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Abstract

Mutualism benefits partner species, and theory predicts these partnerships can affect
the abundance, diversity, and composition of partner and non-partner species. We
used 16 years of monitoring data to determine the ant partner species of tree cholla
cacti (Cylindropuntia imbricata), which reward ants with extrafloral nectar in exchange
for anti-herbivore defense. These long-term data revealed one dominant ant partner
(Liometopum apiculatum) and two less common partners (Crematogaster opuntiae and
Forelius pruinosus). We then used short-term characterization of the terrestrial ant
community by pitfall trapping to sample partner and non-partner ant species across
ten plots of varying cactus density. We found that the dominant ant partner tended a
higher proportion cacti in plots of higher cactus density, and was also found at higher
occurrence within the pitfall traps in higher density plots, suggesting a strong positive
feedback that promotes ant partner occurrence where plant partners are available.
Despite the strong association and increased partner occurrence, ant community-
wide effects from this mutualism appear limited. Of the common ant species, the
occurrence of a single non-partner ant species was negatively associated with cactus
density and with the increased presence of L. apiculatum. Additionally, the composi-
tion and diversity of the ant community in our plots were insensitive to cactus density
variation, indicating that positive effects of the mutualism on the dominant ant part-
ner did not have cascading impacts on the ant community. This study provides novel
evidence that exclusive mutualisms, even those with a strong positive feedback, may

be limited in the scope of their community-level effects.
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1 | INTRODUCTION

Mutualisms, classically defined as positive interactions between
species, are increasingly recognized as forces that can structure
communities (Bronstein et al., 2006; Stachowicz, 2001; Traveset &
Richardson, 2014). Mutualists are embedded within larger commu-
nities of other partner and non-partner species with which they in-
teract as mutualists, competitors, predators, or prey (Aranda-Rickert
et al., 2014; Bluthgen et al., 2004; Palmer et al., 2003). Theory pre-
dicts that the positive benefits between two species can spill over
to influence community composition and diversity by changing the
relative abundance and competitive hierarchies. These interactions
may function as the opposite of keystone predation, in which pred-
ators promote diversity through the suppression of competitively
dominant species (Paine, 1966). For instance, mutualisms commonly
drive positive feedback between partners that can promote partner
species’ occurrence and abundance with resulting decreases in non-
partner species’ abundance and community diversity (Frederickson
et al., 2005; Rudgers & Clay, 2008; Rudgers et al., 2010; Styrsky &
Eubanks, 2007). However, the outcomes of mutualistic interactions
on the larger community should depend on whether the benefiting
partner species are superior or inferior competitors and the degree
of niche overlap between partner and non-partner species. Given
the ubiquity of mutualisms in nature, understanding whether and
how mutualisms affect partner and non-partner species and com-
munity diversity is an important and growing line of inquiry.

Ant-plant interactions involving an exchange of food for pro-
tection are ideal model systems for understanding the community
effects of mutualism. Globally, 332 genera of plants are known to
produce extrafloral nectar (EFN) (Koptur, 1992), which can serve
as a dietary resource for numerous ant species (Baker et al., 1978;
Davidson, 1997). EFN has been shown to promote ant abundance
and colony size (Byk & Del-Claro, 2011), and this dietary resource
is often exchanged for deterrence of herbivores (Chamberlain &
Nathaniel Holland, 2009; Rosumek et al., 2009; Trager et al., 2010).
Despite the potential importance of EFN for ants, the majority of
ant-plant systems are studied unilaterally from the plant's perspec-
tive (Bronstein, 1994; Lanan & Bronstein, 2013). There is strong evi-
dence for ant partners reducing herbivory (Rudgers et al., 2010) and
herbivore diversity (Pringle & Gordon, 2013), and enhancing nutri-
ent availability (Mayer et al., 2014; Wagner & Fleur Nicklen, 2010),
growth, and survival (Baez et al., 2016), all of which benefit the plant
partners. Much less is known about the consequences of ant-plant
mutualism from the ant's perspective (but see Byk & Del-Claro, 2011
and Lanan & Bronstein, 2013). Focus on the effects of plants on ants
would help document the complete feedback loop between mutu-
alist partners.

While some well-studied ant-plant mutualisms are obligate for
the ants (e.g., the ant symbionts of myrmecophytic Acacia spp.),
many other common yet less well-studied ant-plant mutualisms are
facultative. Facultative mutualisms can be diffuse, with multiple ant
species associating with one or more plant partner species (Alonso,
1998; Horvitz & Schemske, 1990). Plants engaged in facultative

mutualisms with ants often provide some dietary resources but not
housing, and thus, the ants must rely on other resources to meet
their requirements. This dependence on non-plant resources likely
thrusts facultative ant partners into competition with non-partner
ant species for nest space and nitrogen-rich dietary resources.
Indeed, even for ant species with little dietary overlap, competi-
tion for nesting sites can be intense (Levings & Franks, 1982). Given
that ant communities are often strongly structured by competition
(Holldobler et al., 1990; Styrsky & Eubanks, 2007; Toby Kiers et al.,
2010), if EFN promotes the occurrence and abundance of partner ant
species, non-partner ant species may be negatively affected, with
consequences for community richness, evenness, and composition.

