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Abstrllct Assessment of emergent vcgetation biomass can 

be time consuming and labor intensive. To establish a less 

onerous. yet accurate method, for detennining cmergent 
plant biomass than by direct measurements we collected 

vegetation data over a six-year period and modeled biomass 

using easily obrained variables: culm (stem) diameter, culm 
height and culm density. From 1998 through 2005, we 

collected emergent vegelation samples (SdlOelloplecfus 
coli/amicus and Schoenoplecms aClI/us) at a constnlcted 

treatment wetland in San Jacinto. California during spring 

and fall. Various statistical models were run on the data to 

determine the strongest relationships. We found that the 

nonlinear relationship: CB = [3 oDH (3 I lO', where CB was 
2dry culm biomass (g m- ), DH Was density of culms x 

average height of culms in a plot, and 130 and 131 were 
parameters to eStimate, proved to be the best fit for 

predicting dried-live above-ground biomass of the two 
SchoenopleclliS species. The random error distribution. E, 

was either assumed to be normally distributed for mean 

regre~sion estimates or assumed to be an unspecified 
continuous distrihution for quantile regression estimates. 
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Introduction 

Processes [hat occur in wellands are complex and 

interrelated. In order [0 evaluate overall performance 

of a wetland, hydrology, vegetation, and soils all need 

to be considered (Reddy and D'Angelo 1(94). Although 

the hydrologic cycle is the primary factor affecting 

vegetation growth, microbial activity, and soil biogeo

chemical processes {Reddy and D'Angelo 1994; Kadlec 

and Knight i 996; Mitsch and Gosselink 2(00), vegeta
tion productivity and general overall macrophyte health 

are also important in maintaining the sustainability of the 

wetland and the health of the ecosystem (Balcombe et al. 
20U5) 

Treatment wetlands are constructed systems designed to 

maximize wetland functions to achieve specific outcomes 

(Howard- Williams 1985; Kadlec and Knight 1996; Thullen 
et al. 2005). Constructed treatment wetland design is often 

restricted by the area of the available land parcel, the 

existing topography, soil type and texture, previous uses, 

water quantity, and water quality. The wetland design must 

provide dependable water flow, water depth, loading rates, 
and retention time, while insuring proper mixing, adequate 

aerobie or anoxic zones depending all the goals of the 
project. and little or no short-circuiting, all within tb-: 
template of the existing space and climatic conditions (lWA 

loon). [n short, proper design is important to ensure that 

essential components are functioning properly for the 

natural processes to occur at their optimum (Mitsch and 
Gosselink 2(00). 
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V~getation is also an extremely important element in the 

proper design and functioning of a treatment wetland 

(Thullen et al. ?()05). Location of vegetation stands, the 

particular plant species ill those slands, individual plant or 

culm size and densit.y, and t.he health of the aquatic 
vegetation may all playa role in treatment efficiency. It is 
important to plant appropriate plant species in suitable 

locations to encourage their growth, proliferation, and 

sustainability (Thull en et a1. 20(5). 
Vegetation status should therefore be evaluated as one 

indicator of wetland function. Sampling methods can be 

destlllctlve and differ in labor intensity and cos!. We wanted 

to detemline whether routinely obtained non-destructive 

measurements can accurately predict biomass when bio

!nass sampling is roo destructive, logistically difficult, or 

too costly This paper provides information on whether 

1I01l-destnlctive sampling provides accurate estimarcs for 
the above-ground emergent biomass in our wetland system 

through time. 

