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General

The degree to which aquatic macrophytes influence the ecosystem is pro-
portional to plant mass and depends on plant species and physico-chemical
factors. Therefore, predictions of the environmental impact of management
measures concerning the aquatic community should be based on accurate esti-
mates of (a) plant species, mass, and its pertinent physiological properties,

(b) the piants’ contribution to the various food chains, and (c) the contribution
ants’ decay to oiogeocnemlcm cycung ana oxygen regune A simula-
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were suitable to sunulat the l
under various environmental and climatological conditio In its present
form, the model is calibrated for dioecious Hydrilla.
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The submersed, rooted aquatic macrophyte Hydrilla verticillata (L.f.)
Royle belongs to the family Hydrocharitaceae. It has the ability to survive
unfavorable environmental conditions and has been demonstrated to outcom-

t other submersed aquatic plant species in temperate, subtropical, and

§ X ,
3 ranao Ancasiantl 30 gemanine has o sroer loeca .:_.,‘_.x. et Al
ropical areas. Consequently, this species has a very large distributional area
<
)

Hydrilla was introduced into the Uni ates in 1960 ir
(Blackburn et al. 1969). Originally, only the dioecious biotype (plants pro-
ducing only pistillate flowers) occurred. Hydrilla has rapidly spread to other

1 S
southern states (i.e., Georgia, Alabama, South Carolina, North Carolina,
Louisiana, and Texas) into California, moving up the eastern seaboard. A
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monoecious biotype was first sighted in the Potomac River in 1982 and began
spreading rapidly to Virginia, Maryland, Washington DC, and Delaware

(Steward et al. 1984). Both Hydrilla biotypes propagate largely vegetatively,
despite the production of seeds in the monoecious biotype, and they are com-
posed by severai sirains (Mitra 1960; Scannel and Webb 1976; Verkieij et al.

1007\
1583).

Hydrilla is considered a nuisance aquati

States. since it mav interfere with homan "tlh”t on of freshwate

States, since it may interfere with human utilizati e T ,
become aesthetically displeasing, or displace desirable indigenous community
From a shoreline perspec tive, the biomass in a dense “mat” of submer ged

weeds appears to be enormous. However, data on total biomass and produc-
tivity indicate that they are small compared with those of several terrestnal
plant communities (Spencer and Bowes 1990). This apparent anomaly may be
largely due to the uneven distribution of biomass over the water column, with
typically > 60 percent concentrated in the upper water layers (only dioecious
Hydrilla).

The simulation model developed in this study concerns the dioecious
Hydrilla biotype. The following appendixes are included in this report:
Model Listing as Appendix A, Variable Listing as Appendix B, and Manipula-
tion of Literature Data Used for the Model Equations as Appendix C.



2 HYDRIL: Description of

The HYDRIL (Version 1.0) model simulates growth of dioecious Hydrilla
community, i.e., its dry matter accumulation including subterranean tuber
formation under ample supply of nitrogen and phosphorus in a pest-, disease-,
and competitor-free environment under the prevailing weather conditions.

The rate of dry matter accumulation is a function of irradiance, temperature,
CO, availability, and plant characteristics. The rate of CO, assimilation (pho-

tosvnthesis) of the nlant communitv denends on the radiant energy absorbed

SUS HAAMATOLS ) Vi LAY pUGiil LULILLILALLY MV pPVIEUS Ukl LLL adlaaiss

by the canopy, Wthh is a function of incoming radiation, reflection at the
water surface and attenuation by the water column, attenuation by the plant
material, and leaf area of the community. From the absorbed radiation, the
photosynthetic characteristics of individual shoot tips and the pH-determined
CO, availability, the daily rate of gross CO, assimilation of the community, is
calculated. These calculations are executed in a set of subroutines added to
the model.

Part of the carbohydrates produced is used to maintain the existing bio-
mass. The remaining carbohydrates are converted into structural dry matter
(plant organs). In the process of conversion, part of the weight is lost in

- respiration. The dry matter produced is partitioned among the various plant
organs using partitioning factors defined as a function of the phenological
cycle of the community. The dry weights of the plant organs are obtained by
integration of their growth rates over time. The plant winters through tubers
in the sediment without or with aboveground plant biomass present. All
calculations are performed on a square meter basis.

Turion and seed formation are not inciuded in the model because their roie
in maintaining an existing Hydrilla community is minimal. Dispersal and
colonization of new habitats by turions and plant fragments are recognized,

important characteristics of Hydrilla. The latter processes, however, are
better described using other modeling approaches (based on logistic regre

ess
or on descriptions of populatlon dynamlcs varying in time and in space), as
discussed by Scheffer (1991).

Ln
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HYDRIL requires as input physiological properties of the plant community
(in this case dioecious H; ydrilla) and the actual environmental and weather
conditions at the site, characterized by its geographical latitude and longitude,
i.e., water temperatures (optional), alkalinity, pH, and daily maximum and
minimum temperatures and irradiance for each day of the year. It can be run

for nermdc of1to 5 years.

Modeling Approach

HYDRIL is a mechanistic model that explains plant growth on the basis of
the underlying processes, such as CO, assimilation and respiration, as influ-
enced by environmental conditions. This type of model follows the state-
variable approach in that it is based on the assumption that the state of each
system can be quantified at any moment and that changes in the state can be
described by mathematical equations. In this type of model, state, rate, and
driving variables are distinguished. State variables are quantities such as bio-
mass and number of individuals of a population. Driving variables character-
ize the effect of environment on the system at its boundaries, such as climate
and food supply. Each state variable is associated with rate variables that
characterize its rate of change at a certain instant, as a result of specific pro-
cesses. These variables represent flows of material between state variables,
the values of which are calculated from the state and driving variables accord-
ing to knowledge of the physical, chemical, and biological processes involved.
After calculating the values of all rate variables, they are then used to calcu-
late the state variables according to the scheme: state variable at time t+A t
equals state variable at time t plus the rate at time t multiplied by At. This
procedure, called numerical integration, gives the new values of the state
variables, from which the calculation of rate variables is repeated. To avoid
instabilities, the time interval A t must be small enough so that the rates do
not change materially within this period. This is generally the case when the
time interval of integration is smaller than one-tenth of the “time coefficient”
or “response time.” This characteristic time of a system is equal to the
inverse of the fastest relative rate of change of one of its state variables. The
smaller the time coefficient, the smaller the time interval of integration

______ XXV 1D

(Rabbinge and De Wit 1989).

The predictive ability of mechanistic models does not always live up to
expectations. It should be realized, however, that each parameter estimate and

m v and that arrnre ma ryrmnlata
process formulation has its own inaccuracy, and that errors may accumulate in

the prediction of the final yield. The primary aim of this model is to increase
insight in the system studied by quantitatively integrating the present knowl-
edge in a dynamic simulation model. By studying the behavior of the model,
better insight in the real system is gained.

Chapter 2 HYDRIL: Description of Model



Model Language and Structure

The HYDRIL model is written in FORTRAN77. Model approach and
organization are similar to those used for agricultural crops (SUCROSI;
Goudriaan, Van Keulen, and Van Laar 1992 ). Several features from an
earlier HYDRIL version (Lips 1985) and from a general growth model for
submersed angiosperms, SUBANG (Best and Jacobs 1990), have been used.

HYDRIL runs within a FORTRAN SIMULATION ENVIRONMENT
(FSE) shell, Version 2.1, to enable easy handling of input and output files and
rapid visualization of the simulation results (Van Kraalingen 1995). It can be
executed on IBM PC-AT’s and compatibles as a stand-alone version. Because
of its language and simple structure, it will generally be compatible with
ecosystem models that accept FORTRAN.

The organization of the model and its subroutines in combination with the
FSE shell is illustrated in Figure 1.

Model Features

Features of HYDRIL are as follows:
a. Phenology is tied indirectly to air temperature through development
rate and is, therefore, independent of day of year; thus, the model can

be used under climatological conditions ranging from temperate to
tropical.

b. Plant growth starts from the tuber bank in the sediment and/or from
rooted plants.

¢. Photosynthetic response is to instantaneous irradiance.
d. Removal of biomass through harvesting can be calculated if desired.
e. Air and/or water temperatures can be used to run the model.

f. The model can be used for community at various water depths, ranging
from 0.1 to 2.5 m.

g. Plant parameter values and climatological variables can be easily
changed.

Chapter 2 HYDRIL: Description of Model



MAIN

* Displays model header

*
Calls FSE

FSE

driver

(Fortran Simulation

Environment)
version 2.1
L J
;
( subroutine )
MODELS

* Intertace FSE-driver

and
and

simulation model

!
Y

( subroutine )
MODEL

Declaration of:

-Formal parameters

-(shell tarms)

-Model parameters etc.
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-Calis to subroutines

){f ) O
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( subroutine ) ( subrouting N s ~obrouting ~
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* ht attenuation
Photoperiod * Daily total gross e \l:gler + vagetation
« assimilation —
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« integration) .
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(0.1 m depth layers)
_ ) L ) L B

Figure 1. Relational diagram illustrating the organization of the model HYDRIL and its
subroutines in combination with the FSE shell
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Morphology

The dioecious Hydrilla biotype is anchored to the hydrosoil by long, white,
adventitious roots. In summer the plant has tall stems, which branch close to
leaves are whorled. The dioecious biotype can propa-
y in the United States, since only plants producing pistil-
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Development and phenological cycle

The phenology of a plant community, for which development phase can be
used as a measure, quantifies physiological age and is related to its morpho-
logical appearance. Development phase cannot be expressed simply as chro-
nological age, because several environmental factors such as temperature and
stress (e.g., nutrients and grazing) can speed up or reduce the rate of pheno-

~ N

logical development. Contrary to what is suggested by intuition, the rate of
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which includes only those terms where T is above some threshold value T..
When £ reaches a particular value, this signifies that a phase in aevelopment
is complete, and this is generally associated with a biological event that occurs

mwromee n omle et cmni ] AL b memd Zh eanAdile: Aleaaeeaa ] M deoey A e L
OVCL d SIIOIL pCll U Ul LUIC 411U 1> TCc uuy OOdCIVCU., 11IC Udy'UCgl'CC SUIIL 71
accantinlly intagratac onma 1ndarluving tamnmaratisra danandant srAaraccoas Ths
CooClitiall IILLCSLGLCD OUILIIC WUIIUCL1Y 11l lClllpCldlulC‘UCpC IUCIEIL PIU LA NTwA ] Ul
vArilla for evamnle there are varinnie nhacac in the develnanment nf the
‘JJ“I I-lb“, AR \fl\ullll.ll\v’ bliwiw iV YAlilvwuo y.uuovo 111 Likw U\rV\ilUylllUllL Vi wiiw
plant, and the temperature sum is found to have a certain value for the suc-
cessful completion of each. The temperature threshold 7, may be different for

each of these phases. The approach is based on the notion of a developmental
rate whose response to temperature is approximately linear over a restricted
temperature range. Comparison with actual temperature responses suggests
that this is not unreasonable, and the method works well in practice. It is
implicitly assumed that the organ possesses a developmental clock that is pro-
ceeding at the rate k;. In general, it is to be expected that the development
rate k; may depend on a number of quantities. This can be represented by

=f(V, P, E)

S sl AL £ _d o Lo _af . L oal . ALY __ Yy . _ I ) 1
ol WILICIL J ICPICSCINS SOINC 1Unciion O1 ine sidi€ variaovies v, parameters -, an
Aerrimnmemaarmtal mrrnmbition Ml dtnssrvemnmndrcemn aezeen emala sermalon oo oo sl o
CLVIIVILIITHLAL UAIILILITS L. 11IC 1CHIpTIdiule-sulll ruic UIKd DECAUSC LIC
mnct imnAartant anviranmantal variochla 10 tamraratiiea amd tha racmamon $4
111UDL uuyuxuuu Cliviivillicliial v 1avUlT 1> U ll}JC LtUIC, alilu uiv lchUl C W
temperature is approximately linear.

The phenological cycle is described using Hydrilla in Lake Orange,
Florida, in 1977 as an example (Bowes, Holaday, and Haller 1979). Plant

data of this year were chosen after verifying that climatological conditions did
not deviate from the usual at that site.

Development phase (DVS) is a state variable in HYDRIL. In the model,
the temperature that affects development of Hydrilla can be chosen as equal to
the daily average air temperature at the height of the shoots’ growing point,
with a lag period of 1 week to correct for changes in temperature in the water
body in which the aquatic community grows. It is more accurate to use water
temperatures for this purpose; but since water temperatures are not aiways

availabie for the site for which the user wants to run the model HYDRKIL can
be run llSlIlg either one.
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rate could not be made. For Hydrilla a development rate of 0.012.day” at a
reference temperature of 30 °C and a temperature threshold of 3 °C was
derived from the Lake Orange field data (Bowes, Holaday, and Haller 1979).
The development rate of Hydrilla cannot be compared with that of other sub-
mersed piants sinc the latter have not been pubusnea so far. It is, however,
gher than the dey S
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another site is desxred, the simulation can start also with wintering plants
present; first, however, initial quantities of plant organs must be calculated.
The sprouting of the tubers occurs at DVS 0.326. Sprouts develop through
remobilization of carbohydrates from the tubers. The sprouts elongate rapidly
to the water surface and form a canopy in the upper water layers from DVS
0.360 onwards. Anthesis is initiated at DVS 1.000 and finishes at DVS
1.999, just before tuber induction is initiated. Tuber formation lags behind
tuber induction. Senescence sets in at DVS 2.200 and continues until the end
of the year. The development phase is dimensioniess, and its value increases

gradually. The development rate has the dimension d!. The mumple of rate
and time period yields an increment in phase (Table 1; for more details, see

Table 1
Relationship Between Development Phase (DVS) of Hydrilla, Day of
Year, and 3 °C Day-Degree Sum
Developmental Phase
3 °C Day-
Description DVS Value Daynumber | degree sum
First Julian daynumber-->tuber 0->0.326 0->74 1->888
sprouting and initiation elongation
Tuber sprouting and initiation 0.327->0.359 75->78 597->673
elongation-->leaf expansion
Leaf expansion-- > floral initiation 0.360->1.000 79->150 674->2063
and anthesis
Floral initiatlon and 1.001->2.000 151->241 12064->4279
anthesis-- > induction of tuber
formantion
Induction tuber formation-- > tuber 2.001->2.200 242->260 |4280->4744
formation and senescence
Tuber formation and 2.201->2.979 261->365 [4745->6357
senescence-- > senesced
Scenesced 2.979 365 6357
Note: Calibration was on field data 1974-75 (Haller, Miller, and Garrard 1976} and clima-
tological data 1 980 Gainesville, FL.

