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ABSTRACT 

Nitrogen deposition via airborne pollution has been shown to alter soil biogeochemical 

processes and plant communities in various ecosystems. However, little is known about how 

changes in these processes may affect higher trophic levels. Building upon previous research 

that revealed an atmospheric nitrogen deposition gradient from the San Bernardino 

Mountains through Joshua Tree National Park, we investigated the effects of increased 

nitrogen on plants and Messor pergandei (Mayr) harvester ants, which rely on plants for 

seed. We measured ant colony attributes (nest density, nest mound dimensions, and the 

number of abandoned nests), as well as shrub fruit densities, at eighteen sites along the 

nitrogen deposition gradient. We also measured nitrogen and carbon concentrations, along 

with carbon and nitrogen stable isotopes, along the nitrogen deposition gradient. Carbon and 

nitrogen attributes were determined in Larrea tridentata (DC. Coville) and Ambrosia 

dumosa (A. Gray) leaves, seeds from selected plant species, and ants. We predicted N 

deposition would increase both seed production and ant nests along the deposition gradient. 

In addition, we expected percent carbon and nitrogen and isotopes to vary along the 

deposition gradient. Ant nest density and Larrea tridentata fruits increased from low 

deposition to high deposition sites. In addition, ant nest diameter, ant nest height, and 

abandoned nests decreased as deposition increased. Nest mound size is correlated with the 

size and age of the colony; therefore, these results suggest nest colonization has been more 

frequent in areas of high deposition. Nitrogen and carbon isotope values of Ambrosia dumosa 

and Larrea tridentata leaves, Ambrosia dumosa and Larrea tridentata seeds, annual plant 

seeds, and Messor pergandei ants were significantly different across the nitrogen deposition 

gradient indicating different sources of both elements, including anthropogenically-produced 
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compounds. Considering that deserts are nitrogen limited, the results indicate that altered 

nitrogen inputs may result in cascading effects through trophic levels. 
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1. Introduction 

Global changes, including altered atmospheric nitrogen deposition and precipitation 

regimes, are driving novel ecosystem responses. Considering both nitrogen and precipitation 

are limiting in numerous ecosystems, changes in these resources may have pronounced 

effects. Nitrogen deposition can affect soil microbial and plant available nitrogen producing 

alterations in ecosystem structure and function. Due to the linked relationship of soil 

moisture to the nitrogen cycle, altered precipitation will further modify nitrogen availability. 

Therefore, it is imperative we understand how altered nitrogen and water affect resource-

limited systems, such as deserts. 

Atmospheric nitrogen has dramatically increased over the last several decades from 

sources such as car exhaust, power plant emissions, industrial emissions, agricultural field 

fertilization, and feedlots (Vitousek et al., 1997; Fenn et al., 2003b; Meehl et al., 2007). This 

nitrogen is carried in many forms, including nitric oxide (NO), nitrogen dioxide (NO2), 

ammonia (NH3), and nitric acid (HNO3), via air currents and is deposited on the soil affecting 

biogeochemical processes (Rao et al., 2009; Fenn et al., 2003a). Nitrogen deposition occurs 

in either wet or dry form. The arid western US experiences primarily dry deposition, while 

the more mesic regions in the eastern United States receive N deposition during precipitation 

events (Fenn et al., 2003b). Not only do emissions pollute air reducing air quality, but they 

also pollute the soil by increasing soil nitrogen levels (Galloway, 1998; Hooper and Johnson, 

1999; and Krupa 2003; Vourlitis et al., 2007).  

Atmospheric N deposition can have strong effects on soil and plant communities in 

various ecosystems (Sirulnik et al., 2007a; Sirulnik et al., 2007b). Excess nitrogen in soil 

reduces the carbon to nitrogen ratio, which allows soil microbial populations to expand 

(Nave et al., 2009). Following excess nitrogen depletions, those larger microbial populations 
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take up the majority of the nitrogen in the system and leave little plant available nitrogen 

before dying off. These cyclical swings of nitrogen availability can cause weedy plant 

invasions in desert systems, altering fire regimes and plant community composition 

(D’Antonio and Vitousek, 1992; Evans et al., 2001; Brooks, 2003; Schwinning et al., 2005). 

A synthesis by Bobbink et al. (2010) found that nitrogen is more critical in determining plant 

community composition than previously realized. 