Study Site 

We worked at a 9.9-ba surface-flow wetland constructed 

in 1994 to create migratory bird habitat and to reduce 

the ammoniulU-nitrogen (NH4 ·N) levels of secondary
treat.ed wastewater from the San Jacinto Valley Regional 
Water Reclamation facility (Facility), located about 

135 km southeast of Los Angeles, California. The 

wetland was planted with two indigenous bulrush 

species, Sehoenoplectus cali!orniells (C.A. Meyer) 

(Galen Smith 1997, personal communication) and S. 
aCltfuS (G.R E. Muhlenberg ex J. Bigelow) (Smith 1(95), 
and has the general ourline of a band with five inlet 

lingers. Warer enters the wetland at the lip of each finger 

and exits through four outlets in the thumb (illustrated in 

Sartoris eL aL .2000a; Thul/en et at. :?OOX). During the 

summers of 1998 and 2002. the wetland was drained and 
allowed to dry in order to bum off the above-ground 

vegetation. Subsequently, portions of the marsh bottom 

were deepened to create additional water depths of 2 m, 
changing the origina~ vegetated-marsb to open-warer 
ratio of 80:20 (Configuration I) to 50:50 in 1998 
(Configuration 2), and then to 30:70 in 2002 (Configu

ration 3). Details of the various configurations, opera

tions, and investig<ltions that have occurred at this site 

ha ve been reported by Walton et al. (1')97), Sartor is et at. 
(2000a), Smith el al. (:2000), Thullen et al. (2002, 2003, 

::O()~), Andersen et al. (2(103), and Nelson and Thullen 

(2()n~). In addition to water quality and flow measurements, 

monitoring the growth characteristics of the t\vo plant 

species (discussed here) as well as plant and sediment 
elemental analyses were done biannually and annnally, 

respectively. 

fJ Springe.r 

During the course of our investigations, we documented 

several specific differences between the two plant species. 

Morphological differences between S. aeulw; and S. 
califomicus during the mJddle ot the growing season are 

subtle. Identifications are verified by comparing their 
seed morphology (Correll and ConeU (975), but S. 
enli[orniells generally has more triangularly shaped 

culms that are basic green in color, while S. aculus culms 

are round and bluish-green in color. The allometric 

relationships bet\',een the two species can vary sign ifi

cantly, however, between late fall through early spri ng 

due to the phenology of the two species. Schoel1oplectlls 
acuws, a ubiquitous wetland plant throughout North 

America, senesces every winter and new shoots emerge 

from the rhizomes each spring. Schoenoplecltis calijorni
eus occurs In generally warmer climates of the south and 

western U.S. (bttp:!!www.ars-grjn.gov;cgi-bjn!npg~!htmL 

laxon.pl?409604 2009) and does not senesce each winter 

when healthy, hut instead loses individual culms intem1irtently. 

Due to this seasonal difference, culm heights, diameters, and 

therefore biomass, can differ signiticantly between the two 

species. Consequently biomass predictions for the 1\'10 species 

were calculated separately. 

Methods 

Vegetation Monitoring 

Vegetation monitoring ',vas routinely done during the spring 

and fall of the collection years as a way to establish how plant 

growth was initiating in the spring and then to detelTI1ine the 

maximum growth of the season. Schoerwpleetus call/Ornicus 

(Califomia bulrush) and S. aeutus (hardstem hulmsh) were 

sampled in May 1998, May and September 1999, May and 

September 2000, May and October 200 I, June and October 

2003. June and October 2004, and June and October 2005. 
Vegetation coverage (or each species during each 

sampling period was esti mated using a geographical 
information system (GIS) based on aerial photography 
(l :2400) obtained near the time of sampling. The area 
estimates were used for detem1ining total plant biomass 

within the wetland at specific times (Table I) and using 

those values to compare treatment capabilities related (0 

plant coverage (see Sartoris et al. 2000a, b). 

We measured above-ground and below-ground plant 
biomass, culm density, diameter, and height. Initially 

(1998-2000), culm hiomass and morphological dala were 
collected by destruetive sampl ing within 10-14 0.25-m2 

quadrats randomly located within the treatment wetland. 