Chapter 3 Model! Processes
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Plant Density

Generally, biomass production of Hydrilla is far more constrained by plant-
inherent factors, light- and space-availability, and temperature, than by plant
density. For example, studies in outdoor pools have demonstrated that
1 Hydrilla plant produced the same amount of biomass as 16 plants that were
cultivated under the same conditions (water volume and environmental condi-
tions identical (Sutton, Littell, and Langeland 1980)). However, since initial
plant density is required as an input variable into the model, a feasible plant
density under field conditions had to be found.

A range of 34 to 53 plants.m was “determined” for Hydrilla community

in Lake Orange in August (1977; Bowes, Holaday, and Haller 1979), using a
typical plant weight range of 3.08 to 4.76 g DW.plant™! (average values labo-
ratory experiment at 97 percent and full sunlight; Barko and Smart 1981).
Since individual plant weight is expected to be higher under natural conditions
with higher light intensities and usually more water movement than in the
laboratory, natural densities are expected to be on the low side within the
range determined, i.e., in the order of 35 plants.m.

In HYDRIL plant density is set to 35 plants.m™. This implies that at the
beginning of the growth season, plant density is always 35, irrespective of
whether the plant has hibernated in the form of tubers with or without rooted
plants present. The number of tubers sprouting in spring always equals
35.m™2. In the presence of aboveground biomass in spring, biomass is redis-
tributed over 35 plants.m™.

Wintering and Sprouting of Tuber Bank

The published tuber densities in the Hydrilla tuber banks vary over a large
range (0 to > 1,000.m%; Haller, Miller, and Garrard 1976; Bowes, Holaday,
and Haller 1979), probably largely as a result of (a) the patchy spatial distri-
bution of the community over the water body and (b) limited number of repli-
cate samples taken. It is to be expected that most of these tubers, like seeds
in seed banks, lie dormant if not disturbed (Van and Steward 1990), i.e., that
maintenance processes proceed at a very low level of activity and that no
active respiration occurs. Tuber density may decrease by tuber death and
possibly grazing of water fowl and other organisms, by the sprouting of
tubers, which transform into plants, and it may increase by the formation of
new tubers.

Death rates of tubers have not been published so far. A death rate value
has been inferred from recent observations on a tuber bank in the North
New River Canal (South Florida) that became exhausted after a 3-year

Chapter 3 Mode! Processes



prevention of tuber formation.! Assuming a tuber density of 500 tubers.m

(Lake Orange, Florida; Bowes, Holaday, and Haller 1979), a tentative relative
death rate of 0.36.day’! was calculated (tuber per tuber.day!; Figure 2). The
latter value is surprisingly close to the relative death rate found for a potato
crop in Florida, being 0.37.day”! (Ingram and McCloud 1984). Effects

600
Tuber exhaustion
) Lake Orange, Fl
800 PN\ initial number of tubers ... 500
\ Relative death rate of tubers ........ 0.36

400 - \

Tubers (N.m 2
w
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Figure 2. Simulation showing exhaustion of Hydrilla tuber bank in
Lake Orange, Florida, under conditions at which tuber formation
is prevented (Simuiation was done to estimate reiative tuber
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of grazing on the Hydrilla tuber bank are unknown to us. That grazing,
»apu\—uuly b_‘y’ “'aterfowl, can be substantial has been demonstrated in several

European lakes (Jupp and Spence 1977; Scheffer, Bakema, and Wortelboer
1993).

The sprouting potential of tubers under experimental laboratory conditions
is usually high (up to 100 percent; Bowes et al. 1977; Spencer and Anderson
1986; Steward and Van 1986; Sutton and Portier 1992). The tubers used for
these experiments, however, have probably artificially lost their dormant state
by removal from their natural environment (perhaps due to exposure to oxy-
gen, desiccation). Actual sprouting frequency under natural conditions is
unknown. Sprouting frequency in an established community is probably not
important as long as the usual plant density of 35 plants.m™ is somehow
reached, since plant density tends to play a lesser role in biomass production

compared with space availability (see plant density).

Daylength at which the tubers sprout is > 13 hr, as for potatoes (Hahn and
Hozyo 1983), but only within a temperature range > 18 °C and <33 °C
(Haller Miller, and Garrard 1976). Sprouting may be triggered by a certain
red-far red ratio in the light reaching the plants’ photosensitive pigments
(Spencer and Anderson 1986); however, the latter phenomenon can only play
a role when wintering aboveground biomass is present. Phytochrome is not
expected to trigger tuber sprouting during the spring for Hydrilla in

rm nf tnh tha A
Lake Orange, since it winters in the form of tubers in the sediment.

In HYDRIL, initial tuber density at the onset of the simulation is set at
500 tubers.m™, similar to the highest tuber density found in Lake Orange
(1-m rooting depth, 1977; Bowes, Holaday, and Haller 1979). The relative
tuber death rate is O.36.day‘1 (on number basis). Sprouting is set at
35 tubers.m. Sprouting is a function of development phase; it occurs from
DVS 0.326 onwards, provided that daylength > 13 hr and temperature (of
water, when water temperature data available; otherwise of daily average air,
with a lag period of 7 days) > 18 °C and <33 °C. A relational diagram
illustrating the wintering and sprouting tubers in the tuber bank of Hydrilla is
shown in Figure 3. For tuber chemistry, see Appendix C.

Growth of Sprouts to Water Surface

The sprouting tubers convert their carbohydrate reserves into sprout mate-
rial, according to a fixed biomass allocation pattern (see next section). It is
assumed that the sprouts can elongate up to the water surface by mere remobi-
lization processes, not even requiring photosynthetic products (see Appen-

dix C). A relative conversion rate of tubers into adolescent plants of
0.0025.hr'! has been derived from published changes in light compensation

points (LCP) during transformation of young sprouts into adolescent plants

- (Appendix C). After reaching the water surface, canopy formation takes place

and photosynthesis proceeds.

Chapter 3 Model Processes
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Light, Photosynthesis, Maintenance, Growth, and
Assimilate Partitio ing

S RN wSEr I EIIME W B A -

| B Py
Light
: in Iryrnvalamatlh 2NN ¢4 2 NNN cmem) 1o 22 ad
The measured daily total irradiance (wavelength 300 to 3,000 nm) is used
as input for the model. Only half of the irradiance reaching the water surface
is photosynthetically active and is therefore used to calculate CO, assimilation.
Six percent of the irradiance is reflected by the water surface (Golterman

The subsurface irradiance is attenuated by color and particles within the
water column with a site- and season-specific extinction coefficient. More-
over, the vertical profiles of the radiation within the community layers are
characterized. The absorbed irradiance for each horizontal community layer
is derived from these profiles. The community-specific extinction coefficient,
K (m?.g DW-!), is assumed to be constant throughout the year.

The incoming irradiance is attenuated by the shoots, part of which is
absorbed by the photosynthetic plant organs, i.e., the leaves.

_ . ,(-0.1.L - E.5G)
IRZ; ., = IRZ - e
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&
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where
IRZ = photosynthetic active part of irradiance (J.m2.s™)
L = light extinction coefficient of water (m™)

K = plant-specific extinction coefficient (m?.g DW-!)

1
9
[

shoot matter (g DW per 0.1-m stratum of a square meter water
column)

IABS = shoot-absorbed part of irradiance

bsorbed part of irradiance



Photosynthesis

The instantaneous rates of gross assimilation are calculated from the
absorbed light energy and the photosynthesis light response of individual shoot
apices, here used synonymously to leaves.

F"' = S“_ ’AMAX . (1 _ e‘DD‘MB.)b/"36WﬂmA'SL!)

where

FGL = gross assimilation rate per depth layer (g CO,. m’!. h')

<

SC = shoot matter (g DW per 0.1-m stratum of a square meter water
column)

AMAX

actual CO, assimilation rate at light saturation for individual shoots
(g CO,.g DW.hr't)

txy
I

= initial light use efficiency for shoot tips (g CO,.J! absorbed)

jamiy

The instantaneous rate of gross assimilation over the height of the commu-
nity is calculated by relating the assimilation rate per layer to the community-
specific biomass distribution and by subsequent integration of all community
layers, each 0.1 m high.

The daily rate of gross assimilation is calculated by using the Gaussian
integration method. This method specifies the discrete points at which the
value of the function to be integrated has to be calculated and the weighting
factors that must be applied to these values to attain minimum deviation from
the analytical soiution. A three-point method performs very weil for caicuiat-

£ nooN

PSSR [ PP U . [ d_c__ . 1Nn0L [ Qe - 1
g adlly totai assimiiation (Loudriaan 1¥s0; SPIIErS 1580).
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Maintenance, growth, and assimilate partitioning
Some of the carbohydrates formed are respired to provide energy for main-

taining the exnstmg plam componems The maintenance costs increase with
metabolic ac vuy probably due to higher enzyme turnover and higher trans-

In the present model, these coefficients are used to calculate the mainte-
nance requirement of the community:

MAINTS = 0.016.TWLVG + 0.010.TWSTG + 0.015.TWRTG + 0.010.TWSO

where
MAINTS = maintenance respiration rate at reference temperature
(g CH,0.m?2.day™)
TWLVG = total dry weight of live leaves (g DW.m%)
TWSTG = total dry weight of live stems (g DW.m™?)
TWRTG = total dry weight of roots (g DW.m?)

:

total dry weight of storage organ (g DW.m)

Higher temperatures expedite the turnover rates of plant tissues and increase
maintenance costs. A temperature increase of 10 °C increases maintenance
respiration by a factor of about 2 (reference temperature 30 °C; Q;y = 2;
Penning de Vries and Van Laar 1982b).

The assimilates in excess of maintenance costs are available for conversion
into structural plant material. In this conversion process of the glucose mole-
cule, CO, and H,O are released. The assimilates required to produce one unit
weight of any particuiar plant organ can be calculated from its chemical com-
position and the assimilate requirements of the various chemical components.

Typical values are 1.46 for leaves, 1.51 for stems, 1.44 for roots, and 1.41 g
CH,0.g DW! for storage organs (including tubers; Penning de Vries and
Van Laar 1982b).! At higher temperatures, the conversion processes are
accelerated, but the pathways are identical.
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the year since only summer values on biomass partitioning were available.

The assimilate allocation is 0.34 of total to leaves, 0.60 to stems, and 0.06 to
roots (Haller and Sutton 1975; Van, Haller, and Garrard 1978; Van der
Zweerde 1981). At tuber formation, however, the assimilates are first translo-
cated to fill the tubers that grow with a temperature-dependent growth rate,
and only the remainder is allocated according to the abovementioned key. A
relational diagram illustrating photosynthesis, respiration, and blomass forma-

tion of Hydrilla is shown in Figure 4

In HYDRIL, the allocation pattern used for plants stays the same during

induction and Formation of Tubers

Tubers are formed under short day conditions (<13 hr, but > 10 hr) and
in a temperature range between 14 and 33 °C (Van, Haller, and Garrard
1978). Tuber formation is believed to be regulated by phytochrome and to be
associated with increased levels of abscisic acid (ABA) (Van, Haller, and
Bowes 1978; Klaine and Ward 1984). Although this process has scarcely
been investigated in Hydrilla, tuber formation has been studied in terrestrial
plants like potatoes. In the latter case, it involves changes in ABA and gib-
berellic acid (GA) content, with an increase in ABA during tuberization and a

subsequem decline in GA levels (nooman 1993) It is probabiy a criticai ratio

1

A similar mechanism regulating dormancy involving phytochrome, levels r)f
ADA anAd MA hut aloa tamemarntiien haoo lhane Aachreilhad ¢4 o son Acvacnéi e se
NADA dlld UAa, VUl aldU LlLilpeiatulc, 11 [0} 11 UCSL11IUCU W UL 111 vpeliativil 1l
tha ennhmarcad Coratanhullism Asmorerrm (Mact 1029)
L auuuu.xnu}.l wcrs UlUIlIl)’LLulll ucrnicrowiin \ubbl L)UL,.

Environmental conditions favoring tuber induction occur in spring and in
autumn in Lake Orange; but since Hydrilla plants winter there by tubers only,
tuber nduetron is n]v fe asrbl, in autumn Howeveri at other sites with

X (=4

Tuber formation was observed in Lake Orange from October onwards, but
formation could have happened earlier since the field observations were per-
formed once a month (Haller, Miller, and Garrard 1976). The lag period
between tuber induction and formation ranges, consequently, from 19 to

40 days. Water temperature in that period averaged 20 °C. The number of
tubers concurrently formed per plant under (semi-)natural conditions ranged
from 7 to 11 (Bowes, Holaday, and Haller 1979; see Appendix C). Tuber
behavior in the model has been derived from the literature cited in this
paragraph.

17
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In HYDRIL, induction of tuber formation occurs at development phase
> 1.0, daylength < 13 hr and in a temperature range of 14 to 33 °C. Once
initiated, a tuber class grows with a relative tuber growth rate of 0.4 g
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DW.tuber! has been reached. Temperature effects on tuber formation rate
are accounted for using a Q;, relationship of 2. The number of tubers concur-
rently initiated is set at seven tubers.p ant’!. Once such a tuber class is fin-

rs.nl
ished, the plant starts forming the next class. The finished new tuber class
serves no longer as a carbohvdrate sink for the plant and is added to the tuber
bank in the sediment. Tuber initiation continues as long as environmental
conditions permit. At the end of the season, the last tuber class may not be
finished because the available assimilates are not sufficient. This tuber class
reaches a lower than maximum attainable size, but it is also added to the tuber
bank as tuber number; its dry weight.m? is calculated before the class is
added to the tuber bank, and it is added to the former weight of all tubers.

