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Abstract Harvester ants have long been known to exhibit interspecific seed pref-
erence and this preference has been thought to be associated with distance in a
manner analogous with optimal foraging theory. However, little attention has been
given to how intraspecific seed preference changes or how microhabitat (i.e. the
composition of the terrain that the ants are moving through) impacts seed harvesting
preference. We addressed these questions by conducting seed harvesting experi-
ments in three different Ephedra viridis populations that contain harvester ants
(Pogonomyrmex occidentalis) by using only E. viridis seeds and conducting trials
over multiple distances and varying degrees of microhabitat cover. We found that
increased microhabitat cover and increased seed mass decrease the likelihood of
E. viridis seeds being harvested much more dramatically than distance. However,
we found no effect of distance or microhabitat cover on which E. viridis seeds were
harvested. We conclude that harvester ant E. viridis seed preference is distance and
microhabitat independent. However, increases in microhabitat cover negatively
impacts the likelihood of P. occidentalis harvesting E. viridis seeds of any size.
Our findings suggest that harvester ant foraging behavior is influenced by structure
of the microhabitat more than by distance. This provides a new context on how
harvester ant foraging behavior and effectiveness should be considered.
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Introduction

Within arid environments, seed harvesting by ants is prevalent because of the high
nutrition content of seeds and the lack of alternative forms of nutrients (Brown et al.
1979). Harvester ants (Pogonomyrmex spp.) have been shown to significantly impact
the seed bank of preferred plant species, removing up to 100 % of preferred seed types
(Crist and MacMahon 1992). Although harvester ants may passively disperse seeds by
accidentally dropping them or discarding seeds outside of their nest (Detrain and Tasse
2000; Retana et al. 2004; Arnan et al. 2010), the overwhelming majority of seeds
collected by harvester ants in the Pogonomyrmex genus are destroyed by being taken
deep into their nest where they are either eaten or stored too deep underground to
emerge (MacMahon et al. 2000), making this a primarily predatory interaction.

Several studies have shown that harvester ants preferentially harvest bigger seeds
(Holder and Polis 1987), seeds with higher nutritional content (Kelrick et al. 1986),
weaker seed coats (Rodgerson 1998), and seeds that are not infected by endophytic
fungi (Knoch et al. 1993). Although ants preferentially select larger seeds, they have
been shown to select seeds in proportion to their body size (Davidson 1977; Crist and
MacMahon 1991). Furthermore, ants have been shown to be more selective of seed
type over longer distances (Crist and MacMahon 1992), but not over shorter distances
(Holder and Polis 1987), in accordance with optimal foraging theory (Schoener 1971).

Ant seed harvesting rate has been shown to be affected by distance and habitat
structure. As distance from the mound increases seed removal rates decrease (Kelrick
et al. 1986) and seed densities in the soil increase (Crist and MacMahon 1992).
Vegetation influences such as the presence of cheatgrass (Ostoja et al. 2013) and
shortgrass (Fewell 1988) have been shown to lower foraging rates in harvester ants,
presumably due to the greater levels of interference associated with movement across
densely vegetated habitat. Conversely, (i.e. the ground cover that impacts an ants
journey to and from its harvesting area) with intermediate levels of vegetative cover
have been shown to increase harvesting rates (Crist and Wiens 1994).

Despite this research, no studies to our knowledge have examined the effect of
microhabitat on intraspecific seed preference in harvester ants. Furthermore, of the
studies that have tested the effects of microhabitat structure on seed harvesting rates
(Kelrick et al. 1986; Fewell 1988; Crist and Wiens 1994; Ostoja et al. 2013), none have
quantified microhabitat structure to determine the extent to which ground cover affects
seed selection during harvesting.

Ground coverage in a colonies foraging area may influence ants to adopt a marginal
value theorem approach (Charnov 1976) to seed harvesting rather than just an optimal
foraging theory (Schoener 1971) one. Under a marginal value model, harvester ant
colonies in areas with greater microhabitat cover would have greater difficulty moving
larger seeds than smaller seeds across their environment. Ants harvesting in environ-
ments with greater microhabitat cover would experience diminishing returns from the
resistance associated with moving larger seeds compared to smaller seeds when
attempting to harvest. Ants in these types of environments may opt to harvest interme-
diate or small sized seeds over larger seeds to increase their foraging efficiency.
Conversely, areas with less microhabitat cover may exhibit behavior consistent with
optimal foraging theory and preferentially harvest larger seeds because movement of
larger seeds would not be hindered by resistance from their microhabitat.
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Here, we studied how intraspecific seed preference of harvester ants
(Pogonomyrmex occidentalis) changed with changes in microenvironment and distance
under optimal foraging and marginal value theorem hypotheses. To do this, we
conducted seed removal experiments using Ephedra viridis seeds in three harvester
ant populations that had ranges overlapping with E. viridis. We chose E. viridis because
it has an overlapping range with harvester ants and its seeds are known to be harvested
by harvester ants in the Great Basin desert of the western United States. We made two
hypothesis and predictions based upon distance and microhabitat cover:

1. We hypothesized that harvester ants with lower microhabitat cover would harvest
seeds in a manner concordant with optimal foraging theory. We predicted that as
distance from the colony increased, more massive seeds would be selected. At
shorter distance all seed phenotypes would be removed.

2. We hypothesized that as microhabitat cover increased, harvester ants would harvest
seeds in a manner concordant with marginal value theorem. We predicted that as
microhabitat cover increased the mass of seeds harvested by harvest ants would
decrease due to the difficulty associated with transporting larger seeds through a
more resistant landscape.

Material and Methods

Study Sites

We conducted harvesting experiments in three different E. viridis populations in the
western portion of the Great Basin of Nevada and collected seeds from five different
populations (Fig. 1). Each study area was a sagebrush steppe community primarily
dominated by the shrubs Artemisia tridentata, Ephedra viridis, Chrysothamnus
viscidiflorus, Prunus andersonii, and Ericameria nauseosa. Cheatgrass (Bromus
tectorum) and several species of bunchgrass were also present at each of the sites.
The average monthly precipitation in the communities ranged from 17 to 30 mm.

Seed Measurements and Preparation

We measured E. viridis seeds for mass, length, width, and height. We then labeled and
numbered each seed with a color dot system using Uni-Posca paint pens. We labeled the
seeds with a colored line to represent their population and two colored dots immediately
after the line to represent the seed number. After we labeled and numbered seeds, we
measured the length, width, and height using SigmaScan Pro 5. We used these mea-
surements to estimate the volume of each seed by using the equation for an ellipsoid.We
used the estimated volume of the seeds as a visual indicator of size in two of our figures.

Seed Harvesting Experiments

We conducted four trials per distance category (1, 2, 3, 4, 5, 6, 7, 8, 9, and 10-m), per
population, for a total of 120 trials. Each trial was conducted on a unique ant colony
(i.e. no ant colony was used twice). We chose 10-m as the farthest distance because
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P. occidentalis have been shown to harvest seeds to 10-m from their colonies
(MacMahon et al. 2000). Despite observations that harvester ants will move farther
in areas with lower vegetative cover (Fewell 1988), we still conducted trials in areas
with high vegetation cover covering the 0–10 m range for the experiment. For each
trial, we randomly placed measured and labeled seeds under a rodent exclosure made of
fine steel mesh (6.35 mm diameter holes) at one of the ten distance categories. We
poured the seeds through the top of the rodent exclosure to ensure all seeds fit through
the wire mesh. This mesh encapsulated the seeds that were placed on the ground and
allowed harvester ants easy access through holes while preventing rodents from
accessing the seeds. We surveyed the area around each rodent exclosure to ensure that
the ant mound under investigation was the closest one to the seeds in each trial.

We used 60 seeds per trial, with twenty seeds coming from three different E. viridis
plants. Seeds from a particular E. viridis were only used once in the experiment. Each
plant in a trial was from a different E. viridis population (i.e. there were never two
plants from the same population in the same trial). We used seeds from different
populations because seeds could only be identified by the population that they came
from due to the labeling method used (i.e. if two plants from the same population were
used, we would not be able to identify which plant the seed came from because they
were marked similarly). We sorted the E. viridis seeds into a small, medium, or large
seed category based on the average mass of the seeds (small <12.9 mg; medium 12.9–
17.4 mg; large >17.4 mg). We used one plant from the small, medium, and large mass
classes in each experiment to ensure a wide range of seed phenotypes in each trial.