In addition to nitrogen inputs, altered precipitation is also likely to have substantial 

impacts on desert ecosystems since water and nitrogen are two primary resource limitations 

(Noy-Meir, 1973; Burke, 1989; Hooper and Johnson, 1999). Although the global climate 

models used in the 2007 IPCC (Intergovernmental Panel on Climate Change) report predict 

an overall decrease in precipitation for desert systems in the southwestern US, the timing, 

duration, and amount of rain is difficult to forecast with certainty (Loik et al., 2004; Scanlon 

et al., 2005; Christensen et al., 2007; Fischlin et al., 2007; IPCC, 2007). These two cycles are 

often coupled and changes may have reciprocal effects. For example, precipitation pulse 

events drive microbial processes in arid and semi-arid soils, which include nitrogen cycling 

(Evans and Ehleringer, 1994; Loik et al., 2004; McCalley and Sparks, 2008; Yahdjian and 

Sala, 2010). However, many of these effects are inadequately understood due to the unknown 

consequences of climate change (Sirulnik et al., 2007a; Sirulnik et al., 2007b). Less nitrogen 

in an ecosystem already limited in nutrients could affect flora and fauna species (Patrick et 

al., 2009; Rao and Allen, 2010). 

 Many governmental agencies currently monitor atmospheric deposition, including NO, 

NO2, NH3, and HNO3 across the United States (Fenn et al., 2003b; Porter and Johnson, 

2007). Regions close to and downwind from high-density population centers and confined 
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animal feeding operations are especially vulnerable to N deposition and are therefore heavily 

monitored in the US (Rao et al., 2009; Fenn et al., 2003a; and Junknys et al., 2007). 

However, low population areas including some national parks are also vulnerable but are less 

monitored than urban areas. The National Park Service is concerned about the impacts of N 

deposition on plant biodiversity and ecosystem function and has implemented programs to 

monitor the effects of N deposition at selected parks (Phoenix et al., 2006; Fischlin et al., 

2007; Porter and Johnson 2007).     

 Nitrogen deposition is an imminent concern in southern California. Los Angeles and 

nearby population centers create enormous amounts of pollution each year through fossil fuel 

combustion, primarily in the form of nitrogenous compounds found in or derived from 

automobile exhaust (Fenn et al. 2003a; Fenn et al., 2007; Allen et al., 2009). The nitrogen is 

carried across southern California and falls out as winds move east, creating a nitrogen 

deposition gradient. This N deposition gradient extends about 150 km across the Coachella 

Valley and Joshua Tree National Park, which provides a unique opportunity to examine the 

ecological effects of such a gradient.  

 Rao et al. (2009) and Allen et al. (2009) detailed changes in soil processes and annual 

plant communities following large pulses of N fertilizer in and around Joshua Tree National 

Park. However, little is known about how multiple trophic levels in southern California 

desert systems are responding to chronic N deposition. The trophic structure in the Colorado 

Desert is unique due to the ubiquity of seed harvesting ants (Went et al., 1972; Rissing and 

Wheeler, 1976; Davidson, 1977). How plants and granivores react to N deposition is critical 

as the effects of increased N on seed production, size, and nutrient content could have large 

consequences for desert ecosystems (Kelrick et al., 1986).  
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Harvester ants along with birds and rodents move, store, and consume mass quantities of 

seed (MacMahon et al., 2000; White and Robertson 2009). Granivory and seed movement 

can deplete plant populations and/or shift species composition (MacMahon et al., 2000; 

White and Robertson, 2010). However, little is known about seed production and subsequent 

granivory under elevated nitrogen, as well as how seed movement may affect ecosystem 

dynamics (Throop and Lerdau, 2004; Lewis and Gripenberg, 2008). Higher nitrogen levels 

typically result in increased plant biomass production and higher tissue N concentrations, 

which can regulate trophic structure (Cebrian et al., 2009). Conifers seem to be particularly 

sensitive to N deposition, resulting in increased insect herbivory (Armolaitis, 1998). Throop 

and Lerdau (2004) found higher growth or consumption rates in leaf-feeding insects in the 

majority of 20 studies on insect herbivory in response to N deposition. Considering nitrogen 

is highly limiting for most herbivores, plants producing more seed or seed with higher 

nitrogen concentrations could cause an increase in granivore populations, including harvester 

ants (Throop and Lerdau, 2004). 

 The effects of an altered hydrologic and nitrogen cycle in this desert system are complex 

and not well understood. If declines in rainfall and soil moisture reduce nitrogen availability, 

plant populations and the insects and animals that depend on them could be negatively 

impacted. Conversely, increases in nitrogen deposition could mitigate reductions in 

microbially-produced nitrogen in low precipitation environments (Vourlitis et al. 2007). If 

situations arise with coupled changes in water and nitrogen, the increased nitrogen 

availability may promote invasive plant species adapted to high nitrogen availability 

(D’Antonio and Vitousek 1992; Evans et al. 2001; Brooks 2003; Schwinning et al. 2005). 
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Furthermore, there are other interactions that are likely affected by altered precipitation and 

nitrogen, including plant-microbe and plant-insect interactions. 

