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ABSTRACT: It is becoming more apparent that commonly used statistical methods (e.g., analysis of variance and
regression) are not the best methods for estimating limiting relationships or stressor effects. A major challenge of estimating
the effects associated with a measured subset of limiting factors is to account for the effects of unmeasured factors in an
ecologically realistic matter. We used quantile regression to elucidate multiple stressor effects on end-of-season biomass data
from two salt marsh sites in coastal Louisiana collected for 18 yr. Stressor effects evaluated based on available data were
flooding, salinity, air temperature, cloud cover, precipitation deficit, grazing by muskrat, and surface water nitrogen and
phosphorus. Precipitation deficit combined with surface water nitrogen provided the best two-parameter model to explain
variation in the peak biomass with different slopes and intercepts for the two study sites. Precipitation deficit, cloud cover,
and temperature were significantly correlated with each other. Surface water nitrogen was significantly correlated with surface
water phosphorus and muskrat density. The site with the larger duration of flooding showed reduced peak biomass, when
cloud cover and surface water nitrogen were optimal. Variation in the relatively low salinity occurring in our study area did not
explain any of the variation in Spartina alterniflora biomass.

Introduction

Many factors have been identified as production-
limiting factors in salt marshes including nitrogen
(Tyler 1967; Jefferies and Perkins 1977), soil
drainage (Mendelssohn and Seneca 1980; Wiegert
et al. 1983), soil aeration and redox potential
(Howes et al. 1981; Mendelssohn et al. 1981),
sulphide concentration (King et al. 1982), soil
salinity (Nestler 1977; Zedler 1983), temperature
(Turner 1979; Giroux and Bedard 1987), grazing
(Silliman and Zieman 2001; Moon and Stilling
2002; Silliman and Bortolus 2003), and solar
radiation (Morris 1982; Teal and Howes 1996).
Using 5 yr of saline marsh vegetation data from
a South Carolina salt marsh, Morris and Haskin
(1990) showed that mean sea level and total rainfall
during July and August were significantly and
positively correlated with annual production. Using
13 yr of data from a salt marsh in the Netherlands,
De Leeuw et al. (1990) found that the rainfall
deficit during the April-June growing season was
significantly correlated with the peak aboveground
biomass of most salt marsh communities, while
flooding frequency showed no correlation. Teal and
Howes (1996) found no significant correlations
using 22 yr of data from a Massachusetts salt marsh.
When they used only the last 11 yr of data (the
record with more extensive measurements), Teal

and Howes (1996) found positive correlations for
total solar radiation and average water temperatures
from June through August. Several environmental
factors have been identified as controlling primary
production in salt marsh angiosperms based on
spatial variation or experimental manipulation.
Studies of temporal variation in biomass have had
limited success. There is a clear need for analysis
of long-term data sets to better elucidate the
importance of multiple factors controlling temporal
trends in marsh primary production.

It is becoming more apparent that commonly
used statistical methods, such as analysis of variance
and regression, are not the best methods for
estimating limiting relationships in ecology (Thom-
son et al. 1996; Cade et al. 1999). Cade et al. (1999)
illustrated how unmeasured factors increased varia-
tion in biomass where the measured variable was
less limiting. In other words, if the variable of
interest was not limiting there was the opportunity
for other stressors to affect biomass and large
variation in biomass may be observed. Cade et al.
(1999) demonstrated that the relationship with the
limiting factor was near the upper edge of the
data, rather than through the center of the data
distribution. Linear regression correlates the aver-
age (i.e., the center of the distribution) to the
limiting factor. The edge of the response variable
data distribution (in the previous biomass example)
is best described using quantile regression using the
upper quantiles (Sharf et al. 1998; Cade and Guo
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2000; McClain and Rex 2001). Quantile regression
has a decades-long statistical history and has been
only recently applied in ecology to explain environ-
mental limitations (Terrell et al. 1996; Sharf et al.
1998; Cade et al. 1999; Cade and Guo 2000).