In this study, we addressed the central hypothesis that faculta-
tive mutualism between ants and EFN-bearing plants has cascading
effects on the broader ant community, including partner and non-
partner species. This hypothesis makes two predictions for associa-
tions between ants and cacti that our observational study addressed.
First, if ant defenders and EFN-bearing plants engage in positive
feedback, then partner ant species should be more abundant, on and
off plants, in areas where EFN resources are more abundant. Second,
if increased abundance of partner ant species escalates competition
for nest sites and other non-EFN resources with non-partner spe-
cies, then areas of high EFN and ant partner abundance should see
declines in non-partner abundance, reductions in community diver-
sity, and/or shifts in composition. Our observational approach relied
on long-term data to identify key ant partner species and short-term
spatial sampling to characterize ant communities spanning a natural
gradient of EFN-plant densities.

Our study focused on the EFN-bearing cactus Cylindropuntia
(=Opuntia) imbricata Haw. [D.C.] and its ant partners in the northern
Chihuahuan Desert. Previous work in this system based on short-
term observations and experiments identified benefits between one
of the ant partner species and the cactus (Miller, 2007; Ohm & Miller,
2014). Based on this, we anticipated that if there was long-term con-
sistency in ant partner identity, this would likely result in the promo-
tion of partner abundance elsewhere in the environment (off of the
cacti). We used 16 years of plant census data to identify the domi-
nant ant partner species and the temporal consistency of ant-plant
associations. Then, in a single year, we surveyed ant communities in
plots of varying cactus density. The observational surveys charac-
terized ant communities independently of the ant-cactus mutualism
(using pitfall traps). These two types of information allowed us to
test whether on-plant associations with alternative partner species
reflect their abundance in the environment, or whether dominant
partners are over-represented on plants relative to their occurrence
in the environment. As the cacti are likely longer-lived (>40 years)
and less mobile than the ant colonies, and the benefits of ant tending
have been previously described (Miller, 2007; Ohm & Miller, 2014),
we framed our hypotheses around the response of ant partner spe-
cies presence and abundance to cactus density, and the resulting
effects on the ant community. We used the long-term data and
short-term ant community characterization to answer the following

specific questions:
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1. Which ant species is/are the dominant partner(s) and how
consistent are these associations?

2. What is the association between partner and non-partner ant
species with spatial variation in cactus density, a proxy for EFN
resource availability?

3. Does the frequency of alternative ant partners on cacti reflect
their occurrence or abundance in the environment?

4. What are the spillover effects of the ant-plant mutualism on ant

community diversity and composition?

2 | METHODS

2.1 | Natural history and study area

The tree cholla (C. imbricata) is a long-lived cactus common
throughout the Chihuahuan Desert and native to arid grasslands
across the southwestern United States. Its growth form is arbores-
cent with cylindrical, photosynthetic stems and large, conspicu-
ous spines (Benson, 1982; Fraser & Pieper, 1972). Tree cholla cacti
secrete EFN from specialized glands on young vegetative and re-
productive structures (nectaries are on the outside of flower buds
and fruits), as in other EFN-producing cactus species (Ness et al.,
2016; Oliveira et al., 1999). Previous work at our study site found
that reproductive structures produce greater amounts of EFN
than do vegetative structures (Miller, 2014). Tree cholla secrete
EFN throughout the growing season, April through September in
our study region.

We conducted this study at the Sevilleta National Wildlife
Refuge, a Long-term Ecological Research (LTER) site in Socorro
County of central New Mexico (34°20'5.3"N, 106°37'53.2"W).
Our sampling sites were located on the west-facing slopes of the
Los Pifios Mountains (1790 m). The habitat includes rocky soils
and perennial vegetation characteristic of the high Chihuahuan
Desert, including grasses (Bouteloua gracilis and B. eriopoda), other
cacti (Opuntia and Echinocereus), Yucca, and oaks (Quercus). In this
habitat, tree cholla cacti are the primary source of nectar (co-
occurring cactus species do not produce EFN [T.E.X. Miller, Pers.
Obs.]), though we have observed occasional ant-tending of aphids
on oaks. As C. imbricata is the only source of EFN, this character-
istic of the system allowed us to address how EFN availability is
associated with ant partner identity and ant community composi-
tion and diversity.