 We investigated how atmospheric nitrogen deposition and precipitation affected multiple 

trophic levels, including plants, seeds, and seed-harvesting ants across a N deposition and 

precipitation gradient in the Coachella Valley and Joshua Tree National Park, California. Our 

study asked: 1) Are harvester ant nest densities greater in areas with higher N deposition and 

precipitation?  2) Does ant nest size change in areas with higher N deposition and 

precipitation?  3) Is seed production increased with higher N deposition and precipitation?  4) 

Do areas of higher N deposition and precipitation alter δ
13

C and δ
15

N and percent carbon and 

nitrogen across trophic levels? 

2. Materials and Methods 

 

2.1 Nitrogen Deposition Gradient 

 Nitrogen deposition values from a Models-3/Community Multiscale Air Quality 

(CMAQ) model (Fenn et al. 2003; Tonneson et al., 2007) and HNO3 atmospheric 

concentrations from 2010-2011 sampling efforts (Bell, unpublished) were used to delineate 

three N deposition levels along the gradient (high, medium, and low) (Figures 1 and 2). In 

addition, the proposed N deposition threshold of about five kg ha
-1

 year
-1

, at which invasive 

annual plants increase (Allen et al., 2009), was used to separate the medium and low N 

deposition levels. Precipitation values for each site were obtained from the PRISM model 

(PRISM Climate Group, 2004; Figure 2).  

2.2 Site Description 

 

 We examined 18 sites, which stretched from the west end of the Coachella Valley to the 

east side of Joshua Tree National Park; these areas are comprised of the Colorado and 
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Mojave deserts. Nine sites were within the park boundaries, while another nine sites were 

situated among urban areas between Interstate 10 and the park. We selected sites based on 

the presence of Messor pergandei (Mayr) ants and their inclusion within the established 

atmospheric N deposition gradient (Allen et al., 2009; Rao et al., 2009).  

 The sites were Larrea tridentata (DC. Coville)/Ambrosia dumosa (A. Gray) vegetation 

communities. Larrea tridentata are evergreen shrubs, while A. dumosa is a drought-

deciduous shrub. Other co-occurring native shrubs included Encelia farinosa (A. Gray ex 

Torr.) and Hymenoclea salsola (A. Gray). Common native annual forbs were Cryptantha, 

Corzanthe, Eriodium, and many Aster spp. Non-native grasses (Schismus spp. and Bromus 

rubens L.) and non-native forbs (ex. Brassica tournefortii Gouan) were also present. Soil 

texture at each site was either loamy sand or sand; sites were located in sandy washes, basins 

or bajadas, and ranged from approximately 90-715 meters above mean sea level (Table 1). 

 Messor pergandei are ubiquitous in the deserts of southern California and are co-

dominant with Pogonomyrmex species. Messor pergandei establish large nests underground 

and deposit sand and soil in craters surrounding the nest entrance hole. Worker ants harvest 

and forage seeds in the area near the nest, carrying seeds that are processed by other workers 

(Went et al., 1972). Seeds from annual plants are typically harvested; however, perennial 

shrub and grass seeds are also harvested (Went et al., 1972; Wissinger, personal 

observation). Seed refuse, flowers, stems, and other debris are brought from inside the nest 

back to the nest entrance and deposited on the crater, creating large mounds (Went et al., 

1972). These mounds are correlated to the size and age of the ant colony inhabiting the nest 

(Gordon, 1984; Wagner et al., 1997).  
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2.3 Field Measurements 

 All field measurements were taken on belt transect crosses, where we established four 

transects radiating out at 90° angles. We established five crosses per site and the center point 

of each cross was separated by 300 meters. Each segment of the cross was 100 m long by 4m 

wide, which allowed us to survey 1,600 m
2
. Thus, at each site we surveyed 8,000 m

2
.  

 Messor pergandei nest density was calculated by counting nests with active ants within 

each of the five belt transect crosses. Nests no longer in use within three meters of the active 

nest were considered abandoned nests. We measured active nest mound diameter at its widest 

point and nest mound height at its highest point.  

 At three of the five crosses, we measured shrub density and counted fruits and seeds. 

Ambrosia dumosa and L. tridentata shrubs were counted within the 1,600 m
2
. Along each 

transect we located the nearest A. dumosa and L. tridentata shrubs to the centerline at 20, 40, 

60, 80, and 100 meters. Buds, flowers, fruits, and seeds were then counted on the last 15cm 

of the closest branch to the centerline.  

 We collected ants from at least three randomly chosen nests at each of the five crosses 

and preserved them in 70% ethanol. Leaves and seeds from randomly selected A. dumosa and 

L. tridentata within each the 1,600 m
2
 sampled were collected, air-dried, and stored in the 

laboratory. Seeds from two species of annual plants known to be harvested by ants were also 

collected (Wissinger, personal observation). In the laboratory, all plant and ant samples were 

cleaned, rinsed with dionized water, oven dried (50°C), and stored in airtight vials until 

analysis. Ant gasters were removed to eliminate undigested plant material from influencing 

the carbon and nitrogen analysis (Tillberg et al., 2006). 
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 Percent carbon and nitrogen along with δ
13

C and δ
15

N of leaf tissue, seeds, and ants were 

analyzed in the Idaho Stable Isotopes Laboratory, Moscow, Idaho. Samples were analyzed on 

a Finnigan-MAT, Delta+ isotope ratio mass spectrometer (IRMS) using a CE Instrument's NC 

2500 elemental analyzer to combust the samples. Isotope results are reported in delta (δ) 

notation on a per mille (‰) basis, δ = (Rsample/Rstandard – 1) x 1000, where R is the ratio of the 

heavy to the light isotope (Ehleringer and Rundel, 1989). 

