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ABSTRACT
Chambers,R.M. and Fourqurean,J. W., 1991.Alternativecriteria for assessing
nutrient limitation of
a wetlandmacrophyte(Peltandravirginica (L.) Kunth). Aquat. Bot.,40: 305-320.
Various nutrient incorporation and plant production parameters were measured to assesstheir relative usefulness in determining possible nutrient limitation of the wetland plant Peltandra virginica
(L.) Kunth. From four stations located along a transect in a tidal freshwater marsh, we documented
spatial differences in peak standing biomass of plants. Plant biomass was positively correlated with
porewater concentrations of both ammonium and phosphate, but not with sediment concentrations
of total nitrogen and phosphorus. Tissue nitrogen and phosphorus concentrations decreased significantly over the growing season, but there were no differences among plants from the four stations,
and correlations between plant biomass and ratios of carbon to nitrogen and carbon to phosphorus
were weak. Because in situ fertilization of plants had no effect on either peak biomass or tissue concentrations of nitrogen and phosphorus, growth of Peltandra was probably not nutrient limited. Other
criteria did predict nitrogen or nitrogen and phosphorus limitation, however, demonstrating that application of parameters used by ecologists to support contentions of nutrient limitation can yield conflicting results. Assessment of nutrient limitation of primary producers may be an ambiguous and
unnecessarytask in some environments where these criteria are utilized.

INTRODUCTION

In recent reviews, Howartt (1988) and Smith (1984) discussthe ambiguities associatedwith defining and identifying nutrient limitation in aquatic
ecosystems.They point out that researchapproachesto questions of nutrient
limitation are often system-specific,e.g. techniques for documenting limitation in phytoplankton and vascularplants are quite different. Partly because
of Redfield's (1958) pioneering work with marine phytoplankton, however,
many of the techniques for estimating nutrient limitation have been develIPresentaddress:Tiburon Center for Environmental Studies, SanFrancisco State University,
Box 855, Tiburon, CA 94920,USA.
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oped for systemsin which micro algae are the dominant primary producers
(Ryther and Dunstan, 1971; Boynton et al., 1982). Additional methodologieshave arisen from researchin aquatic systemsdominated by macroalgae
(Hanisak, 1979; Fageneli et al., 1986; Lapointe and O'Connell, 1989), seagrasses(Atkinson and Smith, 1983; Short et al., 1990), and wetland vegetation (Shaverand Melillo, 1984;DeLaune et al., 1986;Reddyetal., 1989).
In many aquatic environments, the logistics and expensesinvolved in completing the appropriate experiments have precluded direct assessmentof nitrogen or phosphorus limitation. Whether working with individual plants or
entire ecosystems,nutrient limitation often is difficult to measurebecause
effectsdue solelyto the addition or removal of nitrogen or phosphoruscannot
always be segregatedin the field. Laboratory fertilization experimentsdocument how additions of nutrients stimulate carbon fixation or growth of primary producers (for review seeHowarth, 1988), but incomplete experimental designsor laboratory assaysmake interpretations of nutrient limitation in
the field difficult. As a consequence,alternative criteria have been used to
infer nutrient limitation, as in theory the ramifications of nutrient limitation
should be expressedin the biomass accumulation, growth morphology and/
or nutrient status of producers. Generally, relative concentrationsof nitrogen
and phosphorus either in the environment (Boyd and Hess, 1970; Smart and
Barko, 1978;DeLaune and Pezeshki,1988), taken up by plants (Gerloff and
Krombholz, 1966; Shaver and Melillo, 1984), or incorporated into tissues
(Goldman et al., 1979; Atkinson and Smith, 1983) may correspond with observed differences in the standing stocks or growth rates of primary producers. Where this occurs,the plants are considered nutrient limited, and by inferencethe measuredparametersare assumedto be valid criteria for assessing
nutrient availability. Becauseof the overlap amongstcriteria and occasional
tautological interpretation of theseassessments,
however, there is someconfusion regarding the validity of any of these alternative criteria for nutrient
limitation. The absenceof a specific method for measuring nutrient limitation has made it sometimes difficult to compare systemsfor which nutrient
limitation has beenassesseddifferently.
Potentially more significant than difficulties arising from comparisons of
nutrient limitation among ecosystemsare comparisonswithin a particular environment, where the applicability of nutrient limitation criteria established
by other researchersto assesslimitation in different ecosystemsis unknown.
Our a priori notion was that we would be able to identify nitrogen or phosphorus limitation of the growth of the wetland plant Peltandra virginica (L.)
Kunth in a tidal freshwater marsh by applying some of the methodologyand
reasoning from previous nutrient limitation studies developed in other environments. Specifically, we thought we would be able to identify variability in
the incorporation of nutrients and growth of natural standsof Peltandrawhich
would indicate whether nitrogen or phosphorus, if either, was limiting. From
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four stations located along a transect in a tidal freshwater marsh, we documented differences in above-groundstanding stocksof Peltandra early in the
growing seasonand at the time of peak biomass. A group of published parameters used as proxies for nutrient availability was measured,and the validity of each parameter as a criterion for nutrient limitation of Peltandra was
assessed.We found that these proxies yielded conflicting interpretations of
the nutrient limitation status of plant growth.
METHODS

