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1. Introduction

ABSTRACT

Southern Cattail (Typha domingensis) occurs everywhere in ditches and marshy places in Egypt and is
one of the major components of vegetation stands along the shores of Lake Burullus close to the Deltaic
Mediterranean coast. In our study, we applied a published Typha model to describe the growth production
among the various organs of Southern Cattail in Lake Burullus, one of the Mediterranean eutrophic lakes,
in order to answer the following questions: (1) Is the Typha model, originally designed for T. angus-
tifolia and T. latifolia, suited to simulate the growth of Southern Cattail in the south Mediterranean
region? and (2) How is biomass production of Southern Cattail distributed among the various plant
organs? Above- and below-ground biomass of Southern Cattail was sampled monthly from February
2010 to October 2010 at three sites of Lake Burullus using three randomly distributed quadrats (each of
0.5m x 0.5 m) at each sampling site. Shoots started to grow in February, reached the maximum biomass
of 6327 +441gDWm~2 in July, and then rapidly decreased in the fall when they went to senescence
stage, thereafter their growth ceased before fully dying off in the winter. The total below-ground biomass
reduced to 941 + 152 gDW m~2 in March due to the upward translocation for the initial growth of shoots,
gradually increased to a maximum biomass of 2184 + 366 gDW m~2 in July by downward translocation
from shoots, then decreased afterwards in the winter to reach 1193 + 64gDW m~2 in October. South-
ern Cattail allocated approximately 52% of its total biomass to non-flowering shoots, 19% to flowering
shoots, 22.5% to rhizomes and 6.5% to roots. The total above-ground biomass was 2.6 times that of the
total below-ground biomass. General trends for above-ground biomass, such as the slow initial growth
rate followed by a high growth rate, the timing of peak biomass, and the decline of biomass due to senes-
cence, were successfully reproduced by the model. Many characteristics typical for the below-ground
biomass, such as the reduction of rhizome biomass during the early growing season, and the increase
in the rhizome biomass during the later period of the season, because of the translocation of materials
from current photosynthesis and shoot dry matter, were also reproduced. In general, there was good
agreement between the calculated results and field data although simulated results were slightly differ-
ent from observations for below-ground biomass. Respiration of the above- and below-ground organs
consumes a considerable amount of net photosynthetic materials 39% and 7%, respectively. The upward
translocation of rhizome resources to form new shoots in February showed 8% to the gross production
and the downward translocation afterwards showed a 22% to the gross production. In conclusion, Typha
model is well-suited to simulate the growth of Southern Cattail stands in the south Mediterranean region
and could be used in wetland management activities to predict the potential growth of Southern Cattail
in Egyptian wetlands.

© 2012 Elsevier B.V. All rights reserved.

plants (phalanx strategy, sensu Lovett-Doust, 1981). Vegetative
growth is through under-ground lateral rhizomes which apices

Typha species (cattails) are a rhizomatous perennial that forms
dense, nearly monospecific stands through vigorous vegetative
growth; a tightly-packed advancing front of ramets excludes other
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grow upward to form the aerial shoot. The unit of vegetative growth
is the ramet. In Typha species, the ramet consists of the submerged
rhizomes, associated roots and shoot. The shoot can exceed 2 m
in height and may or may not develop an apical flowering spike
(Dickerman and Wetzel, 1985). Although sometimes considered an
invasive weed (Newman et al., 1996; Woo and Zedler, 2002), Typha
species are now attracting attention for their usefulness in various
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ecological fields such as purification of polluted water (Coveney
et al., 2002; Schroder et al.,, 2003; Dordio et al., 2009; Hegazy
et al., 2011), bank protection against boat wash (Bonham, 1983),
wetlands diversity restoration (Newman et al., 1996; Boers et al.,
2007), mitigation strategies (Dobberteen and Nickerson, 1991) and
the influence of the vegetation on greenhouse gas emissions from
wetlands (Chanton et al., 1993; Gross et al., 1993).

During the past few decades, considerable work has been done
on the productivity (Mason and Bryant, 1975; Hill, 1987), phe-
nology (Fiala, 1978; Dickerman and Wetzel, 1985), competition
(Weihe and Neely, 1997; Grace and Wetzel, 1998; Bellavance and
Brisson, 2010), nutrient cycling (Garver et al., 1988; Smith et al.,
1988; Sharma et al,, 2006) and other related aspects of Typha
species (Khedr, 1996; Khedr and El-Demerdash, 1997). Most stud-
ies, however, depended mainly on empirical relations, and thus
the scope for further understanding of the dynamics of growth
was limited. In contrast, a mathematical growth model can syn-
thesize quantitative information about physiological processes and
thus provide estimates of ecological, physiological or morpholog-
ical responses that may otherwise be hard to measure (Asaeda
and Karunaratne, 2000; Best et al., 2001; Eid et al., 2010). There-
fore, there are a variety of fields where a growth model can be
effectively used to understand growth responses, and it is espe-
cially useful when various kinds of quantities or hard-to-measure
data sets are required, or when estimates of material budgets are
needed (Asaedaetal.,2005). Although many experiments have ana-
lyzed the growth dynamics of Typha species, few researchers have
attempted to analyze growth dynamics using numerical simulation
models. Asaeda et al. (2005) formulated a mathematical model to
simulate the growth production (both above- and below-ground)
of a well-established, monospecific stand of Typha angustifolia and
Typha latifolia by considering the photosynthesis, respiration, mor-
tality and translocation of material between plant organs using first
order differential equations.

Lake Burullus along the deltaic Mediterranean coast of Egypt is
one of the RAMSAR sites and was declared as a natural protectorate
in 1998 (Shaltout and Al-Sodany, 2008). Southern Cattail (Typha
domingensis (Pers.) Poir. ex Steud.), warm-temperate and tropical
regions plant, occurs everywhere in ditches and marshy places in
Egypt (Tackholm, 1974; Boulos, 2005) and is one of the major com-
ponent of vegetation stands along the shores of Lake Burullus close
to the Deltaic Mediterranean coast (Shaltout and Al-Sodany, 2008).
Southern Cattail has life-history characteristics indicative of oppor-
tunistic species such as high rates of growth, reproduction and
biomass turnover, and a greater capacity for phosphorus uptake
(Newman et al., 1996; Lorenzen et al., 2001; Miao, 2004).

Plants play an important role in nutrients cycling in the wetlands
due to uptake, storage, and release processes. Specifically, plants
with potentially high annual primary production can extract large
amounts of nutrients from their environment and store these nutri-
ents in biomass and litter (Eid et al., 2010). In addition, macrophytes
provide animportant structural element in shallow waters for other
organisms (e.g., periphytic algae, microbial growth), which in turn
might be important for nutrients transformation in wetlands (Brix,
1997).For these reasons, the differences of biomass production over
time, its distribution among the various Southern Cattail organs and
the effects of water characteristics on its biomass in Lake Burullus is
important to understand its interaction with the aquatic ecosystem.

