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Sodium is an essential nutrient whose deposition in rainfall de-
creases with distance inland. The herbivores and microbial decom-
posers that feed on sodium-poor vegetation should be particularly
constrained along gradients of decreasing sodium. We studied the
use of sucrose and NaCl baits in 17 New World ant communities
located 4–2757 km inland. Sodium use was higher in genera and
subfamilies characterized as omnivores/herbivores compared with
those classified as carnivores and was lower in communities
embedded in forest litter than in those embedded in abundant
vegetation. Sodium use was increased in ant communities further
inland, as was preference for the baits with the highest sodium
concentration. Sucrose use, a measure of ant activity, peaked in
communities 10–100 km inland. We suggest that the geography of
ant activity is shaped by sodium toxicity near the shore and by
sodium deficit farther inland. Given the importance of ants in
terrestrial ecosystems, changing patterns of rainfall with global
change may ramify through inland food webs.

ants � biogeochemistry � geography � limitation � sodium

There are many reasons why the availability of sodium should
impact population and ecosystem processes. Sodium is vital

for maintaining osmotic balance, muscle activity, and nervous
system function (1), and body sodium is tightly regulated (2).
Terrestrial plants contain ca. 1.0 mg � kg�1 sodium (3), whereas
the herbivores and decomposer microbes that eat them maintain
sodium levels 100- to 1000-fold higher (2, 4). Because sodium
(unlike, e.g., nitrogen) is readily lost through excretion, basal
consumers often must expend considerable energy to find and
harvest it (5–7).

Sodium supply varies geographically. It is carried inland by
oceanic aerosols, and the sodium content in rainfall can drop up
to 1000-fold with increasing distance from the ocean (8, 9).
Furthermore, inland ecosystems with high rainfall may experi-
ence significant sodium loss through leaching (10). As a conse-
quence, continental populations of moose (6), gorillas (11),
parrots (12), butterflies (13), and bees (14) often search for ‘‘salt
licks’’ (15) or resort to cannibalism (16) to maintain sodium
balance. However, aside from the salient work of Blair-West et
al. (17) on introduced rabbits in Australia, we know of no
detailed studies of how attraction to sodium, and potentially
sodium limitation, varies geographically.

Ant communities (Hymenoptera: Formicidae) are a model
system for exploring the biogeography of salt limitation. Ants are
common players in terrestrial ecosystems (18, 19). Moreover,
ants are trophically diverse, with herbivores that feed on sugary
exudates common in ‘‘green’’ food webs with abundant vegeta-
tion (e.g., forest canopies and grasslands) and predators that feed
on the consumers of decomposer microbes, common in litter (or
‘‘brown’’) food webs (20–23).

We quantified recruitment to NaCl and sucrose in 17 ant
communities to test 2 hypotheses concerning the biogeography
of salt limitation. The first hypothesis posits that decreased
sodium inputs via rainfall should increase the sodium limitation
of consumers. We predicted that the harvesting of NaCl solution

by ants increases from the coastline to the interior of continents.
The second hypothesis posits that herbivores are more sodium-
limited than predators. We predicted that carnivorous taxa
would use NaCl baits less frequently than herbivores and om-
nivores, and that communities embedded in green food webs
would show more attraction to sodium than those from brown
food webs.

Results
We sampled ant communities from a variety of ecosystems
[supporting information (SI) Table S1], ranging from coastal
forest and scrub 4 km inland to an Amazonian rain forest 2757
km inland. These communities yielded between 4 (Panama
litter) and 18 genera (Peru rain forest litter; median, 8) and were
sampled at temperatures from 26 °C (Peru rainforest) to 34 °C
(Florida scrub; median, 28 °C).

Ant recruitment to sucrose increased from concentrations of
0.5% to 20% (F1,66 � 83.14; P � 0.0001), with 20% sucrose (Fig.
1) uniformly trending the highest. Ant recruitment to sucrose
also varied with distance inland (F3, 66 � 4.9; P � 0.004). A
significant distance–concentration interaction (F3,66 � 6.8; P �
0.0005) indicated that the exponent of the recruitment curve
varied with distance to the ocean. When communities in each
distance bin were analyzed separately, the percentage of vial
hits scaled as sucrose concentration0.15 at � 10 km inland (F1,8 �;
P � 0.18; r2 � 0.21) up to 0.88 at 10–100 km inland (F1,17 � 5.7;
P � 0.0001; r2 � 0.65), and down to 0.50 (F1,29 � 7.8; P � 0.0001;
r2 � 0.68) and 0.48 (F1,12 � 9.71; P � 0.0001; r2 � 0.89),
respectively, at 100–1000 and � 1000 km inland. The highest
sucrose recruitment values (66% and 68%) were 10–100 km at
concentrations of 10% and 20%, respectively. Further inland,
these concentrations averaged 49% and 55%, and 54% and 61%
hits (Fig. 1).

