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Abstract Phytophagous insects have a much higher
nitrogen and phosphorus content than their host
plants, an elemental mismatch that places inherent
constraints on meeting nutritional requirements.
Although nitrogen limitation is well documented in
insect herbivores, phosphorus limitation is poorly stud-
ied. Using factorial experiments in the laboratory and
Weld, in which levels of soil nitrogen and phosphorus
were manipulated, we studied the relative conse-
quences of macronutrient limitation for two herbi-
vores, namely the phloem-feeding planthoppers
Prokelisia dolus and P. marginata. These planthoppers
inhabit the salt marshes of North America where large
stands of their Spartina host plant are found. Notably,
these congeners diVer in their dispersal abilities;
P. marginata is dispersive whereas P. dolus is seden-
tary. Both nitrogen and phosphorus subsidies
enhanced the nitrogen and phosphorus content of
Spartina. When P. dolus and P. marginata were raised
on plants with an enriched nitrogen signature, they
exhibited greater survival, grew to a larger size, devel-
oped more rapidly, and achieved higher densities than
on nitrogen-deWcient plants. However, P. marginata
experienced greater Wtness penalties than P. dolus on

nitrogen-deWcient plants. Phosphorus limitation and
associated Wtness penalties were not as severe as nitro-
gen limitation for P. marginata, and were not detected
in P. dolus. The tempered response of P. dolus to
N- and P-deWcient Spartina is probably due to its
greater investment in feeding musculature and hence
ability to compensate for nutrient deWciencies with
increased ingestion. To cope with deteriorating plant
quality, P. dolus employs compensatory feeding,
whereas P. marginata disperses to higher quality
Spartina. When its option of dispersal is eliminated and
P. marginata is conWned on nutrient-deWcient plants, its
performance is drastically reduced compared with
P. dolus. This research highlights the importance of
interfacing herbivore life-history strategies with eco-
logical stoichiometry in order to interpret the conse-
quences of macronutrient limitation on herbivore
performance and population dynamics.

Keywords Dispersal ability · Ecological 
stoichiometry · Nitrogen · Phosphorus · Prokelisia 
planthopper

Introduction

Insect herbivores have a decidedly higher nitrogen
(»9% N) and phosphorus (»0.5% P) content than
their host plants (»1.5%N, »0.05%P) (Elser et al.
2000a; Fagan et al. 2002), a stoichiometric mismatch
that places severe constraints on their ability to meet
nutritional demands (Mattson 1980; Strong et al. 1984;
Elser et al. 2000a). Thus, it is not surprising that nutri-
ent limitation has been widely documented for a taxo-
nomically diverse array of phytophagous insects (see
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reviews by McNeill and Southwood 1978; Mattson
1980; Waring and Cobb 1992; White 1993; Awmack
and Leather 2002; Huberty and Denno 2004).

The importance of nitrogen and phosphorus for
insect herbivores has been demonstrated experimen-
tally by manipulating the nutrient composition of their
diet and measuring subsequent growth responses
(Busch and Phelan 1999; Bentz and Townsend 2001;
Chen and Welter 2002; Richardson et al. 2002). Physio-
logically, nitrogen is essential for growth (Kainulainen
et al. 1996; Rossi et al. 1996; Kerslake et al. 1998), sur-
vival (Salim and Saxena 1991; Rossi et al. 1996; Ayres
et al. 2000; De Bruyn et al. 2002), and reproduction
(van Emden 1966; Rossi and Strong 1991; Bentz and
Townsend 2001), due to its fundamental role in protein
synthesis (Sterner and Elser 2002). Collectively, such
studies demonstrate that nitrogen is consistently limit-
ing for most invertebrates, both terrestrial (Slanksy
and Feeny 1977; McNeill and Southwood 1978; Matt-
son 1980; White 1993; Elser et al. 2000a) and aquatic
(Urabe and Watanabe 1992; Downing 1997; Hassett
et al. 1997; Elser et al. 2000a). Moreover, nitrogen is
thought to be the most limiting macronutrient for phy-
tophagous insects (McNeill and Southwood 1978;
Mattson 1980; Strong et al. 1984; White 1993; Polis
1999).

For phytophagous insects, phosphorus has not been
considered as limiting as nitrogen, perhaps due to the
paucity of research focus on this element. However,
the few studies that have investigated phosphorus limi-
tation indicate that it can aVect survivorship (Clancy
and King 1993; Ayres et al. 2000), fecundity (Popp
et al. 1989), body size (Janssen 1994; Busch and Phelan
1999), oviposition preference (Skinner and Cohen
1994), growth rate (Perkins et al. 2004), and population
density (Schade et al. 2003). Moreover, phosphorus
limitation has been widely documented in many spe-
cies of aquatic invertebrates, particularly in Daphnia,
for which low levels of ambient phosphorus often
result in reduced growth rate (Urabe et al. 1997, 2002;
Urabe and Watanabe 1992; DeMott et al. 1998; Sterner
and Schulz 1998; Elser et al. 2001; Makino et al. 2002;
Xenopoulos et al. 2002) and reduced competitive supe-
riority (Andersen 1997). Because phosphorus is
required for nucleic acid synthesis (RNA) and thus
protein production, its limitation can impose severe
consequences for cellular function and ultimately the
growth rate of consumers (Hessen and Lyche 1991;
Elser et al. 1996, 2000a, b; Sterner and Elser 2002).