In our study, we applied the Typha species model of Asaeda
et al. (2005) to describe the growth production among the various
organs of Southern Cattail in Lake Burullus one of the Mediter-
ranean eutrophic lakes. A very brief description of the model, the
functions allocated to each of its subroutines, and input and out-
put data are also described. A detailed explanation of the model
formulation is found in Asaeda et al. (2005). An appendix lists the
main equations and parameters used in the model and gives a brief

explanation of them. The biomass data of Southern Cattail collected
monthly from February 2010 to October 2010 from three sites in
Lake Burullus were used to run, calibrate, and validate the model
in order to answer the following questions: (1) Is the Typha model,
originally designed for T. angustifolia and T. latifolia, suited to sim-
ulate Southern Cattail growth in the south Mediterranean region?
and (2) How is biomass production of Southern Cattail distributed
among the various plant organs?.

2. Materials and methods
2.1. Study area

Lake Burullus is located along the Deltaic Mediterranean coast
of Egypt (Long. 31°22'-31°35'N, Lat. 30°31’-31°08’E) with an arid
climate characterized by warm summers (20-30°C) and mild win-
ters (10-20°C). It has been registered as a site of the RAMSAR
Convention (Kassas, 2002) because of its importance for winter-
ing, foraging, refuge and breeding of the migrant birds; and as a
suitable habitat for fish particularly the fry and juveniles (Khalil
and El-Dawy, 2002). It is located in the northernmost part of the
Nile Delta and connects with the Mediterranean Sea through a nat-
ural outlet. The lake has an area of 410 km?2, an oblong shape and
bordered by the agricultural lands in the south, while a sand bar
separates it from the Mediterranean Sea in the north.

2.2. Plant sampling, morphological features and biomass

Sampling was carried out at three sites of Lake Burullus. These
sites were best and pure or nearly pure Southern Cattail stands with
other species like Echinochloa stagnina (Retz.) P. Beauv., Phragmites
australis (Cav.) Trin. ex Steud. and Vossia cuspidata (Roxb.) Griff.,
forming <5% of the total standing biomass. At each sampling site,
above- and below-ground biomass of Southern Cattail was sam-
pled monthly from February 2010 to October 2010 using three
randomly distributed quadrats (each of 0.5m x 0.5 m). Within a
quadrat, all Southern Cattail shoots were cut off at ground level,
counted, and separated into flowering shoots (leaves and inflo-
rescences) and non-flowering shoots (leaves and non-flowering
secondary shoots). Below-ground organs were dug-down in the
same three quadrats to 50 cm depth (90-100% of all roots and rhi-
zomes located between 0 and 20 cm depth; Miao and Sklar, 1998)
and washed with lake water till free from sediment. Below-ground
parts were sorted into rhizomes and roots, while rhizomes were
further classified by colors into new and old segments. In the labo-
ratory, samples were carefully washed with tap water over a4 mm
mesh sieve to minimize the material loss. For above- and below-
ground biomass estimation, the plant material was oven dried at
85 °C to constant weight. Proportional biomass allocation was cal-
culated as the biomass of a specific tissue divided by the total
biomass. The morphological and biomass data were subjected to
arepeated measurement ANOVAs to test the differences over time
using STATISTICA (Statsoft, 2007).

2.3. Water sampling

At each sampling site, three water samples were collected
monthly close to sampling quadrats. The water samples were taken
as integrated composite samples from the top of the water sur-
face down to 50 cm. The samples were collected in plastic bottles
and brought to the laboratory shortly after collection. Water level
and transparency were measured in the field using a leveling rod
and Secchi disc of 25cm in diameter, respectively. Some water
parameters were measured directly after collection (pH, electric
conductivity (EC), total N and total P). After measuring these, sam-
ples were deep-frozen for further analysis of Na, K, Ca and Mg. EC
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and pH were measured using conductivity and pH-meters (Model
DA-1 and ICM 41150, respectively). Atomic absorption (Shimadzu
AA-6300) was used for the determination of Na, K, Ca and Mg.
Molybdenum blue and indo-phenol blue methods were applied
for the determination of total P and total N, respectively, using a
spectrophotometer (CECIL CE 1021). All these procedures are out-
lined in APHA/AWWA/WPCF (1985). The significance of variation
in water quality parameters was assessed using one-way analysis
of variance (ANOVA-1; SPSS, 2006). To assess the effects of water
characteristics on biomass of Southern Cattail, stepwise multiple
regressions were calculated using non-correlated water character-
istics (TN, TP, Ca, Na and transparency).

2.4. Outline of the Typha species growth model

The biomass of Typha species (gDW m~2) was divided into
above-ground organs (flowering shoots: leaves and inflorescences;
non-flowering shoots: leaves and non-flowering secondary shoots)
and below-ground organs (roots, new and old rhizomes). The
biomass of each organ was formulated to incorporate the net
growth of the plant as a function of photosynthesis, respiration
and mortality; and to assimilate translocation between shoots and
below-ground organs. Process descriptions and associated param-
eters are listed in Fig. 1 and Appendix A. The phenological cycle
of Typha species has an important role in the growth model. The
plant phenology was interpreted in terms of simple mathematical
relationships by regression analysis of published experimental data
and these equations were incorporated in the growth equations to
trigger the phenological cycle in the growth model. Days of pheno-
logical events are estimated from starting time of shoot growth.

2.4.1. Input data

For the simulation, the input data were average climate (daily
solar radiation and air temperature) and the initial rhizome and
root biomasses. Daily mean air temperature and daily solar radi-
ation (throughout the growing season) are in °C and Wm™2,
respectively, while rhizomes and roots biomass are in gDW m~2.
Daily means of air temperature and solar radiation were obtained
for Baltim Weather Station, lies at about 1km from the natural
outlet of Lake Burullus (Lat. 31°33'N, Long. 31°05E). Daily solar
radiation was converted into photosynthetically active radiation
using meteorology subroutine. The mean daily air temperature of
2010 was 13.5°C for February and 27.0°C for August, while the
mean daily total global radiation was 80.5 Wm~2 for December
and 253.7Wm~2 for June. The date of shoot emergence was con-
sidered as a forcing function and hence it was estimated using field
observation.

2.4.2. Below-ground parts subroutine

The rhizome subroutine calculates the daily change in rhizome
biomass that includes processes such as remobilization of stored
matter from rhizomes to shoots at the beginning of the growing
season and translocation of photosynthesized materials and shoots
dry matter to rhizomes at the end of the growing season. Root
subroutine calculates the daily change in root biomass and the
interactions with rhizomes and shoots: first, root growth was sim-
ulated by rhizome reserves and later the shoots also contributed
to the growth of roots. New rhizome subroutine calculates the
biomass of the rhizome, which grows in the current growing sea-
son; the main source supporting its growth was considered as shoot
translocations.