We used quantile regression to elucidate multiple
stressor effects on an 18-yr record of end-of-season
biomass data from two salt marsh sites in coastal
Louisiana. This study uses a rare long-term data set
that was collected as part of a pipeline monitoring
program. Because these data were not collected
specifically for this analysis, environmental data from
other sources that were not collected in exactly
the same area were used (Fig. 1). Where data is
available, we show the spatial coherence of these
environmental data over distances similar to the
distance between environmental monitoring sites
and our biomass sites. Although spatial coherence
for many environmental factors is low on a daily time
scale, when integrated over a growing season, spatial
variation is much smaller than interannual variation.
Stressor effects estimated based on available data
were flooding duration, salinity, air temperature,

grazing by muskrat (Ondatra zibethicus), precipitation
deficit, nitrogen and phosphorus availability, and
cloud cover. As with any study of this kind, many
assumptions have to be made to relate one end-of-
season biomass measurement to variable conditions
during the growing season. We document these
assumptions and previous work on these stressors in
the methods section.

Methods

From 1978 through 1995, biomass was harvested
in September of most years at two saline marsh sites
in 0.25-m2 plots (Fig. 1). The sites are named for the
nearest named geographical features: Lake Jesse
and Airplane Lake. Both of these lakes are
connected to the myriad of waterways that are
present within lower Barataria estuary and through
them connected with Barataria Bay. At each site, the
start of the transect (first plot) was selected through
a throw of the first quadrat frame. Subsequent plots
were determined by orienting the transect perpen-
dicular to the adjacent water way and sampling at
20-m intervals. If a plot was located in open water,

Fig. 1. Location of the two study sites and data stations. Data sources are identified in the Methods section.
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the location was changed to the nearest vegetated
area along the transect line. All standing plant
material within each plot were clipped at ground
level and placed in plastic bags. The harvested plant
material was returned to the laboratory, where live
plants and any attached dead leaves were separated
from dead material not attached to live plants. Live
plants with any attached dead material were sorted
by species and oven dried at 65uC to constant
weight. End-of-season biomass was determined by
summing the weight of all species for each
harvested plot. In this study, we only used data
from plots in which .95% of the end-of-season
biomass came from Spartina alterniflora. Two other
species, Spartina patens and Distichlis spicata, were
occasionally present in these samples. The resulting
number of samples varied among years at Lake Jesse
and ranged from a minimum of 6 samples in 1994
and 1995 to 13 samples in 1988 with an average of 9
samples per year. At Airplane Lake 10 samples were
obtained each year.

The negative effects of extended flooding on the
primary production of S. alterniflora have been well
documented (Mendelssohn and Seneca 1980;
Howes et al. 1986; DeLaune et al. 1984; Reed and
Cahoon 1992; Pezeshki 1997). We obtained the
long-term record from the National Oceanic and
Atmospheric Administration (NOAA) Grand Isle
Waterlevel Gauge (gauge 8761724 data down
loaded from http://co-ops.nos.noaa.gov). The loca-
tion of this gauge relative to the biomass sample
sites is 18 km east southeast from Airplane Lake to
Grand Isle and 24 km east southeast from Lake
Jesse to Grand Isle. Since we only sampled vegetated
plots, we assumed that the vegetated surface
elevation kept up with long-term subsidence and
sea-level rise (Morris et al. 2002). We estimated the
long-term trend by fitting a linear regression to the
Grand Isle gauge data (1955–2000). This fitted long-
term trend represents apparent sea-level rise (sub-
sidence and relative sea-level rise combined). The
apparent sea-level rise was removed by subtracting
the predicted value from the measured value
(Fig. 2). The adjusted long-term water levels from
the Grand Isle gauge were then related to marsh
flooding determined using water level gauges that
were deployed at each site for half a year during the
winter of 1991–1992. These temporary gauges were
surveyed relative to the average marsh elevation.
The average daily adjusted water level at Grand Isle
was plotted against the percentage of the day that
the marsh was flooded and a sigmoid curve was
fitted (Fig. 3). This sigmoid curve was then used to
predict the daily percentage flooding at average
marsh elevation of each site for the 1978 through
1995 study period. Unfortunately, the elevation of
each harvested plot was not measured.

To estimate the period where different stressors
could affect end-of-season biomass, we first de-
termined the time of the growing season during
which most of our harvested biomass was produced.
The turnover rate of S. alterniflora in Louisiana is 4.6
live crops per year (Hopkinson et al. 1978), so the
average lifetime of biomass is 2.6 mo. We used the
3 mo prior to harvest (June–August) as the time
where a stressor could affect our end-of-season
biomass. We defined the relative flooding stress
during the 3 mo before harvest, as the proportion
of days that each site was flooded for greater than
95% of the time.