Studysite
The study was conducted in Eagle Bottom marsh, a fringing tidal freshwater marsh on the Chickahominy River in southeasternVirginia (Fig. 1). The
Chickahominy is a tributary of the James River sub-estuaryof Chesapeake
Bay. Tidal amplitude is 0.8 m, and tides are diurnal. Dominant vegetationis
the perennial Peltandra virginica. Peltandra grows in hummocks, with vegetated sections of marsh higher than surrounding unvegetatedsoils (Harvey,
1990). Leavesemergefrom a below ground corm in spring, and peak aboveground biomass is in late June (Odum et al., 1984). Other annual species,
including Zizania aquaticaL. and Hibiscus moscheutosL., grow in the higher,
interior marsh areas.
concentrations

in porewater

Four stations in the marsh were establishedat roughly 30 m intervals along
a single transect starting from a small creekbank near the river and sloping
gradually upward to a forested hillslope adjacentto the marsh (Fig. 1, inset).
Station 1, nearestthe hillslope, was flooded less frequently than Station 4. At
eachstation, replicate porewatersamplers(sippers: seeChambersand Odum,
1990) were placed in the root zone of the soil to sample water at depths of 10,
20, 30,40, and 50 cm. At peak growth during June 1988,porewaterfrom each
of the four stations was collected and filtered (0.45.um pore size) into acidified vials in the field, then brought back on ice to the laboratory for nutrient
analysis.All water sampleswere analyzedcolorimetrically for ammonium and
phosphate (Parsons et al., 1984), the dominant dissolved inorganic species
of nitrogen and phosphorus in reduced marsh soils (Buresh et al., 1981;
DeLaune et al., 1981).

Nutrientconcentrations
in sediments
Replicate cores from unvegetatedsoils surrounding Peltandra hummocks
were collected during June 1988 using a thin-walled aluminum corer, 10 cm
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Fig. 1. Location of the tidal freshwater marsh on the Chickahominy River, a tributary of the
JamesRiver sub-estuaryof ChesapeakeBay. Inset: transectacrossEagleBottom marsh,showing position of the four sampling stations relative to the river and adjacenthillslope.