Input data

Initial rhizomes
biomass

Daily radiation and
air temperature
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Fig. 1. Flow diagram for the Typha species model (Asaeda et al., 2005).
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2.4.3. Shoot subroutine

This subroutine deals with the daily change in total above-
ground biomass. The above-ground biomass of Southern Cattail
stand was stratified into 1 cm-thick horizontal layers in which the
dry matter budget was calculated. For each layer, growth equations
were solved simultaneously using the forth-order Runge-Kutta
method (Kloeden and Platen, 1995; Butcher, 2008). The time scale
was in Julian days. Plant elongation was considered as the fol-
lowing: the biomass increment for each time step of each layer
was calculated and if the growth was positive, a portion of the
increased biomass was allocated for elongation, while the rest was
allocated for the growth of the same layer. Inflorescences biomass
was also calculated in this subroutine. The shoot photosynthesis
and dry matter translocation were considered as the major sources
of inflorescences production.

2.4.4. Model execution

The parameters used in the Typha model to simulate growth
in a Southern Cattail population in Lake Burullus are listed in
Appendix A. All parameters other than the constant of the avail-
ability of nutrients, Kyp, were fixed during simulation process,
and the biomass variation patterns, such as increasing trend, peak
time and decreasing trend were compared with the observed data.
The value of Kyp was calibrated to match the observed biomass
in simulation. Growth equations for each layer and organ were
solved simultaneously using the fourth order Runge-Kutta method
(Kloeden and Platen, 1995; Butcher, 2008). The model was imple-
mented in FORTRAN. The model simulated the seasonal variation of
the above-ground biomass (flowering and non-flowering shoots),
below-ground biomass (roots and rhizomes) and variations of total
production and respiration. One-day time steps were used in the
computation.

2.4.5. Sensitivities of coefficients

Sensitivity analysis was carried out to investigate the influ-
ence of the model parameters on the above- and below-ground
biomasses by changing them +£30% of their original values (Asaeda
et al., 2005).

2.4.6. Validation of the model

The model was validated using the biomass data of Southern
Cattail collected monthly from February 2010 to October 2010 from
three sites in Lake Burullus. The deviations of simulated results
from observed field data were assessed in three ways: the standard
deviation as a percent, correlation coefficients and paired t-test
(SPSS, 2006).

3. Results

Shoots started to grow in February, reached the maxi-
mum biomass of 6327 +441gDWm~2 in July, and then rapidly
decreased in the fall when they went to senescence stage,
thereafter their growth ceased before fully dying off in the
winter (Fig. 2). The total below-ground biomass reduced to
941 + 152 gDW m~2 in March due to the upward translocation for
the initial growth of shoots, gradually increased to a maximum
biomass of 21844366 gDW m~2 in July by downward transloca-
tion from shoots, then decreased afterwards in the winter to reach
1193 £64 gDW m~2 in October.

Lake Burullus is characterized as an alkaline, shallow, brack-
ish and polluted lake (Table 1). Significant differences over time
were found for individual shoot dry weight, mean biomass of
roots, inflorescences, non-flowering and flowering shoots (ANOVA,
P<0.05, Table 2). The explained variation of the stepwise multi-
ple regressions ranged between 88.6 and 93.7% for rhizome and
shoot biomasses (Table 3). Both shoot and rhizome biomasses were
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Fig. 2. Observed (symbols) and modeled (lines) quantities of the above (AGB) and
below-ground (BGB) biomass of Southern Cattail in Lake Burullus. Vertical bars
indicate the standard errors (N=9).

Table 1

Temporal variation in water characters (annual mean =+ standard error: SE) support-
ing Southern Cattail stands in Lake Burullus. Water characteristics were measured
monthly between February and October 2010. F-values represent the one-way
ANOVA, degree of freedom (df)=8.

Characters Range Mean + SE F-value P

Water level (cm) 26.0-98.0 634 + 3.8 0.6 0.768
Transparency (cm) 0.0-80.0 29.6 +£5.1 0.4 0.900
pH 8.0-9.2 8.6 £ 0.1 1.5 0.236
EC(mScm™!) 5.6-30.0 122+ 1.0 22 0.078
TN (mgl1) 8.7-87.1 335 +32 0.3 0.967
TP (mgl-1) 0.1-7.3 48 +£2.7 1.0 0.475
Ca(mgl1) 39.4-78.5 503 £ 1.9 1.1 0.419
Mg (mgl-1) 1.7-43.0 203 +£20 2.1 0.086
Na (mgl-1) 72.5-345.0 147.1 £ 11.7 3.8 0.009
K(mgl-1) 1.2-10.2 3.6+ 04 3.9 0.008

found to be significantly correlated with water Na, whereas root
biomass was significantly correlated with water TP. Proportional
biomass allocation among the three sites indicates that overall
Southern Cattail allocated approximately 52% of its total biomass to
non-flowering shoots, 19% to flowering shoots, 22.5% to rhizomes

Table 2

Temporal variation in morphological and biomass characteristics (annual
mean + standard error: SE) of Southern Cattail in Lake Burullus. Parameters were
measured monthly between February and October 2010. F-values represent the
repeated measurement ANOVA, degree of freedom (df)=8. AGB: above-ground
biomass; BGB: below-ground biomass.

Characteristics Range Mean + SE F-value P

Shoot density (m~2) 28-128 61+3 1.8 0.131

Shoot dry weight 7-162 60 + 4 7.2 0.000
(gshoot™1)

Number of inflorescences 0-44 9+1 7.2 0.000
(m=2)

Flowering (%) 0-85 16 £3 9.6 0.000

Roots biomass (g DW m~2) 91-847 3254+ 18 33 0.010

Rhizomes biomass 343-3194 1131 + 60 19 0.113
(gDWm~2)

Inflorescences biomass 0-1271 159 + 34 131 0.000
(gDWm~2)

Non flowering shoots 340-6822 2622 + 150 34 0.008
biomass (g DWm~2)

Flowering shoots biomass 0-7172 956 + 177 8.5 0.000
(gDWm~2)

Total above-ground 340-8211 3578 £ 214 5.9 0.000
biomass (g DW m~2)

Total below-ground 434-4041 1457 + 77 2.0 0.096
biomass (gDWm~2)

AGB/BGB ratio 0.2-4.4 26 +0.1 5.5 0.000




E.M. Eid et al. / Ecological Modelling 243 (2012) 63-72 67

Table 3
Results of stepwise multiple regressions (R?) between the water characteristics and
above- and below-ground biomasses of Southern Cattail in Lake Burullus.

Variable Simple r Level of entry Partial R? Model R?
Shoot biomass

Na 0.79° 1 0.623 0.623
TP 0.57 2 0.124 0.747
Ca -0.38 3 0.077 0.824
N 0.61 4 0.076 0.900
Transparency 0.18 5 0.037 0.937
Root biomass

TP 0.913" 1 0.833 0.833
Ca —-0.094 2 0.061 0.894
Rhizome biomass

Na 0.869" 1 0.755 0.755
TP 0.819" 2 0.108 0.863
TN 0.394 3 0.023 0.886
" P<0.05.

" P<0.01.

and 6.5% to roots (Fig. 3) and total above-ground biomass was 2.6
times that of the total below-ground biomass. The annual mean of
shoot density was 61 +3 m~2 and only 16% of the shoots flowered
(Table 2).