2.4 Statistical Analysis 

 Response variables with homogenous variances were tested using a nested ANOVA 

(SAS Institute, Inc.). Tukey’s HSD tests were performed to determine post-hoc differences 

between means. Variables with heterogeneous variances were tested using a nested 

PERMANOVA (permutational multivariate analysis of variance) with a multivariate version 

of the t-statistic (based on distances) used for post hoc tests of the means (Anderson, 2005; 

Anderson, 2001; McArdle and Anderson, 2001). For both types of analysis, the effect of N 

deposition level was tested using site as a source of error; thus, site was nested within N 

deposition level.  

3. Results 

3.1 Ant Nest Descriptions 

 Messor pergandei nest density was significantly higher in the high and medium N 

deposition levels than in the low N deposition level (Figure 3a, Table 2). Abandoned nests 

surrounding the active colony were not significantly different among deposition levels 

although there was a trend of more abandoned nests at low N deposition sites (Figure 3b 

Table 2). Nest mounds were wider and taller in areas of lower N deposition (Figures 3c and 

3d, Table 2).  
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3.2 Shrub Surveys 

 There were no significant differences in L. tridentata and A. dumosa shrub densities 

among the three N deposition levels. (Figure 4, Table 3). Larrea tridentata fruit and seed 

counts were significantly different among the three levels (Figure 4, Table 3); Larrea 

tridentata produced more fruits and seeds at high N deposition levels. We were unable to 

obtain A. dumosa fruit and seed counts at all sites since some shrubs had dropped their fruits 

and seeds before sampling began. At eight sites, there were higher numbers of Ambrosia 

dumosa fruits and seeds at sites with high N deposition (R
2
=0.80; p=0.0029).  

3.3 Leaf, Seed, and Ant Isotopes 

 As N decreased across the gradient, δ
13

C values were more enriched. Ambrosia dumosa 

and L. tridentata leaf δ
13

C values were significantly different in each deposition level; δ
13

C 

values increased from high to low N deposition (Figure 5a, Table 4). Seeds from A. dumosa, 

L. tridentata, and annuals also had significant patterns of δ
13

C enrichment across the 

deposition levels from high N to low N (Figure 5b, Table 4). In addition, the δ
13

C of ants was 

significantly different among the three deposition levels, also becoming more enriched as N 

decreased (Figure 5c, Table 4).  

 Ambrosia dumosa and L. tridentata leaf δ
15

N values were also significantly different 

among the deposition levels becoming more enriched across the gradient from high to low N 

deposition (Figure 5d, Table 4). Larrea tridentata seed δ
15

N followed the same pattern as 

leaves (Figure 5e, Table 4).  Ambrosia dumosa and annual seed δ
15

N values were also 

significantly different among deposition levels (Figure 5e, Table 4), where seeds were more 

enriched in the medium N level than in the high and low N levels. Messor pergandei were 
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also more enriched in the medium and low N compared to high N deposition (Figure 5f, 

Table 4).  

3.4 Leaf, Seed, and Ant Percent Carbon and Nitrogen 

 Nitrogen deposition had no effect on percent carbon within trophic levels. Percent carbon 

in L. tridentata leaves was not significantly different among the three N deposition levels 

(Figure 6a, Table 5). Ambrosia dumosa leaf percent carbon was similar across the three N 

levels (Figure 6a, Table 5). Percent carbon in seeds from L. tridentata, A. dumosa, and 

annual plants were not significantly different among the three N levels (Figure 6b, Table 5). 

There were also no significant differences in percent carbon in ants from high to low N 

deposition (Figure 6c, Table 5).  

Patterns of percent N were similar to percent carbon. Percent N in A. dumosa leaves was 

not significantly different among the three N levels (Figure 6c, Table 5). Larrea tridentata 

leaves had slightly lower percent N at medium deposition sites (Figure 6c, Table 5). As with 

percent carbon, percent N in seeds of L. tridentata, A. dumosa, and annual plants were 

similar among the three N deposition levels (Figure 6e, Table 5). Percent N in ants was also 

not significantly different across the N deposition gradient (Figure 6f, Table 5). 