Like sucrose, ant recruitment to NaCl baits showed significant
interactions (F3,71 � 4.4; P � 0.007), along with the effects of
concentration (F1,71 � 7.06; P � 0.0097) and distance inland
(F3,71 � 10.2; P � 0.0001; Fig. 1). Within 10 km of the ocean, vial
hits marginally decreased as NaCl concentration�0.27 (F1,8 �
�2.02; P � 0.08; r2 � 0.34), failed to vary with concentration at
10–100 km (F1,18 � 1.4; P � 0.17; r2 � 0.10), increased with NaCl
concentration0.33 at 100–1000 km (F1,33 � 3.7; P � 0.007; r2 �
0.30), and increased most strongly with NaCl concentration0.44

at � 1000 km inland (F1,12 � 3.3; P � 0.0024; r2 � 0.55). Unlike
sucrose, the highest values for recruitment to NaCl were at the
sites furthest inland.
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When distance inland was treated as a continuous variable, the
maximum percentage of NaCl baits used by an ant community
increased with distance inland (Fig. 2; F1,16 � 7.8; P � 0.013; y �
3.8x0.25; r2 � 0.35). The ratio of NaCl to sucrose use also
increased with distance inland (F1,16 � 5.02; P � 0.041; y �
0.99x0.05; r2 � 0.26).

We decomposed the community-level pattern in Fig. 2 to that
of its three dominant subfamilies and two most widespread
genera (Fig. 3). Although the best-fit regression exponents
varied two-fold, from 0.06 (Myrmicinae) to 0.17 (Dolichoderi-
nae), the subfamilies consistently demonstrated increased so-
dium use relative to sucrose use with distance inland (F1,28 �
14.05, P � 0.0008; subfamily, F2,28 � 1.76, P � 0.19; interaction,
F3,28 � 1.95, P � 0.16). Compared with whole communities,
subfamilies yielded more triangular scatterplots, suggesting that
inland locations were necessary, but not sufficient, to generate
high recruitment to NaCl in subfamily-based ant communities.
Proceeding further downward taxonomically, only 2 of 32 genera,
both Myrmicines, met our inclusion criteria of 10 sites, with �5
hits per site. For Pheidole and Solenopsis, the distance effect
disappeared (F1,21 � 0.06, P � 0.80; genus, F2,28 � 3.92, P � 0.06;
interaction, F3,28 � 0.56, P � 0.46).

Finally, we tested the prediction that increasing a taxon’s
trophic level decreases salt recruitment. We did so in two ways.
First, as predicted, six genera (from four subfamilies) classified
as herbivore omnivores (24) had six-fold higher Na:CHO ratios
than the 11 genera (from five subfamilies) classified as carni-
vores (8.7 vs. 1.5; Kruskal-Wallis �2

11,6 � 8.0; P � 0.0024).
When these genera were collapsed into subfamilies, the dif-

ference was nine-fold (6.9 vs. 0.75; Kruskal Wallis �2
5,4 � 2.9;

P � 0.0432). Second, across six paired communities, sodium
use was consistently higher (average, 20%) in ant communities
embedded in green food webs (signed-rank test, S � 10; P �
0.031; Fig. 1).

Discussion
Temperature and rainfall, two ‘‘master regulators’’ (25), vary
geographically, with consequences for the structure and function
of ecological communities (19, 26, 27). But despite the chemical
diversity of living organisms (1) and spatial patterns of biogeo-
chemistry (28), there have been few studies of the geography of
nutrient limitation in consumers (17, 29). Here we show that ant
communities increasingly recruit to sodium baits with increasing
distance inland. That ants recruited to NaCl at all was somewhat
of a surprise; in an Oklahoma grassland, the use of 1% NaCl baits
exceeded the use of 10%–20% sugar solutions! This strongly
suggests that sodium availability, via the deposition of NaCl in
oceanic aerosols, can limit the activity and/or abundance of a
dominant insect group.