The physiological effects of salinity on S. alterni-
flora involve complex feedbacks (Bradley and Morris
1991, 1992). S. alterniflora growth is greatest at
salinities of 25% or less (Phleger 1971; Parrando et
al. 1978; Drake and Gallagher 1984). We obtained
the long-term salinity record from two Louisiana
Department of Wildlife and Fisheries (LDWF)
gauges: Grand Terre (29u279530N, 89u949170W)
and St. Mary’s Point (29u419970N, 89u949690W)
(Fig. 2). Where data from Grand Terre were
missing, we augmented the data with predicted
salinity based on the correlation with the St. Mary’s
point data. Figure 2 shows the gaps in the data from
each gauge and the strong correlation between the
salinity data from these gauges, which are 16 km
apart. The Grand Terre gauge is 18 km from
Airplane Lake and 25 km from Lake Jesse. Salinity
is spatially coherent in Barataria estuary; the area
has high hydrological connectivity. Swenson and
Turner (1998) used all known salinity measure-
ments in Barataria estuary from 1980 to 1995 to
generate a plot of isohaline lines. Based on these
isohaline lines, both study sites should on average
experience slightly lower salinity (ca. 3% less) than
the salinity measured at Grand Terre. Although
these isohaline lines shift depending on salinity of
the Gulf of Mexico and runoff from local rainfall
(Swenson and Turner 1998), the difference be-
tween Grand Terre and the study area remains
relatively constant. Salinity at Grand Terre fluctuat-
ed between 2% and 34% during the study period
(Fig. 2). The salinity stress index was defined as the
proportion of time that salinity at Grand Terre
exceeded 28%.

S. alterniflora uses the C4 biochemical pathway of
photosynthesis with a temperature optimum be-
tween 30uC and 35uC (Giurgevich and Dunn 1979).
We obtained the long-term air temperature record
from the National Weather Service (NWS) station at
the New Orleans airport (29u599340N 09u159030W)
(Fig. 2). The distance from the New Orleans
weather station to Airplane Lake is 86 km south
and to Lake Jesse is 81 km south. We defined the
proportion of days on which the maximum air
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temperature exceeded 35uC as the temperature
stress index. To evaluate the usefulness of climate
data collected 80 to 86 km from the site, we used
climate data from Grand Isle (86 km from New

Orleans and 17 to 23 km from the sites) that was
only collected from 1951 through 1962 (the only
years with sufficient data at Grand Isle) and found
a highly significant positive correlation between

Fig. 2. Biomass, water level, salinity, temperature, rainfall, and cloud cover recorded during the period of study. Data sources are
identified in the Methods section.
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temperature stress at Grand Isle and New Orleans.
On average, Grand Isle had 1.4 more days exceed-
ing 35uC during the growing season than New
Orleans. Over the study period, the number of days
exceeding 35uC during the 92-d growing season
ranged from 0 to 33 at New Orleans.

Muskrat is a known grazer in Louisiana salt
marshes. Muskrat houses (active and inactive) were
counted on aerial surveys over 1,197 ha of saline
marsh near the two biomass sites in March of each
year (for details see Visser et al. 1994). Active
muskrat house density in the study area varied
between 0.06 to 1.47 houses ha21 (Fig. 4). To scale
the muskrat grazing stress index to a 0 to 1 value, we
defined it as the active house density divided by 2.
This assumes that the maximum density of muskrat
houses is 2 houses ha21.