4. Discussion 

4.1 Nitrogen and Precipitation Gradients 

 We confirmed previously established patterns of higher N deposition on the western side 

of our study area. We also detected a precipitation gradient that follows this N deposition 

gradient. Desert productivity is limited by both nitrogen and water (Hooper and Johnson, 

1999; Harpole et al., 2007) and studies have found that increased water and nitrogen 

availability may result in increases in plant production in arid ecosystems (Rao and Allen, 
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2010, Yang et al., 2011); therefore, we predict that precipitation enhances the nitrogen cycle 

throughout the region. Although long term averages indicate precipitation on the western end 

of the N deposition gradient is higher than on the eastern side of the gradient, rain amounts 

on the west side are still extremely low. Separating the influence of precipitation from the 

effects of increased nitrogen will require more detailed studies; however, the reliance of the 

nitrogen cycle on precipitation suggests that higher nitrogen levels are having positive effects 

on both plants and M. pergandei.  

4.2 Ant Nest and Shrub Characteristics 

 While shrub density did not vary along the N deposition gradient, L. tridentata seed 

production was higher in high N deposition and precipitation areas. In addition, based on 

analysis and field observations, A. dumosa seed production patterns suggested that N 

deposition and precipitation increased fruit and seed production. We also predict from these 

patterns that annual plants (not measured in this study) would have increased seed production 

in areas of high N deposition based on increases in annual plant production during regional 

fertilization trials (Rao and Allen, 2010). Messor pergandei built more nests in areas with 

higher N deposition, which may be a function of the increased food availability with high 

seed production.  

A larger food supply for ants may promote early colony success and decreased 

competition after colony establishment (Gordon and Kulig, 1996; Wagner and Gordon, 

1997). Foundress queen success in harvester ants is dependent on several factors, including 

seed resources (Johnson, 2001). Messor pergandei nuptial flights and colony establishment 

occur after late winter rains in southern California and workers begin to harvest annual plant 

seeds during early spring (Went et al., 1972; Johnson, 2001). Harvester ants will travel long 



12 
 

 

distances (tens of meters) to collect seeds, but abundant nearby seeds would provide easily 

attainable food sources promoting establishment of the young colonies (Gordon, 1995; Went 

et al., 1972; Johnson, 2001) and help ensure colony longevity.  

 Competition among established M. pergandei colonies could also be a factor in nest 

density across the N deposition gradient. Ant colonies may be released from resource 

competition in areas with more nitrogen and precipitation due to larger amounts of seed 

production. Increased N could also raise the carrying capacity and thus ant colony density 

contributing to greater stable ant populations. Messor pergandei are adapted for high 

temperatures and sparse desert landscapes (Went et al., 1972); however, more seed allows 

harvester ants to reduce foraging time in adverse conditions. Reduced competition for seeds 

throughout a colony’s lifetime in high N deposition areas may result in increased ant nest 

density. 

 While ant nest density increased with increasing nitrogen, the size of ant nest mounds 

decreased with increasing nitrogen. Previous work on Pogonomyrmex barbatus and 

Pogonomyrmex occidentalis has demonstrated that colony age is correlated with colony size, 

specifically the size of the seed refuse mound at the nest entrance (Gordon and Kulig, 1996; 

Wagner and Gordon, 1997). In our study, ant nest mounds were taller and wider as nitrogen 

decreased. This result suggests that colonies in areas with lower nitrogen were older and 

more established. At sites with higher nitrogen, colonies were smaller and thus presumed to 

be younger and more recently established. 

 Group colony founding (pleometrosis) is common M. pergandei when resources are 

scarce in order to improve early colony success and usually leads to large colonies (Rissing 

and Pollock, 1987). Cahan (2001) investigated pleometrosis at sites similar in location to the 
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present study in the Coachella Valley and Joshua Tree National Park and found an increase 

of group colony founding in areas of low plant productivity where we also measured larger 

nest mounds in low nitrogen deposition areas. Our nest mound dimension patterns support 

the idea that there are older, larger colonies in the areas with low nitrogen. The colonies in 

areas with higher nitrogen deposition are more numerous, have established more recently and 

are smaller.  

4.3 Carbon and Nitrogen Isotope Patterns 

 The patterns of δ
13

C enrichment across the nitrogen and precipitation gradients (from 

high resources to low) indicated that plants were water stressed at the low precipitation end 

of the gradient. Plants discriminate against the heavier carbon isotope, 
13

C, during stomatal 

conductance of CO2 for photosynthesis (Dawson et al., 2002; Fry, 2006). Plants in drought 

conditions decrease the time stomates are open resulting in more enriched CO2 being used 

during photosynthesis (Fry, 2006). Our results follow similar patterns of δ 
13

C enrichment in 

water stressed conditions in conifer seedlings (Dawson et al., 2002; Pinto et al., 2011).   