We estimated microhabitat cover by measuring the total coverage in a linear transect
from the colony to the rodent exclosure.We considered microhabitat cover to be any object

Fig. 1 Locations of sampled Ephedra viridis populations and locations of ant seed harvesting experiments.
Locations in California and Nevada. Circles on the map above represent E. viridis populations that we
sampled seeds from. Stars represent E. viridis populations that we both sampled seeds from and conducted the
harvesting experiments
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(biotic or abiotic) that inhibited movement along a straight path from the ant mound to the
location of the seeds (e.g. twigs, leaves, grass, rocks, etc.). We only measured vegetation
coming directly out of the ground or objects in direct contact with the ground along the
transect, since these could impede the ant’s ability to travel directly to and from its colony.

We collected any remaining seeds after four harvesting periods (48 h) had passed in
each trial. We checked for remaining seeds both under the rodent exclosure and along
the trunk trail back to the ant mound. We identified the seeds remaining after each trial
and marked them as unharvested. We marked all seeds that were not found as
harvested. We conducted all trials within each population simultaneously. We conduct-
ed all trials in each population over a two-week period from June 28, 2014 through
July 6, 2014 to ensure minimal temporal effects on harvesting. We thoroughly surveyed
the regions surrounding each ant colony to ensure that the colony being used for a trial
was the closest colony to the placed seeds.

Analyses

Statistical analyses were done using the stats package in R, version 2.15 (R Core Team
2016) in concordance with RStudio, version 0.98.1091 (RStudio 2015). Figures were
created using ArcMap 10 and ggplot2 (Wickham 2009). All statistical analyses were
conducted under a mixed-effects modeling framework using the lme4 package (Bates
et al. 2015) with population as a random factor to correct for the spatial autocorrelation
and pseudoreplication associated with conducting the experiments in three populations.
In order to determine how intraspecific seed preference of harvester ants changed with
changes in microenvironment and distance we conducted two different analyses: 1) We
tested the effect of seed mass, distance, and microhabitat cover on the likelihood of a
seed being harvested, and 2) We tested the effect of distance, and microhabitat cover on
the mass of seeds chosen within the trial.

We used logistic regression to assess the effect of seed mass, distance, and micro-
habitat cover on the likelihood of seeds being harvested. We used simple and multiple
regression techniques to assess the effect of distance, and microhabitat cover on the
mass of seeds chosen within trials. For this second analysis, we only used harvested
seeds from each trial. For both analyses, we first regressed each variable independently
to measure their individual effect size and significance. We then developed multiple
regression models using the variables from the simple regressions with meaningful
effect sizes and statistical significance. Regression models from the analyses were
compared using Akaike information criterion (AIC) (Akaike 1974) to aid in assessing
the quality of the regression models. We used standardized coefficients for all analyses
due to the wide scale of units used to measure the predictor variables.

Results

Effects of Seed Mass, Distance, and Microhabitat Cover on the Likelihood of Seed
Harvesting

We found a strong relationship between the mass of harvested and unharvested seeds in
the experiment, with smaller seeds being preferentially harvested over larger seeds
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(Fig. 2). The odds of a seed being harvested were lowered significantly by seed mass,
total ground cover, and percent ground cover (Table 1).

We developed several simple and multiple logistic regression models to determine
the best candidate models for explaining ant seed harvesting preference regarding
E. viridis seed mass, harvesting distance, total and percent ground cover (Table 1).
Of 17 plausible models, the two best models both contained seed mass as well as either
percent cover or total cover, respectively (Table 1).

Effect of Distance and Microhabitat Cover on the Mass of Seeds Harvested

We found no relationship between the mass of harvested seeds with respect to distance,
total ground cover, or percent ground cover (Fig. 3). Of the 10 models we developed
none were plausible explanations for changes in seed preference based on distance,
total ground cover, or percentage of ground cover (Table 2).

Discussion

The effects of landscape and distance have long been focal points of harvester ant
foraging behavior (MacMahon et al. 2000). However, the historical focus on the effects
of landscape has primarily been associated with harvesting rate (Kelrick et al. 1986;

Fig. 2 The average mass and volume of harvested and unharvested seeds from each trial conducted in the
harvesting experiment. Blue triangles represent the average mass and volume of harvested seeds from each
trial. Red circles represent the average mass and volume of unharvested seeds from each trial
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Fewell 1988; Crist and Wiens 1994; Ostoja et al. 2013). Furthermore, of the studies that
have investigated harvester ant seed preference, the majority of those have focused on
interspecific seed preference (Kelrick et al. 1986; Crist and MacMahon 1992; Knoch
et al. 1993; Rodgerson 1998) rather than intraspecific preference (Holder and Polis
1987). In this experiment, we used two different analyses to assess the intraspecific
seed preference of harvester ants over varying degrees of microhabitat cover using
E. viridis seeds. We found that harvester ants preferentially harvest smaller seeds over
larger seeds. We concluded that this relationship was a harvesting preference rather than
a physiological limitation because a wide range of seed phenotypes were both harvest-
ed and unharvested in the experiment (Fig. 4). We also found that the likelihood of a
seed being harvested decreases significantly with greater seed mass and ground cover
(Table 1). We did not find a significant relationship between distance and the likelihood
of seed harvesting (Table 1). Furthermore, we did not find any evidence of harvester ant
seed preference when exclusively considering only harvested seeds (Fig. 3; Table 2).