Rainfall deficits are associated with decreased
biomass production in salt marshes (De Leeuw et
al. 1990). In coastal Louisiana water surpluses occur
during the winter months, but during the summer
precipitation and evaporation tend to be closely
balanced, with occasional deficits in May through
August (Gosselink 1984). We obtained the long-term
precipitation record from the NWS station at the New
Orleans airport (Fig. 2). We used the Thornthwaite
equation (Chow 1964) to calculate the potential
evaporation at the study sites from the temperature
record. Then the precipitation deficit was obtained
by subtracting precipitation from potential evapora-
tion. The highest average deficit from June through
August over the period of climate data evaluated
(1948–2002) occurred in 1990 (108 mm mo21). We
used climate data from Grand Isle that was only
collected from 1951 through 1957 and in 1961 (the
only years with sufficient data) and found a significant
positive correlation between annual precipitation

deficit at Grand Isle and New Orleans. The pre-
cipitation deficit at Grand Isle was lower than the
precipitation deficit at NewOrleans in 5 of the 6 years
in which a precipitation deficit occurred at New
Orleans. This spatial difference averaged 21 mm,
while the precipitation deficit at New Orleans ranged
from 0 to 108 mm during the study period. Since
a precipitation surplus should not be stressful to the
plants, we defined the precipitation deficit stress
index as 0 when precipitation exceeded potential
evaporation, and as the precipitation deficit divided
by 150 (to scale between 0 and 1, estimating the true
maximum deficit at 150 mm) when a deficit oc-
curred.

Solar radiation may limit salt marsh productivity
(Morris 1982; Teal and Howes 1996). No solar
radiation data were available, instead we used daily
average percentage cloud cover obtained from the
NWS station at the New Orleans airport (Fig. 2). We
calculated cloud cover stress as the average percent-
age cloud cover during the growing season. No data
were available to test the applicability of the New
Orleans cloud cover data to estimate cloud cover at
our site. We have found significant correlation at
a similar distance for interannual variation in other
climatic factors (see above).

The availability of nutrients, particularly nitrogen
and phosphorus, is important for the productivity of

Fig. 3. Muskrat house density, total Kjeldahl nitrogen, and
total phosphorus recorded during the period of study. Data
sources are identified in the Methods section.

Fig. 4. Relationship between marsh flooding at each site and
the long-term NOAA water level gauge at Grand Isle.
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a salt marsh (Mitsch and Gosselink 2000). S.
alterniflora is primarily nitrogen limited (Valiela
and Teal 1974; Patrick and DeLaune 1976; Smart
and Barko 1980). In Louisiana, S. alterniflora bio-
mass was positively correlated to both total nitrogen
and total phosphorus density (TP) in the soil
(DeLaune and Patrick 1979). The tidal water is an
important source of nitrogen for the salt marsh
(Valiela and Teal 1979; Childers et al. 1993). We
obtained the results from two water quality stations
(Lake Jesse (29u159180N 90u119220W) and Cami-
nada Pass (29u129210N, 90u029440W)) sampled by
LDWF near our study sites (Turner et al. 1998). This
data set contained monthly measurements of
ammonia, nitrate-nitrite, total Kjeldahl nitrogen
(TKN), phosphate, and TP. We used correlation
analysis between the two stations to determine if the
measurements were coherent over relatively large
spatial distances. TKN and TP showed strong
correlations between the two stations (Fig. 4),
indicating that these measurements could be used
to estimate the surface water nutrient concentration
at our study sites. Based on the geographical
distribution, we used the Lake Jesse water quality
station for the Lake Jesse marsh and the average
from the Lake Jesse and Caminada Pass water
quality stations for the Airplane Lake marsh. We
used the average of the June, July, and August
samples, and TKN and TP were scaled by dividing
them by an estimated maximum value: 300 mg at l21

for TKN and 20 mg at l21 for TP.
Cade et al. (1999) illustrated that changes near

the maxima provide the best estimate of the
response to a single limiting factor, when consider-
ing the fact that multiple limiting factors are
expected to affect the response. Quantile regression
is the preferred technique to estimate this model
(Cade et al. 1999; McClain and Rex 2001). We
applied quantile regression using the QUANTREG
package in R (Venables and Smith 2004). We
selected among candidate quantile regression mod-
els by computing small sample adjusted Akaike
Information Criteria (AICc) for seven quantile levels
(t 5 0.50, 0.60, 0.70, 0.80, 0.90, 0.95, and 0.975)
following Cade et al. (2005). To facilitate compar-
isons, we always referenced AICc for models with
selected stressor variables to AICc for the model with
just a single parameter for the intercept. Larger
differences in AICc (DAICc) for each quantile were
indicative of a model that explained more variation
when adjusted for the number of estimated model
parameters. Our selection process was to first
consider models with a single stressor variable with
common slopes and intercepts across sites (fewest
parameters), then with a single stressor variable with
separate intercepts and slopes for sites (two more
parameters), and then models that included addi-