in diameter. The cores were sliced horizontally to yield vertical 2.5 cm sections. Every other section from 0 to 30 cm (the depth of the root zone in
adjacenthummocks) was retained for analysis.Macro-organic matter was not
separatedfrom sediments,although small plant roots were a very minor frac-
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tion of the total core volume. The soils were lyophilized and milled to passa
No. 40 meshscreen.Total nitrogen and phosphorusconcentrations in duplicate subsamplesof the soils were determined using proceduresdescribed for
plant analyses.
Plant biomassand carbon,nitrogen and phosphorusdeterminations
Plants from eachstation were harvestedtwice during the 1989growing season. Early in the season(21 April), all above-ground vegetation from replicate 0.25 mz quadrats was harvested at eachof the four stations by clipping
the plants to within 2 cm of the soil surface. Sampling was repeated at the
approximate time of peak biomass (26 June). On each date, plants were
clipped, rinsed, placed in plastic bagsand taken back to the laboratory and
frozen. Plants from 21 April were lyophilized to a constant weight to determine standing biomass. For the peak biomass collection, subsampleswere
weighed,lyophilized and re-weighedto calculatestanding biomass.
Dried plant sampleswere homogenized by milling through a No. 40 mesh
screen.Carbon and nitrogen contents of duplicate subsamplesof eachsample
were determined with a Carlo Erba model 1500 CN analyzer. Phosphorus
content was measuredusing a modification of the method presentedin Solorzano and Sharp (1980) for particulate total phosphorusdetermination. Duplicate subsamplesof eachsample were weighed (5-20 mg) into tared glass
scintillation vials; 0.5 ml of 0.17 M NaZSO4and 2.0 ml of 0.017 M MgSO4
were added to eachvial, and the vials were dried in an oven at 90°C. Standards were treated identically. Dry vials containing samplesand standards
then were ashed at 500°C for 3 h. After cooling, 5.0 ml of 0.2 N aqueousHCl
were added to eachvial, the vials were capped,and then they were placed in
an oven at 80°C for 30 min. Each vial was diluted with 10.0 ml of deionized
water, shaken,and allowed to stand overnight to allow the ashto settle. Phosphate concentrations of the vial solutions were determined colorimetrically
usingthe molybdate blue method (Parsonset al., 1984). We found this method
to yield 95-103% of the reported phosphorus content of NBS standard orchard leaves.
Effects offertilization
During the 1990growing season,the responseof Peltandra growth to fertilization was examined. Triplicate experimental plots at eachof the four stations (Fig. 1) received a single application of 1400 g m-2 of a timed-release
fertilizer (Osmocote@,nitrogen: phosphorus= 14: 14), which wasworked into
the surfacesoils on 18April. Untreated plots servedascontrols. In the middle
of June, plants from 0.25 m -2 experimental and control plots were harvested,
and biomass and nutrient concentrations in tissues were measured using
methods describedpreviouslv.

RESULTS
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Data analysis
Our a priori hypothesis was that differences in peak standing crop of Peltandra virginica would be correlated with relative nutrient concentrations in
the environment or in above-groundplant tissues,which would in turn reflect
nutrient availability. We therefore documented general between-stationdifferencesin averageplant biomass using ANOVA, and plotted peak biomass
as a function of averageporewater concentrations of ammonium and phosphate. The depth profiles of total nutrient concentrations in sediments from
different stations were also compared. Seasonaldifferences in nutrient concentrations of the plant tissues (April vs. June) were assessedusing t-tests.
Carbon, nitrogen and phosphorus concentrations in plants from each of the
harvested quadrats, as well as the respective carbon to nitrogen, carbon to
phosphorusand nitrogen to phosphorus ratios of the tissues,were correlated
with biomass in April and June 1989 using regressionanalysis. Finally, the
effects of fertilization at the four stations in 1990 were assessedusing a twoway ANOVA, testing treatment and location in the marsh as main effects.

Largedifferencesin biomassof Peltandravirginica werefound betweenApril
and peakstanding crop at the end of June (Fig. 2(A». Also, there were large
differences among stations at the time of peak standing crop (ANOY A,
f< 0.05); the greatestaveragebiomasswasfound nearestthe creekbank(1552
g m-2, Station 4), and the least from the interior of the marsh (769 g m-2,
Station 2). Plants adjacentto the creekbankappearedmore robust, with much
thicker petiolesand broaderleaves,than plants from the interior of the marsh.
Depth-averaged ammonium and phosphate concentrations in porewater
were different by station in the marsh, and exhibited the same marsh-wide
pattern as peak biomass (Fig. 2(B». In general, ammonium and phosphate
concentrations were lowest at Station 2 (2.5 .uM and 3.3 .uM, respectively,
N = 10) and highest at Station 4 (48 and 72 .uM, N = 10). There was also a
substantial amount of variation in nutrient concentrationsamong water samples at eachstation (note size of error bars), suggestingsignificant microscale
differences in the porewater environment. Correlations of averagepeak biomassvs. averageammonium and phosphateconcentrations from the four stations were highly significant (Fig. 3). Sectionsof marsh with high peakaboveground biomass were positively associatedwith high porewater concentrations of dissolved ammonium and phosphate.The molar ratios of DIN: DIP
.'.
.
(.umolammoruum:.umol phosphate) were low at all four statIons, averagIng
lessthan 1:1 (Fig. 2(B».
tn contrast, elemental analysisof soils from the stations exhibiting the largest differences in peak biomass and dissolved nutrient concentrations in soil
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Fig. 2. Distance from creekbankand measurementsof: (A) averageabove-groundbiomassearly
in the growing season(April) and at the time of peakstanding crop (June); (B) averageporewater concentrationsof dissolvedphosp~te and ammonium at the time of peakstandingcrop.
Meansand standard deviations are basedon samplesizesof two and ten for biomassand porewater concentrations,respectively.
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Fig. 3. The associationof June above-groundbiomass with porewater concentrations of dissolved phosphateand ammonium (N=4).