Three ant species are known from previous studies to col-
lect tree cholla EFN in our study area (Miller, 2007, 2014; Ohm
& Miller, 2014): Crematogaster opuntiae Buren, Liometopum apicu-
latum Mayr, and Forelius pruinosus Roger. All of these species are
ground-nesting and differ in their interaction outcomes with tree
cholla cacti. L. apiculatum is an effective bodyguard against cac-
tus herbivores and seed predators, while C. opuntiae is less so
and may even have a net parasitic effect by deterring pollinators
(Miller, 2007; Ohm & Miller, 2014). The effects of F. pruinosus on
tree cholla fitness are not known. Additionally, ants in the genera
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Liometopum and Forelius are considered competitively dominant,
while Crematogaster spp. tend to be less so (Andersen, 1997).
Further, L. apiculatum often relies on carbohydrate-rich exudates
(de Conconi et al., 1983; Corona et al., 2007) as a key part of this
ant species’ diet. When tree cholla individuals are tended, it is
almost always by a single ant species at a given time. However,
closely co-occurring cacti may be tended by different ant species.
And short-term studies (Miller, 2007, 2014) show that ant occu-
pant identity on individual cacti tends to remain constant within
and across years, with changes typically being unidirectional from
C. opuntiae to L. apiculatum.

2.2 | Datacollection

2.21 | Long-term monitoring

To document which ant species are the most frequent partners on
plants through time, and therefore most likely to engage in posi-
tive feedback with plants, we surveyed ant presence and identity
on marked cacti from 2004 to 2019 (no survey data were collected
during 2007). For the years 2004-2008, the survey included a total
of 127 plants distributed across three spatial blocks (ca. 40 cacti /
block), separated by ca. 2 km. In 2009, we stopped this census and
began a new census in six 30 x 30 m plots that were separated by
0.5-2 km. In each year (2009-2019), we visited all cacti (mean: 87
cacti / plot) and assessed each for ant partner identity and recorded
whether the cacti were reproductive or vegetative. Two additional
plots of the same dimensions were added in 2011 and censused each
subsequent year as above. Finally, in 2013 two additional plots were
included solely in that year's census and ant community measure-
ments (described below), for a total of ten plots in that year. In total,
we made 8298 observations of 1225 individual cacti between 2009
and 2019. Cacti were surveyed a minimum of one year and a maxi-
mum of 11 years (mean + SD: 6.5 + 3.6 years). During these surveys,
reproductive status, survival, ant occupancy, and other variables
described in Miller (2007, 2014) were recorded. These surveys oc-

curred in late May or early June of each year.

2.2.2 | Cactus density and vegetation cover

Because our study relied on natural variation in cactus density (as
a proxy for EFN resources), it is possible that overall cactus density
may not be correlated with reproductive cactus density (the domi-
nant source of EFN) and/or is confounded with other habitat vari-
ables. To evaluate this, we counted the number of reproductive cacti
within each plot, and quantified vegetation cover and substrate type
in each plot. We identified the percent cover of vegetation (grass,
shrub, woody plant (oaks and junipers), forb, cactus, and other (e.g.,
Nolina sp.)) and substrate (vegetated, bare soil, and rock) in eight 1
x 1 m quadrats that were located in a standardized grid within each
plot on May 29, 2013.
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2.2.3 | Antcommunity sampling

We used pitfall traps to sample the ant communities in each of the
10 plots in May 2013. This method allowed us to sample partner
and non-partner ant species independently of the mutualism. In
each plot, we arranged 16 pitfall traps (cylindrical plastic containers
5 cm in diameter) in a 4 x 4 standardized grid, inset 3 m from the
plot boundaries and 8 m apart from one another. We placed the pit-
fall traps in the ground so that the rim was flushed with the ground
surface. We filled the pitfall traps with water mixed with several
drops of unscented soap to break the surface tension. We set the
pitfall traps out for a 24-h period from 10 a.m. on May 29, 2013, to
10 a.m. on May 30, 2013. Based on weather data from the nearby
Blue Grama Meteorological Station of the Sevilleta LTER, the mean
temperature during this 24-h period was 22.37°C and there was no
rainfall.

We used MacKay and Mackay (2002) and Fisher and Cover
(2007) to identify ant specimens to genus and, when possible, spe-
cies. Pitfall traps yielded data on ant species occurrence (presence or
absence in a trap) and abundance (number of ants in a trap, if pres-
ent). We recorded both of these metrics and use them in our anal-
yses below. However, we interpret our abundance data cautiously,
as previous works by Romero and Jaffe (1989) and Andersen (1991)
have found that the abundance data for ants from pitfall traps may
not accurately represent the actual abundance of a species, due to

biases by worker trails and different locomotive behaviors.

