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Abstract. Sodium (Na) has a unique role in food webs as a nutrient primarily limiting for
plant consumers, but not other trophic levels. Environmental Na levels vary with proximity to
coasts, local geomorphology, climate, and with anthropogenic inputs (e.g., road salt). We tested
two key predictions across 54 grasslands in North America: Na shortfall commonly limits herbivore abundance, and the magnitude of this limitation varies inversely with environmental Na
supplies. We tested them with a distributed pulse experiment and evaluated the relative importance of Na limitation to other classic drivers of climate, macronutrient levels, and plant productivity. Herbivore abundance increased by 45% with Na addition. Moreover, the magnitude
of increase on Na addition plots decreased with increasing levels of plant Na, indicating Na
satiation at sites with high Na concentrations in plant tissue. Our results demonstrate that
invertebrate primary consumers are often Na limited and track local Na availability, with
implications for the geography of invertebrate abundance and herbivory.
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INTRODUCTION
A fundamental challenge for geographical ecology is
generating a list of key drivers accounting for the widespread variance in the abundance and biomass of individuals (Kaspari et al. 2000), their distribution among
trophic levels (Oksanen et al. 1981, Power 1992), food
chain length (Pimm 1979), and food web complexity
(Dunne et al. 2002). Many such drivers have been hypothesized. Plant productivity is thought to broadly constrain
herbivore populations (White 1978) while predators may
limit lower trophic levels (Hairston et al. 1960, Oksanen
et al. 1981). Size and variability of habitat structure
increase both prey refugia and niche dimensionality for
predators (Power et al. 1992, Benton et al. 2003). Climate
and soil nutrients such as nitrogen and phosphorus can
control abundance, diversity, and food web complexity
(Meserve et al. 2003, Welti and Joern 2015, Lind et al.
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2017). However, we are far from consensus on understanding the drivers that shape food webs, exemplified by the
variety of results from comparative and experimental analyses of grassland ecosystems (Haddad et al. 2000, Rosenblatt and Schmitz 2014, La Pierre and Smith 2016, Lind
et al. 2017). Here we use a distributed experiment to
explore how variation in availability of one nutrient, Na,
may account for some of this variation.
The Sodium Ecosystem Respiration (SER) hypothesis
assumes a unique role for Na in limiting abundance and
activity of members of brown food webs (Kaspari et al.
2014). Here we extend the SER to green food webs with
the prediction that Na shortfall targets plant consumers,
both herbivores and detritivores. Na is a trace element in
plant tissue (Marschner 1995) while consumer tissues
contain 10–1,000 times the concentration of plant Na
levels (Ganguli et al. 1969, Cromack et al. 1977, Geerling and Loewy 2008). Animals use Na for the critical
function of osmoregulation via Na-K pumps, which consume a large proportion of the resting metabolism of
animals, ranging from ~4% in muscle tissue to ~45% of
metabolism in brain tissue (Clausen et al. 1991). Moreover, animals must continuously replenish Na, as it is
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constantly excreted (Blair-West et al. 1968). Na shortfall
can have consequences. In two Lepidopteran species, Na
supplementation enhanced muscle mass and brain size
(Snell-Rood et al. 2014). Na supplementation can
increase the abundance and activity of plant consumers
(Joern et al. 2012, Clay et al. 2014), but the geographical
generality of this pattern has thus far been verified only
for ants (Kaspari et al. 2008).
Na sources for animals vary geographically. The risk of
Na shortfall increases inland away from sources of aerosolized seawater (National Atmospheric Deposition Program 2008), far from high Na sedimentary beds formed
from evaporated lakes (Hudec and Jackson 2007) and on
sandy soils that leach soil cations (Jones and Hanson
1985). When host plant Na concentrations are not sufficient, plant consumers must seek additional sources such
as from fungi (Rothman et al. 2006), geophagy (Powell
et al. 2009), puddling (Smedley and Eisner 1995), and
opportunistic carnivory (Simpson et al. 2006). At small
spatial scales, a key source of Na is urine deposits (Steinauer and Collins 1995, Clay et al. 2014). Urine “hotspots” can cause increased biotic activity, and are sourced
from all animal body sizes, from invertebrates (Jouquet
et al. 2006, Bracken et al. 2007) to vole latrines (Woodroffe et al. 1990) to ungulate grazing lawns (McNaughton et al. 1997). The small spatial scale of urine hotspots
makes them attractive opportunities for testing SER predictions, especially with invertebrates (Clay et al. 2014).