Effects of Distance, Percent Ground Cover, Total Ground Cover, and Seed Mass
on the Likelihood of E. viridis Seeds Being Harvested

In contrast with the Holder and Polis (1987) study, we found that an increase in seed
mass resulted in a decrease in the likelihood of a seed being harvested. The observed
preference for larger sized seeds in the Holder and Polis study could have occurred for
two reasons: 1) All seed choice experiments were conducted 10 cm from the ant
colony, and 2) Seed size classes used in the study were made from milling oats

Table 1 Odds ratios, 95 % confidence intervals, AIC scores, and significance tests for logistic regression
harvesting models

Odds Ratio and 95 % confidence intervals

Modea Mass Distance Cover Percentage cover AIC pb

M, C 0.23 (0.13–0.39) 0.64 (0.43–0.93) 193.06 <0.001

M, PC 0.22 (0.12–0.38) 0.64 (0.41–0.98) 194.45 <0.001

M, D, PC 0.23 (0.12–0.39) 0.78 (0.54–1.12) 0.68 (0.44–1.04) 194.67 <0.001

M, D, C 0.23 (0.13–0.39) 0.93 (0.59–1.49) 0.66 (0.40–1.07) 194.97 <0.001

M, D 0.23 (0.13–0.39) 0.74 (0.51–1.05) 195.76 <0.001

M 0.23 (0.12–0.39) 196.67 <0.001

C 0.65 (0.47–0.92) 233.90 0.017

D, PC 0.78 (0.57–1.07) 0.70 (0.51–1.06) 235.71 0.052

D, C 0.93 (0.62–1.35) 0.67 (0.46–1.07) 235.77 0.054

PC 0.69 (0.51–1.02) 236.10 0.060

D 0.75 (0.55–1.03) 236.48 0.075

a Letters represent predictor variables present in model. M mass, D distance, C cover, PC percentage cover.
The odds ratios and 95 % confidence interval for each variable in the model is shown in its respective column
of the ‘Odds Ratio and 95 % confidence interval’ section of the table
b The p-values shown here are a significance test of the model against the null model. This p-value is
calculated from an ANOVA between the respective model and the null model
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(Avena sp.) into three separate size classes. A 10 cm distance does not reflect the
harvesting range of harvester ants (MacMahon et al. 2000) and may mitigate the effects
of microhabitat cover. Milling of oats into three separate size classes may also result in
a larger size preference because the original seed morphology has been compromised.
If we had milled E. viridis seeds into specific size classes, the seed morphology would
be altered by artificially increasing the number of edges that a harvester ant could grab
on to, potentially allowing them to more easily transport seeds with larger masses.

Fig. 3 Average mass of harvested seeds with respect to distance, total ground cover, and percent ground
cover. Mass of seeds were not found to change significantly over distance, total ground cover, or percent
ground cover
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Our results suggest that the likelihood of E. viridis seeds being harvested is not
significantly affected by distance, which is contrary to the results found by Crist and
MacMahon (1992). In the Crist and MacMahon (1992) study, the number of seeds
present in the soil increased with an increasing distance from the ant colony. However,
the Crist and MacMahon (1992) study was conducted in a single locality with a single
ant population, while we had a much wider range of microhabitat cover scenarios using
three populations (Fig. 5). Variation in microhabitat cover allowed us to test the role
landscape resistance may have in foraging decisions by harvester ants.