2.3 | Statistical analyses

2.3.1 | Long-term ant partner identities

For each year of the long-term data, we calculated the proportion
of cacti tended by each ant species (grouping unknown and very
uncommon ant partners that were observed <1% of the time as
“other”), and visualized the frequencies of association through time.
We excluded cacti that were not tended (lacking any ants) from this
analysis because these are generally very small plants that do not
produce EFN (Miller, 2014) and are therefore effectively unavailable
as mutualist partners.

2.3.2 | Cactus density and ground cover
composition

To assess whether overall cactus density (reproductive and non-
reproductive cacti) reflects the density of reproductive cacti in each
plotin 2013, we used linear models with a Gaussian distribution. We
first fit a null model, and then a model with the fixed effect of cactus
density as a predictor variable and reproductive cactus density as
the response variable, and used an F test to determine whether add-
ing the predictor variable of cactus density significantly improved
the fit to the data. As this initial analysis found overall cactus density

to be predictive of reproductive cactus density, we then proceeded
with using overall cactus density as our predictor variable in subse-
quent analyses.

To assess whether cactus density across the plots was cor-
related with ground cover composition in the plots, we transformed
our percent cover matrix to a Bray-Curtis dissimilarity matrix and
transformed cactus density into a Euclidean distance matrix with the
R package “ecodist” (Goslee & Urban, 2007). We then conducted a
Mantel test to determine the correlation between these matrices.
These and all other analyses were performed in R v.3.6.3 (R Core
Team, 2020).

2.3.3 | Association of ant partners on cacti with
cactus density

Foreach of the ant partner species identified from the long-term data,
we used generalized linear mixed-effects models to ask whether the
fraction of plants that they tended in a plot was related to cactus
density. We fit a Bernoulli response distribution of ant occurrence
(present/absent) on a cactus. The fixed effect was cactus density,
and the random effect was plot identity to reflect background plot-
to-plot variance. Each of these models was compared with a null
model with the response variable of ant occurrence and the random
effect of plot. We calculated likelihood ratios of these nested models
and used chi-squared tests to determine whether adding the predic-
tor variable of cactus density significantly improved the fit to the
data. All models were fit with package Ime4 (Bates et al., 2015), and
fit was assessed using DHARMa (Hartig, 2021).

2.3.4 | Association of common ant species in pitfalls
with cactus density and with the dominant ant partner

For the abundance and occurrence analyses from the pitfall traps,
we restricted our focus to the four most common ant species. This
was because all other ant species occurred infrequently in the traps
(<15% of all traps), except for Camponotus sp. 2, which occurred in
approximately 17% of all traps but at a very low abundance (0.244
+/-0.048 workers, mean +/- SE). The four common species included
the three partner and one non-partner ant species, allowing us to
contrast the results across ant species that differ in the strength of
their association with the cactus.

We used a hurdle approach for our zero-inflated ant count data,
where we fit two separate generalized mixed-effects models to ask
whether the occurrence and abundance (conditional on occurrence)
of these common ant species within pitfall traps responded to vari-
ation in cactus density. The fixed effect was cactus density, and the
random effect was plot identity. Each of these models was compared
to a null model with the response variable of ant occurrence and the
random effect of plot. This was done using a chi-squared test to de-
termine the importance of cactus density as a predictor of either
ant occurrence or abundance. Occurrence models used a Bernoulli
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response distribution, and abundance models used a Gaussian distri-
bution with abundance being natural log-transformed.

Additionally, as L. apiculatum was observed to be the dominant
ant partner through time, we also fit occurrence and abundance
models as described above for the three common ant species in re-
sponse to the occurrence and abundance of L. apiculatum, respec-
tively. As before, these models included plot identity as a random
effect, and we use the same methods of model comparison to de-
termine the importance of L. apiculatum as a predictor for the occur-

rence and abundance of the other ant species.

2.3.5 | Association of ant community diversity and
composition with cactus density

To determine whether positive feedback between cactus and ant
partner abundance affected ant community diversity and composi-
tion, we examined community species richness, Shannon diversity
(a measure of community evenness), and composition. We used the
R package “vegan” (Oksanen et al., 2019) to calculate Shannon di-
versity and used generalized linear mixed models to evaluate the
relationship between cactus density and ant community richness
and evenness. These models were fit with a Gaussian distribution,
including plot as a random effect, and were assessed for fit using
the methods described above. Additionally, richness data were log-
transformed, and the one pitfall trap in which zero ants were col-
lected was dropped from these community analyses.