Patterns of ant recruitment to our experimental gradients also
suggest NaCl limitation further inland. The use of a commonly
accepted carbohydrate—sucrose—roughly, and inversely, mir-
rors recruitment to NaCl. Between 10 and 100 km inland, ants
appeared to be indifferent to the NaCl concentration gradient,
suggesting the absence of NaCl limitation; in this same zone, the
highest use of 10% and 20% sucrose baits was recorded. Further
inland, ant communities increasingly preferred the highest con-
centrations of NaCl, while at the same time, maximal recruit-
ment to sucrose dropped (Fig. 1). Intriguingly, �10 km inland,
ants tended (P � 0.08) to use lower-concentration NaCl baits
(i.e., 0.01%, 0.05%); in the same locales, the lowest community-
wide recruitment to sucrose was recorded. This suggests possible
sodium toxicity in ecosystems receiving regular exposure to
saline oceanic aerosols (although these sites also were among the
warmest during our bait trials; Table 1).

Overall, these findings suggest that the availability of sodium
(and/or other elements distributed through aerosols) may
place metabolic limits on ant (and presumably, other con-
sumer) activity. Ecosystems 10–100 km inland may occupy a
sodium ‘‘sweet spot,’’ in which supplies are adequate to meet
metabolic demand but not high enough to hinder ant activity
(either through depression of plant productivity or by more
direct effects). This working hypothesis makes clear predic-
tions as to how experimental NaCl additions should affect the
activity and standing crop of ants, in much the same way that
‘‘salt licks’’ increase the production of cattle in the continental
interior (7) and irrigation with mined water depresses plant
productivity (2, 3).

The simplest scenario underlying increasing NaCl use further
inland is that all ant colonies have the same NaCl requirements

Fig. 1. Community-wide use of NaCl and sucrose baits as a function of
concentration and distance inland (least squares means plus 1 standard error).

Fig. 2. The maximum use of sucrose and NaCl baits by ant communities in 17 communities varies with distance inland and type of food web. Sites are classified
as a brown food web if the majority of vegetation is in a closed canopy or as a green food web if vegetation is readily accessible from the litter. In six regions
(F, Florida; P, Panama; Z, Arizona; A, Arkansas; O, Oklahoma; R, Peru; see Table 1), green and brown webs at the same distance inland were compared.
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and ability to harvest NaCl. If this were so, then we would expect
to see self-similarity in patterns of ant recruitment to sodium as
we decompose patterns for the family Formicidae into its
constituent subfamilies, genera, and species. Within the limits of
reasonable statistical power (10 sites with at least five hits per
site), we show that three common subfamilies consistently
increase NaCl use relative to sucrose further inland, but that two
genera do not. Both genera, Pheidole and Solenopsis, may be
buffered from NaCl deprivation by being carnivorous (16).
Consistent with our second prediction, carnivorous ant genera
and subfamilies are less likely to recruit to salt than those with
lower delta 15N signatures (24). Sodium stress may also be
tempered by reducing body sodium (17), increasing the effi-
ciency of osmoregulation (30, 31), switching sodium with phos-
phate or potassium (2), or feeding at higher trophic levels (16).
Ultimately, the increasingly triangular scatterplots at finer tax-
onomic resolution may represent individual taxa, populations, or
individuals implementing a variety of tactics to ameliorate
sodium stress (32, 33). The degree to which our community-wide
pattern is shaped by taxonomic replacement by more or less
sodium-hungry taxa, by local adaptation, and/or by phenotypic
plasticity awaits further study.

Sodium availability also varies locally with soil type, topogra-
phy, and irrigation by groundwater (34). Some variability in
sodium and sucrose recruitment across sites is accounted for by

the local changes in habitat; for omnivorous taxa, access to
sodium (and various other micronutrients) is likely higher in
brown food webs, where fungi and bacteria concentrate sodium
from sodium-poor leaf litter (4, 35). Our results support the
hypothesis that ants in habitats surrounded by green vegetation
are more herbivorous and sodium-stressed; however, the use of
sodium baits even in litter communities appears to increase
rapidly beyond ca. 300 km inland (Fig. 2).