porewater (Stations 2 and 4) revealed no differences in total soil nitrogen
and phosphorus (Fig. 4). For both nutrients at Stations 2 and 4, there was a
trend of decreasing concentration (expressedas weight percent) with soil
depth. One phosphorusprQfile from Station 2 was higher than the three from
the other cores,and nitrogen concentrations in surfacesedimentswere higher

:
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TABLE 2
Correlationcoefficientsof plantbiomassvs. nutrient contentof above-groundleaftissue
Month of
biomass
measurement

%C

April
June

0.13
-0.80**

%N

0.65*
-0.10

OfoP

C:N

C:P

0.48
0.04

-0.57

-0.36

-0.47

-0.14

N:P

0.17
-0.21

*P<O.O5; -P<O.OI

TABLE 3
Resultsof fertilization experiment,1990growingseason.Nutrient contentsby weight percentand
atomic ratios of C, Nand P (mean :t SD) for control and fertilized treatments.Significancevalues
are for two-wayANOVA, testingtreatmentand stationmaineffects
Treatment
Control
Carbon (%wt.)
Nitrogen (% wt.)
Phosphorus (% wt.:
C:Nratio
C:Pratio
N:Pratio

43.91 1.2:0.1
1.91

0.41:0.02
27.21: 1.0
307.01: 18.5
11.31:0.5

Significanceof effect
Fertilized
43.4:!:1.2:0.2
1.9:!:
0.4:!::0.04
27.8:!::3.0
310.0:!::35.3:
11.3:!: 1.3

Treatment

Station

P='

P=O.48
P=O.33
P=O.O9
P=O.18
P=O.O7
P=O.23

p= 0.66
p= 0.750.69
p=
p= 0.88

p= 0.97

and carbon to phosphorus occurred becauseof the stable carbon concentrations and decreasingnitrogen and phosphorus concentrations. Although the
nitrogen and phosphoruscontentsof PeltandratissuesdecreasedbetweenApril
and June, the averageatomic ratio of nitrogen to phosphorusremained constant at 10.6.
Above-ground Peltandrabiomass in April was significantly correlated with
nitrogen content of the tissues,but correlations of biomass with phosphorus
and atomic ratios of nutrients were not significant (Table 2). In June, carbon
content was negatively correlated with biomass, a trend reflecting increased
mineral accumulation in larger plants near the creekbank. Larger plants did
not accumulate larger percentagesof nitrogen and phosphorus, however, as
correlations betweenbiomass and nutrient content were weak.
General growth patterns acrossthe marsh in 1990 were similar to those
observed1989 (Fig. 2(A», with vegetationnearcreekbankslargerthan plants
from the interior marsh (ANOYA, F3,16=17.2,P<O.OOI). Acrossthe marsh,
however, plants from fertilized plots were no larger than from control plots
(ANOYA, Fl,16= 1.4, P>0.25). Further, fertilized plants did not contain
higher percentagesof nitrogen and phosphorus than unfertilized plants, nor

314

R.M. CHAMBERS AND J.W. FOURQUREAN

were there significant differences in the nutrient content of plants from different stations (two-way ANOV A Table 3).
DISCUSSION