Three emergence pulses of Southern Cattail were observed dur-
ing the growing season (Fig. 4). The first pulse grows from buds
formed during the previous autumn and starts to grow in spring,
the second pulse grows 63 days after the first one and the third
pulse emerges 119 days after the second. The mean weight of
individual shoots of Southern Cattail was 6044 gDW, reached a
peak weight of 113 £13gDW in July, then a sharp fall in shoot
weight occurred at senescence and the weight by October was
only 29.3% that of the peak weight (Fig. 4). In addition, the mean
weight of shoots was negatively related to shoot density (r=—0.319,
P=0.051).

General trends for above-ground biomass, such as the slow ini-
tial growth rate followed by a high growth rate, the timing of peak
biomass, and the decline of biomass due to senescence, were suc-
cessfully reproduced by the model (Fig. 2). Many characteristics
typical for the below-ground biomass, such as the reduction of rhi-
zome biomass during the early growing season, and the increase in
the rhizome biomass during the later period of the season, because
of the translocation of materials from current photosynthesis and
shoot dry matter, were also reproduced. The level of agreement
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Fig. 3. Proportional biomass allocation of Southern Cattail in Lake Burullus.
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Fig. 4. Shoot dry weight and density of Southern Cattail in Lake Burullus. Vertical
bars indicate the standard errors (N=9).

between the calculated and the actual results, as given by the stan-
dard deviation percent, correlation coefficient (r) and paired t-test,
indicated that although simulated results were slightly different
from the observations for under-ground biomass, the model is
capable for simulating the above-ground biomass (AGB: SD = 13.5%,
r=0.91, P=0.001, t=0.97, P=0.360, degrees of freedom (df)=8;
BGB:SD=20.8%,r=0.40,P=0.285,t=0.33,P=0.751, degrees of free-
dom (df)=8).

The sensitivity analysis showed that of all the parameters used,
the model was most sensitive to the coefficients related to the
gross production (maximum photosynthesis rate Py, half satura-
tion constant of Kpag), the respiration and mortality losses of leaves
and rhizomes and the translocation from leaves to rhizomes &oq¢
(Table 4). For example, a 30% increase in the maximum photosyn-
thetic rate increased the above- and below-ground biomasses by 16
and 8%, respectively, while a 30% increase of half-saturation con-
stant of PAR reduced the above- and below-ground biomasses by 5
and 4%, respectively.

The total losses were higher during June and July (Fig. 5) and
the net production (the surplus of gross production over losses due
to respiration and mortality) peaked in April earlier than the gross
production in May and then decreased rapidly, became negative at

150
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Fig. 5. Seasonal cycle of gross production, total losses due to respiration and mor-
tality, translocation to rhizome and net production (g m~2 day~') of Southern Cattail
in Lake Burullus.
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Table 4
Sensitivity of Typha model output at Lake Burullus with respect to parameters. AGB:
above-ground biomass; BGB: below-ground biomass.

Parameter Symbol  AGB (%) BGB (%)
Variation (%) Variation (%)
+30% -30% +30% —30%
Maximum photosynthesis rate P +16 -25 +8 -17
Dark respiration rate of leaves Blear -7 +9 -7 +8
Dark respiration rate of old Brhit, 2 -0.1 -1 -2 +2
rhizomes
Dark respiration rate of new Brhio 0 0 -6 +8
rhizomes
Mortality rate of leaves Yieaf -4 +11 -4 +8
Mortality rate of old rhizomes Vrhi1,2 -0.3  +12 -0.5 -2
Mortality rate of new rhizomes Vrhio 0 0 -1 +1
Half-saturation constant of age Kage +4 -9 +4 -7
Half-saturation constant of PAR Kpag -5 +12 —4 +8
Fraction of leaf transferred to Eleaf +2 +7 +20 -18

rhizome

the end of June and reached the lowest value in early of September.
The translocation of resources to rhizomes started after the shoots
were sufficiently developed in May and ended with all shoots dying
off in January.

The production and seasonal fluxes of dry matter of Southern
Cattail in Lake Burullus was estimated using the modeled quanti-
ties (Fig. 6). The annual gross production, respiration, mortality,
translocation to rhizome was 25,076 gDW m~2, 9740 gDW m~2,
9544gDWm~2 and 5415gDWm~2, respectively. The respira-
tion of the above- and below-organs consumes a considerable
amount of net photosynthetic materials 39% and 7%, respec-
tively. The upward translocation of rhizome resources to form
new shoots in spring showed 8% to the gross production and the
downward translocation afterwards showed a 22% to the gross
production.

4. Discussion

The present study shows that Southern Cattail has three emer-
gence pulses during the growing season. The first pulse, subject
to increasing solar radiation and rising temperature in spring,
grows rapidly from over wintering buds then photosynthesizes
throughout the summer, translocating enough photosynthates

Mortality
I 9544 (38%)

Net Above-ground
Production
5792 (23%)

Net Photosynthesis Respiration

9740 (39%)

25076

5415 (22%)

Remobilization for spring growth
2063 (8%)
Translocation

v

Net Below-ground
Production
3319 (13%)

Respiration

Mortality

234 (1%) 1862 (7%)

Fig. 6. Production and seasonal fluxes of dry matter of Southern Cattail in
Lake Burullus constructed using modeled quantities. Production is expressed as
gDW m~2 and fluxes expressed as g DW m~2 per growing season.

downwards to grow rhizomes after compensating for the expense
of the initial growing stage. In contrast, later pulse (in autumn)
experience lower and decreasing radiation levels and lower
temperatures, and are unable to compensate for the expense
of the initial shoot growth, which leads to a reduction in
rhizome biomass. This three emergence pulses during the grow-
ing season are comparable to that reported by Asaeda et al.
(2005).

All growing processes in the natural stands of Southern Cat-
tail in Lake Burullus were similar to other growth studies of
T. angustifolia in Texas, USA (Hill, 1987) and in Minnesota, USA
(Garver et al., 1988) and T. latifolia in Wisconsin, USA (Smith
et al., 1988), in Minnesota, USA (Garver et al., 1988) and in Michi-
gan, USA (Dickerman and Wetzel, 1985; Ulrich and Burton, 1985).
The differences in the specific time of growing stage between

Table 5
Examples of maximum above-ground biomass (AGB) of Typha species (t DW ha~1) in natural stands all-over the world.