tional stressor variables added to the best single
stressor variable model. We examined candidate
single variable models graphically to determine
whether linear or nonlinear forms were more
appropriate. Models that had the largest DAICc

across most quantiles were selected to explore
further by examining coefficient estimates and their
precision. Where DAICc differed by ,2 across most
quantiles for multiple candidate models, we exam-
ined coefficients of these equivalent candidate
models. We used this model selection approach to
suggest candidate models to explore further by
examining coefficient estimates and their precision.
We used the xy pairs bootstrap method in the R
Quantreg library with 1,000 resamples to estimate
standard errors of estimated coefficients.

Results

Substantial variation in average end-of-season
biomass was observed at both sites (Fig. 2), with
Airplane Lake having a slightly higher average of
916 g m22 than the 869 g m22 at Lake Jesse.
Although the two sites behaved slightly differently
over time the mean end-of-season biomass at both
sites were significantly correlated (Pearson correla-
tion coefficient: r 5 0.61, p 5 0.012). Average end-
of-season biomass was highest at both sites in 1986
(1698 g m22 at Airplane Lake, 1,261 g m22 at Lake
Jesse). The lowest average biomass was observed at
Lake Jesse in 1993 (473 g m22) and at Airplane Lake
in 1979 (587 g m22). Maximum end-of-season bio-
mass peaked in 1983 at Airplane Lake (2,536 g
m22), with the second highest maximum observed at
this site in 1986 (2,068 g m22). At Lake Jesse,
maximum end-of-season biomass peaked in 1986 at
1,710 g m22, with the second highest maximum
observed at this site in 1994 (1,664 g m22). The
lowest maximum end-of-season biomass occurred in
1980 (818 g m22), when only the Airplane Lake site
was sampled. At Lake Jesse the lowest maximum
end-of-season biomass occurred in 1979 (907 g
m22); this year had the second lowest maximum
biomass recorded at Airplane Lake (1,012 g m22).

Louisiana has a subtropical climate. During our
study period average high temperatures exceeded
30uC during the months of June, July, August, and
September (Fig. 2). The highest temperature stress
during the period of study occurred in 1980, when
36% of the growing season days had maximum
temperatures that exceeded 35uC. Temperature
stress was also relatively high in 1981, 1990, and
1995. Rainfall is relatively evenly distributed over the
year, but June and July tend to be slightly wetter
with 17 to 18 cm mo21. Precipitation deficits
occurred in only 5 of the 18 growing seasons, with
the highest deficit occurring in 1990. Cloud cover
averaged around 40% during the growing season,
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with the lowest cloud cover occurring in 1995
(23%). Growing season cloud cover was also low in
1990 at 25%. All of the climate variables (temper-
ature stress, precipitation deficit, and cloud cover)
were significantly correlated to each other. Tem-
perature stress was negatively correlated with cloud
cover (r 5 20.68, p 5 0.0025) and positively
correlated with precipitation deficit (r 5 0.84, p ,
0.0001). Cloud cover was negatively correlated with
precipitation deficit (r 5 20.70, p 5 0.0020).

From January 1978 through December 1995,
salinity at Grand Terre fluctuated between 2% and
34% and averaged 19% (Fig. 2). In approximately
half of the study years, salinity at Grand Terre
exceeded 28% for ,1% of the growing season. The
highest salinity stress, with 20% of the summer
salinity observations at Grand Terre exceeding 28%,
occurred in 1988. Figure 3 shows that the Lake Jesse
marsh floods at lower water levels than the Airplane
Lake marsh. On average, the Airplane Lake site
experienced 6% of the growing season’s days where
the marsh was continuously flooded, while Lake
Jesse experienced on average 19% of continuous
flooding days during the growing season. The

highest flooding occurred in 1995, with 40% of
the growing season days flooded at the Lake Jesse
site and 22% of the growing season days flooded at
the Airplane Lake site.