Here we use Na pulse experiments distributed across
54 North American grasslands, to test (1) if Na limitation of herbivores is ubiquitous and (2) if the magnitude
of this limitation declines with ecosystem Na levels. We
compare the explanatory power of SER vs. classic drivers of food web structure such as climate, macronutrient levels, and plant productivity.
METHODS
Invertebrate grassland consumers were sampled from
54 protected mesic grasslands in the United States managed by NSF LTER, Nature Conservancy, and university
field stations during the 2017 growing season. These sites
correspond to an ecological gradient of Na deposition
from oceanic, high Na deposition, coastal sites (e.g.,
Florida, Texas) to the most inland sites (e.g., Minnesota).
All invertebrate sampling took place between 07:00 and
16:00, in the absence of rain and wind speeds <25 km/h.
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(control plots) were located at the corners and center of
a 30 9 100 m area. Invertebrates were collected from
salt, water, and control plots using a G-vac for 30 s/plot
(Stewart and Wright 1995), 48 h after water and salt
additions. At each control plot following invertebrate
collection, vegetation was clipped within 1 9 0.1 m “clip
strips” and soil was collected in two pooled 2.5 cm wide
9 5 cm deep soil cores. A schematic of the sampling
design is provided (Appendix S1: Fig. S1).
Lab methods
Plant samples were dried at 60°C for 36 h, and weighed
for dry mass. Grass, forb, and soil samples were analyzed
by the Cornell Nutrient Analysis Laboratory for C, N,
and H using combustion analysis and for metals using hot
plate digestion and inductively coupled plasma atomic
emission spectroscopy (ICP-AES; at the Cornell Nutrient
Analysis Laboratory, Ithaca, New York, USA).
Soil composition was estimated by mixing 100 g of soil/
site with 1 tablespoon water softener (Calgon, Pittsburgh,
PA, USA) and water in a jar and settled for 24 h. Soil
depth (mm) in the jar was measured, then the sample was
shaken for five minutes; soil height was measured 40 s following shaking (fraction sand), and after 30 min (fraction
silt); the remainder was considered the clay fraction.
Invertebrates were sorted to Family for taxonomic groups
of interest, such as those well represented by herbivores, and
to Order for other groups. Each taxonomic group was
assigned to a functional guild (herbivore, predator, parasitoid, detritivore, pollinator, omnivore, and unknown, see
Appendix S1: Table S1 for categorical assignments).
GIS methods
Precipitation and temperature data from 1981 to 2016
were extracted from the PRISM (Parameter-elevation
Regressions on Independent Slopes Model) data sets
created by the PRISM Climate Group at Oregon State
University. We used the monthly data sets covering the
conterminous United States with a 4-km spatial resolution. These temperature and precipitation data sets were
developed by applying the PRISM model to point station data. We downloaded all monthly gridded observations for both temperature and precipitation between
January 1981 and December 2016. We then derived the
grid cell values for the 54 sites by extracting the information for the grid cell overlapping the point location.

Field methods
At each site, aboveground invertebrates were collected
from 15, 1-m2 plots (810 total plots). At each site, 10
plots, each 5 m apart, were assigned to the Na addition
experiment. Of these, five alternating plots received 1 L
of water (water plots), and five received 1 L of a 1%
NaCl solution in water (salt plots); Na concentration
was chosen to mimic that occurring in ungulate urine
(Steinauer and Collins 1995). The remaining five plots

Statistical analyses
To summarize nutrient composition variation of
plants and soils we conducted Principal Component
Analyses (PCA) and used broken stick models (Legendre and Legendre 2012) to assess the number of informative principal component axes using the vegan package
(Oksanen et al. 2015) in R version 3.4.3 (R Development
Core Team 2017). To assess geographical drivers of plant
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RESULTS
We first quantify the variation in soil and plant chemistry among the 54 sites and their drivers, then test how
that variation contributes to invertebrate responses to
the pulse experiments.