To date, no study has simultaneously investigated
the consequences of nitrogen and phosphorus limita-
tion for the survival and performance of terrestrial
herbivorous insects. Using a combination of factorial

experiments in the laboratory and Weld, whereby levels
of soil nitrogen and phosphorus were manipulated, this
study examined the limiting roles of both macronutrients
on the performance and population size of two phy-
tophagous insects via their cascading eVects on host
plant quality. Two closely related planthoppers, Prok-
elisia dolus and P. marginata (Hemiptera: Delphaci-
dae), were chosen for study explicitly because of
dramatic diVerences in their sensitivity to host–plant
nitrogen, competitive ability, and population dynamics
(Cook and Denno 1994; Denno et al. 1996, 2000, 2002,
2003). Most notable is a striking diVerence in dispersal
capability between these two congeners; P. marginata
is highly dispersive whereas P. dolus is comparatively
sedentary (Denno et al. 1996; Denno and Peterson
2000). Inversely associated with dispersal capability in
these two phloem-feeding planthoppers is their ability
to tolerate low plant nitrogen via feeding compensa-
tion (Denno et al. 2000; Huberty and Denno 2006).
This relationship derives from a trade-oV between
Xight musculature and the cibarial musculature associ-
ated with the ingestion of phloem sap, and thus their
ability to enhance food intake on nutrient-deWcient
host plants (Huberty and Denno 2006). Thus, these
two species apparently cope with deteriorating host–
plant quality in two fundamentally diVerent ways,
P. marginata by emigrating to better quality host plants
and P. dolus by increasing ingestion rate and thus tol-
erating periods of low plant quality (Denno et al. 2000;
Huberty and Denno 2006).

Given the fundamentally discrepant mechanisms
that underlie the ability of these species to cope with
deteriorating plant quality, we anticipated that nitro-
gen and phosphorus limitation might aVect them diVer-
ently. Based on diVerences in feeding compensation,
we predicted that, when conWned to nitrogen-poor and
phosphorus-deWcient host plants, the sedentary species
(P. dolus) would incur fewer performance penalties
than the dispersive species (P. marginata), and that
brachypters would be less adversely aVected by nutri-
ent limitation than macropters. Our speciWc objectives
were to determine the eVects of variable nitrogen and
phosphorus subsidies on the performance and requisite
elemental composition (N and P content) of Prokelisia
planthoppers, and their cordgrass host plant Spartina
alterniXora, which dominates the vegetation of inter-
tidal salt marshes in eastern North America.

This research aims to elucidate the singular and
interactive eVects of nitrogen and phosphorus limita-
tion on the performance of two abundant phytopha-
gous insects and to examine the interface between
life-history strategy and the consequences of macronu-
trient limitation. Moreover, this work contributes to a
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broader need to understand the relative roles of nitro-
gen and phosphorus in the nutritional ecology of phy-
tophagous insects, two macronutrients that can have
important consequences for species interactions, food-
web dynamics, and ecosystem function (Coll and
Guershon 2002; Sterner and Elser 2002; Vanni et al.
2002; Denno and Fagan 2003).

Materials and methods

Study site and system

Macronutrient limitation on planthopper density and
Spartina growth was studied on an expansive salt
marsh in the Great Bay–Mullica River estuarine sys-
tem just north of the Rutger’s University Marine Sta-
tion, Tuckerton, Ocean County, New Jersey, USA
(39°30.8�N, 74°19.0�W). The vegetation of this marsh is
dominated by the perennial cordgrass S. alterniXora,
where it grows in extensive pure stands in the interi-
tidal zone (Gallagher et al. 1988; Denno et al. 1996;
Mendelssohn and Morris 2000).

Within the intertidal zone, the structure and nutri-
tional content of S. alterniXora varies dramatically with
elevation due to diVerences in nutrient subsidy by tides
and salinity (Webb 1983; Gallagher et al. 1988; House
et al. 1998). Moving up an elevational gradient from
low-marsh habitats (tidal creek banks) to high-marsh
plateaus (meadows), Spartina plants generally decrease
in nutrient content (N and P) and size (Ornes and
Kaplan 1989; Denno et al. 2005). Although N uptake in
Spartina is limited under conditions of elevated salinity
on the high marsh (Mendelssohn 1979; Webb 1983), salt
stress also promotes increases in N-containing osmo-
protectants, such as proline, that may beneWt phytopha-
gous insects (Cavalieri and Huang 1981; Bacheller and
Romeo 1992; Naidoo et al. 1992). However, increased
salinity can result in lowered cell turgor pressure
(Drake and Gallagher 1984), which subsequently may
reduce a phloem feeder’s access to stress-elevated
nitrogen (Huberty and Denno 2004). Thus, natural vari-
ation in the N and P content of Spartina occurs in the
Weld presenting potential local problems to herbivores
that must meet their nutrient demands.