Muskrat house density averaged 0.39 houses ha21

during the study period, with a population explo-
sion reaching a density of 1.47 houses ha21 in 1992
(Fig. 4). TKN and TP concentrations in the surface
water were relatively low in the early 1980s and
peaked in the early 1990s. Both nutrients indices
were significantly positively correlated with year,
indicating that nutrient levels in general increased
over the study period. The growing season nitrogen
index was also positively correlated with the muskrat
index (r 5 0.56, p 5 0.0193).

The comparison of one-parameter models, re-
vealed that models that used separate slopes and
intercepts for the two sites always provided a better
fit for the upper quantiles (Fig. 5). The model
comparison showed poor model fit for all one-
parameter models using the 0.5 quantile. The 0.5
quantile regression represents the fit of the condi-
tional median, an alternative measure of central
tendency to the conditional mean of least squares

Fig. 5. Fit of one parameter models as estimated by small sample adjusted change in Akaike Information Criteria (DAICc). Models with
different slopes and intercepts for each site are indicated by the parameter name + site.
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regression. Of the one-parameter models, nitrogen
provided the best fit for all quantiles. This model
used a second order polynomial fit (Fig. 6, Table 1).
Maximum biomass was greatest at a nitrogen stress
index of 0.35 at Airplane Lake, which corresponds
with a surface water TKN of 105 mg at l21, while the
maximum at Lake Jesse occurs at 0.5 or 150 mg at
l21. The second-best one-parameter model for
upper quantiles was a linear relationship with cloud
cover. Years with higher cloud cover had higher
maximum biomass (Fig. 6).

The comparison of two-parameter models,
showed that the better models include nitrogen
and any of the other variables with different slopes
and intercepts for the two sites (Fig. 7). The best
fit for the upper quantiles based on the DAICc is
provided by the models that combine nitrogen with
either precipitation deficit or cloud cover. The
smaller standard errors of parameter estimates for

the model that combines nitrogen and precipitation
deficit (Table 2) suggest that it is the best model of
the upper quantiles.

Discussion

We show here the use of the quantile regression
method in unraveling the multiple stressors that
affect S. alterniflora biomass. A previous attempt at
analyzing the same data using regression based
approaches found no statistically significant rela-
tionships, similar to the results of Teal and Howes
(1996). Based on the literature there are many
factors that may limit S. alterniflora growth. Our
quantile regression based results indicate that total
nitrogen concentration in the surface water explains
most of the variation in peak biomass at our two
sites. TKN measures both the available nitrogen for
plant uptake (ammonium and nitrate) and organic
nitrogen. Inorganic nitrogen in surface waters is

Fig. 6. Biomass data for all plots graphed as a function of the nitrogen index and as a function of cloud cover. Each year is represented
with a letter symbol, starting with an A for 1978 and ending with R for 1995. The solid lines show the model fit at t 5 0.95 and the dashed
lines show the model fit at t 5 0.975.
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rapidly transformed to organic forms or lost to the
atmosphere through denitrification as water floods
the marsh surface (Childers et al. 1993). The
available nitrogen in the surface water is highly
variable due to uptake by phytoplankton, benthic
algae, and emergent plants. The in situ mineraliza-
tion of organic nitrogen is one of the sources of
nitrogen available for plant growth in addition to
the available nitrogen in the surface water (Morris
and Bowden 1986). Mineralization of nitrogen in
Louisiana salt marsh soils is sufficient to provide the
nitrogen requirements for S. alterniflora, but much
of this is lost through denitrification (Patrick and
DeLaune 1976). It is not surprising that we
identified total surface water nitrogen as an
important factor that affects S. alterniflora biomass.
The curvilinear relationship between TKN and
maximum end-of-season biomass indicates that as
nitrogen increases biomass increases up to a point.
Decreases beyond this point may be due to the

positive correlation between surface water nitrogen
and muskrat density during our study period.
Increased muskrat density should translate to
higher grazing pressure and result in a lower S.
alterniflora biomass. Experiments that control the
interaction among nitrogen availability to the plants
and grazing are necessary to fully interpret this
result.