Finally, we assessed how ant community composition varied
with cactus density. We used PCoA to visualize the ant communities
captured in the pitfall traps using both Jaccard (presence/absence)
and Bray-Curtis dissimilarity matrices. Abundance data were log-
transformed for the Bray-Curtis dissimilarity matrix. We then used
PERMANOVA in the vegan package to test whether ant commu-
nity composition was related to cactus density. To account for the
repeated sampling of the pitfall communities within each plot, we
set “strata” equal to plot identity within the “adonis” function in the

“vegan” package. Additionally, to ensure that the fine resolution of
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the pitfall-level data (which can be strongly affected by patchiness
of ant foraging and nesting) was not obscuring broader patterns,
we repeated the above community analyses with all of the pitfall
data pooled within plot. For these analyses, we ran linear models
and used ANOVA to assess fit, and we used PERMANOVA without
strata set to plot.

3 | RESULTS

3.1 | Long-term ant partner identities

Data across 16 years of monitoring revealed that L. apiculatum was
the dominant ant partner species of tree cholla cacti. Across all of
the years surveyed, 75.6% of tended cacti, on average, were tended
by L. apiculatum (Figure 1). Crematogaster opuntiae was the second
most frequent partner, occupying 16.4% of the total tended cacti, on
average, while F. pruinosus and all other ant species were infrequent
partners (<4.5%) (Figure 1). These rankings of partnerships were
highly stable throughout the 16-year period. There was only one
year (2015), where F. pruinosus was a more frequent partner than
was C. opuntiae. Of the total cacti present, 25.2% to 80.7% (mean +
SE: 55.7% + 4.0%) hosted ant partners across the study years. This
variation in percentage of occupied cacti may be due to numerous
factors across the years including EFN production in response to

weather and temporal variation in ant reliance on EFN.

3.2 | Ant community characterization

Of the 160 pitfall traps placed in the 10 plots in 2013, 159 were
recovered. We identified 10 genera and a total of 13 species or mor-
phospecies (Table S1). Out of 159 pitfalls containing 7637 ant speci-
mens, two species (Pheidole sp. 1 and Forelius pruinosus) were found
in >60% of all traps and accounted for ca. 68% of all ants captured.
The partner species L. apiculatum and C. opuntiae were found in ca.

20% and 16% of all traps, respectively. These four species were the
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most abundant ant species in our pitfall traps, collectively making up
95.46% of all ants captured. The other nine species each occurred
in less than 13% of the traps, except for Camponotus sp. 2, which
occurred in 16.98% of the traps but at a very low mean abundance
(0.24 + 0.048 ants).

3.3 | Cactus density and ground cover composition
Reproductive cactus density was positively associated with overall
cactus density (F = 6.7214, df = 1, p = .03199, adjusted R? = .39), in-
dicating that overall cactus density captures the contributions of re-
productive cacti and thus serves as a good proxy for EFN resources.
Overall, cactus density also accounts for the non-reproductive cacti,
which produce EFN in lesser amounts.

Tree cholla cactus density doubled across our 10 study plots,
from 0.05 to 0.11 plants m™2. Ground cover was otherwise similar
across plots, with consistently high cover of bare ground, rock, and
grass, and not significantly correlated with the variation of cactus
density (Figure S1; Mantel’s test statistic r = -.0159, p = .5193 with
10,000 permutations).

3.4 | Association of ant partners on cacti with
cactus density

We found that the occurrence of L. apiculatum on individual cacti was
positively associated with cactus density at the plot level (Figure 2;
X2 = 10.45, df = 1, p = .00122), suggesting that this species gains
access to a greater fraction of cacti in areas where they are more
abundant. Specifically, the probability of occurrence of L. apiculatum
on cacti increased from 13% to 94% across the gradient of cactus
density. In contrast, occurrences of C. opuntiae and F. pruinosus
on individual cacti were negatively associated with cactus density
(Figure 2; C. opuntiae: X2 =8.319,df =1, p =.00392 and F. pruinosus:
¥? =4.4289,df =1, p = .03533).

3.5 | Association of common ant species in pitfalls
with cactus density

Results from the pitfall trapping study show the occurrence of the
main ant partner L. apiculatum in pitfall traps was positively associ-
ated with increasing cactus density (Figure 2; Xz = 11462, df = 1,
p = 0.0007). Specifically, the probability of L. apiculatum occurrence
in the pitfall traps increased from 8% to 41% from low to high cac-
tus density. Occurrence of the other two partner ant species was
not significantly related to cactus density (Figure 2; C. opuntiae:
¥? =0.9623, df = 1, p = .3266 and F. pruinosus: x> = 0.0067, df = 1,
p = .9347). Pheidole sp. 1, the non-partner species, showed a nega-
tive association in its occurrence in pitfall traps with increasing cac-
tus density (X2 =4.7656, df = 1, p = .02903); however, this negative
association was modest, as Pheidole occurred in 88.68% of all pitfall

traps. Abundance per pitfall trap of these four ant species was not
significantly associated with cactus density (Figure 3; null model
vs. model with cactus density: L. apiculatum (X2 = 0.0989, df = 1,
p = .7531), C. opuntiae (;(2 = 0.1575, df = 1, p = .6914), F. pruino-
sus (y2 = 0.3786, df = 1, p = .5383), and Pheidole sp. 1 (y* = 0.4193,
df =1,p=.5173)).