Soil and plant chemistry
The PCA of soil chemistry (Appendix S1: Fig. S2A)
included two significant axes (Appendix S1: Fig. S3A).
The first axis accounted for 48.1% of the variation in soil
chemistry and was strongly (R2 > 0.5) negatively correlated with %N, %H, and many metals including Cd, Fe,
K, and P; thus soil PC1 can be construed as an index of
soil infertility. The second PCA axis accounted for
11.8% of the variation in soil chemistry and was strongly
correlated with Na, Sr, Ca, and Mg (Appendix S1:
Table S2). Soil Na varied more than two orders of magnitude from 2.7 ppm in a sandy (83% sand) central

Florida pine forest to 650 ppm in a clay-rich (47% clay)
Kansas prairie and was negatively correlated with soil
infertility, soil percent sand, and mean annual precipitation (Appendix S1: Table S3, Appendix S1: Fig. S4).
The PCA of plant chemistry was more complex than
that of soil (Appendix S1: Fig. S2B) and yielded four significant axes (Appendix S1: Fig. S3B). The first axis,
accounting for 29.3% of the variation in plant chemistry,
was strongly (R2 > 0.5) positively correlated with Al, B,
Ca, Co, Fe, and Ti. The second PCA axis accounted for
12.3% of the variation in plant chemistry and was
strongly correlated with Cd and Zn. The third and fourth
PCA axes accounted for 9.4% and 7.9% of the variation
in plant chemistry; neither was strongly correlated with
chemical elements but the third axis was moderately correlated (R2 = 0.46) with plant Na (Appendix S1:
Table S2). Plant Na, measured from clip strips, varied
more than two orders of magnitude from 8.2 ppm in a
tallgrass prairie in Iowa to 2,607 ppm in a Florida grassland. The strongest increases in plant Na resulted from
increases in mean annual temperature and mean annual
precipitation (Appendix S1: Table S4, Appendix S1:
Fig. S5). Soil Na was not included in the top AIC models
predicting plant Na (Appendix S1: Table S4).
Invertebrate abundance response to Na addition
Invertebrate abundance varied more than three orders
of magnitude across sites (from a mean of 0.2 individuals/
m2 for control plots and 0.4 individuals/m2 for salt plots
in central Florida grassland to an average of 327.2 individuals/m2 for control plots and 437.8 individuals/m2 for
salt plots in a montane Colorado meadow). Only one top
model predicted invertebrate abundances across experimental plots; it contained site as a random variable with
fixed driver variables of Na treatment, plant Na, and
plant biomass (AICc = 536.9, LL = 262.4, df = 6, marginal R2 = 0.43, ΔAICc = 0, wi = 0.6). Consistent with
the SER, the Na addition treatment increased invertebrate abundance (+Na plots averaged 50.5  4.6 individuals/m2 [mean  SE], while plots without Na addition
averaged 34.8  2.3 individuals/m2; Fig. 1B). Invertebrate
abundance decreased with background plant Na
(Fig. 1C) and increased with plant biomass (Fig. 1D).
Across sites, all functional groups yielded positive
effect sizes in response to Na addition, with omnivores
(d = 0.57  0.1) and herbivores (d = 0.54  0.09)
exhibiting the highest Na attraction (Fig. 2). While
highly variable, effect sizes of invertebrate attraction to
Na addition decreased across background levels of plant
Na (F1,52 = 4.1, R2 = 0.07, P = 0.049; Fig. 1A). Effect
sizes did not change across the gradient of soil Na
(F1,52 = 0.5, R2 = 0.001, P = 0.82; Fig. 1B).