Prokelisia marginata and P. dolus are the most
abundant herbivores on Atlantic coastal marshes
where they feed exclusively on S. alterniXora (Denno
et al. 2002). Overall, P. marginata is more sensitive to
Xuctuating plant nitrogen than its congener (Cook and
Denno 1994; Denno et al. 2002, 2003). For example,
although adults of both wing-dimorphic species select
the most N-rich individual plants on which to feed and

oviposit at a small spatial scale, adults of P. marginata
(mostly Xight-capable macropters) are able to rapidly
colonize N-enriched stands of Spartina in the Weld at
much higher densities than adults of P. dolus (mostly
Xight-less brachypters), a response that ultimately
results in much higher densities of P. marginata
(Denno et al. 2002). Moreover, P. dolus appears to
withstand N-deWcient plants better than P. marginata.
For instance, previous feeding by Prokelisia planthop-
pers signiWcantly reduces the amino nitrogen content
of Spartina (Olmstead et al. 1997), an eVect that has far
greater Wtness consequences for P. marginata than
P. dolus (Denno et al. 2000). The ability of P. dolus to
better compensate for nutrient-deWcient phloem sap by
increasing its ingestion rate probably underlies its
reduced sensitivity to depleted plant nitrogen (Huberty
and Denno 2006). Notably, nothing is known about phos-
phorus limitation in these planthoppers and how it might
interact with plant nitrogen to aVect their performance.

Laboratory experiment

A 4£4 full factorial experiment was initiated in May
2000 to test the eVects of variable N and P subsidies on:
(1) the N and P contents of Spartina (% dry mass) and
both Prokelisia species, (2) the biomass and mortality
of Spartina, and (3) performance (body size and devel-
opment time) and survival of both planthopper species.
Potted Spartina seedlings (3–5 per pot and grown from
seed) were cultured in a greenhouse in Xats (80 pots
per Xat) exposed to four levels of nitrogen fertilization
(0, 10, 30, or 60 g/m2) and four levels of phosphorus
addition (0, 2, 6, or 12 g/m2) in a fully crossed design. In
all, there were 80 pots per Xat, 2 Xats per treatment,
and 16 treatments for a total of 2,560 pots. To achieve
desired treatments, plants in each treatment combina-
tion were fertilized every 3 weeks from May to July.
Nitrogen was applied as ammonium nitrate (0, 5, 16, or
32 g/Xat/application) and phosphorus as triple super
phosphate (0, 0.8, 2, or 5 g/Xat/application). The mac-
ronutrient treatments are hereafter referred to as 0N,
10N, 30N and 60N and 0P, 2P, 6P and 12P for N and P
respectively. The range of N and P fertilization rates
was chosen to produce a spectrum of Spartina nutrient
contents that falls within the natural range in the Weld
(Denno et al. 2000).

EVect of nutrient subsidies on Spartina mortality, 
biomass, and N and P content

Treatment eVects on Spartina mortality (assessed on 13
July), biomass and nutrient content (N and P) (mea-
sured on 26 July) were determined on plants never
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exposed to planthoppers. Treatment eVects were
assessed by measuring plant mortality (number of dead
plants per pot / total number of plants per pot) and bio-
mass (gram dry mass per pot) in 30 randomly chosen
pots within each of the 16 treatments. Treatment
eVects on the N and P content (% dry mass) of Spartina
were determined from 6 randomly chosen pots per
treatment. Foliar N content was used as an index of the
phloem nitrogen available to planthoppers because the
two plant nitrogen variables are related (YousseW et al.
2000). For biomass and nutrient determination, plants
were harvested, oven dried for 48 h at 60°C, and
weighed. Subsequently, leaves were ground in a Wiley
Mill and analyzed for %N using a Perkin–Elmer 2400
CHN analyzer, and for %P by persulfate digestion
(Clesceri et al. 1998). The grand mean of all experi-
mental treatment plants was used to assess the overall
N and P content of Spartina, a statistic that was used
ultimately to assess the mismatch in macronutrient
content between plants and planthoppers.

EVect of nutrient subsidies on planthopper survival, 
performance, and N and P content

Cohorts of 3–5 Wrst instar nymphs of each Prokelisia
species were placed separately on caged plants (20 ini-
tial replicate cohorts per treatment) on 17 July (see
Denno et al. 2000 for cage design). Nymphs were
obtained from laboratory cultures initiated from ovi-
positing adults collected from the Weld site. Severe
plant mortality occurred in the 30N and 60N treat-
ments, resulting in the loss of these treatments. Thus,
nutrient eVects on planthopper performance were
assessed using a 2£4 factorial design (0N and 10N, and
0P, 2P, 6P, and 12P). The survival (%), body size (tibia
length in millimeter), and development time (days to
adult molt), of both Prokelisia species were deter-
mined at the time of adult emergence. Adult planthop-
pers of each species were pooled by replicate (all sexes
and wing forms) and oven dried prior to analysis for N
and P content (% dry mass).