 The differences in 
13

C values among the three deposition levels could also signify 

different sources of carbon (Fry, 2006). Fossil fuel combustion δ
13

C values are more depleted 

than the atmosphere and when mixed with the atmosphere they lower atmospheric δ
13

C 

(Djuricin et al., 2010). Air currents that deliver the atmospheric nitrogen deposition also 

deliver carbon pollution from urban fossil fuel combustion on the west side of the Coachella 

Valley. As plants across the valley take up carbon and as the air currents move from west to 

east, the polluted carbon sources become less concentrated in the east and are not taken up as 

readily by the plants. Depletion of the δ
13

C values at the high N sites suggests plants are 

sourcing carbon from fossil fuel combustion pollution on the west side of the gradient.  
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 Enrichment in δ
15

N values for leaves and seeds with decreasing N contrasts results found 

in more mesic hardwood and conifer forests, which revealed a positive correlation with δ
15

N 

and N deposition (Pardo et al., 2006; Pardo et al., 2007; Talhelm et al. 2012). The increase in 

δ
15

N with increased N deposition in these other ecosystems may be due to N saturation and 

increased nitrification (Pardo et al., 2006). Our results suggest that this desert ecosystem has 

not reached N saturation along the N deposition gradient due to the depleted δ
15

N values in 

areas of high N deposition.  

 Differences in δ
15

N could also be due to specific source δ
15

N values along the gradient 

(Pardo et al., 2006). Assuming that the air currents that brought the polluted carbon also 

delivered the nitrogen, it is possible that atmospheric nitrogen from the urban areas is 

eventually being taken up by harvester ants. The differences in δ
15

N values for leaves, seeds, 

and ants among the deposition levels suggest that the sources of nitrogen are different or that 

the nitrification process is different across the gradient (Fry, 2006; Pardo et al., 2006; Pardo 

et al., 2007).  

 Interpreting the nitrogen isotope values are more difficult since microbial communities 

fractionate nitrogen before plants discriminate against the heavier isotope during nitrogen 

acquisition (Evans, 2001; Evans, 2007). Soil δ
15

N values from different parts of the nitrogen 

cycle are not easily identifiable due to these fractionations. Furthermore, our inability to 

measure carbon and nitrogen isotopic values and percent composition in the soil samples 

collected limits our ability to link sources of plant and ant nitrogen across the gradient. 

Future research into the effects of atmospheric N deposition on the soil nitrogen cycle will 

increase our capacity to understand how atmospheric nitrogen deposition affects desert 

organisms. 
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 Differences in δ
15

N values among trophic levels are more evident. Ant δ
15

N values are 

about three per mille more enriched than the δ
15

N values of the annual seeds in each nitrogen 

deposition level. This enrichment difference follows the Δ δ
15

N of three ‰ thought to be the 

nitrogen fractionation for each trophic level in a system starting with the first level herbivores 

(DeNiro and Epstein, 1981; McCutchan Jr. et al., 2003). Larrea tridentata seed δ
15

N values 

are nearly identical to the ant δ
15

N values in the high and medium N levels and seed values 

are more enriched than the ants in the low N level, suggesting that L. tridentata seeds are not 

a primary food source for M. pergandei across the N gradient. Although several studies have 

demonstrated that herbivores in desert ecosystems have elevated δ
15

N values due to 

physiological means, Hartman (2010) demonstrated that δ
15

N values of two desert bovids 

were likely caused by diet and not physiology due to a Δ δ
15

N of three ‰ between the diet 

and animal tissues. Our study corroborates this finding, as the ants were separated from the 

annual seeds with Δ δ
15

N of three per mille between the two trophic levels.  

The similarities in percent nitrogen for plants and ants across the N deposition gradient 

indicate that nitrogen deposition is not increasing plant available nitrogen. The high N level 

areas in this study receive about 20 kg ha
-1

 yr
-1

 (Fenn et al., 2007; Allen et al., 2009), while 

typically experimental studies that examine the effects of nitrogen deposition fertilize study 

plots with levels much higher than natural rates (e.g. Rao and Allen, 2010; Rao et al., 2009; 

Schwinning et al., 2005).  Thus, this level of nitrogen deposition is possibly too low for 

additions to the nitrogen cycle to occur without adequate amounts and timing of soil 

moisture. Precipitation pulse events could also drive compensatory population growth of 

nitrogen cycling bacteria resulting in excess nitrogen being added to the system becoming 

immobilized instead of mineralized.  (Yahdjian and Sala, 2010).  The amount of nitrogen in 
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plants and insects can also be influenced by other factors, including temperature and 

phosphorus availability (Fagan et al., 2002; Jones and Power 2012).  

 Each organism’s ability to regulate carbon and nitrogen may reduce any patterns across 

the gradient (Sterner and Elser, 2002). Other studies in L. tridentata/A. dumosa communities 

have found only small or no changes in percent nitrogen of vegetation in response to 

atmospheric N deposition (Smith et al., 2009; Hall et al., 2011). In addition, as the nitrogen 

deposition has been occurring for many decades, plants and their granivores may have 

already adapted to the increase in nitrogen. This adaptation could have happened early in the 

history of the N deposition gradient and adjustments to ecological stoichiometry are no 

longer apparent.  