DISCUSSION
The broad scale attraction of invertebrates to Na
addition and inclusion of environmental Na in top
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and soil Na and examine whether the abundance of
invertebrates was best explained by Na, other nutrients,
plant biomass, or climate, we used an Akaike information criterion corrected for sample size (AICc) framework (Burnham and Anderson 2002) to compare
competing models. The full “global” models for soil and
plant Na contained the predictors of percent soil sand,
mean temperature, mean annual precipitation, the first
axis of the PCA of soil chemistry and the first axis of the
PCA of plant chemistry. Linear mixed models, using site
as a random variable, were used to examine invertebrate
abundance responses to drivers. For the global model of
predictors for invertebrate abundances, fixed effects were
soil Na, plant Na, plant biomass, mean annual precipitation, mean annual temperature, the first axis of the PCA
of plant chemistry, the first axis of the PCA of soil chemistry, and the treatment variable (whether plot received
Na or did not). Water addition and control plots were
pooled in the non-Na addition plot category as no evidence was found for an effect of water addition on invertebrate abundances. Plant and soil Na levels and plant
biomass were log transformed and invertebrate abundances were log plus one transformed to fit normal distribution assumptions. AICc calculations and model
comparison were conducted using the MuMIn package
(Barton 2012) and mixed model results were conducted
using the lme4 package (Bates et al. 2015) in Program R
version 3.2.4 (R Development Core Team 2017).
Differential responses to Na addition by invertebrate
functional group were assessed using effect sizes
(Cohen’s d, Cohen 1988). Effect sizes were calculated
using the effsize package (Torchiano 2017) in R version
3.2.4 (R Development Core Team 2017). To examine
variation in the response to Na addition across gradients
of Na availability, we regressed effect sizes of invertebrate abundance to Na addition at each site over plant
and soil Na levels.
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FIG. 1. Change in effect size of total abundance (A) over plant sodium and (B) over soil sodium. Each point represents one site.
Sites categorized by geography (North, sites within the states of Nebraska, South Dakota, and Minnesota; Central, sites within the
states of Colorado, Iowa, Kansas, and Missouri; South, sites within the states of Florida, Oklahoma, and Texas).

explanatory models allows us to add Na availability to
the array of environmental drivers employed by geographical ecologists (Pianka 1966, MacArthur 1972,
Allen et al. 2005) toward understanding variation in
invertebrate abundance across North America’s grasslands. Na’s hypothesized role—limiting plant consumers, but not plants or predators—is unique among
the chemical elements. Here we document 100-fold variation in soil and plant Na levels across North American
grasslands and find strong support for Na shortfall limiting herbivore abundance, and thus support for the
SER in green food webs. Na addition treatment, plant
Na levels and the classic driver of plant biomass
accounted for 43% of the variation in invertebrate abundance across sites. Our results suggest Na limitation
operates regularly at the local scale, with the greatest
attraction to Na observed for herbivores and omnivores. Although highly variable, Na attraction was lowest in areas with high plant Na, suggesting plant Na
can ameliorate invertebrate Na limitation and high
Na plants have the potential to satiate invertebrate Na
needs.
We explore the geography of Na availability through
chemical analysis in its two main forms available to
invertebrates, soil (through geophagy) and plant tissue
(through herbivory). Responses to environmental drivers
differed between soil and plant Na levels. Soil Na was
lower in wetter and warmer ecosystems, suggesting the
twin drivers of soil leaching and harvesting by consumers (Jones and Hanson 1985). We found that more
fertile soils, those with higher levels of N, P, and K, were
also those that contained more Na. Sandy soils have less
Na than do clay soils (Appendix S1: Fig. S4C), likely
arising from the higher cation exchange sites in clay soils
allowing them to retain minerals (Carroll 1959). Combined, these responses indicate a complex ecological gradient: hot, wet, sandy, and less fertile sites tend to have

high plant Na but low soil Na; while cold, dry, clay-rich,
and fertile sites tend to have high soil Na but low plant
Na. If so, we predict that geophagy by herbivore/omnivores should increase in the fertile inlands of North
America. However, the lack of a relationship between
soil Na and effect size of invertebrate attraction to Na
addition suggests soil may not be a common source for
invertebrate Na needs, and that other tactics for finding
Na, like carnivory (Clay et al. 2014), will increase
inland.