Table 2 Effects of distance, percent cover, and cover on mass of seeds harvested

Effect size and standard errors

Massa Distance Cover Percentage cover AIC pb

PC −0.13 ± 0.09 289.29 0.176

C −0.05 ± 0.09 290.90 0.639

D 0.03 ± 0.08 290.95 0.673

D, PC 0.05 ± 0.08 −0.13 ± 0.09 290.97 0.340

D, C 0.08 ± 0.09 −0.10 ± 0.11 292.19 0.628

a Letters represent predictor variables present in model. M mass, D distance, C cover, PC percentage cover.
Effect sizes and standard errors presented are for standardized variables. Effect sizes and standard errors in
multiple regression models are conveyed in their respective columns
b The p-values shown here are a significance test of the model against the null model. This p-value is
calculated from an ANOVA between the respective model and the null model

Fig. 4 Mass and volume of all harvested and unharvested seeds in the experiment. As in Fig. 2, blue triangles
represent harvested seeds and red circles represent unharvested seeds. There were a wide range of both
harvested and unharvested phenotypes
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An increase in microhabitat cover and percentage of microhabitat cover were found to
significantly decrease the likelihood of E. viridis seeds being harvested and had a much
more significant impact than distance (Table 1), which makes sense because of the way
that harvester ants move across an open versus a covered microhabitat (Supplementary
video, https://www.youtube.com/watch?v=iJCoYLU28mQ). Harvester ants move much
faster over open microhabitat than microhabitat that is covered, which would explain why
a lower proportion of seeds were harvested with increases in total microhabitat cover as
well as percentage microhabitat cover, but not distance (Fig. 6). Interestingly, we found an
increase in proportion of seeds removed at intermediate percentages of microhabitat cover,
similar to Crist and Wiens (1994).

The top two candidate models contained both mass and either total microhabitat
cover or percentage microhabitat cover (Table 1). However, the model containing seed
mass and total microhabitat cover is likely the better explanation for seed selection in
harvester ants because total microhabitat cover still provides a context of distance,
while percent microhabitat cover does not.

Effects of Distance and Microhabitat Cover on the Mass of Seeds Harvested

Although smaller seeds were preferentially harvested over larger seeds in our experi-
ment (Figs. 1 and 2), we did not detect a change in seed mass preference under different

Fig. 5 The average percentage of ground cover in each population and the respective mean proportion of
seeds harvested given distance. The upper left graph represents the percentage of ground cover that was
measured in each study population. When the percentage of ground cover is very large the mean proportion of
seeds harvested in the study mimics the expectation that the likelihood of seeds being harvested decreases with
distance from the mound. However, when percentage of ground cover is low, the relationship no longer is
present
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distance and microhabitat cover regimes (Table 2). This uniform lack of significance
and effect size in our analyses suggests that harvester ants prefer smaller E. viridis seeds
regardless of the environmental factors being experienced. This is in direct contrast to
both optimal foraging theory and marginal value theory hypotheses because both of
these predict that there would be changes in seed preference with changes in distance or
microhabitat.

Conclusions

Our results show that harvester ants prefer smaller E. viridis seeds. However, there is no
evidence to suggest that harvester ants change their seed preference over increased
distances or microhabitat cover as would be suggested under an optimal foraging
theory or marginal value theorem framework. Since our best statistical model for

Fig. 6 Proportion of seeds harvested in all experiments given distance, total microhabitat cover, and
percentage of microhabitat cover. Distance by itself shows no relationship with proportion of seeds removed.
Both total and percentage microhabitat cover show a negative relationship with proportion of seeds harvested
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predicting the likelihood of seed harvesting includes both mass and total microhabitat
cover and there is no evidence that increased microhabitat cover results in changes in
E. viridis seed choice, we conclude that the size of the seed selected is a behavioral
choice by harvester ants and is distance/microhabitat independent. Furthermore, in-
creased microhabitat cover only affects the likelihood of harvester ants harvesting
seeds, not seed selection behavior.

We further conclude that when considering animal behavior from an ecological
perspective it is important to conduct experiments in multiple populations. Because we
took a multi-population approach to addressing questions about intraspecific harvester
ant seed preference, we found that microhabitat cover explains seed harvesting behav-
ior much more than distance alone. This most likely would not have been the case if we
would have conducted the experiment in a single population.

Lastly, we think that harvester ant seed preference is contingent upon the scale at
which the preference is being considered. There has been ample evidence of interspe-
cific seed preference (Kelrick et al. 1986; Crist and MacMahon 1992; Knoch et al.
1993; Rodgerson 1998) but very little information on intraspecific seed preference
outside of our study (Holder and Polis 1987). Due to the scarcity of information on
intraspecific seed preference and the contradictory conclusions associated with those
studies, we think that a greater number of studies focused on intraspecific seed
preference of harvester ants would further refine the understanding of harvester ant
seed preference.
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