Live above-ground vegetation (culms). dead culms (detri
tus), and root/rhizome biomass were separately weighed 

first as fresh weights (with adherent water removed) and 
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Table J i\ real vegetatIon 
S. cali/amicus S. aculL/S

coverag~ by specles 
during biannual sampling evcnts 

Saillpling dates Wetland configllfation Coverage (ha) Coverage (ha) 

May-98 I 6.89 073 

May-99 2 am 0.00 

Sep-99 2 2.13 0.00 

May-OO 2 3.05 0.00 

Sep-OO 2 3.34 0.00 

May-Ol 2 3.77 0.00 

Oct-Ol 2 4.11 0.00 

Jun-OJ 3 1.77 0.13 

Oct-03 3 2 16 0.18 

Jun-04 3 2.70 0.26 

OCl-()4 3 2.55 0.25 

JlIn-05 3 3.02 o.n 
OCt-OS 3 2.88 0.29 

then 3fter air drying to constant weight, i.e., dry weight. 

Prior to the biomass collection. diameters and heights of 10 

culms within the quadrats were measured and all culms 

were counled. Height measurements were taken from the 

sediment line to the culm tip and diameters were measured 

just above the sediment line. 

Beginning in May 2000, we reduced the quadrat size to 

0.06 m2 Due to time and budget constraints, biomass 

samples were not taken in May and October 2001, but culm 

denSity, diameters, and heighls were measured in a separdte 
set of 14 0.25 )TI2 quadrats. After 2003, the number of 

qlladrat~ was rcduced to seven 3nd the 0.06 m2 quadrat was 

used. Above-ground hiomass was measured in June and 

October 2003 and 2004. but root material was not sampled 

in 2004. Culm density, diameters, and heights '.vere 
measured and recorded from 14 0.06 )TI2 quadrats in June 

and October 2005, bUt biomass was not measured. 

During the September [998 bum we did not measure 
sediment temperatures_ However, due to the number of 
plants which were negiltively affected by that bum, we 

deployed Ornegapelle[~"~, a temperdture melt material in 

pelkt fotm, (manufactured by Omeg~1 Engineering. Stam
ford, CT) prior to the July 2002 bum. Pellets with melting 

temperanlre, of 66°, 79°, 93°,149°, and 177"C were plaeed 

in terra cotta plales and secured at the sediment surface or 

blllied under 10 cm of soil at 14 marsh locations throughout 

the wetland. Six weeks later, they were retrieved and 

melting results were recorded. 

Statistical Analyses 

The bioma~s of culms in a plot is a function of density and 

culm size (diameter and height). We considered two fOlms 
of nonlinear, multiplicative staristical models: (l) CB = 

f3oDH~' lor and (2) CB = f30DIl~' -i- E, where CB W3S d[}' 
culm biomass (g m'-2

), Dll was density of eulms x average 

height of culms on a plot. 130 and () l were intercept and 

slope parameters to estimate, and ( was a random error 
distribution either assumed to be normally distrihuted for 

mean regression estimates or assumed to be an unspecified 

continuous distribution for quantile regression estimates. 
Model (1) assumes a multiplicative error stJUcture with 

variance changing with the mean of culm biomass and was 

the model form selected because it was more consistent 

with the observed heterogeneous variance pattem (fig. I). 

This model was easily estimated in its linearized f0I111 \'r'ith 
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Fig. 1 Culm bjomass (g dly weight m-~) and density x helghl (DII) 

for n.=61 plots by year and month for Schoen.opieclliS (,'tJ!,,!imllclfS. 
Dotted line is ~slimaled mean r~gression and solid hne IS eSlimauid 
median (0.50 quantile) reb'r~ssion assuming a eommon model (I) fur 
all seasous and years 
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within Ihe San Jacinlo \Yelland Research Facility during the 
investigation period. Solid red circles are sample estimates, open 

linear regression by taking logarithms (base 10), 10g)Q(CB) 

'" log](/~ll + I3j(Iog ,oDH) + t. Model (2) was estimated in 
its multiplicative f0n11 with nonlinear regression but was 
not selected becmlse the additive, homogeneolls variance 

pattern was not consistent wilh the observed data (Fig. I). 