Statistical analyses

Treatment eVects on Spartina biomass, mortality, %N,
and %P were each analyzed as a factorial mixed-model
ANOVA with N (four levels) and P (four levels) as
Wxed eVects (SAS 2002). Treatment eVects on plant-
hopper survival (arcsin-squareroot transformed pro-
portion) were analyzed for each species using 2£4
mixed-model ANOVA (sexes and wing forms pooled).
For each species, treatment eVects on body size (tibia
length) and development time were each assessed

using a factorial (two levels of N, four levels of P, two
wing forms) mixed-model weighted ANOVA. For the
analyses of development time and body size, only
females were used, because few male brachypters of
P. marginata emerged. Because multiple insects were
placed onto caged plants, pot means for development
time and body size were used for analysis, and means
were weighted by the number of observations per pot.
A mixed-model ANOVA was used to compare the
average N and P contents of Spartina, P. dolus, and
P. marginata (organisms were pooled across all treat-
ments for this analysis).

Prior to analysis, data were assessed for normality
and homogeneity of variances (SAS 2002). If residual
variances were heterogeneous, variance partitioning was
conducted and the best model was chosen using Bayes-
ian Information Criterion (SAS 2002). Degrees of free-
dom were calculated using the Kenward–Roger method
(SAS 2002). Means comparisons were conducted using a
Tukey adjustment for inXated comparison-wise error
rates. Means and standard errors are presented as
untransformed if data were transformed for analysis.

Field experiment

A 2£2£2 factorial experiment was conducted in May
2000 at Tuckerton to test eVects of N fertilization (0,
80 g/m2), P subsidy (0, 80 g/m2), and habitat type
(meadow vs tidal creek) on Spartina biomass, the popu-
lation density of both Prokelisia species, and the N and
P content (% dry mass) of Spartina and planthoppers.
We employed a randomized complete double-block
design with two sites (marsh areas) each containing two
habitat types and each of these containing two blocks of
the four treatment combinations. Thus, each nutrient
treatment combination was replicated 8 times for a total
of 32 plots. Fertilizer treatments (Control, +P, +N,
+N+P) were randomly assigned to single plots (4 m2)
within each block. Nitrogen was applied as ammonium
nitrate (0 or 236 g/plot/application) and phosphorus was
added as triple super phosphate (0 or 176 g/plot/appli-
cation) on four dates (9 and 21 May, 4 and 17 June).
The range of N and P fertilization rates was selected
because it has been shown to produce Spartina nutrient
contents that occur naturally in the Weld (Patrick and
Delaune 1976; Denno et al. 2000). Treatments were
established in both habitat types to ensure the presence
of both Prokelisia species; P. marginata occurs abun-
dantly in low-marsh Spartina whereas P. dolus predom-
inates in Spartina meadows (Denno et al. 1996). Habitat
type was included in the design because ambient nutri-
ent availability is greater along tidal creeks than in high-
marsh meadows (Ornes and Kaplan 1989).
123



448 Oecologia (2006) 149:444–455
EVect of nutrient subsidies on Spartina biomass and N 
and P content

Spartina biomass was determined twice during the
course of the experiment, once prior to fertilization (9
May) and again at the end of the experiment (22 July).
Live biomass was assessed by clipping all above-ground
vegetation within a 0.047-m2 wire frame (Denno et al.
2002) and one sample was taken from each plot on each
date. Spartina leaves were dried at 60°C for 48 h before
weighing. The foliar N and P content of Spartina (% dry
mass) was assessed 6 times (9 and 21 May; 4, 17, and 24
June; and 22 July) during the experiment by taking Wve
snippets (leaves of 5 Spartina stems) per plot per date.
Samples were oven dried, ground in a Wiley Mill, and
the powder analyzed for N and P content. The grand
mean of all experimental treatment plants was used to
assess the overall N and P content of Spartina.

EVect of nutrient subsidies on planthopper density and N 
and P content

Planthopper density was determined by sampling each
plot once on 22 July using a D-vac suction sampler
(two 8-s placements of the sampling head per plot)
(Denno et al. 2002). Planthoppers were placed into
70% alcohol, sorted to species and wing form, and
counted. The N and P content (% dry mass) of the two
Prokelisia species was determined from samples taken
in each plot on 24 June. Insect samples were kept on
ice until reaching the laboratory where they were
stored at ¡20°C. Planthoppers were then sorted to spe-
cies, wing form, and sex and then dried. Three individ-
uals of each species, wing form, and sex were taken
from each plot and analyzed for their N and P content.

Statistical analyses

Treatment and habitat eVects on Spartina biomass were
analyzed as an ANCOVA (two levels of N, two levels of
P, two habitat types) with initial plant biomass (9 May)
as the covariate and site, block and site*block as random
eVects (SAS 2002). The eVect of treatment and habitat
on the nutrient content (%N and %P) of Spartina was
analyzed as a repeated measures factorial (two levels of
N, two levels of P, two habitats, six dates) mixed-model
analysis of variance, with the site, block and site £ block
as random eVects. A separate mixed-model factorial
analysis of variance (two levels of N, two levels of P, two
habitats) with site, block, and site £ block as random
eVects was run to assess treatment eVects on the N and P
content of Spartina on June 24, the date on which plant-
hoppers were collected for elemental analysis.

