator abun-
dance across years when data from the extra sampling week in 2018 were retained. A ∗ symbol shown between two terms represents the
interaction of those fixed factors.

Response variable Life zone Fixed factors Chi-sq DOF p value

Flower abundance Ponderosa Pine DOY 11.81 1, 46 < 0.001
Year 0.01 1, 46 0.902
DOY∗year 1.63 1, 46 0.202

Mixed Conifer DOY 0.61 1, 45 0.434
Year 3.51 1, 45 0.061
DOY∗year 1.42 1, 45 0.233

Spruce Fir DOY 0.11 1, 47 0.743
Year 6.84 1, 47 0.009
DOY∗year 0.001 1, 47 0.974

Pollinator abundance Ponderosa Pine DOY 0.001 1, 46 0.979
Year 1.9 1, 46 0.296
DOY∗year 0.94 1, 46 0.336

Mixed Conifer DOY 0.04 1, 45 0.815
Year 4.29 1, 45 0.038
DOY∗year 0.27 1, 45 0.601

Spruce Fir DOY 11.11 1, 47 < 0.001
Year 0.2 1, 47 0.652
DOY∗year 2.16 1, 47 0.142
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Differences from main analyses. For flower abundance,
there was a significant interaction effect of year alone at
Spruce Fir when retaining data from the extra sampling week
(Table A2), which was not seen in our main text analyses. It
is possible that retaining the very low flower abundances col-
lected during the extra week deflated flower abundance and
yielded a significant effect of the year. For pollinator abun-
dance in our supplemental analyses, there was a significant
effect of year alone at Mixed Conifer, which was not seen
in our main text analyses. Again, these differences indicate
that removing the extra sampling week from the dataset be-
fore conducting analyses was the best choice to accurately
compare any differences across years.

Table A3. Summary statistics for the generalized linear mixed models (GLMMs) assessing temporal changes in plant and pollinator species
richness estimates across years when data from the extra sampling week in 2018 were retained. A ∗ symbol shown between two terms
represents the interaction of those fixed factors.

Response variable Life zone Fixed factors Chi-sq DOF p value

Plant species richness Ponderosa Pine DOY 15.1 1, 46 < 0.001
Year 19.62 1, 46 < 0.001
DOY∗year 0.81 1, 46 0.369

Mixed Conifer DOY 14.81 1, 45 < 0.001
Year 3.31 1, 45 0.069
DOY∗year 2.81 1, 45 0.094

Spruce Fir DOY 21.43 1, 47 < 0.001
Year 3.21 1, 47 0.073
DOY∗year 0.09 1, 47 0.755

Insect species richness Ponderosa Pine DOY 0.22 1, 46 0.639
Year 0.18 1, 46 0.668
DOY∗year 1.12 1, 46 0.286

Mixed Conifer DOY 7.01 1, 45 < 0.008
Year 0.95 1, 45 0.328
DOY∗year 0.65 1, 45 0.417

Spruce Fir DOY 1.88 1, 47 0.17
Year 2.87 1, 47 0.089
DOY∗year 0.38 1, 47 0.533
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Appendix B: Figures B1–B3

Figure B1. Trends in total species richness for both plants and pol-
linators across the full sampling season for each year. Graphs were
created separately for each life zone (a Ponderosa Pine, b Mixed
Conifer, and c Spruce Fir), with species richness of either plants
or pollinators as the dependent variable and sampling day (numeri-
cal values 1–366 assigned to each calendar date, a.k.a. Julian date)
as the independent variable. These graphs were used to visualize
how the seasonal progression (timing) of plant and pollinator ac-
tivity varied between a wet year and a dry year, with total species
richness values considered indicators of activity.

Figure B2. Trends in total pollinator abundance across the full sam-
pling season for each life zone for each year, with pollinator abun-
dance as the dependent variable and sampling day (numerical values
1–366 assigned to each calendar date, a.k.a. Julian date) as the in-
dependent variable. These graphs were used to visualize how the
seasonal progression (timing) of pollinator activity varied between
a wet year and a dry year, with total abundance values considered
indicators of activity.

Figure B3. Trends in total plant abundance (number of flowers)
across the full sampling season, with flower abundance as the de-
pendent variable and sampling day (numerical values 1–366 as-
signed to each calendar date, a.k.a. Julian date) as the independent
variable. These graphs were used to visualize how the seasonal pro-
gression (timing) of plant and pollinator activity varied between a
wet year and a dry year, with total abundance values considered in-
dicators of activity.

Code availability. Comprehensive R scripts used to create graphs,
run analyses, and produce statistics are included in our figshare
project, found at https://doi.org/10.6084/m9.figshare.24944643
(Chesshire, 2024b).

Data availability. The master plant–pollinator interaction data
from the 2017 and 2018 field seasons, additional data CSVs re-
quired for some or all of the R scripts, and the five supplemen-
tal Excel files referenced in the text are hosted on figshare at
https://doi.org/10.6084/m9.figshare.24944643 (Chesshire, 2024b).
The project is entitled “Shifts in northern Arizona plant and insect
pollinator communities between 2 years with substantially different
precipitation totals” and descriptions of each uploaded file are given
in the included README.md file. The link to the project can be also
found at https://figshare.com/s/11ed753e3cbeb89d3046 (Chesshire,
2024a).
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Supplement. The supplement related to this article is available
online at: https://doi.org/10.5194/we-25-5-2025-supplement.
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