Although the obst:rveJ relationship between culm bIOmass 
alld density x height was nearly Iincar over 80% of the 

range of the data (fig. I). nonlinearity was evident near the 
origin where culm bioTIlilsS and density x height both 

approached zero. Because culm diameter was strongly 

correlated with culm height (r=0.75 for S. cahjornicHS 
and 1'=0.73 for S. acu!us), including diameter as a 

multiplicative function of DH never improved model fit 
and was not considered further. 

V·k used both ordinary least squares (OLS) regression to 

estimate chang~s in mean biomass with DH and linear 
quantile n.:gresSlOn (Cade and Noon :lOG); Koenker 2(05) 
to estimate changes in the percentiles of biomass with DlJ 
The quantile regression estimates provide a narural accom
modation of additional heterogeneity in the response not 
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reflected by the multiplicative error term in model (l) 

because it allows unequal slopes (rates of change) in the 

additive log-log scale not accounted for by the mean 

regression model. Additionally, the quantile regression 
estimates are not based on an assllmed parametric en'or 
distribution as are OLS estimates of the mean regression. 

The predicted values for an upper and lower quantile 
regression estimate at any selected DH provide a 

distribution-free approach to estimating prediction intervals 
for a single new observation, e.g., 0.95 and 0.05 quantile 

regressions estimate endpoints for a 90% prediction 

interval. Furthennore, because the quantile regression 

estimates are equivariant to monotonic transfomlatiolls like 

Jog lO • it is possible to back-transfonn estimates to the 

original data scale without bias, something that is nol tnre 

for tbe estimated mean regression. We estimated 90% 
prediction inlelva]s for a single new plot observalion for S. 
cali/omicus based on back-rransforming estimated 0.05 aoJ 

0.95 quantile regressions and by back-transforming esti
mated prediction intervals from the mean regression model. 

'© Springer 
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AJtbollgll the back-transfonned estimate of the mean from 
the mean regression model is inherently biased, back
mmsformed estimates of the prediction intervals from the 
mean regression model are not biased because they are 
quantiles of a n0J111al distlibution. Became our sample size 
was so ml)(;h smaller for S. acUlus, we only estimated 80% 
prediction intervals from either the regression quantile or 
mean regression approach. All statistical models were 
estimatcd with nll1ctions available in R (R Development 
Core Team 200~; ImO for the linear mean regression model 
and rq() in the quantreg package for linear quantile 
regression). Confidence intervals on quantile regression 
estimates were based on invel1ing a rallk score test with the 
detault weIghting to account for heterogeneity. 

The median (0.50 quantile) regression estimate provides 
an altcmative to the mean as a point cstimate of predicted 
culm biomass. Howevcr, becausc neither the median (0.50 
quantile) nor mean regression models in the logarithmic 
scale provide estimates of mean biomass when back
transfo1TIled to tbe aritbmetic scale (both are esti mates of 
the median), we used the nonparametric smearing estimate 
of Duan «( (83) to provide unbiased estimates of mean 
biomass, similar 10 implementations in Runkel et al (2004). 
The smearing estimate multipl ies the exponentia ted 
estimates (and confidence interval endpoints) of the mean 
or median regressions m3de in the logarithmic scale,Fy the 
3vcragc of the exponentiated residu3ls, I (}f x n-I 2: Ioe" 
where :1> and e nre the predicted values and J'(..k1~uals, 

respectively, from the mean or median regressions. Mean 
biomass was estimated for each month and year combination 
from smearing estimates for both the mean and median (0.50 
quantile) regression models by obtaining regression esti
mates and confidence intervals cOlTesponding to the mean of 
DJI for that time period. This provided model-based 
cstim,Hes of mean biomass for time peliods both when culm 
blomas~ \vas and ,vns not measured, based both on an 
assumcd normal distribution and with the less restrictive 
assumption of an unspecified continuous distribution. 