Treatment eVects on the density of each Prokelisia
species (log transformed) were analyzed as factorial (two
levels of N, two levels of P, two habitats, two wing-forms,
and two sexes) mixed-model ANCOVAs, with plant bio-
mass as the covariate and site, block and site £ block as
the random eVects. A mixed-model ANOVA was used
to compare average N and P contents of Spartina,
P. dolus, and P. marginata (organisms pooled across all
treatments). Prior to analysis, residuals were assessed for
normality and homogeneity of variances, variance parti-
tioning was conducted and the best model was chosen
using Bayesian Information Criterion, degrees of free-
dom were calculated using the Kenward–Roger method,
and means were compared using a Tukey adjustment for
inXated comparison-wise error rates (SAS 2002).

Results

Laboratory experiment

EVect of nutrient subsidies on Spartina mortality, 
biomass and N and P content

Not surprisingly, increasing N fertilization resulted in a
remarkable increase in the N content of Spartina that
ranged from »1% N in the 0N treatment to »7% N in
the 60N treatment (F3,126=843.30, P<0.0001) (Fig. 1a).
The addition of P also signiWcantly aVected the N con-
tent of Spartina (F3,130=12.28, P=0.0001). However, this
eVect was slight and was apparently driven by the
higher than expected N content of Spartina in the
10N0P treatment. Fertilizing with either P
(F3,131=158.67; P<0.0001) or N (F3,136=20.65; P<0.0001)
signiWcantly increased the P content of Spartina
(Fig. 1b). Moreover, there was a signiWcant interactive
eVect of the N and P subsidies on the P content of Spar-
tina such that P uptake was positively inXuenced by N
fertilization (F9,132=12.19; P<0.0001).

Both N and P subsidies resulted in an increase in
Spartina biomass, but biomass did not increase linearly
with application rate (signiWcant N £ P interaction,
F9,176=23.3; P<0.0001) (Fig. 1c). For instance, N fertil-
ization at the 10N level resulted in the greatest Spartina
biomass, followed by the biomass achieved at the 30N,
60N and 0N treatment levels (signiWcant main eVect of
N; F3,176=65.04; P<0.0001). Also, Spartina exhibited sig-
niWcantly greater biomass when phosphorus fertilizer
was added at rates of 2P, 6P, 12P compared with when
it was withheld altogether (0P) (signiWcant main eVect
of P; F3,176=75.48, P<0.0001), but there was no signiW-
cant increase in Spartina biomass from the 2P to the
12P treatment levels (Fig. 1c).
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Nitrogen addition also resulted in non-linear eVects
on Spartina mortality with the least mortality occurring
in the 10N, signiWcantly higher mortality occurring in
the 0N and 30N treatments, and the highest mortality
arising in the 60N treatment (F3,250=14.11; P<0.0001)
(Fig. 1d). There was no signiWcant eVect of P fertiliza-
tion on Spartina mortality (F3,297=0.57; P=0.6) (Fig. 1e).

Mismatch in N and P content between Spartina 
and Prokelisia

There was a striking diVerence in the N and P content
of Spartina compared with those for either Prokelisia

species. The N content (%) of Spartina (2.07§0.09)
was 5 times less than that of P. dolus (11.87§0.31) and
P. marginata (12.68§0.34) (F2,110=304.10; P<0.0001),
which did not diVer from each other (P>0.05). Simi-
larly, the P content (%) of Spartina (0.30§0.01) was
3 times less than that of P. dolus (0.92§0.02) and
P. marginata (0.88§0.02) (F2,110=310.15; P<0.0001),
and P. dolus had a slightly higher phosphorus content
than P. marginata (t77.6=2.1; P=0.038).

EVect of nutrient subsidies on planthopper survival 
and performance 

Overall, data show that both planthopper species are
macronutrient limited, that N limitation has greater
adverse eVects on performance than P limitation, and
that P. dolus is generally less adversely aVected than
P. marginata. For instance, N fertilization of Spartina
resulted in enhanced survival (F1,99=8.31; P=0.005),
increased body size (F1,75=9.37; P=0.003), and reduced
development time (F1,75=10.5; P=0.002) in P. dolus
(Fig. 2a,c,e). However, for P. dolus, P fertilization did
not signiWcantly inXuence its survival (F1,99=0.71;
P=0.5), body size (F3,75=1.11; P=0.3), or development
time (F3,75=0.19; P=0.8) (Fig. 2b,d,f).

For P. marginata, N subsidy also resulted in signiW-
cant positive eVects on survival (F1,90=15.77; P=0.0001),
body size (F1,61=38.82; P<0.0001), and development
time (F1,61=37.44; P<0.0001) (Fig. 2a,c,e). However, N
addition had greater enhancing eVects on the survival
and performance of P. marginata than P. dolus. For
example, development time was reduced by 8 days for
P. marginata on N-enriched Spartina whereas that for
P. dolus was reduced by only 4 days. In contrast to
P. dolus, P fertilization did result in enhanced survival
(F3,90=7.4; P=0.002), increased body size (F3,61=2.5;
P=0.06), and reduced development time (F3,61=3.64;
P=0.02), albeit eVects were non-linear for survival and
development time (Fig. 2b,d,f). There was no eVect of
wing form on body size or development time for either
species nor was there any interactive eVect with either
N or P fertilization (P>0.05).