3.6 | Association of common ant species in pitfalls
with the dominant ant partner

The association of the occurrence and abundance of the three com-
mon ant species with those of L. apiculatum mirrored the results
detected for cactus density. Only the occurrence of Pheidole sp. 1
in the pitfall traps was negatively associated with increasing occur-
rence of L. apiculatum (Figure S2; C. opuntiae: X2 = 0.1956, df = 1,
p = .658, F. pruinosus: X2 =0.3477,df =1, p =.5554, and Pheidole sp.
1: XZ =4.104, df = 1, p =.04279). Abundance per pitfall trap of these
three ant species was not significantly associated with abundance
of L. apiculatum (Figure S3; null model vs. model with L. apiculatum
abundance: C. opuntiae (X2 =.2064, df = 1, p = .6496), F. pruinosus
(x> = .1687,df = 1, p = .6812), and Pheidole sp. 1 (x* = 2.7825, df = 1,
p =.0953)).

3.7 | Association of ant community diversity and
composition with cactus density

Our results fail to reject the null hypothesis of no change in the ant
community diversity or community composition in response to cac-
tus density. Specifically, cactus density did not improve the model
fits for log(species richness) (Figure 4b; pitfall: X2 = 0.751, df = 1,
p = .386, Figure 4b; plot: df = 1, p = .4837) nor Shannon diversity
(Figure 4c; pitfall: X2 = 0.0247, df = 1, p = .8752, Figure 4c; plot:
df =1, p = .8917) for communities at the pitfall or plot level, respec-
tively. Additionally, community composition based on occurrence
(Figure 4a; Jaccard) and abundance (Figure S4; Bray-Curtis) within
pitfall traps was not significantly different across the cactus density
gradient (PERMANOVA: Jaccard, F = 4.0611, df = 1, R? = .02537,
p = 1; Bray-Curtis, F = 4.3018, df = 1, R? =.027, p = 1). Community
composition pooled across pitfall traps within plots was not sig-
nificantly different across cactus density (Figure S4; PERMANOVA:
Jaccard, F = 1.0442, df = 1, R? = .11545, p = .429, Figure S6; Bray-
Curtis, F = 1.7793, df = 1, R? = .18195, p = .144).

4 | DISCUSSION

Since mutualisms are embedded within networks of interactions
involving many non-partner species, understanding the broader
community-level effects of mutualism is a key ecological goal. By
tracking ant partners of an EFN-producing cactus through time and
space, as well as characterizing the effects of this partnership on
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the larger ant community, we addressed the hypothesis that mutual- hypothesis. We found that a single ant species (L. apiculatum) was
ism is associated with increased ant partner occurrence and abun- the dominant partner across the 16-year monitoring period. L. api-
dance and has cascading effects on the diversity and composition culatum partnership with cacti was positively associated with cac-

of the broader ant community. Our results partially support this tus density, and this relationship was also reflected with a positive
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correlation of occurrence in the environment (pitfall traps) with
increasing cactus density. However, despite the consistency of the
L. apiculatum partnership with the cacti through time, the dominance
of this partnership at high cactus density, and the positive associa-
tion of this partner ant species with increasing cactus density in the
environment, broader consequences of this mutualism appear lim-
ited. The occurrence of one non-partner ant species was negatively
associated with cactus density, and this response was consistent
with high L. apiculatum occurrence within pitfall traps. This may be
indicative of the competitive effects of L. apiculatum. However, we
found no evidence that ant community diversity and composition
were affected by increasing densities of cacti and their dominant
ant partner.

Our findings of a positive association of L. apiculatum occurrence,
both on cacti and in pitfalls, with increasing cactus density support
the idea of positive feedback between mutualist partners. Previous
work demonstrated that cacti gain fitness benefits from protection
by L. apiculatum, more so than other partner species (Miller, 2007
Ohm & Miller, 2014), and our new results suggest a reciprocal bene-
fit of cactus-derived resources on this dominant partner. The mutual
promotion of partners is often assumed but rarely demonstrated in
ant-plant studies (Prior et al., 2015; Wagner & Fleur Nicklen, 2010).
One previous study found increased EFN production is associated
with the increased establishment of ant nests (Wagner & Fleur
Nicklen, 2010), thereby increasing ant partner presence near these
plants. While we did not track L. apiculatum nests in our study, it is
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possible that L. apiculatum nests are more common in the high cactus
density plots. Previous work has identified L. apiculatum colonies as
being polydomous, meaning a colony will have satellite nests scat-
tered across the landscape (Toro et al., 2009), and laboratory studies
with a different polydomous ant species found that these nests were
associated with foraging and formed near food resources (Lanan
et al., 2011). The polydomous characteristic of L. apiculatum nests
may help explain our finding of a positive association of occurrence
but not abundance with increasing cactus density. Colony size may
be capped, possibly due to other limiting resources, but ant colonies
may shift their location to dominate areas of high EFN.