Further studies on higher trophic levels, including harvester ant predators, would provide 

more clarity on how ant colony competition is affected by resource limitation. Ant nest 

density could be regulated by predators; however, increases in precipitation and nitrogen 

resulted in higher food resources and higher ant nest density suggesting that harvester ant 

population densities’ are controlled by resource availability.  

 

5. Conclusion 

 Altered nitrogen inputs to desert systems are predicted to have cascading effects through 

trophic levels. We found higher seed production, higher ant nest densities, and smaller nests 

in high deposition areas suggesting that N deposition may be increasing food supplies for 

harvester ants and promoting colonization of new nests. In addition, variation in both δ
13

C 

and δ
15

N values across the N deposition gradient reveal sources of carbon and nitrogen 
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across the gradient are different and influenced by anthropogenic activities. Our results 

suggest that plants and harvester ants are taking up nitrogen from polluted regions. 

 Harvester ants are one of the primary ecosystem engineers in desert ecosystems. How 

they adjust to global changes, including N deposition, will affect desert plant biodiversity and 

health. The harvester ant’s ability to move seed rivals that of any desert animal. With annual 

invasive plants predicted to increase with higher nitrogen paired with changes in precipitation 

patterns (Rao and Allen, 2009), harvester ant movement of those seeds could create 

considerable invasions in sensitive desert regions. In addition, native perennial shrubs, such 

as L. tridentata and A. dumosa, may be affected by increased competition from annual plants 

and growing fire risk from larger fuel loads (Rao and Allen, 2009). This competition could 

reduce their dominance in the deserts of southern California and shift the native plant 

community from perennial shrubs to invasive annual plants. The critical role of harvester ants 

and perennial shrubs in desert ecosystems reflects the importance of understanding how they 

will adapt to N deposition.  
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TABLES 

Table 1. Site descriptions across the nitrogen deposition study area with distance from 

Cabazon, site type, soil texture, and elevation. 

 

Site 
Distance from 

Cabazon, CA (km) 
Site Type Soil Texture Elevation (m) 

Snow Creek 10 Sandy Wash Sand 369 

N. Indian Canyon 22 Basin Loamy Sand 454 

Windy Meadows 23 Basin Sand 234 

Palm Drive 27 Basin Loamy Sand 180 

Mtn. View/20th 29 Basin Sand 240 

Long Canyon 31 Bajada Loamy Sand 392 

Wide Canyon 37 Bajada Loamy Sand 523 

Willis Palms 44 Bajada Sand 91 

TNC 1 44 Bajada Loamy Sand 232 

Fan Hill 50 Bajada Loamy Sand 533 

Indio Hills 53 Bajada Loamy Sand 405 

Berdoo Canyon 58 Bajada Loamy Sand 280 

Magic Circle 88 Basin Loamy Sand 540 

JT South 94 Basin Loamy Sand 528 

Pinto Basin 96 Basin Loamy Sand 715 

Cadiz Valley 128 Bajada Loamy Sand 542 

Coxcombcell 136 Bajada Loamy Sand 375 

Aqueduct 140 Bajada Loamy Sand 360 
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Table 2. Nested ANOVA and PERMANOVA (*) results for ant nest density, abandoned 

nests, nest mound diameter, and nest mound height in the three deposition levels across the N 

deposition gradient.. Significant P-values are bolded where α = 0.05. 

 
Source 

 
N Deposition Level Site(N Deposition Level) 

 
DF F P value DF F P value 

Ant Nest Density* 2,89 6.1 0.0052 15,89 4.62 0.0002 

Abandoned Nests 2,89 3.21 0.0692 15,89 5.15 <0.0001 

Nest Mound Diameter* 2,89 4.16 0.0278 15,89 4.23 0.0002 

Nest Mound Height 2,89 4.82 0.0242 15,89 1.67 0.0759 
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Table 3. Nested ANOVA and PERMANOVA (*) results for Larrea tridentata and Ambrosia 

dumosa shrub densities and L. tridentata fruit and seed count in the three deposition levels 

across the N deposition gradient. Significant P-values are bolded where α = 0.05.  

 
Source 

 
N Deposition Level Site(N Deposition Level) 

 
DF F P value DF F P value 

L. tridentata Shrub Density* 2,53 1.06 0.3658 15,53 3.37 0.0004 

A. dumosa Shrub Density* 2,53 0.87 0.5046 15,53 3.6 0.0002 

L. tridentata Fruit and Seed Count 2,53 5.81 0.0135 15,53 13.24 <0.0001 
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Table 4. Nested ANOVA results for δ 
13

C and δ 
15

N values of Ambrosia dumosa and Larrea 

tridentata leaves, Ambrosia dumosa and Larrea tridentata seeds, annual plant seeds, and 

Messor pergandei ants in the three deposition levels across the N deposition gradient. 