Field experiment

EVect of nutrient subsidies on Spartina biomass and N 
and P content

Both N and P fertilization signiWcantly increased the N
content of Spartina in the Weld (Fig. 3). Overall, N sub-
sidy increased the N content (%) of Spartina from
1.86§0.03 to 2.86§0.30 (F1,124=472.20; P<0.0001)
whereas P fertilization resulted in slight modest

Fig. 1 a Nitrogen content (% dry mass), b phosphorus content
(% dry mass), c biomass (g), and d, e mortality (%) of Spartina
alterniXora plants grown under laboratory conditions and ex-
posed to four levels of nitrogen (N) fertilization (0N, 10N, 30N,
and 60N g m¡2 year¡1) and four levels of phosphorus (P) addition
(0P, 2P, 6P, and 12P g m¡2 year¡1). Least squares (LS)
means§SE are shown
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increase in N content from 2.27§0.03 to 2.45§0.03
(F1,124=14.27; P=0.0002) (Fig. 3a,c). Habitat also signiW-
cantly inXuenced the N content of Spartina (F1,124=23.9;
P=0.0001). On average, the N content (%) of Spartina
growing in the meadow habitat (2.50§0.03, Fig. 3a)
was signiWcantly greater than that of Spartina growing
along tidal creeks (2.25§0.03; F1,124=23.68; P<0.0001)
(Fig. 3c). On the date planthoppers were sampled (22
July), the N content (%) of Spartina was higher in plots
receiving N addition (3.1§0.08) than in control plots
(2.1§0.08; F1,23=65.97; P<0.0001) (Fig. 3e). Likewise,
the N content (%) of Spartina was greater in plots fer-
tilized with P (2.7§0.08) compared with controls
(2.4§0.08; F1,23=9.63; P=0.005) (Fig. 3e). On this date
there was no diVerence in the N content of plants grow-
ing in meadow and tidal creek habitats (F1,23=0.37;
P=0.5).

We also found a signiWcant interactive eVect of fer-
tilization treatment, date, and habitat on the P content

of Spartina (F4,94.3=2.65; P=0.03) (Fig. 3b,d). In control
plots and in N-subsidized plots (+N), the P content of
Spartina declined from May to July in both habitats,
and there was no diVerence in the P content of Spartina
in these two treatments. By contrast, in the meadow
habitat, there was a signiWcant increase in the P content
of Spartina in plots receiving a phosphorus subsidy
(+P) and a synergistic seasonal increase in P content in
plots receiving both N and P subsidies (+N+P) com-
pared with controls (Fig. 3b). In the tidal creek habitat,
although phosphorus fertilization resulted in an
increase in the P content of Spartina, the seasonal
increase in P content in response to the +N+P treat-
ment seen in meadow Spartina (Fig. 3b) was not as evi-
dent in tidal creek plants (Fig. 3d). The diVerence in
the P content of Spartina between plants in the
meadow and tidal creek habitats that received both N
and P subsidies was particularly evident on the date
planthoppers were sampled, when meadow plants con-
tained twice as much foliar phosphorus as those along
tidal creeks (F1,24=16.8; P=0.0004) (Fig. 3f).

Fig. 2 a, b Survival (%), c, d body size (tibia length, mm), and e,
f development time (d, days from Wrst instar to adult) of Prokeli-
sia dolus (Wlled circle) and P. marginata (Wlled inverted triangle)
raised on plants of Spartina alterniXora exposed to (a, c, e) two
levels of nitrogen fertilization (0N and 10N) and (b, d, f) four lev-
els of phosphorus addition (0P, 2P, 6P, and 12P) in the laboratory.
LS means§SE are shown
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There was a signiWcant interactive eVect of the fertil-
ization treatments and habitat on the aboveground bio-
mass of Spartina (F1,17.3=5.94; P=0.03) (Fig. 4a).
Nitrogen fertilization resulted in a signiWcant increase
in Spartina biomass in the meadow habitat, a response
that did not occur in plants growing in the tidal creek.
Neither P fertilization nor the application of both N
and P signiWcantly altered Spartina biomass in the
meadow habitats relative to controls. However, the

biomass of plants receiving the P subsidy was signiW-
cantly less than those fertilized with only N.

Mismatch in N and P content between Spartina 
and Prokelisia

The N content (%) of Spartina growing in the Weld
(2.06§0.16) was approximately 5 times less than that
for either P. dolus (10.91§0.06) or P. marginata
(10.79§0.10) (F2,75.4=1334; P<0.0001), and more than
3 times less in P content (0.23§0.02) than either P.
dolus (0.71§0.01) or P. marginata (0.75§0.01)
(F2,77.2=221, P<0.0001).

EVect of nutrient subsidies on planthopper density

Although both Prokelisia species responded with popu-
lation increases on N-subsidized Spartina, P. marginata
exhibited a relatively stronger response than P. dolus
(Fig. 4b–e). For example, nitrogen fertilization pro-
moted a signiWcant increase in the density of P. dolus
(F1,55=30.47; P<0.0001), and there was a greater
increase in the density of macropters than Xightless
brachypters (N £ wing form; F1,54.9=6.49; P=0.01)
(Fig. 4b, c). The density of P. dolus was not aVected by
P fertilization (F1,55=0.08; P=0.8). Overall, P. dolus was
found in greater densities in the meadow habitat than
on tidal creek Spartina (F1,55=5.46; P=0.02) (Fig. 4b–c).