The amount of Na found in plant tissue can vary
greatly among species in a given habitat (Han et al.
2011, Joern et al. 2012, Snell-Rood et al. 2014). Here we
were surprised to find that >2 orders of magnitude variation exists among plants across the 54 sites. While a
common assumption is that plants passively uptake, and
thus mirror, soil Na levels (Furch and Klinge 1989), we
find little evidence of a positive correlation between soil
and plant Na. One potential complicating factor is that
Na can substitute the metabolic role of K in extremely
K-poor environments (Marschner 1995). Consistent
with that mechanism, we found the highest levels of
plant Na in infertile Florida systems, with the lowest
potassium levels. Parsing this novel geographic (i.e.,
ecosystem level) origin of variation in grassland Na from
the within-community (interspecific) variation takes on
a new importance, particularly considering its implications for plant herbivory.
The SER hypothesis helps makes sense of patchiness,
both geographic and inter-guild, in the abundance of
grassland invertebrates. At the local scale, invertebrates
were highly responsive to Na addition with all functional
groups showing attraction to Na addition after 48 h.
This short time scale suggests uptake from plant and soil
surfaces as opposed to via plant uptake. Our experimental Na addition mimics environmental Na inputs from
ungulate urine, an important source of Na for
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FIG. 2. (A) Mean effect sizes show sodium attraction of invertebrate functional groups across all sites. Positive effects sizes indicate
sodium attraction whereas negative effect sizes indicate sodium avoidance. Herbivores made up 38.1% of sampled invertebrates, omnivores 23.5%, pollinators 0.8%, predators 12.1%, parasitoids 8.8%, and detritivores 1.2%. Error bars represent one standard error of the
values of Cohen’s D between sites. Panels B, C, and D show top Akaike information criterion (AIC) fixed effects drivers and statistical
reports included here use linear mixed models with site included as a random variable and R2 values are marginal (including only fixed
effects). Sodium addition increased invertebrate abundance (t = 7.5, df = 755, P < 0.001; panel B). Invertebrate abundance is negatively
correlated with background plant Na (F1,52 = 16.1, R2 = 0.17, P < 0.001; panel B), and increases with plant biomass (F1,52 = 82.3,
R2 = 0.44, P < 0.001; C). Panel B box plot components include the mid line representing the median, the box edges representing the
upper and lower quantiles, whiskers representing data range excluding outliers, and points representing outliers.

invertebrate herbivores (Steinauer and Collins 1995,
Clay et al. 2014). As predicted, herbivores were among
the functional groups most attracted to Na, as were
omnivores. Contrary to predictions, detritivores and pollinators showed smaller effect sizes, though their abundances were overall lower and more variable. We suggest
the apparent attraction of predators and parasitoids to
Na pulses is actually to the prey they feed upon (Clay

et al. 2014). Moreover, we show that invertebrate attraction to Na increased with decreasing plant Na levels,
suggesting invertebrate responses depend on environmental availability of plant Na. This result supports previous work on ants documenting increased attraction to
Na baits from Na-rich coastal to Na-poor inland sites
(Kaspari et al. 2008, Clay et al. 2014, however see
Prather et al. 2018). In sum, our work further buttresses
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the SER’s prediction that Na’s geography helps predict
the geographical ecology of primary consumers.
Ecological fertilization experiments have been conducted primarily to examine the effects of elements limiting to plants (Kaspari and Powers 2016, Borer et al.
2017). Our results suggest that at the local scale, Na, an
element required by animals in 100-fold higher concentrations than in plants, increases activity of invertebrates,
especially herbivores and omnivores, indicative of Na limitation beginning at the second trophic level. However,
our geographically distributed experiments still operated
at small spatiotemporal scales (i.e., square meters and
days). A critical gap thus remains before we understand
the geography of Na in food webs: over longer time scales,
how do plants and predators respond to the increased
abundance and fitness of primary consumers brought
about by increased Na availability? Do Na-sated herbivores eat more plants, and better escape their predators
compared to those in Na-impoverished communities?
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