Results 

Throughout the entire study period, overall total wetland 
plant biomass e1i/Tereel between the two species due to the 
larger proportion of S. ca/ifomicr.ls relative to S. aculUs in 
the total wetland vegetative cover (Fig. 2a and b). 
Additionally, the 1998 September burning of the above
ground vegetation negatively affected S. aClIlus more than 
S. caliJonllclIs. Temperatures were nor measured at that 
tIme, but sediment surface temperature sample results 
monitored duzing lhe June 2002 bum did not exceed 93°C 
with the exception of one sample. Even so, many S. aculus 

rhizomes just under, or ou, [he sediment surface \\-ere 

killed. Schoenopleclus aClifus was further disadvamag.;d 
because "vater depths in the marsh areas were maintained at 
an average 27 cm, which is generally too deep for survival 
of new shoots. particularly when the parent plants are 
already stressed. Most of the S. ocUlUS coverage during 
2003 2005 was due to plants that had survived the bum 
and were located along the wetland perimeter in shallower 
standing water or in saturated soil conditions. As they 
recovered after the bum they expanded laterally into the 
marsh areas. 

Although our initial modelIng efforts for S. ca/ifiJrniclls 

suggested some differences among year (1998. 1999, 2000, 
2003, and 2004) and season (spring months of May and 
June and fall months of September and October) combina
tions, mueh of this ditIerence was driven by the restricted 
range of density x height measured for each of the nine 
combinations of season and year (Fig. J). We explored an 
option of expanding model ([) to include separate slopes 
and intercepts for spring and fall months, ignoring annual 
differences. The joint test of the hypoth.;sis that these two 
additional parameters were zero (P"'-'0.068 for mean 
regression and P=0.3l6 for median regression) and the 
reduction in Akaikie Infomla1ion Clilerion (Burnham and 
Anderson [99/;, difference in Alec = (--IO 1.35) 

(-100.28) = -1.07) indicated only weak support for 
sdecting the model with separate slopes and intercepts by 
season. An examination of predictions for the model with 
separate slopes and intercepts for seasons also indicated 
poor model fit for fall at DH <60,000 due to few (3) 
observations in this range. The model fit for spling was 
very good for DH <60,000 because of many observations in 
this range and the model with common slopes and estimates 
for both seasons yielded comparable fit. We, therefore, 
chose to make predictions and estimate prediction inlervals 
based on the model that ignored seasonal differences. There 
were too few observations for S. acutus to consider models 
that difJered among seasons. 

The regression models for S. calijorniclls all indicated 
relationsbips with an increasing rate of change in culm 
biomass with increasing DH as all the estimated exponents 
for model (I) were > 1.0 (Fig. 3, Table 2). The 90% 
prediction intervals for S. caliJ'ornicus culm biomass at DH 
<100,000 differed less than for DH >100,000 for the 
quantile regression and mean regression models (Fig. 3), 
but were natTOWer for the quantile regression estImates ut 
high DH. For example, at DJl=20.000, the 90% predIction 
interval based on the quantile regression esrimates was 
[466, 1183] g m-2 and based on {)o1TI1al distribution 
estimates was [521, 1244) g m-2. At DH=200,OOO. the 
quantile regression interval was [7469, 148901 g 111<" and 
the normal distribution interval was [7370, 17441] g m-2

. 

This can be attributed both to the improved modeling of 
heterogeneity with the quantile regression approach and as 

~ Springer 
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2Fig. 3 Culm biomass (g dry weight m- ) and d~nsily x heighl (DH) 
for tl"'6J plot,; (or S ca!ijornicus and for II"" 10 plots for S nClilus. 
D,'sheJ black lines are estimated mean regreSSions and upper and 
lo\\·er d~shtd blue lines dodine 90% (S. c(Jlijol'l1icus) or 80% (S 
oel/illS) prcd:rlJOIl il1lcr_als basc.d 011 a nOI111al dlstri(lullon assllmption 
aud tile nlC'an r.egression estllllatcs for model (I). Solid black hnes arc 
~s(Ilnaicd mcdian (0.50 quantile) regressions for rnodel (1). Solid 
upper and !owC'r red Jines arc eSlImaled 0.95 and 0.05 quanlile 
regressIOns for S. ca!ifOrmcus Forming 90% prediction imervals or 
0.90 and 0.10 quanllie regressions for S. (JClIlus fonning 80% 
prediclion inlervuts 