In conclusion, the availability of NaCl appears to generate
a geographic signature on the activity of a dominant group of
terrestrial consumers, the ants. Sodium has a clear importance
as a limiting nutrient in animal husbandry (2, 7). It also is toxic
to plants; one-third of irrigated land is less productive due to
NaCl contamination (2). The biogeography of salt limitation
also may play out at the ecosystem level (29); for example, if
low sodium input has little effect on plants but hampers the
activity of microbial decomposers (4), then ecosystems of the
continental interior (e.g., much of the Amazon basin, the
grasslands of North America) may store more plant production
as undecomposed carbon compared with ecosystems closer
(but not necessarily adjacent) to the ocean. Given the impor-
tance of oceanic aerosols in sodium deposition and the un-
certainty in predicting rainfall in a changing climate (36), this
may be another unexpected forcing factor on global carbon
cycles.

Fig. 3. Taxonomic decomposition of salt use across 17 ant communities. The ratio of hits on NaCl baits and sucrose baits is compared among three common
subfamilies and two common genera of the subfamily Myrmicinae. The dashed line represents equal use; the straight curve is the best fit by linear regression.

Table 1. Seventeen ant communities sampled for sucrose and NaCl use

Region Name Genera Biome Distance inland, km Number Latitude Longitude Food Web Temperature, °C

Peru Cicra 18 Rain forest 2757 6 12.56 S 70.10 W Brown 26.7
Peru Iquitos 15 Rain forest 2028 5 3.95 S 73.41 W Brown 25.5
Peru1 ACTS litter 12 Rain forest 1920 5 3.25 S 72.91 W Brown 26.7
Peru1 ACTS canopy 4 Rain forest 1920 – 3.25 S 72.91 W Green –
Oklahoma2 Ranch 8 Grassland 676 4 35.23 N 97.19 W Green 25.6
Oklahoma2 Lake 6 Oak forest 676 4 35.20 N 97.13 W Brown 27.3
Arkansas3 Hayfield 8 Old field 448 5 33.81 N 94.20 W Green 30.3
Arkansas3 Cut 8 Mixed forest 452 5 33.81 N 91.28 W Brown 27.0
Arkansas Oak 5 Oak forest 567 5 34.82 N 92.49 W Brown 27.5
Arizona4 Stateline 9 Warm desert 389 4 31.95 N 109.16 W Green 28.5
Arizona4 SWRS 6 Pine forest 389 4 31.88 N 109.22 W Brown 29.2
Costa Rica La Selva 9 Rain forest 76 5 10.43 N 84.01 W Brown 27.5
Florida Everglades 10 Grassland 48 5 25.38 N 80.61 W Green 28.2
Panama5 BCI 4 Rain forest 30 5 9.15 N 79.86 W Brown 25.7
Panama5 BCI 9 Clearing 30 1 9.15 N 79.86 W Green 32.5
Florida6 Scrub 11 Pine scrub 4 4 27.59 N 80.37 W Green 34.1
Florida6 Hammock 5 Oak forest 4 4 27.59 N 80.37 W Brown 32

Number refers to the number of sampling transects run. Temperature refers to the mean temperature at start of trials. Sites sharing the same superscript are
green and brown food webs paired by region. Temperature was not recorded in canopy studies, where 15 trees were sampled during mid-morning over 2 days.
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Methods
We sampled the NaCl and sucrose use of 17 ant communities (Table S1). For
each site, we measured the distance from the oceanic source of precipitation
using Google Earth. Where this was ambiguous (i.e., the Everglades are in the
center of the Florida peninsula), or where two oceans generated rainfall (i.e.,
the Chihuahua desert of Arizona), multiple measures were taken and aver-
aged. In six localities (Arizona, Arkansas, Florida, Oklahoma, Panama, Peru;
Table 1), we sampled pairs of communities at similar (� 10 km) distances
inland. Each pair was characterized a priori as a brown food web (i.e., closed
canopy forests with a thick litter layer and little vegetation in the understory)
or a green food web (i.e., minimal canopy, if any, and abundant living
vegetation accessible to the ground ant community). All brown communities
were in forest litter. Green communities included grasslands, hayfields, lawns,
and, in one case, the canopy of a tropical forest (see below).