An inherent assumption of all limitation studies is that differences in nutrient availability are demonstrable in measuresof nutrient uptake, growth
and/or biomass accumulation of primary producers. As there is no universally applicable methodology for determining limitation, however, a number
of nutrient incorporation and plant production parametersare usedby aquatic
and terrestrial ecologiststo identify nutrient limitation. We applied some of
these establishedmethods to assesstheir relative usefulnessin determining
possible nutrient limitation of Peltandravirginica in a tidal freshwatermarsh.
Our resQltsindicated that such an approach may be too simplistic, as application of different methodologies led to different and sometimescontradictory conclusions about nitrogen or phosphoruslimitation.
We found significant differences in peak biomass of Peltandra virginica
acrossa transectin EagleBottom, a tidal freshwatermarsh (Fig. 2 (A) ). These
biomassdifferencescorrespondedcloselywith concentrationsof dissolvedinorganic nitrogen and phosphorus (DIN, DIP) in the soil porewater (Fig. 3).
If porewaterconcentrations of nutrients were a valid proxy for nutrient availability (Gerloff and Krombholz, 1966; Bayly et al., 1985), then it could be
argued that Peltandra is either nitrogen or phosphorus limited, as increased
availability was associatedwith increasedbiomass accumulation. There are
many reasons,however, why DIN and DIP concentrations may not be adequate indicators of nutrient availability to primary producers (Smith, 1984;
Howarth, 1988). The use of DIN and DIP concentrations may lead to an
underestimation of the availability of nutrients, as nitrogen and phosphorus
sorbed to clays and organic/mineral complexes,and in labile organic matter
were not measured. Uptake rates and turnover times of dissolved nutrient
pools are unknown, yet clearly these are the crucial parameters necessaryto
relate nutrient availability to uptake and growth (Howarth, 1988). Observed
differences in porewater nutrient concentrations could be a cause,a consequence, or a coincidence of the amount of accumulated plant biomass,a feature which cannot be determined from simple regressionanalysis.
In the absenceof turnover estimates of nutrient pools, however, DIN and
DIP standing stockshave beenusedto assessnutrient availability by comparing the ratio of total nitrogen to total phosphorus in plant tissue with that of
DIN:DIP in the surrounding water (e.g. Boynton et al., 1982). Nitrogen or
phosphorus limitation is inferred if plants incorporate nutrients into biomass
at a ratio that differs from sourcewaters. In this study, atomic DIN:DIP ratios were less than 3 from all stations (Fig. 2(B», yet the atomic ratio of
nitrogen to phosphorus in Peltandra was 10.6 (Table 1). Using this criterion,
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the growth of Peltandra is apparently nitrogen limited, becausethe source of
nutrients (porewater) is depleted in nitrogen relative to the plants. Plants
must incorporate more nitrogen than phosphorus relative to apparent
availability.
We found no differences in total nutrient concentrations in soils from stations supporting the largest and smallest peak standing crops of Peltandra
(Fig. 4), even though there were large differences in DIN and DIP in the
porewater. Strong correlation between total nutrient concentrations in the
sedimentsand nutrient concentrations in the plants have beenused as a potential measureof nutrient availability for production. Under some circumstances,total soil nutrients is probably a valid criterion for nutrient limitation
to growth, asthe amountsof nutrient incorporation may be different for plants
of different size (DeLaune and Pezeshki,1988). As no such relationship was
found in this study, this criterion indicates that total nitrogen and phosphorus
concentrations in soils do not limit Peltandra growth. Environmental factors
besidestotal in situ concentrations of nutrients must affect the availability of
nutrients as evidencedby the porewater concentration data (Fig. 2 (A) ), and
the abilities of plants to assimilate them (Boyd and Hess, 1970).
In addition to the precedingassaysof nutrient availability measuredin soils
and solutions external to the plants, other researchershave focused in more
detail on measurablenutrient responsesin the actual plant tissues.One of the
first studies of nutrient limitation in aquatic macrophyteswas by Gerloff and
Krombholz (1966), who basedtheir notion of nutrient limitation on the relati ve amounts of nitrogen and phosphorusincorporated into plant tissue. If a
nutrient. was limiting, then additions of nutrients would lead to greaterbiomassaccumulation,plus higher percentagesof nitrogen or phosphorusin plant
tissue. Similarly, Shaverand Melillo (1984) usedthe inverse of nitrogen and
phosphorus concentrations in plant tissues as estimates of nutrient use efficiency. Plants with more available nutrients would decreasetheir nutrient use
efficiency (and increase the amount of nutrient relative to total biomass),
thus documenting nutrient limitation. Our data did not detect this effect:
higher Peltandra biomass was not associatedwith higher concentrations of
nitrogen and phosphorus in the plant tissue. Applying this criterion, we conclude that neither nitrogen nor phosphorusis limiting in the tidal freshwater