Morris (1982) found that almost half of the
variation in leaf growth of S. alterniflora could be
explained by solar radiation alone, with increasing
growth as solar radiation increased. The same
positive correlation between solar radiation and S.
alterniflora biomass was found by Teal and Howes
(1996). Both of these studies were performed in
Massachusetts. We found that cloud cover, which
should be inversely related to solar radiation, was
positively correlated with maximum biomass in
Louisiana. Our data showed a strong negative
correlation between percentage cloud cover and

TABLE 1. Description of the two best one-parameter quantile regression models. These models are graphed in Fig. 6. AL 5 Airplane
Lake, LJ 5 Lake Jesse.

Coefficient

t 5 0.950 t 5 0.975

Value Standard Error p Value Standard Error p

Nitrogen model

Intercept AL 962 105 ,0.0001 986 94 ,0.0001
TKN index AL 4,808 933 ,0.0001 5416 1,400 0.0001
TKN index2 AL 26,264 1,420 ,0.0001 27,297 2,155 0.0008
Intercept difference LJ 9 195 0.9616 263 197 0.1831
TKN index difference LJ 22,305 1,633 0.1590 23,738 1,810 0.0397
TKN index2 difference LJ 4,038 2,333 0.0845 5,682 2,692 0.0356

Cloud cover model

Intercept AL 555 216 0.0108 533 188 0.0048
Cloud index AL 2,783 597 ,0.0001 3,036 666 ,0.0001
Intercept difference LJ 506 344 0.1419 316 451 0.4841
Cloud index difference LJ 21,951 936 0.0380 21,274 1,157 0.2714

Fig. 7. Fit of two parameter models as estimated by small sample adjusted change in Akaike Information Criteria (DAICc).
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precipitation deficit as well as our temperature
stress index. Without a doubt, these relationships
are different in temperate regions such as Massa-
chusetts. Cloud cover, temperature, and drought
stressors may become more important as climate is
predicted to change (IPCC 2001). The Hadley
global climate model generally depicts a warmer
and wetter future climate in the southeastern
United States, while the Canadian global climate
model depicts a hotter and drier future climate for
the same region (Twilley et al. 2001).

Salinity and flooding are the two factors most
frequently assumed to affect saline marsh produc-
tivity (Howes et al. 1981; Mendelssohn et al. 1981;
King et al. 1982; Wiegert et al. 1983; Zedler 1983).
Significant variation exists in the response of
different S. alterniflora populations to hypersalinity
(Pezeshki and DeLaune 1995; Hester et al. 1998,
2001). In Louisiana salinity in the saline marsh area
rarely exceeds the salinity tolerance of even the
most sensitive populations. It is not surprising that
we found salinity a poor predictor for S. alterniflora
biomass at our sites.

We found our flooding index to be a poor
predictor of S. alterniflora biomass, while model fit
significantly improved by using different models for
each site. The flooding index we developed suffers
from the lack of elevation data for each harvested
plot and may be an inadequate estimator of the
actual flooding that occurred at the site. The major
difference between the two sites is that one site is
more frequently flooded then the other (Fig. 4) and
this difference may be captured by fitting different
models for each site. During optimum nitrogen and
cloud cover conditions, maximum biomass at the
more frequently flooded site is lower than at the less

frequently flooded site. Maximum biomass is similar
at both sites under extreme nitrogen as well as low
cloud cover conditions.

Surface water phosphorus explained very little of
the variation in S. alterniflora biomass. Most salt
marsh soils have adequate phosphorus for plant
growth (Pomeroy et al. 1972; Patrick and DeLaune
1976; Paludan and Morris 1999) and no input from
surface water is necessary. It has been shown that
water flooding the marsh has a lower inorganic
phosphorus content than the subsurface return flow
(Childers et al. 1993) and only 1% of added
phosphorus was taken up in a fertilization experi-
ment (Patrick and DeLaune 1976).

We demonstrated that quantile regression is
a useful statistical tool to ascertain the stressors that
best explain interannual variation in biomass. Pre-
cipitation deficit combined with surface water
nitrogen provided the best two-parameter model
to explain variation in the peak biomass with
different models for the two study sites. Precipita-
tion deficit, cloud cover, and temperature were
significantly correlated with each other. Surface
water nitrogen was significantly correlated with
surface water phosphorus and muskrat density.
The site with the larger duration of flooding,
showed reduced peak biomass, when cloud cover
and surface water nitrogen were optimal. Salinity
did not explain the variation in biomass.
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