Senescence

Senescence refers to the loss of capacity to carry out essential physiological
processes and to the loss of biomass. The fundamental processes involve
physiological ageing and protein (enzyme) breakdown. These processes are
difficult to quantify. It is known that hormones are important messengers in
this context, but not how they precisely act. In addition, translocation of
nutrients and assimilates to hibernating and/or storage organs occurs. High
temperature usually accelerates senescence.

In HYDRlL mechanistic approach to senescence is chosen by setting the
iants to a certain fraction per day once the conditions for
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A relational diagram illustrating tuber formation and senescence is shown
in Figure 5.

Choice of Parameter Values

A relatively simple simulation model like HYDRIL includes parameter
values that can be defined with varying certainty. Most parameters have been
calculated/estimated from published literature (Table 2). Only development
rate in relation to 3 °C day-degree sum and base temperature have been cali-

z

detailed in the preceding sections of this chapter.

brated by running the model. The choice of th Daramete values has been
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Table 2

Parameter Values Used in HYDRIL
Parameter Abbreviation | Value Reference
Morphoiogy, Deveiopment, and Phenoiogicai Cycie
First Julian daynumber DAYEM 1
Base temperature for juvenile | TBASE 3°C calibrated
plant growth
Development rate as function | DVRT* 0-0.012 calibrated
of temperature
Fraction of totai dry matter FLVT 0.34 7,15,16
increase allocated to leaves
Commtiomm ~f ¢mtal A " ceTT nen 7 4aCc 40
rracvuuln vl wiail ury mmatler roii v.Ouv 7,190,110
increase allocated to stems
Fraction of total dry matter FRTT 0.06 7,15,16
increase allocated to roots
Plant Density
Piant density NPL 35.m? 2,4
Wintering and Sprouting of Tuber Bank
Initial tuber density NT 500.m? 4
Relative death rate of tubers | RDTU 0.36.day’ 10
{on number basus)
Growth of Sprouts to Water Surface
Reiation coefficient tuber RCSHST 12 m.g DW* 3,16
weight-stem length
alative rnnvarcinan rata nf nae NNOETE a OCH. N~ NS Aoy, 2
FIICITQUVE LUIIVEI DIV 1aLT VI I V.o i v U Nl Iz\J-g Wy \de -~
tuber into plant material
linht Dhatacunthacie aintananra Rrawth and Accimilata Dartitinnina
LIYIIL, ¢ JUIUSYHIUISSIS, ian SHanGe, Giowul, GOt ASSHTIGLS rarauoning
Potential CO2 assimilation AMX 0.0158 g CO,.g DW* hr? 4,14
rate at light saturation for
shoot tips
Assimilate requirement for ASRQSO 1.41 g CH,0.g DW" stor.organ | 9
storage component
production
Conversion factor for CVvT 1.1 9
transiocated dry matter into
CH,0
{Continuedj

Notes: 1.

Ambasht and Ram 1976; 2. Barko and Smart 1981; 3. Bowes et al 1977;

4. Bowes, Hoiaday, and Haiier 19739; 5. Goiterman 1975; 6. Haiier, Miiier, and Garrard
8. lkusima 1970; 9. Penning de Vries and Van Laar

1976; 7. Haller and Sutton 1975;
1982a,b; 10. Sutton, pers.comm.,

1995; 11.

Titus et al.

1975; 12. Van, Haller, and

Bowes 1976; 13. Van et al. 1977; 14. Van, Haller, and Bowes 1978; 15. Van, Haller, and

Udlldlu I:JIO, lU
*, Calibration function.
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Table 2 {Concluded)

Parameter Abbreviation | Value Reference
Light, Photosynthesis, Maintenance, Growth, and Assimiiate Partitioning {Continuedj)
Water depth DEPTH 1.0m user def.
Initial light use efficiency for EE 0.000011 g COz.J‘1 9
shoot tips
Reduction factor to relate REDAM 0.581 4,12
AMX to water pH
Thickness per plant layer TL 0.1 m 11
Daytime temperature effect AMTMPT* 0-1 12
on AMX as function of DVS |
K 0.01m%.g DW" 4,8 |
I
L 0.83.m" 4,7 |
extinction coefficient
Reduction factor for AMX to | REDF 1.0 user def
account for senescence
plant parts over vertical
vegetation axis
Dry matter aliocation to each | DMPC* 0-1 1,4
nlant laver
plant layer
Daily water temperature WTMPT -, °C user def.
(field site)
Total live dry weight mea- TGWMT -, a DM.m? user def.
sured (field site)
nduction and Formation of Tubers
initial dry weight of a tuber INTUB 0.1 g DW.tuber™ i3
Tuber number concurrently NINTUB 7.plant’ 4
initiated per plant
Maximum reiative tuber RTR 0.4.day™! [
growth rate at 20 °C
Initial tuber density measured | NTMT 500.m2 default (3)
(field site)
Senescence
Relative death rate of leaves | RDRT 0.033.day"' 3
Tme PMAS bhaciol
U WYY UadiD)
Reiative death rate of stems RDST 0.033.day 3
and roots (on DW basis)
Harvesting
Harvesting HAR Oor1 user def.
Harvesting day number HARDAY 1-365 user def.
Harvesting depth {measured HARDEP 0.1m < DEPTH user def.
from water surface)
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Community in Lake Orange, Florida

The seasonal changes in the biomass of, respectively, plant organs and
subterranean tubers as simulated by HYDRIL are shown in Figure 6A and of
the simulated tuber number in Figure 6B. Generally, the simulated plant
biomass compared well with the plant biomass found in the lake (Figure 6C).
Peak biomass occurred somewhat earlier in the simulation than found in the
lake; this may be an artifact, due to the rather low frequency of field observa-

tions (no measurements between September and November). Simulated tuber
number was well within the tuber number range found in the iake.
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Running the model using air temperatures, with a time delay of 7 ;
measured water temperatures as forcing variables yields similar biomass val-
ues (Figure 8), both close to the field-measured biomass, illustrating that both
temperature options in the model give similar results. Inclusion of this option
in the model makes it relatively easy for the user to use the model, since not a
full dataset of water temperatures of the water body for which the user desires

to run the model is required.

Simulated and Measured Behavior of Hydrilla Com-
munity in Lake Trafford, Florida

I
imu 1 shown in Figure 9. Obviously, the simulated biomass
compares well with the measured one. Comparison of the tuber behavior is
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Figure 7 Simulated behavior of carbohydrates being remobilized in spring

from subterranean tubers and translocated in autumn into tubers
of Hydrilla (Initial values on aboveground plant biomass and tuber
number extrapolated to Julian daynumber 1, 1977 (Bowes,
Holaday, and Haller 1979). Climatological data 1980, Gaines-
ville, FL)
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Figure 8.

Simulated photosynthetic rate of a Hydrilla community in
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Simulated and Measured Behavior of Hydrilla Com-
munity at Other Latitudes

Simulation of a Hydrilla community in Lake Ramgarh, India, demon-
strated that usually lower peak biomass than in Florida is reached, when
started merely from subterranean tubers. This is largely caused by the forma-
tion of more tubers and their inherent sink function for assimilates (Figure
10A, B). A simulation started from wintering plant biomass and from tubers
generated a far higher peak biomass (Figure 10C). The latter simulation
showed biomass curves that agreed well with the onsite measured biomass
(Figure 10C).

Using the model calibrated on North-Florida to calculate the timing of
phenological events in other climatological conditions indicated in the tropics
earlier anthesis and extensive tuber formation in two periods of the year, but
in temperate areas postponement of anthesis and reduced tuber formation in

autumn only. Both of these model results are confirmed by literature data

A Qinha 10772.
from, respectively, India and Ireland (data not shown; Sahai and Sinha 1973;

Scannel and Webb 1976).

Chapter 4 Model Output
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5 Sensitivity Analysis

A sensitivity analysis of a simulation model is required to assess the
parameters likely to strongly affect model behavior. The present analysis was
based on the effect of a change in a parameter when all other parameters are
kept the same. As reference level, the nominal parameter values were chosen
as presented in Table 2, under Lake Orange, Florida, conditions at 1-m water
depth. In a 1-year simulation starting with a 500 tubers.m™ tuber bank, the
value of the parameter understudy was changed. The results were compared
with those of a standard run. Each parameter was once increased by 20 per-
cent and once decreased by 20 percent. The relative sensitivity (RS) of a
parameter was then defined as the relative change in the variable on which the
effect was tested divided by the relative change in the parameter (Ng and
Loomis 1984). The effects of eight parameters on three variables, all repre-
senting plant biomass aspects, were tested. A model variable is considered
sensitive to a change in the value of a parameter at RS > 0.5 and <-0.5.

vield; - yield )lyield,

RS =
(param; - param )/param,

yield; = value at parameter value i

al QiGeiaviva YQiuo

yield = value a
param = i and r idem

Maximum plant biomass proved most sensitive to changes in AMX and very
sensitive to changes in light-use efficiency, which is not surprising because the
model is based on the carbon flow through the plant (Table 3). Changes in
plant density were important determinants of maximum plant biomass, but far
less than AMX and light-use efficiency. The biomass of tubers at the end of
the year was strongly influenced by that at the beginning of the year, as was
tuber number. Tuber number was also sensitive to changes in relative tuber
growth rate and plant density, but less to changes in relative tuber death rate
and in number of tubers initiated per plant.

Chapter 5 Sensitivity Analysis



Table 3
Relative Sensitivity of Three Model Variables to Deviations in Parameter Values
From Their Nominal Values as Presented in Table 2 (Resuits were obtained in a
1-year simuiation under Lake Orange, Fiorida, conditions, starting with a tuber
Lol L AN o Lo -2
pank ot 50U tubers.m )
Relative Sensitivity
Maximum Live Tuber Weight Tuber Numbe
Parameter Name Value Plant Biomass at End of Year at End of Year
Potential CO, assimilation rate at 0.0158
linht eatirratinn far ehnant tine
light saturation for shoot tips
0.01896 3.40 0 o]
0.01264 3.16 0 0
Light-use efficiency 0.000011
0.0000132 1.47 6] 0
0.0000088 1.61 [¢] o]
Relative death rate leaves, stems, G.033
and roots
0.0396 0 0 0
0.0264 [¢] o] o]
Initial tuber number m™2 500
600 0 0.60 0.62
- 400 0 0.60 0.62
Relative tuber growth rate 0.40
0.48 -0.11 0.74 0
0.32 -0.10 0.46 0.97
Relative tuber death rate 0.360
0.432 8] -0.48 -0.49
0.288 0 -0.47 -0.49
Tuber number initiated.plant™’ 7
S ] 0.08 -0.28
5 0 0.03 0.10
Plant density.m™2 35
42 0.62 0.15 -0.62
28 0.73 -0.20 -0.54

Chapter 5 Sensitivity Analysis
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The impacts of various changes in environmental factors were assessed
using the relative sensitivity of the affected variables as “measure.” For this

purpose, changes in the parameters were based on value ranges taken from the

literature that usually differed more than 20 percent from the nominal parame-
ter value given in Table 2.

Climate

Climate greatly affects plant species distribution, phenological cycle, and
biomass production. HYDRIL can be used to calcuiate ciimate change effects
on the chronological timing of the phenological events and on biomass produc-
tion. It cannot be used to assess climate change effects on (a) plant species

distribution and (b) the phenological cycle itself since the phenological cycle

1 1 Aal y1nAd +
has been used for calibration (see Chapter 3). Running the mode! under tropi-

cal climate conditions, i.e., changing the latitude from 29° to 17° N, demon-
strated that peak biomass is far more sensitive to this climate change than
tuber weight and number (Table 4).

Light Reflection Coefficient at Water Surface

The irradiance reflected at the water surface usually averages about 6 per-
cent daily. The values of this parameter tested were O and 1. Reflection may
theoretically have the value O when no reflection occurs at a 90-deg incoming
angle of the radiation on a completely calm water surface (wind and wave
action are minimal). The highest value of 1 may occur at a close to 180-deg
incoming angle of the radiation and at very rough water surfaces. Increasing
the light reflection coefficient to 1 annihilated plant biomass within the year.
The RS of peak biomass and tuber weight and numbers, however, is relatively
low (Table 4),

auviv
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Changing the light extinction coefficient of the water column over a range
of 0.20 to 2.00.m™} demonstrated large effects on plant biomass. A light
extinction coefficient of 2 greatly reduced biomass within the year. The
effects on the tubers were negligible over a 1-year period, but increased on a
longer term. The RS of peak biomass to changes in the light extinction coef-
ficient is substantial, those of tuber numbers and weight negligible.

Water Depth

HYDRIL has been calibrated for a water depth of 1 m, the rooting depth
of the Hydrilla community in Lake Orange. The model has the capability to
respond to fluctuations in water level with year, by assigning 80 percent of the
total plant mass to the upper six water layers, 6 percent to the roots and divid-
ing the remaining 14 percent plant mass equally over the remaining number of
water layers. In shallower situations, at water depth < 0.6 m, 6 percent of
the total plant mass is assigned to the roots and the rest is equally divided over
the remaining water layers. This technique for biomass distribution over the
vertical axis of the community works well and gives realistic outcomes over a
depth range of 0.1 to 2.5 m. Effects on tuber biomass and numbers were not

noticeaoie.
3 writh o erratac Aocesl L A & n a1 _£01 . Y3
Running HYDRIL with a water depth of 0.5 m instead of 1 m showed a
i i ind; ing nt rhnmeac In wratar Agesle o
considerable effect on peak biomass, indicating that changes in water depth in
the range of 0- to 0.6-m depth have profound effects on biomass formation.
In contrast, runnin g HYDRIL with a r depth of 2 instead of 1 m showed

were not noticeable. The RS of peak biomass to changes in water depth is
substantial, but less than for changes in light extinction coefficient.