Species Site AGB Reference

T. domingensis Lake Burullus, Egypt 63 Present study
San Juan River, Cuba 14-24 Fraga and Kvet (1993)
Florida, USA 11-12 Miao and Sklar (1998)
Rio de Janeiro, Brazil 19-25 dos Santos et al. (2006)
Florida, USA 20 Tian et al. (2010)

T. angustifolia Norfolk, England 11 Mason and Bryant (1975)
Texas, USA 29 Hill (1987)
Minnesota, USA 12-21 Dubbe et al. (1988)
Connecticut, USA 8-21 Farnsworth and Meyerson (2003)
Tokyo, Japan 23-27 Sharma et al. (2006)

T. latifolia Central of USA 4-13 McNaughton (1966)
New Jersey, USA 19 Jervis (1969)
Southeastern of USA 23 Boyd and Hess (1970)
Michigan, USA 13 Dickerman and Wetzel (1985)
Minnesota, USA 4-15 Dubbe et al. (1988)

T. glauca lowa, USA 21 Van der Valk and Davis (1978)
New York, USA 15 Bernard and Fitz (1979)
Iowa, USA 12-20 Davis and Van der Valk (1983)
Minnesota, USA 7-8 Dubbe et al. (1988)

T. orientalis Inland of Australia 23 Robert and Ganf (1986)

T. subulata The Valle inferior del Rio Colorado, Argentina 11-19 Sobrero et al. (1997)
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these studies may be due to effects of local environmental fac-
tors such as climate, water depth and nutrient condition. The
maximum above-ground biomass of Southern Cattail was approx-
imately 63tDWha~! in Lake Burullus, which is higher than the
previous estimates for Southern Cattail (11-25 t DW ha~1; Table 5),
T. angustifolia (8-29 t DW ha~1), T. latifolia (4-23 t DW ha~1), Typha
glauca (7-21tDW ha~1), Typha orientalis (23 tDW ha~') and Typha
subulata (11-19 tDW ha~1). This can be partly attributed to latitu-
dinal differences in photosynthetic rates (Knapp and Yavitt, 1995)
and/or to climatic differences in resource translocation to below-
ground organs (McNaughton, 1966). This is suggesting that specific
conditions in Lake Burullus with high water nutrient concentra-
tions are favorable for the growth of Southern Cattail (Grace, 1988).
What we reported in the present study is lower than the data
reported for P. australis (70 t DWha~1) in the same study area (Eid
etal., 2010).

In the present study, the ratio of maximum below-ground to
maximum above-ground biomass (0.4) is much lower than the
reported values at high latitudes (1.2 at 40°, 1.6 at 50°, Asaeda
et al,, 2005; 1.0 at 33°, Hill, 1987; 1.4 at 47°, Garver et al., 1988;
1.5-1.8 at 49°, Dykyjova, 1971). This ratio is comparable to that
reported for P. australis (0.3) in the same study area (Eid et al.,
2010). This may indicate smaller dependence on resource translo-
cation rather than in higher latitude populations. This pattern may
be a strategy of Southern Cattail to store more assimilates in below-
ground rhizomes in the temperate zone compared with the south
Mediterranean zone, where photosynthesis is not a limiting factor
for biomass production due to high radiation and a longer growth
period. This implication also agrees with the data showing that rhi-
zome proliferation is stimulated by the cool temperature at high
latitudes (McNaughton, 1966).

To study the interaction between the above- and below-ground
components, understanding the mechanisms related to mate-
rial allocation to each organ is essential, for which mechanistic
modeling approach is essentially effective. In this study Typha’s
mechanistic growth model was used and the computed results
matched the observed data to a satisfactory level. Above-ground
biomass in the present study is increased by the surplus of the
sum of the initial upward translocation of rhizome reserves and
the later photosynthetic gross production over the respiration and
mortality losses. Gross production was controlled to the period of
growing season, when the above-ground biomass existed, while
losses due to the respiration and mortality continued during
the whole year. The respiration loss was higher during summer
associated with the high above-ground biomass and high air tem-
perature. On the other hand, the mortality loss became higher in
late autumn due to the senescence of shoots. The results of these
dynamics, the net production peaked earlier than the gross pro-
duction and then decreased rapidly during late spring, became
negative in mid of summer and reached the lowest value in early
autumn.

In the present study with longer growing season, higher
solar radiation and temperature; the annual gross produc-
tion (25,076 gDWm—2) was larger than the reported values at
higher latitudes (7360 gDW m~2 at 40° in New Jersey, USA and
3730gDWm~2 at 50° in Moravia, Czech, Asaeda et al., 2005).
In the same time, higher temperature in the present study
also resulted in larger respiration and mortality losses which
not balanced the annual gross production in the equivalent
stage. Therefore, the magnitude of the seasonal cycle of the
whole plant net production was larger than that in higher lati-
tudes.

The starting time of translocation of resources to rhizomes was
almost two weeks earlier in the present study (31°) than in Moravia,
Czech (50°) (Asaeda et al., 2005). In addition, the ending time was
two months later at 31° than at 50°. Therefore, the period of the

downward translocation was two and half months longer at 31°
than at 50°. With the larger net production and the longer period
of downward translocation, the annual translocation of resources
to rhizomes (5415gDW m~2) was larger in present study than
at higher latitudes (2800gDW m~2 at New Jersey, USA, 40° and
1850 g DW m~2 at Moravia, Czech, 50°, Asaeda et al., 2005). In addi-
tion, the biomass of under-ground organs increased from 941 to
2184 gDW m~2, which mean that respiration and mortality losses
of rhizomes during the translocation period for about 77% of the
total translocate and this was much higher than the reported value
(30%) at 50° (Asaeda et al., 2005). We found that, in the above-
ground production, the contribution of resource translocation from
rhizomes (8%) was lower than the contribution at higher latitudes
(11% at 40° and 21% at 50°, Asaeda et al., 2005) because of the
higher gross production in the growing season and the relatively
small rhizome biomass, indicating lower dependence on resource
translocation rather than the later net production. These results
suggest that Southern Cattail in Lake Burullus may be more resilient
than at higher latitudes.

5. Conclusion

In conclusion, we applied a published Typha model to describe
the growth production among the various organs of Southern Cat-
tail in Lake Burullus, one of the Mediterranean eutrophic lakes. The
model was able to simulate with some degree of acceptance the
biomass of this plant in the south Mediterranean region. Based on
our results, we recommend the following. First, if Southern Cat-
tail is used to remove nutrients, Typha stands should be harvested
at peak above-ground biomass. In Egypt, this means that harvests
should be in July. Harvested plant material could be used as roof
or fencing materials. However, over the long term, annual har-
vesting may lead to the deterioration of Southern Cattail primary
production. Thus for the sustainability of individual Typha stands,
harvests should not be conducted annually; perhaps a certain har-
vest rotation could be used (similar to crop rotation in farming). To
determine appropriate harvest rotations, further study is needed.
Second, the model output could be used to derive management
recommendations for Southern Cattail control in regions where
the species is considered invasive. If the main purpose of South-
ern Cattail management is to suppress or eradicate the species
from a site, then the harvest of the above-ground parts when the
rhizome reserves are lowest would be more effective in reducing
and impeding the growth. These recommendations are compara-
ble to that reported for P. australis in the same study area (Eid et al.,
2010).

Acknowledgements

We thank Dr. Hans Luthardt, Max-Planck Institute for Meteorol-
ogy, Hamburg, Germany for providing us with the solar radiation
data and Mr. Mahendra Baniya, Saitama University, for his help
during the data analysis. The Graduate Program for Regional Envi-
ronmental Conservation Experts provided the senior author with
funding for a two-week visit at Saitama University (Saitama, Japan),
where part of this work was conducted.