While cascading effects of cactus-L. apiculatum mutualism on
non-partner species appear limited, there was putative evidence
that other partner species lose access to EFN where cacti reach high
density and L. apiculatum is most abundant, suggesting competition
for plant partners within the plant-tending ant guild. While both
C. opuntiae and F. pruinosus become infrequent partners at high cac-
tus density, their occurrences within the pitfall traps did not show
corresponding patterns of decrease. The occurrences of these two
species within the pitfall traps were consistent across the gradient of
cactus density, and in the case of F. pruinosus, this species’ abundance
was generally high. For example, at high cactus density F. pruinosus
occurred in approximately 75% of pitfall traps but tended nearly 0%
of cacti, whereas L. apiculatum occurred in 40% of pitfalls but tended
nearly 100% of plants. Taken together, our spatial sampling and long-
term data indicate that L. apiculatum is the dominant partner and
that the shift in partner identities across space may be a result of
competitive displacement from the cacti. These findings expand on
previous research in this system that identified shifts in ant partner
identity on individual cacti from C. opuntiae to L. apiculatum but not
vice versa (Miller, 2007). Additionally, the fact that C. opuntiae and
F. pruinosus did not decline in the environment even as they declined
in their association with cacti at high cactus density suggests that
these are opportunistic plant partners that are not strongly depen-
dent on EFN. Indeed, in addition to EFN, Crematogaster spp. are
broadly known to consume invertebrates (Palmer, 2003), forage on
carrion (MacKay & Mackay, 2002), and nest in a variety of places, in-
cluding in trees and logs and under rocks (MacKay & Mackay, 2002).

While the reason for low L. apiculatum partnership and occur-
rence in areas with low cactus density (where C. opuntiae was the
most likely partner) is unclear, studies on different ant-plant symbi-
oses have found that ant partner diversity can be maintained by hab-
itat heterogeneity (Yu & Davidson, 1997) and trade-offs among ant
species, such as competition-colonization and dispersal-fecundity
trade-offs (Yu et al., 2001, 2004). As we did not detect a correla-
tion between cactus density and ground cover composition, this may
suggest that areas of high cactus density may be independent of
areas with high-value nesting and dietary resources. If this is indeed
the case, the detected associations of ant species occurrence could
be attributed to the shift in cactus density. However, belowground
resources or other unmeasured habitat characteristics may also play
contributing roles. What generates the variation in cactus density
and what role the ant defenders play in maintaining this variation
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remain open questions. Further, while L. apiculatum has been previ-
ously described as a competitively dominant ant species (Andersen,
1997), little is known about its colonization, dispersal, and fecundity
traits. Future studies characterizing these traits for L. apiculatum
and the other partner ant species will be essential for discerning the
landscape-scale coexistence of multiple partner species.

Contrary to our expectation that positive feedback from ant-
plant mutualism would result in spillover effects on the larger ant
community, we found limited evidence for this. Specifically, we de-
tected a modest negative association of Pheidole sp. 1 occurrence
in areas with high cactus density and areas with high occurrence of
L. apiculatum, but this ant species occurred in 88.68% of all pitfall
traps, and when present, this species’ abundance did not correlate
with the cactus density gradient. A previous study on ant behavioral
dominance classified the Pheidole genus as moderately competitive,
while it characterized the Liometopum genus as highly competitive
(Andersen, 1997). Thus, this reduction from extremely high Pheidole
occurrence to a moderate occurrence may reflect an avoidance re-
sponse to areas with tree cholla tended by Liometopum. Otherwise,
ant community diversity and composition appear to be unaffected.
This is likely due to low niche overlap between the partner and non-
partner ant species. However, additional studies are necessary to
determine which aspects of niche overlap contribute to structuring
these observed patterns. As we did not detect a correlation of abun-
dance of the four common ant species in our pitfall traps to cac-
tus density, it is unsurprising that the community-level abundance
metrics (Shannon diversity and Bray-Curtis-based community com-
position) did not respond to cactus density at either the pitfall- or
plot-level resolutions. However, abundance metrics should be in-
terpreted cautiously, as the number of intercepted ants may not be
representative of true colony abundance of a given species (Romero
& Jaffe, 1989); pitfall traps may inadvertently intercept a worker trail
or be biased due to differences in ant species’ movement behavior
(Andersen, 1991), and thus disproportionately represent an ant spe-
cies in the larger community. Our community-level occurrence met-
rics (richness and presence/absence-based community composition)
provide a more conservative approach as this avoids the issue of in-
flated abundance. Yet, these metrics also did not identify a shift in
species richness or composition across the cactus density gradient.