a cons~quence of the nonnal distribution being a poor 

approximation of the error distribution in rhe mean 
regression model. Point estimates of predicred culm 
bIomass for S. ca!iJornicus were similar whether based on 
the mean or median \0.50 qtlantile) regression models, 
consistent with the symmetric nature of the error distribu
tion. The median predieted valucs at DH=20,000 and DH= 
200,000 were 813 and 10,242 g m-2. respectivety, and the 
mean pr~dicted values were 805 and 11.337 g m-2, 

respectively. These borh are estimates of median biomass 
in the back-lransfonn~d arithmetic scale. Estimates of mean 
and total biomass and their confidence intervals /l'om the 
smearing estimate on back-transfonned mean and median 

regression estimates were very similar and are graphed in 
Fig. :.L Th~ model based estimates 11ad much narrower 

~ Springer 

confidence intervals than the simple, sample estimates of 
biomass of S. calijomicus, both because of the additional 
infonnation provided by the modeled relationship with DH 

and because samples across all months and years comrib
uted to the estimated sampling variation. Note that the wide 
confidence intervals of the simple, sample estimates of 
mean and total biomass overlap the model based estimates 
(Fig. 2a). 

In contrast [Q S. calijomicus, all but the 0.90 quantile 
regression for S. acUlus indicated slightly decreasing rates 
of change in culm biomass with increasing DH as the 
estimared exponents were <1.0 (Fig. \ Table 2). The 80% 
prediction intervals for S. aeutus culm biomass '.vere of 
similar length for the quanti Ie regression and mean 

regression estimates, but the estimates for the quantil~ 

regression prediction intervals were shifted to slightly 
higher biomass values compared to the inrervals from the 
mean regression (Fig. 3). For example. at DH=20,000. the 

80% prediction inrerval based 011 the quantile regression 
estimates was [623, 905] g m-2 and based on n0l111al 
distribution estimates was [606. 959] g m- 2 At DH= 

200.000, the quantile regression imerval was [6008, 9554] 
g m--2 and the nonnal distribution interval was [5721, 9110] 
g m-2 The median predicted values at DH;o20,000 and DH 
;0200,000 were 774 and 7,013 g m-2

, respectively, and the 
mean predicted values were 762 and 7,219 g m-2

, respec

tively. With an /1;0 I°it is difficult to expect the normal 

distribution to be a very good approximation but it is also 

unreasonable to expect the quantile regression estimates to 
be very precise. Estimates of mean and total biomass and 
their confidence intervals from the smearing estimate on 

back-transfom1ed mean and median regression estimates 
were velY similar (Fig. 2b). The model based estimates had 
narrow confidence intervals but sample sizes for measured 
biomass of S. anI/us were insufficient to provide useable 
confidence intervals for simple, sample estimates of mean 
biomass in most month "nd year combinations. 

Discussion 

We measured various morpbological characteristics of two 
species of bulrush within our site twice per year for 
six years 10 assess their rate of establisbment and detennine 
vegeration productivity and sustainability under three 
wetland configurations. During several of these si1lnpling 
events we were physically or tlnancially unable to collect 
biomass samples but proceeded to collect the orher less 
costly and less physically challenging measurements that 
were available to us. Regression analyses were then used to 
develop biomass estimares from the non-destructive sampling 
methods in order to predict dly weight of the above-ground 
~mergent vegetarion. 
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Table 2 Parameter estimates tex 
mean, and quantile regressions Parameter Eslimate Lower 95% cr Upper 95% Cl CoeiTicient o[ delerrninallon 

for S. cali!ornicu5 (11=61 plots) 
~nd for 5 (fe-UIUS (n=10 plots) S. co. lifornicu,' 

tCI; modd \ I) estimated in line- Mean R2 ~O. 96, P<O 00 I 
ariz,~d [ami by Llsing login 
transronnatlon o[ culm bIomass 
as a function of density x height. 