Significant P-values are bolded where α = 0.05.  
 

 
Source 

 
N Deposition Level Site(N Deposition Level) 

δ 
13

C  DF F P value DF F P value 

A. dumosa Leaves 2,53 28.97 <0.0001 15,53 4.08 0.0003 

L. tridentata Leaves 2,53 17.1 0.0001 15,53 6.13 <0.0001 

A. dumosa Seeds 2,53 40.39 <0.0001 15,53 4.86 <0.0001 

L. tridentata Seeds 2,53 31.46 <0.0001 15,53 3.36 0.0014 

Annual Plant Seeds 2,53 35.6 <0.0001 15,53 7.23 <0.0001 

M. pergandei 2,53 21.18 <0.0001 15,53 15.65 <0.0001 

δ 
15

N  
      A. dumosa Leaves 2,53 8.05 0.0042 15,53 1.55 0.1403 

L. tridentata Leaves 2,53 4.94 <0.0001 15,53 5.97 <0.0001 

A. dumosa Seeds 2,53 3.15 0.072 15,53 2.96 0.0038 

L. tridentata Seeds 2,53 8.86 0.0029 15,53 2.22 0.0249 

Annual Plant Seeds 2,53 4.03 0.0398 15,53 3.71 0.0006 

M. pergandei 2,53 8.96 0.0028 15,53 2.33 0.0189 
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Table 5. Nested ANOVA results for % carbon and % nitrogen values of Ambrosia dumosa 

and Larrea tridentata leaves, Ambrosia dumosa and Larrea tridentata seeds, annual plant 

seeds, and Messor pergandei ants in the three deposition levels across the N deposition 

gradient. Significant P-values are bolded where α = 0.05.  
 

 
Source 

 
N Deposition Level Site(N Deposition Level) 

%C  DF F P value DF F P value 

A. dumosa Leaves 2,53 0.4 0.6758 15,53 1.76 0.0817 

L. tridentata Leaves 2,53 3.59 0.053 15,53 3.59 0.0005 

A. dumosa Seeds 2,53 0.63 0.5476 15,53 1.96 0.0488 

L. tridentata Seeds 2,53 1.46 0.2638 15,53 2.24 0.0242 

Annual Plant Seeds 2,53 1.17 0.3386 15,53 1.17 0.3386 

M. pergandei 2,53 1.21 0.3244 15,53 1.3 0.2532 

%N              

A. dumosa Leaves 2,53 0.97 0.4031 15,53 3.23 0.002 

L. tridentata Leaves 2,53 0.25 0.7814 15,53 2.39 0.0163 

A. dumosa Seeds 2,53 1.46 0.2632 15,53 1.4 0.2014 

L. tridentata Seeds 2,53 1.43 0.2699 15,53 0.7 0.771 

Annual Plant Seeds 2,53 0.69 0.516 15,53 3.83 0.0005 

M. pergandei 2,53 2.42 0.1229 15,53 0.78 0.6947 
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FIGURES 

 

 
 

Figure 1. Map of study sites across the N deposition gradient in southern California. Sites 

(red circles) were grouped into three N deposition levels (high, medium, and low); six sites 

are within each deposition level. 
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Figure 2. Nitrogen deposition and precipitation values for each of 18 sites across the 

Coachella Valley and Joshua Tree National Park, CA. Each site is measured as the distance 

from Cabazon, CA, which is the farthest town on the west side of the gradient. Nitrogen 

deposition values were calculated from modeled N deposition (Center for Conservation 

Biology, UC Riverside). Precipitation values are the yearly average precipitation from 2000 

through 2011 and were calculated by the PRISM model (Oregon State University). 
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Figure 3. Messor pergandei nest density, number of abandoned nests, nest mound diameter 

and height in three N deposition levels across the gradient. Each deposition level consists of 

six sites. Capital letters signify significant differences between N deposition levels. Error 

bars represent ± SEM. 
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Figure 4. Larrea tridentata and Ambrosia dumosa shrub densities and L. tridentata fruit and 

seed count in three N deposition levels across the gradient. Each deposition level consists of 

six sites. Capital letters signify significant differences between N deposition levels. Error 

bars represent ± SEM. 
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Figure 5. δ 
13

C (top panel) and δ 
15

N (bottom panel) values for leaves, seeds and ants in three 

N deposition levels across the gradient. Each deposition level consists of six sites. Capital 

letters signify significant differences between N deposition levels. Error bars represent ± 

SEM. 
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Figure 6. Percent carbon (top panel) and percent nitrogen (bottom panel) values for leaves, 

seeds and ants in three N deposition levels across the gradient. Each deposition level consists 

of six sites. Capital letters signify significant differences between N deposition levels. Error 

bars represent ± SEM. Note differences in scale among the different types of tissue analyzed.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

f) e) d) 

c) b) a) 