0]
w
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Parameter Relative Sensitivity
Maximum Live | Tuber Weight Tuber Number
Value Plant Biomass at End of Year | at End of Year

Gainesville
1ICA1 QQO

VOM1,.J0

Latitude 29° N

Patancheru Latitude 17° N 1.66 0.19 0.47
IND1.878
Light reflection 0.06
coefficient at
the water 1.00 (+1667%) -0.06 -0.03 -0.03
surface 0.00* (-100%) -0.09 0 0
Light extinc- 0.83
tion coefficient
water column 2.00 (+141%) -0.38 -0.01 0
0.20 (-76%) -0.47 0 0
Water depth 1.0
2.0 (+100%) -0.07 0 0
0.5 (-50%) -0.20 0 0

Note: To enabie caicuiation of the RS, a very iow RC vaiue of 0.000001 was used.




7 Application Possibilities

HYDRIL can be used to assess the behavior of a Hydrilla community

+ if3 At nd i+ ha
under various climatological and site-specific conditions, and it can be run

with user-specified input values for plant biomass and tuber bank density.

Effects of man-made control activities, like harvesting at different times
and at various water depths, can also be calculated (Table 5). Thus, in the
latter case it can be used as a tool for aquatic plant management agencies.
From Table 5 it can be concluded that harvesting at the end of July to a water
depth of 0.8 m requires removal of a relatively low amount of biomass, but
yields the lowest tuber bank density at the end of the year. This situation can
be seen as favorable to control Hydrilla. In contrast, harvesting later in the
year requires removal of relatively more plant biomass and allows for a rela-
tively higher tuber bank density. Removing only the top layer of the plant
community later in the year may lead even to increased numbers of tubers at
the end of the year, probably due to a higher light penetration within the
community.

Table 5

Effects of Mechanical Harvesting Date and Depth on Plant Biomass and Tuber
Bank (Results were obtained in a 1-year simulation under Lake Orange, Florida,
conditions, starting with a tuber bank of 500 tubers.m™ and no aboveground

plant biomass. Climatological data 1980, Gainesville, FL)
Live Plant Bio- Preharvest Postharvest Day With Final Tuber

Harvest Depth mass Day 260 Biomass Biomass Zero Plant Biomass

Day m g DW.m? g DW.m™2 a DW.m?2 Biomass g DW.m2, no
212 0.8 0.0 72.8 7.6 257 51 (330)
243 0.8 6.3 127.5 13.2 273 56 (490)
273 0.8 160.3 124.0 12.3 287 65 (490)

273 0.1 160.3 124.0 95.5 > 365 82 (804)

304 0.8 160.3 65.2 6.5 316 73 (647)

Chapter 7
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The present version of HYDRIL has been developed as a stand-alone simula-
tion model. It can be relatively easily modified to communicate with ecosys-
tem models, because it is written in FORTRAN77 and its structure is simple.
It is planned to link HYDRIL to a Geographical Information System through
an appropriate interface like AEGIS+ (Luyten et al. 1994). To facilitate use

of the present modei, a user manual has been prepared (Boyd and Best 1996).



- -
8 Discussion
. L £ tha A lant
The present model gives a reasonable description of the dynamics in plant
biomass and tuber bank density of an established Hydrilla population under a

environmental changes affecting the light climate and,
bon flow through the plant.

Extinction of light by periphyton has not been included in HYDRIL
because (a) the plant canopy tends to be at the water surface during most of
the growth season, (b) irradiance in the euphotic zone of the plant canopy
(upper layers) is often saturating (i.e., >600 uE.m?2.s™!; Van, Haller, and
Bowes 1976; Van, Haller, and Bowes 1978; Bowes, Holaday, and Haller
1979), and (c) no field data on periphyton available. It is expected that light
attenuation by periphyton largely affects submersed macrophytes with most of
their biomass concentrated just above the hydrosoil (like Ceratophyllum
demersum; Best and Dassen 1987; Best and Jacobs 1990) and macrophytes
/ith biomass never reaching the water surface (like Vallisneria americana;

Senescence, resulting in decreasing photosynthetic activity in ageing plant
parts, has been included into the model formulation. Since no data quantify-
ing these effects in Hydrilla were available, data collected for another sub-
mersed macrophyte, Ceratophyllum demersum (Best and Dassen 1987), were
used to calibrate the reduction factor accounting for ageing. Running th

water column, with not only most biomass in the upper portion of the commu-
nity but also most young plant parts.

w
~
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* SUBRROUTINE MODEI

LR | L g et T

* Authors: Elly Best & Will Boyd

* Warnings
* Subprograms called
* File usage

* Date : 18 August 1995 )
* FORMAL PARAMETERS: {(I=input,O=output,C=control,IN=init, T=time) *
* name type  meaning units class *
*DELT R4 Time step of integration d | *
*DOY R4 Day number within year of simulation (REAL) d i *
* FILEIN c* Name of file with input model data - | *
* FINTIM R4 Finish time of simulation (=day number) d I *
*IDOY 14 Day number within year of sumulahon (INTEGER) d [ *
*ITASK 14 Task that subroutine should perform ] *
*IUNITD 14- Unit of input file with model data - i *
*IUNITO i4 Unit of output file - ! *
*IUNITL 14 Unit number for log file messages - { -
*IYEAR 14 Year of simulation (INTEGER) y | *
* LAT R4 Latitude of site dec.degr. | *
_*LONG R4 Longitude of site dec.degr. i *
*ELEV R4 Elevation of site m | *
*OUTPUT L4 Flag to indicate if output should be done - ! *
* RAIN R4 Daily amount of rainfall mm.d-1 | *
*RDD R4 Daily shortwave radiation J m-2d-1l *
* STTIME R4 Stari time of simuiation {(=day number) d i .
* TERMNL L4 Flag to indicate if simulation is to stop - 1] *
* TMMN R4 Daily minimum temperature degrees C | *
* TMMX R4 Daily maximum temperature degrees C | *
* VP R4 Early morning vapour pressure kPa | *
*WN R4 Daily average windspeed mst1 | *
* WSTAT cé6 Status code from weather system - | *
*WTRTER L4 Flag whether weather can be used by model - 0] *
*YEAR R4 Year of simulation (REAL) y | *
* Fatal error checks : if one of the characters of WSTAT =4/, *
* indicates missing weather *

: none
: models as specified by the user
: lUNilU IUNITD+1,IUNITO,IUNITO+1,IUNITL

=3

N
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SUBROUTINE MODEL (ITASK , IUNITD, IUNITO, IUNITL,
& FILEIN,
& OUTPUT, TERMNL,
& DOY ,IDOY , YEAR , IYEAR,
& TIME | aTTh‘v‘uE FiNTh‘v‘n DELT,
& LAT I_Q_NC , ELEV | WSTAT , WTRTER,
& RDD ,TMMN TMMX VP WN RAIN)
*-----Title of the program
*  <Fillin your title here>
*  HYDRIL
IMPLICIT REAL (A-Z)
*-----Formal parameters

INTEGER ITASK, IUNITD, IUNITO, IUNITL, IDOY, IYEAR
LOGICAL OUTPUT, TERMNL, WTRTER

CHARACTER®*(*) FILEIN, WSTAT

DA NNV VEAD TIME QTTIAMED
NCAL UVT, TEANR, HIVIC, O1 1 IVIL,

REAL LAT, RDD, TMMN, TMMX, VP, W
REAL TMAX(365), TMIN(365)

*-----Standard local declarations

INNTERACD RMANAD ITNI N INAY

HNtLaLnivvvAn L UL, iund

CHARACTER WUSED"6

----- State variables, initial values and rates
REAL DVS |, NUL ,DVR
REAL TMPSUM

REAL TWLVD ,
REAL TWLVG,

REAL TWSTD,

REAL TWSTG,

DAt TWWDTH

LAl lywni v,

REAL TWRTG,

REAL TWSO

IWLVD , DLV
IWLVG , NGLV
IWSTD', DST

IWSTG , NGST

nA/IDTA NDOT
ivwwniw , vni

IWRTG , NGRT

,IWSO |, GSO

REAL TMP2

., INTUB , CKCFUN

* AAmAAl s rem e b e
-----iviOGei paitaineier

REAL AMX

REAL NPL

REALROC ,TL

'
jE DA NAITI ID NATLHE
[ ACAL INNITUD , NG

REAL TWGTUB, TWNTUB,
REAL HAR , HARDAY,

; *-----Auxiliary variabies
: DECAL AMAY AMATAAD ACDN cNcl N
MCAL AVIAA , AVTITIVIT , Ao\, WU oL,

REAL DAVTMP, DAY |, DAYL , YRNUM K WST
REAL DDTMP , DSO , DSINB , DSINBE

REAL DTEFF, DTGA ,FGROS, FLV | FRT
REAL FRT1 , FRT2 ,Pi , SUM
Appendix A Model Listing
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*
*
-

REAL FSO , FST ,GLV , GPHOT, GRT
REAL GST . GTW , MAINT , MAINTS, RDR
REAL RDS . REMOB,SC ,NTM , TGWM

REAL SINLD , TGW , TEFF , TRANS

REALTW "’LV , WRT
-----AFGEN functions
REAL AMDVST

fm o, o ITatVs

INTEGER |MAMUV iLAMDV
PARAMETER ("\AAI\A.H\I = An\

[ alatall [tey ey g iRl {Iat)

DIMENSION AMDVST(IMAMDV)
REAL AMTMPT
INTEGER IMAMTM, ILAMTM

MAMALArTITM /ILAALETAL
PARAMETER (IMAMTM = 40)

DIMENSION AMTMPT(IMAMTM)

REAL FLT
INTEGER IMFLT, ILFLT
PARAMETER (IMFLT = 40)

MILACTMIQIAANE l_i T osIAAC) T\
WHVIEINOIVUIN 'L | \l AFLT )

REAL FLVT

INTEGER IMFLVT, ILFLVT
PARAMETER (IMFLVT = 40)
DIMENSION FLVT (IMFLVT)
REAL FRTT

INTEGER IMFRTT, ILFRTT

PARAMETER (IMFRTT = 40)
DIMENSION FRTT (IMFRTT)
REAL FSTT

INTECED IMEQTT Il EQTT
N ITCGON viro 1 1, iLro i

A
PARAMETER (IMFSTT = 40)
DIMENSION FSTT (IMFSTT)
REAL LT, KT

INTEGER IMNT,ILT,IKT

DADANMITLCD /IMNI1 . AM
FARANVIC I CN (NN = SU)

DIMENSION LT(IMN1), KT(IMN1)
REAL NTMT, TGWMT
INTEGER IMMEAS, ILMEAS

2 p————

PARAMETER (IMMEAS = 40)
DIMENSION NTMT{IMMEAS)

LVILINOINJIN IN iV v

REAL RDRT
INTEGER IMRDRT, ILR
PARAMETER (IMRDRT

Tl Sl (aTalohs 118 lf:ﬁn
DIMENSION RDRT (vinun
REAlI RNOST

T Twwo

INTEGER IMRDST, ILRDST
PARAMETER (IMRDST = 40)
DIMENSION RDST (IMRDST)

Al AT

REAL WTMPT
INTEGER IMWTMP, ILWTMP

{l G} 0 {

PARAMETER (IMWTMP = 40)
DIMENSION WTMPT (IMWTMP)

, TGWMT(IMMEAS)
DRT

40)
™\
1)
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----- Used functions
REAL LINT , INSW

QAT
OAVE

DATA ITOLD /4/
*..---Code for the use of RDD, TMMN, TMMX, VP, WN, RAIN (in that order)
*  Aletter ‘U’ indicates that the variabie is used in caicuiations

DATA WUSED/UUU---Y

*-----Check weather data availability
IF (ITASK.EQ.1.0R.ITASK.EQ.2.0R.ITASK.EQ.4) THEN
DO 10 IWVAR=1,6

s there an error in the IWVAR-th wea

IF (WUSED(IWVAR:IWVAR). E SU'.AND.

& WSTAT(IWVAR:IWVAR).EQ.'4') THEN
WTRTER = .TRUE.

TERMNL = .TRUE.