marsh.
Tissue concentrations of nitrogen and phosphorus in Peltandra decreased
betweenApril and June (Table 1), but whether thesedecreaseswere a reflection of nutrient limitation is not clear. An interpretation of temporal changes
in nutrient concentrations in plant tissues was given by Lukatelich et al.
(1987), who suggestedthat non-limiting nutrients would be incorporated into
biomass at the samepercentagesover a growing season,and that concentrations of limiting nutrients would gradually decrease.Alternately, Broome et
al. (1975) assumedthat physiological constraints were the causeof observed
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constant nitrogen concentrations in tissuesof different-sized plants of Spartina alterniflora Loisel. They inferred nitrogen limitation based on greater
biomass accumulation which was associatedwith a constant percentageof
nutrient incorporation. Our data do not meet the criterion for nutrient limitation establishedby Broome et al. (1975); instead, application of the method
suggestedby Lukatelich et al. (1987) indicates that both nitrogen and phosphorus are limiting to Peltandra betweenthe onset and peak of the growing
season.Of course,the decreasesin nutrient concentrations may simply reflect
the accumulation of structural carbohydrate relative to nitrogen and phosphorus assimilation.
We documented seasonaldifferences in nutrient concentrations of Peltandra tissues. Within sampling dates, however, biomass from harvestedquadrats in Eagle Bottom marsh was not consistently correlated with the percentage of phosphorus or nitrogen in the plant tissue (Table 2). Biomass in April
was significantly correlated with nitrogen, not phosphorus,content; at the time
of peakabove-groundbiomass in June, neither nutrient was an adequatepredictor of standing crop. Theseresults suggestnutrient limitation may be transient over the growing season.In contrast, the standing stocks of nutrients
(peak biomassx%N or %P) were different among stations, but this was a
consequenceof greater biomass and not greater nutrient concentration per
unit weight of plant.
Some plants are reported to take up more nitrogen and phosphorus when
available (luxury nutrient uptake, sensuGerloff and Kromholtz, 1966), yet
greateruptake is not always associatedwith greater growth rates or biomass
accumulation. Whigham and Simpson (1978) found that sewageeffiuent applied to a community of tidal freshwater marsh plants (including Peltandra)
increased the nitrogen and phosphorus concentrations of tissues, but that
above-groundbiomass was not significantly different betweenenriched and
control plots. Walker (1981) also found that fertilization did not always increasebiomass accumulation in a Peltandra marsh, and our results indicate
that neither above-groundbiomass nor nutrient contents of plant tissueswere
affected by fertilization (Table 3). One possible explanation of our data is
that the method of fertilization was inappropriate, but using an identical
method in experimental salt marsh plots, we have increasedabove-ground
biomass and leaf nitrogen concentrations in Spartina alterniflora (R.M.
Chambers and W.E. Odum, unpublished data, 1989). Also, the freshwater
marsh plant Panicum hemitomon Schult. did grow more in a nitrogen enrichment study by DeLaune et al. (1986), but the nitrogen content of plants was
only slightly greater in fertilized plots (0.70% vs. 0.67%). DeLaune et al.
( 1986) point out that significant amounts of organic nitrogen in wetland soils
are mineralized in situ and, compared with tidal or even fertilization subsidies, canbe the major source of reduced nitrogen for uptake by and growth of
wetland plants. The absenceof a fertilization responseby Peltandra in the
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present study suggeststhat nutrient demandsare met by in situ nutrient concentrations, or that some other environmental factor limits nitrogen and
phosphorus availability to the plant. Also, Peltandrais a perennial plant with
a large storagerhizome, or corm, from which nutrient mobilization to developing above-groundtissuesoccurs; supplementalnutrients from the porewater environment may not even be important during the growing season.The