For P. marginata, macropters selectively colonized
N-subsidized Spartina, a density response not observed
for Xightless brachypters (N £ wing form; F1,96=20.06;
P<0.0001), and the increase in macropter density on
N-subsidized Spartina was greater in the tidal creek
than the meadow habitat (N £ wing form £ habitat;
F1,96=4.11; P=0.046) (Fig. 4d, e). There was no density
response of P. marginata to P-subsidized Spartina in
either habitat (F1,96=0.19; P=0.7). For both planthop-
per species, there was no diVerence in the response of
males and females to fertilized plants, and plant bio-
mass was not a signiWcant covariate (P>0.05).

Discussion

Nutrient limitation in Spartina alterniXora

Spartina responded vigorously to nitrogen fertilization
in both the laboratory and Weld. In the laboratory, high
rates of nitrogen augmentation (30N and 60N) resulted
in remarkably high nitrogen content of Spartina (»7%
N), but also promoted severe plant mortality, suggest-
ing that excess nitrogen has a toxic eVect. The
mechanism underlying Spartina toxicity under high

Fig. 4 EVect of nitrogen (N) and phosphorus (P) fertilization
treatments (Control, +N, +P, and +N+P) on a the biomass (g dry
mass m¡2) of Spartina alterniXora growing in high-marsh meadow
(black bars) and low-marsh tidal creek (shaded bars) habitats at
Tuckerton, New Jersey. EVect of the same nutrient treatments on
the density [log(N + 1) m¡2] of the adult wing forms: brachypters
(black bars) and macropters (shaded bars) of Prokelisia dolus in
b meadow and c tidal creek habitats, and P. marginata in d mead-
ow and e tidal creek habitats on a salt marsh at Tuckerton, New
Jersey. LS means§SE with the same letter are not signiWcantly
diVerent
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nitrogen-input conditions may be ammonia accumula-
tion as has been shown in many plant species (Britto
et al. 2001). Furthermore, the greatest increase in plant
biomass occurred at a moderate level of nitrogen addi-
tion and not at the highest fertilization levels, further
suggesting the adverse eVects of excess nitrogen input.
In the Weld, nitrogen fertilization resulted in increased
Spartina biomass in the meadow habitat but not along
tidal creeks. Moreover, the N content of Weld plants,
particularly those in the meadow habitat, was enhanced
by the application of both N and P, suggesting that nitro-
gen uptake is inXuenced by ambient levels of phosphorus.

Phosphorus fertilization in the laboratory did not
result in dramatic changes in the elemental content or
biomass of Spartina. Although the P content of Spar-
tina increased with P fertilization, a greater response
occurred when both N and P were added to growing
Spartina, suggesting that nitrogen facilitates phospho-
rus uptake. Plant biomass did increase with P addition,
but the increase occurred only when a comparison was
made to plants deprived of P altogether. Phosphorus
fertilization had only minor eVects on Spartina plants
in the Weld as well. Phosphorus fertilization alone
resulted in a slight increase in the P content of Spartina
and no increase in plant biomass. Only when phospho-
rus was applied along with nitrogen did the P content
of Spartina increase, a response that was more evident
in meadow Spartina. Notably, P fertilization did not
aVect the biomass of Spartina in either habitat.

Overall, our data suggest that Spartina is strongly
nitrogen limited and that evidence for phosphorus lim-
itation is weak. Previous research on other Atlantic
coastal marshes also demonstrates greater N than P
limitation in Spartina (Patrick and Delaune 1976;
Smart and Barko 1980; Broome et al. 1983; Osgood
and Zieman 1993). Phosphorus limitation is much less
probable given that salt-marshes have been advocated
as long-term phosphorus sinks (Billen et al. 1991;
House et al. 1998). That the greatest eVects of phos-
phorus addition on the P content of Spartina were seen
when both nitrogen and phosphorus were applied com-
pared to when phosphorus was applied alone, suggests
that nitrogen demands are more crucial and must be
met Wrst (Patrick and Delaune 1976).

In the Weld, Spartina growing in high-marsh habitats
exhibited a greater growth response to nitrogen fertil-
ization compared with plants growing in the tidal creek
habitat, a response that has been documented previ-
ously (Broome et al. 1975, 1983; Mendelssohn 1979,
Webb 1983). This result is consistent with reports in
the literature that Spartina is more nitrogen limited in
high marsh habitats that incur less tidal subsidy of
nutrients and face problems of nutrient uptake under

salt stressed conditions (Webb 1983; Gallagher et al.
1988; Ornes and Kaplan 1989; House et al. 1998;
Osgood and Zieman 1998).