END IF
10 CONTINUE
END IiF

IF (ITASK.EQ.1) THEN

* INITIALIZATION SECTION
* __..Qond titla tA Aritra it fila

WOHIW TRIC W UU‘P‘-“ e
*-----Open input file

CALL RDINIT (IUNITD, IUNITL, FILEIN)

T Read initial states

CALL RDSREA ('INTUB 'INTUB )
Al DNCREA I\WI /D) I\WWI /D \

UALL MU IV Vv gevL vy

CALL RDSREA ('IWLVG "IWLVG )
CALL RDSREA ('TWRTD IWRTD)
CALL RDSREA (IWRTG IWRTG)

o~ -

CALL RDSREA ('IWSO 'iWSO )
CAll DNCREA I'I\AIQT!‘\ ' I\AIQTI‘\)

WALL NMUWOIMEA (IO T U LIvIo W

CALL RDSREA (IWSTG 'IWSTG)
CALL RDSREA (NUL 'NUL )
CALL RDSREA ('REMOB ', REMOB )

* e Daad mndal naramatarce

STSSSIiTaAuU HNVUCH parainnicilcio

CALL RDSREA ('AMX 'AMX )
CALL RDSREA (ASRQSO'ASRQSO)
CALL RDSREA (‘CVT 'CVT )

~ormre nA\n—n‘lnA\lr-ll

CALL RDSREA ('DAYEM "\DAYE )
CALL RDSREA ('DEPTH '\DEPTH

Mol T O teed

CALLRDSREA(EE “EE )
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CALL RDSREA ('HAR ‘HAR )

CALL RDSREA (HARDAY',HARDAY)
~Al DNCDEA MUIADNEDR! HMARNDERP)
UALL NMUONCA \TIARIUVL jriniivier

CALL RDSREA (‘NINTUB',NINTUB)
CALL RDSREA (NPL 'NPL )
I(YRNUM .EQ. 1.) CALL RDSREA (NT 'NT )

P e o | a0\

CALL HUth:A(L.HU LQi0 )
CALL RDSREA ('RC "RC )

WMol T/ T Y

CALL RDSREA (RCSHST'!RCSHST)
CALL RDSREA ('RDTU ',RDTU )
CALL RDSREA ('REDAM ',REDAM )

~enry— \

CALL RDSREA (‘(ROC ‘' ROC )
CAll RDSREA !'DTQ 'RTR )

(IS RISy el oS AR NARER

CALL RDSREA ('TBASE ‘TBASE)
CALL RDSREA ('TL ' TL )

ead AFGEN functions

L RD ,ADI:A (AMDVST' AMDVST IMAMDV IL AMDV)

L L% S| WIS V2 Vil V2

CALL RDAREA (‘AMTMPT‘ AMTMPT, IMAMTM ILAMTM_)
CALL RDAREA ('FLT 'FLT ,IMFLT, ILFLT)
CALL RDAREA ('FLVT ‘FLVT IMFLVT,ILFLVT)

MAALL MMNANCA ACQTT tCQTT MACQTT I CQTT
VALL AUARCA (FOl 1l ,Fot i IIVII"'DI ,JLroit)

CALL RDAREA ('FRTT 'FRTT ,IMFRTT,ILFRTT)
CALL RDAREA ('KT ‘KT ,IMN1 JKT )

CALL RDAREA (LT ‘LT IMN1 ILT )

CALL RDAREA (NTMT _NTMT ,IMMEAS, ILMEAS)

AALL DNADCA /DNDT 'ONDT IMDORT I DNDTY
wALL nivARCA { nuni JMwna ivinpna gaenunit)

CALL RDAREA ('RDST ‘,RDST ,IMRDST ILRDST)

CALL RDAREA (TGWMT TGWMT JIMMEAS,ILMEAS)
CALL RDAREA (WTMPT "WTMPT ,IMWTMP ILWTMP)

----- Initially known variables to output

*  Send titie(s) to OUTCOM

----- Initialize state variables
- Start at the beginning of the developmental cycle

DVS =NUL
TMPSUM = NUL

----- Initialize weights of plant organs

IF (YRNUM .EQ. 1.)THEN
TWLVD = IWLVD

TWLVG = IWLVG
TWSTD = IWSTD.
TWSTG = IWSTG
TWRTD = IWRTD
TWRTG = IWRTG
TWSO =IWSO
ENDIF

A6

Appendix A Model Listing



- RATES OF CHANGE i

\"\'IST TWSTG + TWSTD
WRT =TWRTG + TWRTD
TGW = (TWLVG + TWSTG + TWRTG) /0.86

.o* Total live wamhf never >200 g DW/m2

TGW = AMIN1 (TGW, 900)
TWSO = TGW - (TWLVG + TWSTG + TWRTG)

RATE CALCULATIONS

*-----Julian day number

MAV L ¥ Tain 1 —
UAT = 1.+NMIUU (1 IviE- 1.
*-----If water temperatures are available, temperature
* dependent processes are related to water temperature;
* otherwise they are related to air temperature with a
*  lag period of 7 days
WTMP = LINT (WTMPT ILWTMP DAY)
IDAY = DAY

TMAX(IDAY) = TMMX

an ant

T IVHNUUI‘\Y) = TMMN
IF (ﬂAV LE. 7. m THEN

DAVTMP = 0.5 * (TMAX(1)+TMIN(1))
DDTMP = TMAX(1) - 0.25 * (TMAX(1)-TMIN(1))
ELSE

IF (WTMP .GT. 0.0) THEN

DAVTMP = WTMP
DDTMP = WTMP

ENDIF
TEFF = Q10**((DAVTMP-20.)/10.)

A7



---Relative tuber growth rate
RTRL =RTR * TEFF

AT G AATT AL YAV

L' T (NTMT,ILMEAS,DAY)
= LINT (TGWMT,ILMEAS, DAY)

---Measu ed tuber numbers and measured total Irve plant dry weight
NTM

---SBRT ASTRO call to introduce day length into MAIN

CALL ASTRO

~ an -

:a(UAY'LAI SC,D

(%3]
o
2]

----Tuber behaviour; carbohydrate remobilization for plant

formation from germinating tubers at proper day length
and temperature conditions; carbohydrate translocation

S S, PR Al b mem Ant

from plams to form new tubers pruvrueu piants are preseni

TWTUB = (NT - (NGTUB+NTUBD)) * INTUB + TWNTUB
IF (TWTUB .LE. 0.0)TWTUB = 0.00001 -

iF (TWTUB .EQ. 0 .AND. DAY .EQ. 1)THEN
WRITE(*,*) There are no tubers I! -- Press <ENTER> '
READ(*,")

STOP

ENDIF

IF (DVS .GE. .326) THEN

TWGTUB = INTGRL (TWGTUB,- REMOB,DELT)

TWGTUB = AMAX1(0.0,TWGTUB)
REMOB = TWGTUB * ROC * DTEFF

If (DVS .GT. 1.0 AND DAYL .LT. 13.0)THEN
If (ODDTMP .GT. 14.0 .AND. DDTMP .LT. 33.0)THEN

---Set the new tuber number ... and total dry weight of the

new tubers
If (NNTUB EQ. 0. AND. TGW .GT. 0.1) THEN
NNTUB = NPL * NINTUB
TWCTUB = NNTUB * 0.08

TWNTUB = 0.0

PRIy WYy

N ot it A e tribanen
--Utnerwis Illegfdle 39 IIIIU Wﬁlg it of new tuoers

FIQQ IF(TGW .GT. 0.1) THEN

TWNTUB INTGR L(TW TUB, RTRL, DELT)
Endif

cC M
IF (TWNTUB .GE. TWCTUB .OR. TGW .LT. 0.1

IF (TWNTUB .GE. TWCTUB) THEN

)]
n

--Add new tubers to the total number of dormant tubers

NDTUB = NDTUB + NNTUB

)i

[0 4]
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*.-—-Calculate a new value for dead tubers based on new tubers

* PR P PP e By
aaaea aodve

NTUBD = NTUBD + (RDTU * NNTUB)
*-----Reset new tuber number and welght back to zero

NNTUB =0.0

TWNTUB = 0.0

[=4 Nin1]=
[=th 1941

ENDIF

TRANS = RTRL * CVT
ELSE
TRANS = 0.0

CNNIC
iU

ELSE
TRANS = 0.0

ENDIF
ELSE
TRANS = 0.0

TIAINGD = V.V

ENDIF

*-----Recalculate tuber numbers daily
IF (DAY .GT. 1.0) THEN

*-----NNTUB not added because they were included in NDTUB when
* reaching the total critical dry weight of new tubers TWCTUB
NT = NDTUB + NGTUB - NTUBD

P R

NT = AMAX1 (0.0001,NT)
NDTUR = NT - I\‘ICTIVB

ENDIF

*-----Dry matter and its partitioning over the plant organs

TW =TGW + (TWLVD + TWSTD + TWRTD)

FLV = LINT(FLVT ,ILFLVT,DVS)
FST = LINT(FSTT ILFSTT,DVS)
FRT = LINT(FRTT ,ILFRTT,DVS)

ey P e VT

FL = LINT(FLT JLFLT ,DVS)

r:cn_n1/|'lr:| \/ . EQTJ.‘:DT
= JSWLY FIrOos T 0o

*----~Growth of plant organs, maintenance respiration and translocation
ASRQ = 1.46*FLV+1.51"FST+1.44*FRT+ ASRQSO*FSO

MAINTS = Umb TWLVG+0.01*TWSTG+0.015"TWRTG+0.01"TWSO
MAINT = MAINTS * TEFF

WVIAAN - vu—\u

GTW = (.67*REMOB + GPHOT - TRANS - MAINT) / ASRQ
GRT = FRT * GTW
GST = FST * GTW

oenen Relative death rates
RDR = INSW (DV

TOSVAL SN S

RDS = iNSW (Lv

U)O'J

AN TR AP

2,0 ,LINT (RDRT,ILRDRT,DAVTMP))
.2,0.,LINT (RDST,ILRDST,DAVTMP))




—a o

*-----Development rates

IF(DAVTMP .LT. 3.0) THEN
DVR = 0.0

ELSE IF (DVS.LE.1.) THEN
DVR = 0.012*DAVTMP/30

ELSE IF (DVS.LE.4.0) THEN

V.. 9.V

DVR = 0.012*DAVTMP/30
ENDIF

----- Calculation of astronomic daylength
CALL ASTRO i
$ (DAY,LAT,SC,DS0,SINLD,COSLD,DAYL,DSINB,DSINBE)

*-----Temperature sum after 1.january

DTEFF = AMAX1(0.,DAVTMP-TBASE)
DLV =TWLVG * RDR
DST =TWSTG * RDR
DRT =TWRTG * RDR

----- Shoot photosynthesis at light saturation and daytime
temperature effect on shoot photosynthesis
AMAX = AMAX1(0.00001,AMX * AMTMP)
AMAX = AMAX * REDAM
AMTMP = LINT(AMTMPT,ILAMTM,DDTMP)
----- Before calling TOTASS, determine light extinction
coefficients of plants (K) and of water (L)
L = LINT(LT,ILT, TIME)
K = LINT(KT,IKT,DVS)

----- Daily total gross assimilation

CALL TOTASS
$ (SC,DAYL,SINLD,COSLD,DSINBE,RDD,RC,L,K,AMAXEE,
$ TLDEPTH,RCSHST,TGW,FGROS,FL,FLV,FST,FSO,WLV,WST,
$ DAY ,HARHARDAY,HARDEP,DTGA)

*-----If harvesting takes place, weights various plant organs must be

*

recalculated (TWSO,TWLVG, TWSTG,TWRTG,TW)
IF(HAR .EQ. 1. AND. DAY .EQ. HARDAY) THEN
TWSO =0.14 * TGW
TWLVG = FLV * (TGW - TWSO)
TWSTG = FST * (TGW - TWSO)
TWRTG = FRT * (TGW - TWSO)
TW =TGW + (TWLVD + TWSTD + TWRTD)
ENDIF

-----Conversion assimilated CO2 to CH20
GPHOT = DTGA * 30./44.

>
-~
O
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*-----Total and net growth rates
QLTW (D R? oeaANnQ GDLI

Tine

=
-~
0
>
AZ
w
"
=
2
Z
=)
>
wn
D
0

Givy = \V.VU7 kv +

GRT = FRT * GTW
GST =FST *GTW
GSO =FSO *GTW

7~ e 1V & ANTIAS

QLV =FrLV  Qlvy

NGLV = GLV - DLV
NGST = GST - DST.
NGRT = GRT - DRT

R Finish conditions

Sis LU LGV IS

IF (DVS.GT.4.0 .OR. DAY .EQ. 365.) TERMNL = .TRUE.

*-----Output section

T 2N 1T Ty 'rn r—

iF (OUTPUT) T
CALL Ol lTnAT 19 0,'DAVTMP, nA\/TMP\

= L \& Y,y

CALL OUTDAT (2,0, DAVL *DAVL )
CALL OUTDAT (2,0,DDTMP '.DDTMP )
CALL OUTDAT (2,0,DVS 'DVS )

CALL OUTDAT (2,0,FGROS ',FGROS )

CALL QUTDAT (2,0,'NDTUB 'NDTUR )

CALL OUTDAT (2,0, NGTUB 'NGTUB )
CALL OUTDAT (2,0,NNTUB ',NNTUB)
CALL OUTDAT (2,0'NT 'NT )

CALL OUTDAT (2,0.'NTUBD ',NTUBD )

CALL .OUTDAT (2,0,'REMOB ' REMOB )

CALL OUTDAT (2 0,'TGW TGW )
CALL OUTDAT (2,0, TGWM " TGWM )
CALL OUTDAT (2,0,'TRANS ''TRANS)
CALL OUTDAT (2,0,'TW TW )

CALL QUTDAT {2,(_) "TWLVD ‘ TWLVD \
CALL OUTDAT (2.0, TWLVG " TWLVG )
CALL OUTDAT (2,0, TWNTUB', TWNTUB)
CALL OUTDAT (2,0, TWRTG ', TWRTG )

CALL OUTDAT (2,0, TWSO ", TWSO )

CALL OUTDAT (2,0, TWSTD ', TWSTD )
CALL OUTDAT (2 0, TWSTG " TWSTG )
CALL OUTDAT (2,0, TWTUB ' TWTUB)

END IF

TMPSUM INT(‘RI (TMPSUM,DTEFF 'DELT
TWLVD = INTGRL (TWLVD ,DLV ,DELT)
TWLVG = NTGRL (TWLVG ,NGLV ,DELT)
TWLVG = AMAX1 (0.0, TWLVG)

TWSTD = INTGRL (TWSTD ,DST ,DELT)

TWSTG = INTGRL (TWSTG ,NGST ,DELT)
TWSTG = AMAX1 (0.0, TWSTG)
WTRTD = INTGRL (TWRTD ,DRT ,DELT)
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TWRTG = INTGRL (TWRTG ,NGRT ,DELT)
TWRTG = AMAX1 (0.0, TWHTG)
NTUBPD = NTUBD

NTHION INITRD! /NTIH
NITUDU S nNiane (viv

=]
NTUBD = NTUBD - NTUB

Dr
P

ITOLD = ITASK

RETURN.