Appendix A.

List of (A) equations and (B) parameters used in the Typha model
to simulate the growth of Southern Cattail population in Lake Burul-
lus, Egypt.



70 E.M. Eid et al. / Ecological Modelling 243 (2012) 63-72

(A).

Governing equations for biomass
For n-year old rhizomes:

I'max Imax
0Bpi(n . z : z :
rslt( ) = —Rppi — Dy — Rhif - m(n) + k(n) Sﬂ-nfvsebﬂ nfvse(l) + 8thﬂvnf-se(l) (A1)
1=1 1=1
For roots:
Broot _ _p D Rhif - F, A2
T = —Ryoot — Droot + Rhif - Froor (A2)

For leaves of flowering, non-flowering and secondary shoots at the Ith layer:
abﬂ,nf,se(l)

ot = Gﬂ.nﬂse(l) - Rﬂmj,se(l) - Dﬂ,nf.se(l) + Rh"f . fﬂ.nf.se(l) - €ﬂ,nf,sebﬂ.nf,se(1) - 5phcﬂ,nf.se(l) (A3)
For inflorescences at the Ith layer (only for flowering ramets):
bpo(1) .
g‘; = —Rpo(1) = Dppo(1) + Rhif - fro(1) (A4)

The subscripts rhi, fl, nf, se, root and flo indicate rhizomes, leaves of flowering shoots, first cohort non-flowering shoots, shoots from the second cohort, roots and

. . . I= . . g .

inflorescences, respectively. by(l) denotes the biomass of the Ith layer of each plant organ and B, | = Fllmxba(l) is the total biomass. Rhif is the daily upward
translocation from rhizomes to the above-ground organs. F; is the fraction of rhizome reserves allocated to above-ground organs and roots, satisfying

Fp + Fup + Fpo + Froot + Fse = 1. The allocation to the Ith layer of the above-ground organs is proportional to the existing biomass in that layer

(1, s, fto, se (D)) = F1, nf. o, se b1, s, fto, se (DB, nf, flo, se ); €a 1 the allocation rate to rhizome from organs a, and &y, is the photosynthesis assimilates assigned to the rhizome
system. Second and third cohort shoots normally do not form inflorescences in the year (Fiala, 1978); therefore, the total leaf biomass for non-flowering shoots is the
sum of non-flowering shoots of the first cohort plus second and third cohort shoots. k(n) and m(n) are fractions of the biomass translocate to and from n-year-old

. n=nmax n=nmax
rhizome (anl k(n)=1and Zn:] m(n) = 1.)
The daily respiration, mortality and upward translocation rate from rhizome system are proportional to biomass and mean daily temperature:

Ra = ﬂneTizoBa (AS)
Dq = VaQT’ZOBa (AG)
Rhlf = arhieTizoBrhi (A7)

where S, and y, are specific rates of respiration and mortality at 20 °C, respectively, o;; is the specific rate of upward translocation from rhizomes, T is the mean daily
temperature and subscript a represents the plant organ, such as rhizomes, leaves and inflorescences.
The gross photosynthetic rate in Ith layer is given by a form of the Michaelis—-Menten equation (Savageau, 1995; Lopez et al., 2000):

PAR(I) Kage 1.
= keoPmK; =201 A
Gall) = keoPm P Koar + PAR(D) Kage+Age0 ba(l) (A8)

where Py, is the maximum photosynthesis rate (g CO, g~! day~!) of the plant at 20°C in the absence of light and nutrient limitations, k., is the conversion constant of
carbon dioxide to ash-free dry weight (gg~! CO,), PAR(I) is the daily photosynthetically active radiation in Ith layer (mol m—2 day~'), Age is the age of shoots from the
start of growth (days), Kpar and Kqge are the half saturation constants of PAR (mwmol m~2 day~!) and the effect of age (days) on the rate of photosynthesis, respectively, 6
is the temperature constant, Kyp is the constant of the availability of nutrients, T is the mean daily temperature, bq(l) is the leaf biomass of the Ith layer.

The critical layer biomass for buds, B,; (gm~2 layer—!) seems reasonably related to the existing fresh rhizome biomass as well as mean daily temperature (Asaeda and
Karunaratne, 2000):

Boyi = QMQ(T’ZOJBf,,/,-B (A9)

Most of buds are formed from the terminals of the fresh rhizomes (Linde et al., 1976) at the expense of their resources. When the amount of material mobilized from
the fresh rhizomes exceeds the critical biomass of the layer, the buds will emerge from the first layer, extending into the next layer and subject to further elongation
processes. The parameter ay, (=0.0049) is account for the bud formation (Asaeda et al., 2005).

(B).
Parameter Symbol Value Unit Reference
Initial rhizomes biomass 1114 gm2 Measured
Initial roots biomass 295 gm—2 Measured
Date of shoot emergence 44 days Estimated
Maximum photosynthesis rate P 0.30 gCO, g ' day™! Gartner (1976)
Dark respiration rate of leaves Blear 0.006 gg'day! Gustafson (1976)
Dark respiration rate of roots Broot 0.003 gg'day! Calibrated
Dark respiration rate of old rhizomes Brhin,2 0.002 gg'day! Gustafson (1976)
Dark respiration rate of new rhizomes Brio 0.0035 gglday! Gustafson (1976)
Mortality rate of leaves Yieaf 0.004 gg'day! Calibrated
Mortality rate of roots Yroot 0.0003 gg'day! Calibrated
Mortality rate of old rhizomes Vrhii,2 0.0004 gg lday! Calibrated
Mortality rate of new rhizomes Yrhio 0.0003 gglday! Calibrated
Half-saturation constant of PAR Kpag 13.0 x 106 pmolm~2 day~! Sale and Orr (1986)
Extinction coefficient of plant ak 0.25 - Dykyjova (1971)
Half-saturation constant of age Kage 125 days Sale and Orr (1986)
Fraction of rhizome transferred to AGB i 0.012 - Asaeda et al. (2005)
Fraction of leaf transferred to rhizome Eleaf 0.026 - Asaeda et al. (2005)
Temperature constant 0 1.09 - Asaeda and Bon (1997)

Constant for calculation of LAI Alai 0.0231 - Cary and Weerts (1984)
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Parameter Symbol Value Unit Reference

Constant for calculation of LAI Biai 0.8588 - Cary and Weerts (1984)

Elongation rate of leaf Age 0.4 - Calibrated

Conversion constant of CO, to ash-free dry weight Keo 0.65 gg 1CO, Ondok (1978)

Bud formation Az 0.0049 - Asaeda and Karunaratne (2000)
References Garver, E.G., Dubbe, D.R,, Pratt, D.C., 1988. Seasonal patterns in accumulation and

APHA/AWWA/WPCF, 1985. Standard Methods for the Examination of Water and
Wastewater, 16th ed. American Public Health Association, Washington.