Nutrient limitation and its consequences 
for Prokelisia planthoppers

The N and P content of S. alterniXora is remarkably
low compared with the body N and P content of both
Prokelisia species, suggesting that both macronutrients
may limit planthopper performance and adversely
inXuence their density. When P. dolus and P. margin-
ata were raised on plants with an enriched nitrogen sig-
nature, they survived better, grew to a larger size, and
developed more rapidly than when they developed on
nitrogen-deWcient plants. Moreover, both species
achieved signiWcantly higher densities on nitrogen-sub-
sidized plants in the Weld. Although both planthopper
species responded positively to nitrogen-fertilized
Spartina, P. marginata experienced greater Wtness pen-
alties than P. dolus on nitrogen-deWcient plants. For
P. marginata, its survival declined by 50%, its body size
was reduced 12%, and its development time to adult
was extended by 8 days when reared on nitrogen-deW-
cient compared with nitrogen-enriched Spartina. In
contrast, P. dolus suVered only 25% reduction in sur-
vival, a 6% decrease in body size, and a 4-day develop-
mental delay when raised on the same nitrogen-poor
plants. Notably, migratory aphids, crickets, and corix-
ids are also less tolerant of nutrient stress than their
Xightless counterparts (Young 1965; Tanaka 1993;
Zera and Denno 1997; Dixon 1998).

Phosphorus limitation was not as severe as nitrogen
limitation for P. marginata, and was not detected at all
in P. dolus. Nonetheless, P. marginata did show a sig-
niWcant increase in survival and body size on P-
enhanced plants compared with controls in the labora-
tory, but like P. dolus failed to show a positive density
response to P-fertilized Spartina in the Weld. Given the
discrepancy in P content between Spartina and Prokeli-
sia, we fully expected P limitation to have very adverse
eVects on planthopper performance and growth, as has
been observed in other invertebrates (Urabe and
Watanabe 1992; DeMott et al. 1998; Sterner and Schulz
1998; Elser et al. 2001; Makino et al. 2002; Urabe et al.
2002; Xenopoulos et al. 2002). However, the relative
mismatch in N content between planthoppers and their
Spartina host plant was greater (5 times greater N con-
tent) than that for P (3 times greater P content), sug-
gesting that N may be more inherently limiting than P,
at least for these two sap-feeders.

The tempered response of P. dolus to N- and P-deW-
cient Spartina is probably due to its greater investment
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in feeding musculature and hence its ability to compen-
sate for nutrient deWciencies by increasing its ingestion
rate of phloem (Denno et al. 2000; Huberty and Denno
2006). Planthoppers and leafhoppers feed by inserting
their stylets into phloem and xylem tissues respectively
(Backus 1985; Cook and Denno 1994). Then, using a
cibarial pump (modiWed esophagus), cell sap is
ingested. The cibarial pump is driven by a series of
dilator muscles that insert on the interior of the face,
and face size is positively related to the cross-sectional
mass and thus the power of the cibarial muscles to
ingest cell sap (Backus 1985; Huberty and Denno
2006). For Prokelisia planthoppers, P. dolus has a
much broader face and commitment to subtending cib-
arial musculature than P. marginata (Denno et al. 2000;
Huberty and Denno 2006). As a consequence, P. dolus
is more capable than P. marginata of increasing food
uptake in response to any reductions in plant nitrogen,
and this probably underlies its reduced sensitivity to
altered plant nutrition. Overall, data suggest that spe-
cies-speciWc diVerences in cibarial pump investment
and subsequent ingestion capacity dictate responses to
N and P limitation for both planthopper species. More-
over, when both planthopper species feed on the same
plant and induce reductions in plant nitrogen (Olm-
stead et al. 1997), it is P. dolus with its greater commit-
ment to cibarial musculature that better tolerates
deteriorating plant quality and thus owns the competi-
tive edge (Denno et al. 2000).

The two Prokelisia species have evolved very diVer-
ent strategies for coping with nutrient deWciencies in
their host plant. Data suggests that P. dolus uses com-
pensatory feeding, whereas P. marginata has evolved a
dispersal strategy that allows it to eVectively track spa-
tial changes in host plant quality (Denno et al. 2002,
2003; Huberty and Denno 2006). In fact, all data point
to a phenotypic trade-oV between the two strategies
with a greater commitment to Xight musculature in P.
marginata and a greater investment in the musculature
associated with enhanced ingestion in P. dolus
(Huberty and Denno 2006). When its option of dis-
persal is eliminated, and P. marginata is conWned on
nutrient-deWcient host plants, its performance is drasti-
cally aVected, far more so than that of P. dolus. Thus,
despite similar body nitrogen and phosphorus con-
tents, and similar mismatches in N and P composition
compared with Spartina, the two Prokelisia species
incur the penalties of depleted host–plant nutrition
quite diVerently. Although compensatory feeding
(Raubenheimer and Simpson 1993; Dixon 1998; King-
solver and Woods 1998; Brodbeck et al. 1996; Lavoie
and Oberhauser 2004) and dispersal (McNeill and
Southwood 1978; Prestidge and McNeill 1982) have

been discussed as separate mechanisms for meeting
nutrient demands in other insect herbivores, possible
constraints that one strategy places on the other have
only recently emerged (Huberty and Denno 2006).
Our research underscores the importance of interfac-
ing an understanding of herbivore life-history strate-
gies with ecological stoichiometry in order to interpret
the consequences of macronutrient limitation on herbi-
vore performance and population dynamics.
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