[ N InY

ciNU
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b 3.1 ASTRO

* SUBROUT!NE ASTRO

* Authors: Daniel van Kraalingen

* Date :9 August 1987

* Modified by Jan Goudriaan 4 Febr 1988
oo

* Modified by Jan Goudriaan and Kees Spitters 7 December 1989 *
* Purpose: This subroutine calculates astronomic daylength and photoperiodic dayiength.*
* and diurnal radiation characteristics such as daily integral of sine of solar *
* elevation, solar constant. Measured daily total of global radiation is used to find *
* atmospheric transmissivity and fraction diffuse radiation. *
* FORMAL PARAMETERS: (I=input,O=output,C=control,IN=init, T=time) .
* name meaning units class *
* *
* DAY Day number (Jan 1st = 1) - i *
* LAT Latitude of the site degrees | *
* DTR Measured daily total global radiation Jm-2d-1 | *
* 8C Solar constant : ’ Jm-2s1 0 *
* DSO Daily extraterrestrial radiation - Jm-2d-1 0 *
* SINLD Seasonal offset of sine of solar height - o -
* COSLD Ampiitude of sine of soiar height - o -
* DAYL Astronomical daylength (base = 0 degrees) h c -
* DSINB Daily total of sine of solar height s o -

s o -

* DSINBE Daily total of effective solar height

TAL ERROR CHECKS (execution terminated, message)

-
i}
\4
2]

N
I"
>
ot}
o
J

iIONS caiied : none

PARAMETER (Pi=3.141592654, RAD=0.01 453292)

*-----Check on input range of parameters
IF (LAT.GT.67.) STOP ‘ERROR IN ASTRO: LAT > 67'
IF (LAT.LT.-67.) STOP ‘ERROR IN ASTRO: LAT <-67'

*-----Declination of the sun as function of daynumber (DAY)
DEC = -ASIN(SIN(23.45*RAD)*COS(2.*PI*(DAY+10.)/365.))
*-----SINLD, COSLD and AOB are intermediate variables
SINLD = SIN(RAD*LAT)"SIN(DEC)
QQSI_D ("(')QIQAD'I LAT)*COS(DEC)

Appendix A Model Listing



*-----Daylength (DAYL)
DAYL = 12.0*(1.+2.*ASIN(AOB)/PI)

DSINB = 3600.*(DAYL*SINLD+24.*COS! n-ean( -AOB*ACB)/P))

S = OOV T DT TaS., Vworw Oaa

DSINBE= 3600. "(DAYL'(SINLD+O 4*(SINLD*SINLD+COSLD*COSLD*

$ 12.0*COSLD*(2.0+3.0"0.4*SINLD)*SQRT(1.-AOB*AOB)/PI)

*-----Solar constani (SC) and daily extraterresiriai (
1370. ‘{1 +0 n’lQ'PﬁQ(O *PI*DAY/3865 \\

SC = +0.033 DAY/365.

DSO = SC'DSINB
RETURN
END

DS0)

Al14
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3.2 TOTASS

-

* SUBROUTINE TOTASS

* Authors: Daniel van Kraalingen

Date : 1 December 1987

Modified by Jan Goudriaan 5-Febr-1988

Modified by Jan Goudriaan and Kees Spitters 7 December 1989
Units modified by Elly Best & Will Boyd 28 July 1995

Agrobiological Research (CABO-DLO).)

*
.
*
*
-
*
*
*
*
*
*
*
*
*
*
-
*
*
*
*
*
*
*
*
*
*
*
*
*

Centre for

FORMAL PARAMETERS: (l=input,O=output,C=control,IN=init, T=time)

name meaning : units  class
SC Solar constant Jm-2s-11
DAYL Day length (base = 0 degrees) h |
SINLD Intermediate variable in calculating solar declination - |
. COSLD Intermediate value in calculating solar height - |
DSINBE Daily total of effective solar height s !
DTR Measured daily fotal of global radiation J m-2 d-1l
RC Reflection coefficient of irradiation at water surface |
(relative)
L Water type specific light extinction coefficient |
K Plant species specific light extinction coefficient - |
AMAX Assimilation rate at light saturation for g CO2 g DW-1 h-1l
individual shoots
EE Initial light use efficiency for individual shoots g CO2 J-1i
TL Thickness per plant layer m |
* DEPTH Water depth m 1
* RCHSHST Relation coefficient tuber weight-stem length m g DW-1i
*TGW Total live plant dry weight g DW m-2i
* FGROS Instantaneous assimilation rate of whole g CO2 m-1 soil h-10
* canopy
* FL Leaf dry matter allocation to each layer of plant |
* FLV Fraction of total dry matter increase all. to leaves |
* FST Fraction of total dry matter increase all. to stems |
* FSO Fraction of total dry matter increase |
* allocated to storage compound
* WLV Dry weight of leaves gDWm-21
* WST Dry weight of stems gDWm-21
* HAR Harvesting - |
* HARDAY Harvesting day number d |
* HARDEP Harvesting depth m |
* DTGA Daily total gross assimilation g CO2 m-2d-10
* SUBROUTINES and FUNCTIONS called : ASSIM
* FILE usage : none

Purpose: This subroutine calculates daily total gross assimilation (DTGA) by performing*
a Gaussian integration over time. At three different times of the day, radiation is
computed and used to determine assimilation whereafter integration takes place. *
(Source: Post-graduate Course ‘Simulation of plant growth and crop production.
Pontignano, Siena, Italy;3-12 November, 1992. Dept. Theor. Production Ecol.
(TPE-WAU), Wageningen Agricultural University, and DLO-

*

-

*
*
*
*
L]
*
*
-
-
*
-
*
*
*
*
*
-
*
*
*
-
*
*
*
*
*
-
*
*
*
-
*
*
*
-
*
-
*
*
*
-
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SUBROUTINE TOTASS (SC,DAYL,SINLD,COSLD,DSINBE,DTR,RC,L K,

AMAX,EE,TL,DEPTH,RCSHST, TGW,FGROS,FL,

9 B
i
r
<
q
Y
5
Y]
O
<
-
r
<
<
-
7,
T
3
]
3
b
J
C
p:

HAHDEPiDTCzA)

IMPLICIT REAL(A-Z)
REAL XGAUSS(3), WGAUSS(3)

INITCRCD I Ao
nNircacn i, KaAvoo

PARAMETER (Pi=3.141592654)

DIGA=0
NnO 40 =4 I AlICS
LW iV H= 1L, IanuvOoo

*-----At the specified HOUR, radiation is computed and used to compute
assimilation
HOUR = 12.0+DAYL"0.5"XGAUSS(II)

Feeee- Sine of solar elevanon

SINB = AMAX1(0.,SINLD+COSLD*COS(2.*PI*(HOUR+12.)/24.))

+ *-----Diffuse light fraction (FRDIF) from atmospheric transmission

* IATAATOY
\Rviiny

PAR = 0.5"DTR*SINB*(1.+0.4*SINB)/DSINBE
ATMTR = PAR/(0. 5'SC’SINB)

FRDIF =1.47-1.66"ATMTR

iIF (ATMTR.LE.0.35.AND.ATMTR.GT.0.22) FRDIF=1.-6.4*(ATM

IE/ATMTR I E 09292y EONIC_
A v NLLE.v.EL) Fnwvinr =1.

FRDIF = AMAX1(FRDIF,0.15+0.85*(1.-EXP(-0.1/SINB)))
*..—-Diffuse PAR (PARDIF) and direct PAR (PARDIR)
PAR = 0.5'DTR*SINB*(1.+0.4"SINB)/DSINBE

PARDIF = MIN (PAR,SINB*FRDIFTATMTR®0.5°SC)
PARDIR = PAR-PARDIF
CALL ASSIM

$ (PARDIR,PARDIF,RC,L,K,AMAX,EE,TL,DEPTH, RCSHST TGW,

$ FL,FLV,FST,FSO,WLV,WST,DAY ,HAR,HARDAY , HARDEP,ii, FGROS)

*-----Integration of assimilation rate to a daily total (DTGA)
DTGA = DTGA+FGROS*"WGAUSS(Il)
10 CONTINUE
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S T T R RT R  RTIRR BT

b 3.3 ASSIM '"'
* Authors: Elly Best & Will Boyd *
* Date :28July 1995 *
* Purpose: This subroutine performs a instantaneous calculation of light profile in the  *
* water column, light absorbed by the available for photosynthesis, and assimilation*
* at all these depth layers. The depth-integrated variable is FGROS. *
* ‘At harvesting, the plant material is removed per depth layer from the existing *
* biomass *
* FORMAL PARAMETERS: (I=input,O=output,C=control,IN=init, T=time) *
* name meaning units class *
* PARDIR Instantaneous flux of direct radiation (PAR) Wm-2 | *
* PARDIF Instantaneous flux of diffuse radiation(PAR) Wm-2 | *
* RC Reflection coefficient of irradiation at *
* water surface (relative) - - ] *
L Water type specific light extinction coefficient m-1 i *
* K Plant species specific light extinction coefficient m2 g-1DWI *
* AMAX Assimilation rate at light saturation for gCo2 | *
* individual shoots g DW-1 h-1 "
* EE Initial light use efficiency for individual shoots gCO02J-11 *
*TL Thickness per plant layer m | *
* DEPTH Water depth m | *
* RCHSHST Relation coefficient tuber weight-stem length m g-1DW | *
* TGW Total live plant dry weight gDWm-21 *
* FL Leaf dry matter allocation to each layer of plant - | *
* FLV Fraction of total dry matter increase - | *
* allocated to leaves *
* FST Fraction of total dry matter increase - | *
* allocated to stems *
* FSO Fraction of total dry matter increase - 1 *
* allocated to storage compound *
* WLV Dry weight of leaves gDWm-21 *
* WST Dry weight of stems gDWm-21| *
* HAR Harvesting - ] *
* HARDAY Harvesting day number d l *
* HARDEP Harvesting depth m | *
* Counter in DO LOOP, indicates 1 of 3 times - | *
* per day (HOUR) .
* FGROS Instantaneous assimilation rate of the plant gCoO2m-2h-10 *
* SUBROUTINES called : none *
* FUNCTIONS called : AFGEN *
* FILE usage : none *

SUBROUTINE ASSIM (PARDIR,PARDIF,RC,L.K,AMAX EE,TL,

$ DEPTH,RCSHST, TGW,FL,FLV,FST FSO,

$ WLV ,WST,DAY HAR,HARDAY HARDEP,II,

$ FGROS)

Appendix A Model Listing

A17



R LBELOW (integer) .. Layer number going from bott

IMPLICIT REAL(A-Z)
REAL DMPC(6), SC(100), IRZ(100) , IABS(100), IABSL(100)
REAL HIG(100), AH(100), REDF(i00), SumZ

IAITECACD 10AN4 1M
INTEQER IWVINT, iINCU, L, LOOP, Layers, | Below, LAY, Il

PARAMETER (IMN1 = 40)
REAL REDFT(IMN1), DMPCT(IMN1)

----- Read AFGEN functions

. oT o cT
CALL RDAREA ('REDFT ' REDFT |

CALL RDAREA ('DMPCT ',.DMPCT, IMN1 |ILAY

*-----Irradiation just beneath the water surface

IRS = PARDIR + PARDIF

)=IRS * (1.0 - RC)

----- Canopy assimilation is set to zero
FGROS = 0.

-----Determine total number of layers in the given water depth
LOOP = INT (Depth/TL + 0.1) + 1

----- Water depth must be greater than 0.8m to use this distribution

method; otherwise, go to ELSE which will distribute biomass equally
IF (LOOP .GT. 9) THEN

----- Dlstrrbute 80% of total plant biomass in 1st 6 layers
DO 101=1,6
VAL = REAL ()
NAMDCMY — T INT (nhﬂD(‘T

LIV U\l, —_— il \IJIVII A
SC(l) = TGW * DMPC(l)
10 CONTINUE

LAY VA

Bi=a} ,v:‘L

H
.
[}
.
- Q
@
2.
s
<
[¢]
b
B
2
o,
o
e}
3
o]
w
(7]
5
=
]
5
E
<
5 ¢
[72)
s
= X
> &
C
3 §

LOOP (rnteger) Number of 0. 1m water layers
LAYERS (integer) .. Layers remaining after initial 6
----- SUMZ (real) Summation of layers 7 through LOOP

[NelniNatlY PR e mieoma b m e el e 4 4
119} L

----- 7 Is the 1st 6 layers + the bottom 1 layer (roots)
LAYERS = LOOP - 7
SUMZ = (LAYERS/2.0) * (LAYERS+1.0)

DO 20! =7L00P-1

[

LBELOW = LAYERS - (I-6) + 1.0
SC(l) = (LBELOW/SUMZ) * (TGW * 0.14)
20 CONTINUE
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ELSE

*-----If water depth is 0.8m or less, plant biomass is distributed
* evenly over the existing layers

DO 22 =1,LOOP-1

SC(I) = TGW * (.94/(LOOP-1))

09 CONTING IE
£ VNVIN TIINY

ms

ENDIF

*-—--Distribute 6% of biomass in the iast iayer (roots)

QO OOPY - TG * 0.08
SuwiLvvir =

;1
T
» >
>
O
>
pd
o
CJ
' m
O
T
>
o)
®)
>
1=
_'
s T
" m
z

. DEPTH) A F‘i"EP DEPTH
EP/A
SC(l) = 0. 0
25 CONTINUE

*-----Reset iotal iive weight (TGW) to zero
IF(Il EFQ ZYTGW =00
IF(Il EQ. )TGW = 0.0
ENDIF

DO 501 =1,L00P

* e Total irra
LAl i G\J!

iatin o)
IRZ(1+1) = IRZ(1) * EXP(
IF(SC(l) .EQ. 0.0) GO

nnnt
nont

1
it Uil
*

*L-K"SC(l))

acrophyie community

\'QP"\'V’IV’QPII\J [o3h M D
] O] TV Oty L)

*----«Radiation absorbed by

IARQINY — (1IRZ/1). ID7
IRDO\Yy = (nayyning

=3

*-----Radiation absorbed by leaves, excluding bottom layer
IF(l .LT. LOOP) IABSL(l) = IABS(I) * FL
IF(IABSL(i) .EQ. 0.0)GOTO 30

*-----Height on top of stratum | measured from the water surface
HIG(l) = TL * (LOOP - 1)

*-----Absolute height of vegetation on top of stratum i, measured

* from tha tnn nf the nlant
from the iCp O ine piant

AH(I) = STEMLE - HIG(1)