13(, 

I) 1 

-I 89633 

1.11527 

-217956 

I 05767 

-1.61309 

I 17387 

Probabililic> lOl coeffJciem or 0.05 qU(lmile 
dClcnnin3110ns lest the llull hy ~(j -2.51639 -8.10569 -1.77821 
rolhc~i:; lhal 1:\ 1~O. 

[31 U0537 J.()4255 1.58087 

0.50 quantile R 1=0.79. I'<O.OOl 

13" 
-1.R2230 -2.15945 -1.47705 

~, 1.10030 1.03076 1.1 5545 

095 quantile 

1)0 -1.65725 -2.01215 0.46360 

13 1 1.09981 0.73509 1.18961 

S aCUrU,\' 

MeCin Rl =099, P<O.OOI 

13,) .-1.31670 -1.72573 -0.90767 

131 097626 0.89066 1.06186 

O.IOquanllle 

13 n -[.43758 na na 

[3, 0.98401 na na 

0.50 qUiJntile R1 ~0.90, P=0.021 

[30 -1.22864 -1.62052 -083169 

I) 1 095728 0.88036 1.01880 

U 90 quan tile 

13 0 -144685 na na 

[31 1.02377 na na 

Tme plant production is difficult to measure and Ihcre is 

a need for standardization of productivity estimation 

tecl!luqlles (Hopkinson el al. 1978; Good et al. 19E2; Gross 

et al. j 9~ 1). Various methods for estimating emergent 

aquatic vegetation biomass using non-dest111ctivc sampling 

techniques coupled with various statistical models have 

been used I-vilh various outcomes. Teal and Howes (1996) 

found tlleir allumetric equations Gould yield accurate 

eSlirniltes of aboveground biomass in their salt marsh 

investigalions and found that measurements taken In any 

single year could be applied to other years \vith suitable 

preeautions to account for seasonal cycles. However, 

Clarke and Jacoby (J 994) found "no distincl seasonal 

patterns for Juncus kraussii's above-ground biomass" when 

evaluating the biomass and above-ground productivity of 

salt-marsb plants in Australia. After collecting shoot 

densily, and above- and below-ground biomass, Tanner 

(I ()96) found that Schoenopleclus valldus showed a near 

linear growth of Hew cllllllS, reaching an above-ground 

biomass of about 1.65 kg In-2, but his data were froln a 4

monlh mesoeo,m study In )90-1 polyethylene tanks and 

[herefllre couldn't be extrapolated to longer [ern1. Gouraud 

et al. com.,) found tbat measuring onty 20 shoots of 

Schoenoplecws maritinllls (Bo/boschoenus ltIaritimus) for 

height and diameter was adequate as an appropriate non

destructive method for quantifying primary production in a 

marsh in southern France. However, they found that thcir 

non-destmctive sampling underestimated biomass partieu

larly at low levels. In eontrnst, Giroux and Bedard (1 %~) 

reported an overestimation of SchoenopJectus altlericallus 
biumass by non-desrructive sampling. BUI as Gouraud et al. 

(2(1n~) point out, non-destructive methods call offer an 

alternative to destructive sampling especially when mor

phometric parameters and shoot biomass are used to create 

allometric equations of aboveground biomass. 

We found that using the nonlinear multiplicative statis

tical model, CB = (3oDHf'.1 10', avoided problems of under

or overestimating biomass tbat were evident if we attemp

ted to use a linear model due to tbe fact the relationship was 

not strictly linear, especially as DR approached zero. 

However, productivity among individual small quadrats 

might vary over a range >4,000 g m-2 at DH > II 0,000 for 

S. ca/i!orniclIs, as indicated by our model based prediction 

intervals. However, our back-transformed model estlmme~ 

of mean (or [Otal) biomass were relatively precise, whether 

esrimated with median or mean regression in the logarith

~ Springe.. 