Ant communities were sampled with transects of labeled Eppendorf vials.
Each vial was half-stuffed with cotton saturated with sucrose or NaCl solution.
Sucrose was used as a standard of overall ant activity, because sugars are
widely used by ants and there was no a priori reason to expect geographic
variation in sucrose use. Vials were baited with a series of four or five
concentrations (sucrose: 0.1%, 0.5%, 1%, 5%, 10%, and 20% by mass; NaCl:
0.01%, 0.05%, 0.1%, 0.5%, and 1% by mass) plus a distilled water treatment.
Fifteen vials of each concentration were snapped shut and thoroughly mixed
in plastic bags. At each site, four or five linear transects were laid out (with one
exception—‘‘Panama clearing’’ had only one transect), and a vial was ran-
domly selected, opened, and placed every 1 m. After 1 h, we collected the vials,
snapping the cap shut and capturing the ants using the baits. These ants were
identified to genus and counted in the laboratory.

Inaddition,atonesite (ACTS inPeru),weusedacanopywalkwaytosamplethe
ant communities of 15 tree crowns and the leaf litter communities beneath.
Because vials could not be reliably placed and recovered from tree branches, we
placed cotton balls soaked in sucrose, NaCl, and distilled water solutions in a row
(with baits separated by 10 cm) on a large branch in the canopy or on the leaf
litter. Solutions started at 0.1% NaCl and 1% sucrose and were observed for 15
min.Over successive5-min intervals, concentrationswere increased (NaCl: 0.05%,
0.1%, and 0.5%, sucrose: 5%, 10%, and 20%). We recorded the number of ants
that drank from the solutions (assayed as 5 sec of continuous contact with the
mandibles)over theperiod inwhicheachconcentrationwaspresented.Atotalof
15 trees and 19 litter patches (10 m apart) were sampled in this way.

For each site analyzed with the vial method, sucrose and NaCl vials were
scored, at each concentration, by the percentage (out of 15 vials) with ants
minus the activity at distilled water. The cotton ball experiments were scored

similarly as the percentage of trials (15 tree, 19 litter) in which sucrose and or
NaCl was collected by ants. The ACTS litter sampled with the Eppendorf vials
and cotton balls yielded similar values; only vial data are presented here.

To analyze patterns of recruitment with concentration and distance inland,
we first calculated the average percentage of hits by ants for each concen-
tration at a given site across each site’s replicate transects. We used one-tailed
tests to evaluate predictions of (1) higher sodium use further inland and (2)
lower sodium use with increasing carnivory.

We tested prediction 1 in two ways. First, we used analysis of covariance to test
the hypothesis that log10 (ant recruitment) increased with log10 (concentration
for sucrose and NaCl), but that recruitment to NaCl, but not to sucrose, increased
with distance inland. We did so by binning sites by distance inland (� 10 km [n �
2], 10–100 km [n � 4], 100–1000 [n � 7], and � 1000 km [n � 4]). We also
evaluated maximum sucrose and NaCl recruitment across sites across the range of
concentrations (typicallyat1%NaCland10%–20%sucrose)withdistance inland.
Because sodium use may be confounded by overall activity (as gauged by the
activity at sucrose baits), we also evaluated changes in the ratio of sodium use to
sucrose use per site. We evaluated taxonomic self-similarity for NaCl and sucrose
use for subfamilies and genera that met the minimum criteria of the presence at
10 or more sites and at least five bait hits per site. In each case, we used analysis
of covariance, with taxonomic membership as the class variable and distance
inland as the continuous variable.

We also tested prediction 2 (lower sodium use with increasing carnivory) in
two ways. First, we characterized genera by the Na:CHO ratio based on the total
number of hits on NaCl versus those on sucrose. (Two genera, Gigantiops and
Pseudomyrmex were assigned arbitrary values of 2, given absence of any workers
at sucrose baits.) We used Davidson’s (22, 24) studies of Amazon ants to assign 17
of 32 genera as ‘‘herbivore-omnivore’’ (6 genera) or ‘‘carnivore’’ (11 genera),
based on Davidson’s threshold of 5.5% delta 15N. We compared Na:CHO ratios
for these two trophic groups using a Kruskal-Wallis test. As before, we then took
subfamilymeansandrepeatedthetestatacoarsertaxonomicresolution.Second,
we used a signed-rank test to compare NaCl and sucrose use in ants of for six pairs
of matched green food web and brown food web communities.
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