*-----Reduction factor over the vertical of the vegetation
REDF(i) = LINT(REDFT,IRED,AH(}))

*-----Instantaneous CO2 assimilation rate per depth layer
FGL = SC(I)*AMAX*REDF(I)*(1.-EXP(-EE"IABSL(1)*3600. /
$ (AMAX*REDF(1)*SC(1))))
GOTO 40
WFGEL =00

(R4S B S SRR VR Y

40 FGROS = FGROS + FGL
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i
]
14
E
‘
:
:
¢
‘
i

. HAPP |
51ed, 1ive pi

IF (HAR.EQ.1 .AND. DAY.EQ HARDAY .AND. ILEQ.
TGW = TGW + SC(l)
ENDIF

50 CONTINUE

[ Xint] =
cINUIIr

RETURN
END

>

(@]
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* MODEL DAT file .
* contains: - Initial constants as far as specified with INCON statements,
* - Model parameters,

AN £ovon mbiomenes

- AFQGEIN 1UNCUOTS, )
- A SCALE array in case of a general transiation

File: HYDRIL.FOR

L T S S )

—

IWLVG

NAIMTM

iWRTD
IWRTG
IWSO

IWSTD
IWSTG

NUL
REMOB

wononowononn

LooooPOOoO

nwn

* Model parameters

-

\VisINIR]

YRNUM
AMX
ASRQSO
CVvT
DAYEM

nNeERTE
vcrin

EE

HAR
HARDAY
HARDEP

ATIAITI DY

NINJTUD
NPL
NT
Q10

RC

nACILIOT

RCSHST
RDTU
REDAM
ROC
RTR
TBASE
T

e

—_ O
wn
©

nowonon
- h O

n

NN NONOO 440

o W,
ISk

nn

"
-
n

W owon
oconw™ae oo
oD O

N
»

1

OWROOO SN

o
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* AFGEN functions

* AMDVST

e V2

AMTMPT

* DVRT

FLVT

FSTT
FRTT
FLT

e o

WTMPT

YV §vid

NTMT

TGWMT =1,

=

YO WOoONWo O o

non

o~
8.‘1
S w
U'\-A4m
O—A

. 1.
001, 16.,0.53, 20., 0.97, 24.,1.,
0 0.00001 :

©
F-N
O
G’
o~

5050 S

., 0.033, 50., 0.033
. 0. 033 50., 0.033

2‘1 2.0, ,2‘1 3.0,.10,4.0,.10,5.0, .09, 6.0, .09
0.0 46., 0.0, 135., 0.0, 227., 0.0, 319, 0.0, 365., 0.0

" 330, 46., 330., 135., 128., 227., 128., 319., 362., 365., 120.
" 46.,380., 135, 495., 227., 239.2, 319., 112.1, 365., 154.

LI (| {1 I [ | A |}

-
(o2}

>

N
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* TIMER file contains:

* - The used DRIVER and TRACE in case of GENERAL translation
* - The TIMER variables used in both transiation modes

* - Additional TIMER variables in case of GENERAL translation

* - The WEATHER control variables if weather data are used

* - Miscellaneous FSE variables in case of FSE translation

"

* File: HYDRIL.FOR

*

NERAL and FSE translation modes

* TIMER variables used in
STTIME =1.
FINTIM = 365.
DELT =1.
PRDEL 1.
IPFORM =4

| start time
i finish time

! time step {for Run

! output time step
! code for output table format:
' 4 = spaces between columns

i 5 = TAB's between coiumns (spreadsheet output)
! 6 = two column output

| The string array PRSEL contains the output variables for which formatted tables
I have to be made. One or more times there is a series of variable names terminated

| by the word <TABLE>

1 4~ DO —
! to PRSEL = !

* DAVTMP,
* DAYL °,
* 'DDTMP ",
*'DVS
*'FGROS ",

*'NDTUB ',
*'NGTUB ',
*‘'NNTUB *,
NT
*'NTUBD ',
*'REMOB ",
TGW ',
*TGWM ¢
*TRANS ',
'T\AI ‘.

*'TWLVD ',

o an
I aov

narat
raie

a

P PN IAIT dmd menm m et

.The transiator writes the variabies in each PRINT statement
tahla

auvic.

! Switch variable whether to copy the mnm files

! to the output file ('N' = do not copy, 'Y' = copy)
! Switch variable what should be done with the
! temporary output file (N' = do not delete, 'Y' =

| indicates where we:

! go (1101 means errors

delete)

error and wauungb
mnne to Inn
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*|OBSD = 1991,182

| file, errors to screen, see FSE manual)
! List of observation data for which output is

HW N Annmoiot Af nales

| required. The list should consist of pairs
| <year> <day> combination

* WEATHER control variables

-

WTRDIR ='C:\SYS\WEATHERY

CNTR ="'USA' | Country code

ISTN =1 | Station code

IYEAR = 1980 | Year

>

n
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~ An ta b rrand b OO 9
naimes 10 oe used Uy roo L

* CONTROL data file contains:
. - File names
. - The input files (except FILEIR) may used in reruns; up to five input

v

data files may be used (FILEH 5)

FIiLEON = 'RES.DAT' | Normal output file

FILEOL ="'MCDEL.LOG ! Log file

FILEIR = 'RERUNS.DAT' ! Reruns file

FILEIT = 'TIMER.DAT' | File with timer data

FILEN = ‘MODEL.DAT' I First input data file
*FILER2 =" ! Second input data file (not used)
* FILEIS =" ! Third input data file (not used)
* FILEI4 ="' ! Fourth input data file (not used)
* FILEIS ="' | Fifth input data file (not used)
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Abbreviation Explanation Dimension
AH() Absolute height of vegetation on top of stratum I, m
measured from the plant top i
AMAX Actual CO, assimilation rate at light saturation for gC0,.gDW hr
individual shoots
AMTMP Daytime temperature effect on AMX (relative) -
AMTMPT  Table of AMX as function of DVS - -
AMX Potential CO, assimilation rate at light saturation for gCO,.gDW . hr!
shoot tips 7
ASRQ Assimilate requirement for plant dry matter production g CH,0.g DW!
ASRQSO Assimilate requirement for storage component gCH,0.g DW!
production stor.organ
ATMTR Atmospheric transmission coefficient -
COSLD Intermediate variable in calculating solar height -
CVT Conversion factor of translocated dry matter into CH,O -
DAVTMP  Daily average temperature °C
DAY Day number (January 1=1) day
DAYEM First Julian daynumber - day
DAYL Daylength I
DDTMP Daily average daytime temperature °C
DEC Declination of the sun radians
DEPTH Water depth m
DLV Death rate of leaves g DW. m?2.day’!
DMPC(i) Dry matter allocation to each plant layer (relative) -
DSINB Integral of SINB over the day s.day™!
DSINBE Daily total of effective solar height s.day’!
DRT Death rate of roots g DW. m?.day”!
DSO Daily extra-terrestrial radiation J.m? .day?!
DST Death rate of stems g DW.m2.day"!
DTEFF Daily effective temperature °C
DTGA Daily total gross COz assimilation of the plant g CO,.m?2.day’!
DTR Measured daily total global radiation J.m2.day’!
DVR Development rate day’!
DVRT Table of DVR as function of temperature day’!,°C
DVS Development phase of the plant -
EE Initial light use emcxency for shoots g CO, . J1
FGRGS Instantaneous CO, assimilation rate of the plant g CO,.m2hr'!
FGL Instantaneous CO, assimilation rate per depth layer g CO,.m2 hr!
FL Leaf dry matter allocation to each layer of the plant -
(relative)
FLT Table to read FL as function of DVS - -
FLV Fraction of total dry matter increase allocated to leaves -
FLVT Table to read FLV as function of DVS -
FRDIF Diffuse radiation as a fraction of total solar radiation -
FRT Fraction of total dry matter increase allocated to roots -

o |
N
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FRTT Table to read FRT as function of DVS - -
FSO Fraction of total dry matter increase allocated to storage -
compounds
FST Fraction of total dry matter increase allocated to stems -
FSTT Table to read FST as function of DVS - -
FTUB Fraction of total dry matter increase allocated to tubers -
GLV Dry matter growth rate of leaves g DW.m™?.day’!
GPHOT Daily total gross CH,O assimilation rate of the g CH,0.m?.day!
community
GRT Dry matter growth rate of roots g DW.m2.day!
GSO Dry matter growth rate of storage component g DW.m2.day’!
GST Dry matter growth rate of stems g DW.m'2 day'1
GTW Dry matter growth rate of the crop (plant excluding g DW. m=2. aay
tubers)
HAR Harvesting (0=no harvesting, 1=nharvesting) -
HARDAY  Harvesting day number day
HARDEP  Harvesting depth (measured from water surface) m
HIG() Height on top of stratum I (measured from water m
surface
HOUR Selected hour during the day hr
I Counter in DO LOOP -
IABS(i) Total irradiance absorbed per plant layer Jm?s!
IABSL(i) Total irradiance absorbed by plant shoots Jm?2s!
IDAY Integer equivalent of variable DAY day
INTUB Initial dry weight of a tuber g DW.tuber
IRS Total irradiance on top of the water surface Jm2s!
IRZ(i) Total irradiance on top of depth layer I Jm?Zst
IWLVD Initial dry matter of dead leaves g DW.m?
IWLVG Initial dry matier of green (live) ieaves g DW.m™
IWRTD Initial dry matter of dead roots g DW.m™
IWRTG Initial dry matter of green (live) roots g DW.m?
IWSO Initial dry matter of storage component g DW.m™?
IWSTD Initial dry matter of dead stems g DW.m™
IWSTG Initial dry matter of green (live) stems g DW.m?
K Plant species specific light extinction coefficient m?.g DW!
KT Table to read K as function of DVS -, m?.g DW'
L Water type specific light extinction coefficient m’!
LAT Latitude of the site degrees
LT Table to read L as function of day number day, m’!
MAINT Maintenance respiration rate of the plant g CH,0.m? day
MAINTS Maintenance respiration rate of the plant at g CH,0.m™-day"’
reference temperature
NDTUB Dormant tuber number dorm.tubers.m
NGLV Net growth rate of leaves g DW.m2.day"!
NGRT Net growth rate of roots g DW.m2.day!
NGST Net growth rate of stems g DW.m2.day
o B3
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NGTUB Germinating tuber number germ.tubers.m2

NINTUB Tuber number concurrently initiated per plant conc.in.tub.plant™?
NNTUB New tuber number new tubers .m™
NPL Plant density plants .m2
NT Initial tuber density initial tubers.m™
NTM Initial tuber density measured (field site) tubers.m
NTMT Table to read NTM as function of day number tubers.m2, day
NTUBD Dead tuber number dead tubers.m™
NUL Zero (0) -
NTUBPD  Dead tuber number previous day dead p.d.tub.m?
PAR Instantaneous flux of photosynthetically active radiation J .m2.s!
PARDIF Instantaneous flux of diffuse PAR J.m?2s!
PARDIR Instantaneous flux of direct PAR J.m?2s!
PI Ratio of circumference to diameter of circle -
Q10 Factor accounting for increase in maintenance -

respiration with a 10 °C rise in temperature
RAD Factor to convert degrees to radians radians.degree™!
RC Reflection coefficient of irradiation at water surface -

(relative)
RCSHST Relation coefficient tuber weight-stem length m.g DW !
RDR Relative death rate of leaves (on DW basis) day!
RDRT Table to read RDR as function of DAVTMP day’l, °C
RDS Relative death rate of stems and roots (on DW basis) day!
RDST Table to read RDS as function of DAVTMP day’!, °C
RDTU Relative death rate of tubers (on number basis) day’!

REDAM Reduction factor to relate AMX to pH and oxygen -
levels of the water (relative)

REDF(3) Reduction factor for AMX to account for senescence -

plant parts over vertical axis of vegetation (relative)
REMOB Remobilization rate of carbohydrates g CH,0.m?2.day"!
ROC Relative conversion rate of tuber into plant material gCH,0.gDW!.day"!
RTR Maximum relative tuber growth rate at 20 °C g DW.tuber!.day’
RTRL Relative tuber growth rate at ambient temperature g DW .tuber.day!
SC Solar constant corrected for varying distance sun-earth  J.m2.s!
SC() Standing crop in depth layer I g DW.m. layer!
SINB Sine of solar elevation -
SINLD Intermediate variable in calculating solar declination -
STEMLE Stem length m
TBASE Base temperature for juvenile plant growth °C
TEFF Factor accounting for effect of temperature on -

maintenance respiration
TGW Total live plant dry weight (excluding tubers) g DW.m2
TGWM Total live dry weight measured (field site) g DW.m?
TGWMT Table to read TGWM as function of day number g DW.m2, day
TL Thickness per plant layer m
TMAX Daily maximum temperature °C
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Ter mperature sun
Translocation rate of carbohvdrates

Total live + dead plant dry weight (excluding tubers)

Total critical dry weight of new tubers
Total dry weight of germinating tubers
Total dry weight of dead ieaves

Mdnl dewr exras
10idl U.ly wcu_;ul [9)
f'e)

Total dry weight o L
Total dry weight of dead roots
Total dry weight of live roots

Total dry weight storage component
Total dry weight of dead stems

‘otal dry welgnt of live stems

Dry welght of stems (hv + dead)

Daily water temperature

Table to read WTMP as function of day number
Year number simulation (1-5)

o
~
°C

g CH,0.m2.day!
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increasing from O at 0 °C to 0.012 at 30 °C. A reference temperature of
30 °C is believed to be suitable for Hydrilla, since it originates from the
tropics

Dlﬂ“ nnnn: - s

riant vensit

No additional information.

Wintering and Sprouting of Tuber Bank

Tubers of various size classes have been found in natural systems, usually
around 0.1 g DW.tuber! (Van, Haller, and Bowes 1978).! Heavier tubers
have been found also (Bowes et al. 1977), even up to five times as heavy, but
the latter ones occurred only under experimental, N-fertilized, conditions
(McFarland and Barko 1990).