lack of a significant growth responseto fertilization in the presentstudytherefore may not be that unusual, although the amounts of nutrients in storage
are not usually sufficient to sustain growth over an entire season(DeLaune
et al., 1986).
Owing to different nutrient sources, and different requirements for nutrients (especially carbon) in tissue structure, comparisons of the Redfield
ratio of carbon, nitrogen and phosphorus incorporation into oceanic phytoplankton with those of macrophytes probably are not instructive for assessments of nutrient limitation of emergentmacrophytes.Nonetheless,the Redfield ratio of 106: 16: 1 is still used as a benchmark for comparing relative
amounts of carbon, nitrogen and phosphorus, and extreme departures from
it may be taken as evidence of nutrient limitation (Faganeli et al., 1986).
Other researchersare more cautious in comparing nutrients contents in macrophytes with deep-waterphytoplankton, and have proposed more specific
scalesfor comparison. Atkinson and Smith (1983) developedthe notion of
optimal growth ratios in submergedmacrophytes from an original idea by
Gerloff and Kromholtz (1966) and subsequentlyexpanded by Shaverand
Melillo (1984). They reasonedthat plant speciesunder optimal growth conditions exhibit specific ratios of carbon, nitrogen and phosphorusincorporatipn. Knowing this 'local' Redfield ratio (Smith and Hollibaugh, 1989), observed departures from it could be used as evidence for nutrient limitation.
From our data, the carbon:nitrogen: phosphorusratio in April was 137: 11: 1,
and in June it was250: 11: 1 (Table 2). Over the growing season,the ratio of
nitrogen to phosphoruswas constant, and the changesin organic matter as a
result of carbohydrate production led to an increase in the relative amounts
of carbon. An observed constant nitrogen to phosphorus ratio suggeststhat
neither nitrogen or phosphorusis limiting to Peltandra growth in this marsh,
and that relative to nitrogen and phosphorus,carbonappearsmost responsive
to physiological constraints imposed by environmental factors other than nutrient availability (Goldman et al., 1979). On the other hand, Booth (1989)
found that nitrogen to phosphorus ratios in Peltandra increased over the
growing seasonfrom 11.9 to 16.2, which suggestsphosphorus limitation in
his study. Even with seasonaldifferences in nitrogen to phosphorus ratios,
however, the establishment of an optimum ratio, above and below which
phosphorus or nitrogen is limiting, is somewhatarbitrary.
Results of this study support conclusions drawn by others, that factors besidesnutrient concentration may limit nutrient availability to plants or trans-
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lation of these nutrients into biomass (Gallagher, 1975; Chalmers, 1979;
Morris, 1980; Craft et al., 1989; Bradley and Morris, 1990). Walker (1981 )
found that nitrogen and phosphorusconcentrations were higher in 'stressed'
(water-logged) plants, a pattern he attributed to decreasedphotosynthate
production and increasedcarbohydrate utilization below ground for anaerobic respiration. Contrary to the implied direct effect of nutrient limitation on
plant growth, physiological constraints under geneticand environmental control may indirectly limit nutrient availability for primary production.
To summarize we applied various proxies from the literature to determine
whether growth of the wetland plant Peltandra virginica was nutrient limited.
Although a majority of theseproxies indicated neither nitrogen nor phosphorus were in limiting supply to Peltandra,the resultswere conflicting. The nonunanimous conclusion reached by these assessmentspoints out the hazard
associatedwith reliance on anyone criterion for demonstration of nutrient
limitation. Conceptually, nutrient limitation is an important ecological term
describing the relationship between primary producers and their environment. Without the appropriate experiments, however, identification of nutrient limitation may not be a straightforward task, as edaphic features of
aquatic ecosystems may preclude the applicability of nutrient limitation

criteria.
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