Asaeda, T., Bon, T.V., 1997. Modeling the effect of macrophytes on algal blooming in
eutrophic shallow lakes. Ecological Modelling 104, 261-287.

Asaeda, T., Hai, D.N., Manatunge, ]., Williams, D., Roberts, J., 2005. Latitudinal char-
acteristics of below and above-ground biomass of Typha: a modeling approach.
Annals of Botany 96, 299-312.

Asaeda, T., Karunaratne, S., 2000. Dynamic modeling of the growth of Phragmites
australis: model description. Aquatic Botany 67, 301-318.

Bellavance, M.E., Brisson, J., 2010. Spatial dynamics and morphological plasticity
of common reed (Phragmites australis) and cattails (Typha sp.) in freshwater
marshes and roadside ditches. Aquatic Botany 93, 129-134.

Bernard, J.M., Fitz, M.L., 1979. Seasonal changes in aboveground primary production
and nutrient contents in a central New York Typha glauca ecosystem. Bulletin of
the Torrey Botanical Club 106, 37-40.

Best, E.P.H., Buzzelli, C.P., Bartell, S.M., Wetzel, R.L., Boyd, W.A., Doyle, R.D., Campbell,
K.R., 2001. Modelling submersed macrophyte growth in relation to underwater
light climate: modelling approaches and application potential. Hydrobiologia
444, 43-70.

Boers, A.M., Veltman, RL.D., Zedler, ]J.B., 2007. Typha x glauca dominance and
extended hydroperiod constrain restoration of wetland diversity. Ecological
Engineering 29, 232-244.

Bonham, A.J., 1983. The management of wave-spending vegetation as bank protec-
tion against boat wash. Landscape Planning 10, 15-30.

Boulos, L., 2005. Flora of Egypt: Monocotyledons (Altismataceae - Orchidaceae), vol.
4, Al-Hadara Publishing, Cairo.

Boyd, C.E., Hess, LW., 1970. Factors influencing shoot production and mineral nutri-
ent levels in Typha latifolia. Ecology 51, 296-300.

Brix, H., 1997. Do macrophytes play a role in constructed treatment wetlands? Water
Science and Technology 35 (5), 11-17.

Butcher, J.C., 2008. Numerical Methods for Ordinary Differential Equations, 2nd ed.
John Wiley and Sons, West Sussex.

Cary, P.R., Weerts, P.G., 1984. Growth and nutrient composition of Typha orientalis
as affected by water temperature and nitrogen and phosphorus supply. Aquatic
Botany 19, 105-118.

Chanton, ].P., Whiting, G.J., Happell, ].D., Gerard, G., 1993. Contrasting rates and diur-
nal patterns of methane emission from emergent aquatic macrophytes. Aquatic
Botany 46, 111-128.

Coveney, M.F,, Stites, D.L., Lowe, E.F., Battoe, L.E., Conrow, R., 2002. Nutrient removal
from eutrophic lake by wetland filtration. Ecological Engineering 19, 141-159.

Davis, C.B., Van der Valk, A.G., 1983. Uptake and release of nutrients by living and
decomposing Typha glauca Godr. tissues at Eagle Lake, lowa. Aquatic Botany 16,
75-89.

Dickerman, J.A., Wetzel, R.G.,, 1985. Clonal growth in Typha latifolia: popu-
lation dynamics and demography of the ramets. Journal of Ecology 73,
535-552.

Dobberteen, R.A., Nickerson, N.H., 1991. Use of created cattail (Typha) wetlands in
mitigation strategies. Environmental Management 15, 797-808.

Dordio, A.V., Duarte, C., Barreiros, M., 2009. Toxicity and removal efficiency of
pharmaceutical metabolite clofibric acid by Typha spp.—potential use for phy-
toremediation? Bioresource Technology 100, 1156-1161.

dos Santos, A.M., Amado, A.M., Minello, M., Farjalla, V.F., Esteves, F.A., 2006. Effects of
the sand bar breaching on Typha domingensis (Pers.) in a tropical coastal lagoon.
Hydrobiologia 556, 61-68.

Dubbe, D.R., Garver, R.G., Pratt, D.C., 1988. Production of cattail (Typha spp.) biomass
in Minnesota, USA. Biomass 17, 79-104.

Dykyjova, D., 1971. Productivity and solar energy conversion in reedswamp stands
in comparison with outdoor mass cultures of algae in the temperate climate of
central Europe. Photosynthetica 5, 329-340.

Eid, E.M., Shaltout, K.H., Al-Sodany, Y.M., Soetaert, K., Jensen, K., 2010. Modeling
growth, carbon allocation and nutrient budget of Phragmites australis in Lake
Burullus, Egypt. Wetlands 30, 240-251.

Farnsworth, E.J., Meyerson, L.A., 2003. Comparative ecophysiology of four wetland
plant species along a continuum of invasiveness. Wetlands 23, 750-762.

Fiala, K., 1978. Underground organs of Typha angustifolia and Typha latifolia, their
growth, propagation and production. Acta Scientiarm Naturalium Academiae
Scientiarum Bohemoslovacae Brno 12, 1-43.

Fraga, .M.P,, Kvet, J., 1993. Production dynamics of Typha domingensis (Pers.) Kunth
populations in Cuba. Journal of Aquatic Plant Management 31, 240-243.

Gartner, M., 1976. Photosynthetische leistung und stoffproduktion hoherer
wasserpflanzen, dargestellt am beispiel von Typha latifolia und Typha angus-
tifolia. Wissenschaftliche Zeitschrift der Technischen Universitdt Dresden 25,
246-250.

partitioning of biomass and macronutrients in Typha spp. Aquatic Botany 32,
115-127.

Grace, J.B., Wetzel, R.G., 1998. Long-term dynamics of Typha populations. Aquatic
Botany 61, 137-146.

Grace, J.B., 1988. The effects of nutrient additions on mixtures of Typha latifolia L.
and Typha domingensis Pers. along a water-depth gradient. Aquatic Botany 31,
83-92.

Gross, MLF., Hardisky, M.A., Wolf, P.L., Klemas, V., 1993. Relationships among Typha
biomass, pore water methane, and reflectance in a Delaware (USA) brackish
marsh. Journal of Coastal Research 9, 339-355.

Gustafson, T.D., 1976. Production, photosynthesis and storage and utilization of
reserves in a natural stand of Typha latifolia L. Ph.D. Thesis. University of Wis-
consin, Madison.

Hegazy, A.K., Abdel-Ghani, N.T., EI-Chaghaby, G.A., 2011. Phytoremediation of indus-
trial wastewater potentiality by Typha domingensis. International journal of
Environmental Science and Technology 8, 639-648.

Hill, B.H., 1987. Typha productivity in a Texas pond: implications for energy
and nutrient dynamics in freshwater wetlands. Aquatic Botany 27,
385-394.

Jervis, RA., 1969. Primary production in the freshwater marsh ecosystem
of Troy Meadows, New Jersey. Bulletin of the Torrey Botanical Club 96,
209-231.