23R Wctlands (20 I0) 30:231 239 

mic scale. A comparison of the model estimates of means 
with those from the simple. sample estimates (Fig. 2a <lno 
b) suggesL some over and under estimation that might be 
du.: to modellack-of-fit. Some model lack-or-fit is expected 
because we lacked sufficient sample sizes to estimate 
models by month and year combinations, and yet there 
was some evidence that the multiplicative relations were 
not consistent across all years and seasons. The degree to 
which this is an issue can only be resolved by obtaining 
larger samples within eacb season and year. 

Under-ground hiomass was impossible to predict at this 
site because wetland bum events at ditTerent times affected 
the below-ground material in ditTerent ways at different 
locations within the wetland. This was probably due to 
vanalioll in the temperatures reached at different wetland 
locations [likely determined by the above-ground detntal 
mass, soil moisture, 'lI1d microclimatic conditions at any 
given 10l:ation (Brooks 20(2») and whether rhizomes were 
abo'..-e or helow the sediment. In addition to fire impacts, 
velY deer ware I' depths (exceeding the sampler's reach) 
prevenred the collection of root and rhizome biomass 
material during several sampling events. 

While seasons and vari,Hions in nulJient loading from 
wastc\"ater treatment plant operations or agricultural activities 
can sigililil:anLly influence variations in nirrogen removals 
(Gotlschall c, a!. _'Oil'?; Thullen cl a1. 200X), tJle lWo seasons 
sampled at thiS site (spring and fall) did nor prove to be 
imrortant in rredieting significalll changes in biomass 
production and did not add any strength to the model. 
Longer-term growth patterns of the planr community 
played a more important role hased on the general sigmoid 
(S-shapcd) plant growth curves exhibited by the two 
species (Fig. 2,\ and b). These logistic curves do not 
conform perfectly to the typical S-shaped growth curve 
reaching a maximum standing crop, but instead the gro"'1h 
p,lrtCI1l of our hulrush follows a curve representing a more 
complex liic cycle within a limired environment (Krebs 1972). 

We found rhat predictlllg aquatic r1ant biomass lIsing the 
nonlinear regression models described above proved to 
explain the growth curves more accurately. 

Since plant densities and harvesting frequency have 
signiJicant effecrs on biomass yields (Reddy et al. 19X3), it 
stands to reason Ihal with extensive destructive sampling 
(removing the biomass and thus redllcing the regenerative 
capacity of the community) growth decreases. Coupled 
with the rime required to collect illl the above- and below
ground rlant material witll in the qlladrat, clean off soil, 
algal, and detrital material, and appropriately dty the 
material for weighing, requires a great deal of time just 
tor one samrle. It necessitates a fraction of the time to 
count culms and measure a sub-sample of the culm heights. 
Provided the density and height model is adjusted for each 
rartil:ular site, the model should provide the necessary 

~ ~pringer 

infonnation for a traction of the cost of collecting biomass. 
So, in evaluating treatment capabilities and relating them to 
the existing macrophyte biomass within the wetland, we 
have found that the model can accurately predict ahove
ground biomass using the non-destructive sampling data we 
collected during every sampling event, 

Conclusions 

Biomass can vary significantly between the two otherv,:ise 
similar hulrush species. Schoenoplectus colijornicLis 8nd S. 
oculus, depending upon the time of year. This is largely due 
to the marked difference in their annual phenological 
responses. However, during the growing season, Lhe 
morphology of the species is very similar. Measuring lheir 
establishment, biomass production, and survival over 
6 years has rrovided the datil to establish some morpho
logic81 and allometric relationships. Using rhe nonlinear, 
multiplicarive statistical model, CB = ()oDH[!.1 10" and in 
agreement with Gouraud et al. (2008), the estimate can be 
used provided it is tested and adjusted appropriately tor 
each study. Estimates were obtained both from a regress Lon 
model that relied on an assumed parametric (nomlal) eLTor 
distribution and from a quantile regression model that only 
assumed some unspecified continuous distriburion. The 
prediction intervals tor individual quadrats for the laller 
regression approach tended to be narrower than tor the 
parametric model, especially at larger biomass values, but 
differences between confidence intervals on estimated 
means were less pronounced. 
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