These findings of similar community composition across the
cactus density gradient align with previous studies that found
EFN-producing plants did not strongly structure ant species com-
position (Belchior et al., 2016; Camarota et al., 2015), yet con-
trast with recent work that identified an increase in ant species
richness and a shift in community composition with abundance
of EFN-producing trees (Ribeiro et al., 2018). Specifically, Ribeiro
et al. (2018) characterized ant species richness on EFN-bearing
trees. Unlike tree cholla cacti at our study site, these trees were
tended by multiple ant species at a time. Ribeiro et al. (2018) pre-
dicted and found that trees bearing EFN hosted higher ant species
richness compared to trees without EFN, and ant species richness
increased with the increase in EFN-bearing tree frequency. Thus,
this diffuse mutualism promoted ant species richness, while in our
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system, the exclusive monopolization of EFN was anticipated to
reduce richness in the ant community. Our results suggest that de-
spite a strong, positive association of a competitively dominant ant
species’ occurrence—both on the cacti and in the environment—
with increasing cactus density, ant community richness, even-
ness, and composition are unaffected by the suggested positive
feedback between these mutualist partners. This lack of response
may be due to dietary or nest site niche differences across partner
and non-partner ant species. While L. apiculatum is considered a
broad generalist (Hoey-Chamberlain et al., 2013), our long-term
data indicate that L. apiculatum also readily relies on EFN as a di-
etary resource. Thus, despite the positive association of L. apicu-
latum occurrence with areas of high cactus density, the dietary
overlap across L. apiculatum and the co-occurring ant species at
these sites may be lessened due to the focus on EFN as a dietary
resource. This may explain why we detected limited cascading ef-
fects on the larger ant community. Alternatively, it is possible that
our sampling methods were too coarse to detect ant community
responses, especially as many non-partner ant species were often
found in less than 10% of all pitfall traps. Further, while unlikely,
it is possible that this desert environment may be a high-resource
setting where resource or nest site competition is not essential for
structuring this ant community.

As with any observational study, our results should be inter-
preted in light of several limitations. While our ant partner sur-
veys on the cacti were conducted over a 16-year period, our
community survey was a 24-h snapshot in the spring. While we
did not detect a community-level response to increased L. apicula-
tum occurrence, it is possible that this outcome may differ across
seasons. In the spring, cacti produce extrafloral nectar from both
vegetative and reproductive parts. Previous work identified dif-
ferences in the composition of extrafloral nectar from vegetative
and reproductive parts, with EFN from reproductive segments
having greater carbohydrate composition compared with nectar
from stem segments Miller, 2014, and thus likely is a more valuable
dietary resource to ants. It is possible that if reproductive parts
reduce extrafloral nectar production later in the year (Robbins &
Miller, 2009), this decrease in high-quality resources may shift ant
partner occurrence, which may cause changes in the ant commu-
nity. To address this, studies could monitor ant partner identity
on the cacti, as well as track the ant community through multiple
seasons within a year. Additionally, as we did not experimentally
manipulate cactus density, it is challenging to assign causality of
our detected increase in L. apiculatum occurrence on the cacti and
in the pitfall traps. Consideration should also be given to the roles
of temperature, precipitation, nutrient, and resource availability
contributing to the observed patterns. Experiments manipulat-
ing cactus density or exclusion of ants to the cacti and recording
responses of ant species occurrence as partners and within the
larger community through time would help clarify the role of cac-
tus density in structuring partner identity and ant presence in the

environment for this facultative mutualism.

To conclude, our results suggest that ant-plant mutualism can
promote a dominant partner's occurrence in the landscape with-
out affecting ant community richness, evenness, or composition
and with only limited effects on individual non-partner species.
Instead of broad ant community spillover, our results suggest a
more narrow consequence of ant-plant feedback whereby the
dominant ant partner primarily displaced other partner species
from EFN resources. Yet, these ant species and others are not dis-
placed from the community, presumably due to niche partition-
ing. This study provides new evidence that even with apparent
positive feedback between mutualist partners, their effects on
community diversity and composition of co-occurring species may
be limited in scope. However, recent work has shown that cacti
involved in this mutualism are predicted to increase in abundance
under future climate warming (Czachura & Miller, 2020). Thus, fu-
ture studies should address whether the result of limited spillover
effects holds as these plants become more abundant, or whether
at a certain cactus density threshold, the positive feedback be-
tween cactus density and L. apiculatum would result in strong spill-
over from this exclusive mutualism with negative consequences

for ant community diversity and composition.
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