Kassas, M., 2002. Management Plan for Burullus Protectorate Area. MedWetCoast,
Global Environmental Facility (GEF) and Egyptian Environmental Affairs Agency
(EEAA), Cairo.

Khalil, M.T., EI-Dawy, F.A., 2002. Ecological Survey of Burullus Nature Protectorate:
Fishes and Fisheries. MedWetCoast, Global Environmental Facility (GEF) and
Egyptian Environmental Affairs Agency (EEAA), Cairo.

Khedr, A.A., El-Demerdash, M.A., 1997. Distribution of aquatic plants in relation to
environmental factors in the Nile Delta. Aquatic Botany 56, 75-86.

Khedr, A.A., 1996. Aquatic macrophyte distribution in Lake Manzala, Egypt. Interna-
tional Journal of Salt Lake Research 5, 221-239.

Kloeden, P.E., Platen, E., 1995. Numerical Solution of Stochastic Differential Equa-
tions. Springer, Berlin.

Knapp, AK, Yavitt, ].B., 1995. Gas exchange characteristics of Typha latifolia L. from
nine sites across North America. Aquatic Botany 49, 203-215.

Linde, A.F.,Janisch, T., Smith, D., 1976. Cattail—the significance of its growth, phenol-
ogy and carbohydrate storage to its control and management. Technical Bulletin
94. Department of Natural Resources, Wisconsin.

Lopez, S., France, ]., Gerrits, WJ., Dhanoa, M.S., Humphries, D.J., Dijkstra, J., 2000. A
generalized Michaelis-Menten equation for the analysis of growth. Journal of
Animal Science 78, 1816-1828.

Lorenzen, B., Brix, H., Mendelssohn, L.A., McKee, K.L., Miao, S.L., 2001. Growth,
biomass allocation and nutrient use efficiency in Cladium jamaicense and Typha
domingensis as affected by phosphorus and oxygen availability. Aquatic Botany
70,117-133.

Lovett-Doust, L., 1981. Population dynamics and local specialization in a clonal
perennial (Ranunculus repens). 1. The dynamics of ramets in contrasting habitats.
Journal of Ecology 69, 743-755.

Mason, C.E., Bryant, RJ., 1975. Production, nutrient content and decomposition
of Phragmites communis Trin. and Typha angustifolia L. Journal of Ecology 63,
71-95.

McNaughton, S.J., 1966. Ecotype function in the Typha community-type. Ecological
Monographs 36, 297-325.

Miao, S.L., Sklar, F.H., 1998. Biomass and nutrient allocation of sawgrass and cattail
along a nutrient gradient in Florida Everglades. Wetlands Ecology and Manage-
ment 5, 245-263.

Miao, S.L., 2004. Different rhizome growth and nutrient resorption of two wetland
species with contrasting life history. Aquatic Botany 78, 55-56.

Newman, S., Grace, ].B., Koebel, ] W., 1996. Effects of nutrient and hydroperiod on
Typha, Cladium and Eleocharis: implications for everglades restoration. Ecologi-
cal Applications 6, 774-783.

Ondok, J.P., 1978. Estimation of seasonal growth of underground biomass. In:
Dykyjova, D., Kvet, J. (Eds.), Pond Littoral Ecosystems. Springer, Germany, p. 194.

Robert, J., Ganf, G.G., 1986. Annual production of Typha orientalis Presl. in
inland Australia. Australian Journal of Marine and Freshwater Research 37,
659-668.

Sale, P.J.M.,, Orr, P.T., 1986. Gas exchange of Typha orientalis Presl. communities in
artificial ponds. Aquatic Botany 23, 329-339.

Savageau, M.A., 1995. Michaelis-Menten mechanism reconsidered: implications of
fractal kinetics. Journal of Theoretical Biology 176, 115-124.

Schroder, P., Neustifter, J., Peis, S., Huber, B., 2003. Perspectives for the use of cattail
(Typha spp.) in phytoremediation. In: Proceeding of International Congress Crop
Science and Technology (BCPC), vols. 1 and 2, pp. 405-410.



72 E.M. Eid et al. / Ecological Modelling 243 (2012) 63-72

Shaltout, K.H., Al-Sodany, Y.M., 2008. Vegetation analysis of Burullus Wetland: a
RAMSAR site in Egypt. Wetlands Ecology and Management 16, 421-439.

Sharma, P., Asaeda, T., Manatunge, ]., Fujino, T., 2006. Nutrient cycling in a natural
stand of Typha angustifolia. Journal of Freshwater Ecology 21, 431-438.

Smith, C.S., Adams, M.S., Gustafson, T.D., 1988. The importance of belowground
mineral element stores in cattail (Typha latifolia L.). Aquatic Botany 30, 343-352.

Sobrero, M.T., Sabbatini, M.R,, Fernandez, O.A., 1997. Phenology and biomass dynam-
ics of cattail (Typha subulata) in southern Argentina. Weed Science 45, 419-422.

SPSS 15.0, 2006. SPSS Base 15.0 User’s Guide. SPSS Inc., Chicago.

Statsoft, 2007. Statistica Version 7.1. Statsoft Inc., Tulsa.

Tdckholm, V., 1974. Students’ Flora of Egypt, 2nd ed. Cairo University Press, Cairo.

Tian, H., Xu, X, Miao, S., Sindhoj, E., Beltran, B.J., Pan, Z., 2010. Modeling
ecosystem responses to prescribed fires in a phosphorus-enriched Everglades

wetland. I. Phosphorus dynamics and cattail recovery. Ecological Modelling 221,
1252-1266.

Ulrich, K.E., Burton, T.M., 1985. The establishment and management of emergent
vegetation in sewage-fed marshes and the effects of these marshes on water
quality. Wetlands 4, 205-220.

Van der Valk, A.G., Davis, C.B., 1978. Primary production of prairie glacial marshes.
In: Good, R.E., Whigham, D.F., Simpson, R.L. (Eds.), Freshwater Wetlands: Pro-
duction Processes and Management Potential. Academic Press, New York, pp.
21-38.

Weihe, P.E., Neely, R K., 1997. The effects of shading on competition between purple
loosestrife and broad-leaved cattail. Aquatic Botany 59, 127-138.

Woo, 1., Zedler, J.B., 2002. Can nutrients alone shift a sedge meadow towards domi-
nance by the invasive Typha x glauca? Wetlands 22, 509-521.



	Modeling growth dynamics of Typha domingensis (Pers.) Poir. ex Steud. in Lake Burullus, Egypt
	1 Introduction
	2 Materials and methods
	2.1 Study area
	2.2 Plant sampling, morphological features and biomass
	2.3 Water sampling
	2.4 Outline of the Typha species growth model
	2.4.1 Input data
	2.4.2 Below-ground parts subroutine
	2.4.3 Shoot subroutine
	2.4.4 Model execution
	2.4.5 Sensitivities of coefficients
	2.4.6 Validation of the model


	3 Results
	4 Discussion
	5 Conclusion
	Acknowledgements
	References
	References