Although the chemical composition of tubers is presently not known, starch
concentrations up to 70 percent DW have been found to be common.*

1 References cited in this appendix are located at the end of the main text.
2 Personal Communication, 1995, J. D. Madsen, Research Biologist, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, MS.
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Growth of Sprouts to Water Surface

Elongation of sprouting tubers

Bowes et al. 1977 established relationships between tuber weight class
(fresh weight), survival, and shoot elongation in the dark at 25 °C.
Apparently, large tubers survived longer than small ones. The reasons for
this phenomenon were not given.

Bowes’ dataset was used as basis for calculations to (a) clarify which tuber
size is likely to survive in the tuber bank for long periods and, thus, can
initiate new plants in spring, and (b) establish a relationship between tuber

§ RPN Pay s crmmmitdiea s el e P PROSRPS. gy

size and chemisir Y, Sprouting, ana sprout eiongation.

The maintenance respiration at 25 °C of the tuber size classes used for

Bowes’ experiment has been calculated, using a maintenance coefficient of
0.01 at 25 °C (typical for nonstructural carbohydrates; increasing with a Q;,

as Lo PAVEL UL UVLSUULINIAL VAL UVLYULGILS, Jivivasilig Wil & Y|)

of 2 per 10 °C increase; Table C1). These calculatlons indicate that tubers
with fresh weights <0.280 g must have been respired within 61 days after
planting. Planting activities probably broke tuber dormancy, switched on their
maintenance respiration, and, in the absence of light, exhausted their carbohy-
drate reserves making survival impossible. Since winters usually last longer
than 2 months in Florida, and tuber banks can be rather easily disturbed so
that dormancy is interrupted, it is feasible that mostly the tubers > 0.280 g
survive in the tuber bank, and that these give rise to a new macrophyte com-
munity in following growth season(s).

The potential elongation per gram sprouting tuber has been calculated for
the various tuber size classes listed in Table C1, using the plant lengths mea-
sured 61 days after planting. Mean values found for, respectively, the lightest
and the heaviest tubers per size class are presented in Table C1.

An example is given for, respectively, the lightest and the heaviest tubers
of the largest size class. The dry weight content of the tubers is 14 percent
(Van der Zweerde 1981). It is assumed that tubers consist of 70 percent DW
of starch; that the sprouts grown from the tubers are composed of a species-

speciﬁc mixture of nonstructural carbohydrates, proteins, fats, cellulose,

organic acids, and minerals; and that the ratio of plant biomnass formed over

glucose consumed is 0.649 g.g! (see Light, Photosynthesis, Maintenance,
Growth, and Assimilate Partitioning). Therefore, a tuber of 0.3 g FW con-
tains 0.3 X 0.14 = 0.042 g DW and can produce 0.042 X 0.7 X 0.649 =
0.019 g DW sprout material. The sprout length measured for the 0.3- to
0.4-g tuber size class was 0.425 m. Since it was not indicated in literature
which tuber weight produced which sprout length, only a range in unit sprout
length produced per unit tuber weight can be derived from these data. Thus,
(a) each tuber of 0.300 g FW can produce (1/0.042) X 0.425 = 10.1-m
sprout length, and (b) each tuber of 0.400 g FW can produce (1/0.036) X
0.425 = 7.5-m sprout length.

Appendix C Manipulation of Literature Data Used for the Model Equations
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In HYDRIL, RCSHST has been set at 12-m sprout length.g DW-!, being
close to the average of the range found. Thus, all sprouting tubers usually
present have the capacity to elongate over a distance of about 12 m. Reasons
why they do not may be that (a) all nonstructural carbohydrates have been
respired before the sprouts are self-supporting, (b) the light climate may not
be suitable (daylength, light quantity and quality), (c) temperature interference
with elongation (see Barko and Smart 1981), and (d) the conditions in the
sediment may not be suitabie.

Light probably barely affects elongation of germinating tubers; the poten-
tial influence of temperature on elongation is far larger. Barko and Smart
(1981) found that elongation increases with a factor of 7 with temperature
increasing from 7 to 16 °C (data not shown). The latter relationship is not
likely to play a role in early growth of Hydrilla, because tuber sprouting only
occurs at water temperatures > 18 °C. However, temperature may affect

elongation considerably under natural conditions at temperatures > 18 °C in
later growth phases (Table C2).

Tabie C2
Data on Shoot Length of Hydriiia Piants Reached at Various Tem-
peratures Under Experimentai Conditions (Barko and Smart 1981}
Temperature, °C Shoot Length, cm Shoot Length, relative
16 19 0.13
20 64 0.45
24 86 0.61
28 110 0.78
| 32 142 1

Caicuiation of relative conversion rate of tubers into adolescent

piants (ROC, hr')

The light compensation point (LCP) decreases in young, growing Hydrilla
shoots to a final value of 12 uE.m.sec’! in adolescent plants (Bowes et al.
1977). Assuming that plants reach adolescence 35 days after tuber sprouting,
and that the LCP decreases exponentially from a very high value of 100 to 12
uE.m?.sec’! in that period, a ROC value of 0.0025.hr! (~0.0576 g CH,0.g
DW-!.day!) was calculated using the following equation

TCP = ICP o-ROCGS - 24)
AINA X t Ad N & o-C
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Light, Photosynthesis, Maintenance, Growth, and
Assimilate Partitioning

Light
Light extinction coefficients of water and of Hydrilla community
The light intensity or irradiance, /,, at depth z is a function of intensity at

the surface (Zj) to the log base of the negative extinction coefficient (E) at the
depth distance, z, in meters.

I =1.eE2 or Inl,-Inl =E,
The light intensity at 4 m depth from the upper surface of the community,

designated by I, , ,, may be approximated by the following equation

_ (-E_.h)
L, ,=1.e

where

I,, I, and h = same meaning as stated above

E_ = extinction coefficient of water+plant material
Light profiles have been measured in Lake Trafford within a Hydrilla commu-
nity and in open water. At that time, aboveground Hydrilla biomass was
890 g DW.m? (Bowes, Holaday, and Haller 1979). From the irradiance data
of Table C3, extinction coefficients of 0.83.m™! for water and of 12.32 m™! for
water +plant material were calculated. The extinction coefficient of the plant
material only was calculated using Ikusima’s (1970) equation as follows.

E, = (E.h - E,.h)w,

E, = extinction coefficient of plant material, m*>.g DW'!
= extinction coefficient of water, m-1
and & = same meaning as stated above

w, = plant weight, g DW, at depth 4, m

Appendix C Manipulation of Literature Data Used for the Model Equations
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Tabie C3
Light Penetration in a Hydrilla Mat as Compared With Open Water in
Lake Trafford, Florida, in August 1977 (Data full noon sun. The data are

representative -of similar trends in Lake Orange (Bowes, Holaday, and Haller
1979). The data on biomass distribution over the vertical axis have been
derived from the total measured aboveground biomass present in Lake Trafford,
by assuming a typical umbrella-type vertical distribution as reported in literature

(Ambasht and Ram 1976; lkusima 1970))

rai Em? . Biomass
rradiance, uE.m“.sec Distribution,

Probe Depth From Top of | % total Biomass
Depth, m Community Open Water Community, m aboveground g DW.m™?

2 N
r4 v

'S
o

Air
Ialll

0-0.2 42 374

()]

,62

[y
-
o
[3)]
o

Water
surface

0.3 25 1,100 0.2-0.4 19 169

0.6 1 900 0.4-0.6 18 160

1.0 0 675 0.6-0.8 13 116

0.8-1.0 8 71

Substituting the extinction coefficients of water and of water+ plant material in
Ikusima’s equation and inserting the dry weight of the Hydrilla community
present above 0.6-m depth, a plant-specific extinction coefficient of 0.0098
was calculated. In the model a value of 0.01 m*..g DW"' has been used. The
latter value has also been found by Ikusima (1970) for Hydrilla verticillata
Caspary.

Photosynthesis

Potential CO, assimilation rates for shoot tips (AMX)

Photosynthetic activity at light saturation in water in equilibrium with
atmospheric CO, is 4.6 umol O,.mg chl'.hr' (Van, Haller, and Bowes 1976,
1978). This value is very close to values measured in May in Lakes Orange
and Trafford, Florida (Bowes, Holaday, and Haller 1979). Light- as well as
carbon-saturated photosynthetic activity is far higher (Van, Haller, and Bowes
1976), suggesting that photosynthetlc activity in the mentioned lakes in
Florida, where the DIC concentrations are in the range of 0.8 to 1.0 mmol, is
carbon limited.

Conversion of the light-saturated photosynthetic rate to mg CO,.g
DW hr! yields 15.75 mg CO,.g DW'hr'. Conversion to 0.585 kg CO,.ha

LS I B0 N iy

Ccé

Appendix C Manipulation of Literature Data Used for the Model Equations



leaf1.hr'! indicates that this value is about 1 percent of that of 50 kg 002 ha

-1 1 nte (Masnie 100N Dishilich wala
leaf"".hr™' usually found for terrestrial prautS \nxa_y"ua 1990). Published rela-

tionships used for conversions are (a) PQ = 1; (b) Chlorophyll concentration
of Hydrilla is 1 to 1.3 mg.g FW!, being highest in plant tissue receiving the
highest irradiance (Van, Haller, and Garrard 1978); 1.3 mg.g FW! used;

(c) Dry weight of Hydrilla shoots is 6 percent of wet weight (Bowes,
Holaday, and Haller 1979); (d) 1 kg DW Hydrilla leaf ~ 0.02692 ha leaf
(assuming the same surface:DW ratio as in Elodea nuttallii (Dvorak and Best

1982).

Initial light use efficiency for shoot tips (EE)

Although it has been demonstrated that carbon can be fixed through the C;
as well as through the C, photosynthetic pathway in Hydrilla, it is likely that
the C, pathway is the major pathway into operation most of the time (Van,
Haller, and Bowes 1976; Bowes, Holaday, and Haller 1979; Bowes 1985).
Therefore, a light-use efficiency of 11.10% g CO,.J}, typical for C, plants

(Penning de Vries and Van Laar 1982), has been used in the model.

Photosynthesis limiting factors : pH and oxygen (REDAM)

The photosynthetic rate of Hydrilla decreases strongly betwéen pH 4.5 and
pH 8 and remains very low, but similar, between pH 8 and 9 at a DIC con-

centration of 0.6 mM. It is 2.6 X higher at pH 6.5 than at pH 8, i.e., 0.041
versus 0.016 g CO,.g DW-! hr'! (Van, Haller, and Bowes 1976). The rela-

2= V.valv B v\_, AACIIwl y QG LU YWY 1 I\J}
tionship between photosynthetlc rate and pH is linear over the alkalinity range
of Lake Orange (0.8-1 mM).

In the upper m® of a dense Hydrilla mat, pH typically changes during a
summer-day over a range of 7.6 to 10.1 (Van, Haller and Bowes 1976;
Bowes, Holaday, and Haller 1979), and thus the question had to be answered
of which limiting factor had to be used to correct the AMX for daily changes
in pH. For this, the light part of the day was divided into 2 pH-classes, and
the duration of each pH-class was calculated from the field data: class pH 7.6
covered 6.5 hr and class pH 10 covered 7.5 hr. These pH classes were cho-
sen because they proved suitable measures to describe the daily pH-range.
Thus, plants photosymhesrzmg for 6.5 hr with AMX 0.023 g CO,.g DW! hr’!
contribute 0.150 g CO,.g DW-!.period ! to the daily photosymhesrs plants
photosynthesizing for 7.5 hr with AMX 0.016 g CO,.g DW-!.hr'! contribute
0.120 g CO,.g DW!.period *! to the daily photosynthesis. Both periods com-
bined represent 0.837 of the photosynthesrs that would have occurred when
AMX of 0.023 g CO,.g DWL.hr! couid be achieved during the 14-hr light
period. The value of 0.837 is, therefore, used to correct AMX for daily
changes in pH.

In the upper cubic meter of a dense Hydrilla mat, the oxygen concentration
typically changes during a summer-day over a range of 5 to 18 mg O,.I"!

Appendix C Manipulation of Literature Data Used for the Model Equations
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(Van, Haller, and Bowes 1976; Bowes, Holaday, and Haller 1979). A similar

approach as for pH was chosen to account for the effects of changes in O,

tration. Thus, photosynthesis in plants at an O, conc
0,.I'! is inhibited by a factor 0.9 of potential (4 hr), at an O, concentration
>7.9 and <15.7 mg O,.1"" by a factor 0.7 (4 hr) and at an O, concentration

>15.7 and 23.6 mg O,.1"! by a factor 0.6 (6 hr; total light period 14 hr).
The value of 0.7 is, therefore, used to correct AMX for daily changes in pH.

Combination of both photosynthesis limiting factors brings the value used
for REDAM at 0.581.

Effect of daytime temperature on photosynthesis (AMTMP)

Table C4

Photosynthetic Activity, of Hydrilla Shoots in Response to Temper-
ature (W. T. Haller, IFAS, Gainesville, FL: unpubl. 1984). Condi-
tions were light-saturating, and water was in equilibrium with
atmospheric CO,)

Photogynthetic Rate
Temperature, °C Absoiute, pmoi CO,.mg chit.hr? Reiative, %
8 1.33 0.57
18 1.75 0.75
38.5 2.33 1.00
40 i.33 0.57

Note: Relative to the maximum photosynthetic rate at 36.5 °C.

Growth

Assimilate requirement for dry matter production (ASRQ)

The value of the conversion factor for growth of plant biomass, weighted
according to its composition, can be computed in a simple way from the
fractions of carbohydrates, proteins, fats, cellulose, organic acids, and
minerals (Table C5). This method has been employed to calculate Hydrilla’s
assimilate requirement for biomass production.

Appendix C Manipulation of Literature Data Used for the Model Equations



Table C5

Estimated Chemical Composition of Hydrilla Plants (Best and Boyd,
this study), and Conversion Efficiencies Typical for Agricultural
Crops, Showing How Much Glucose is Used for the Synthesis of
Each Organic Matter Component (Penning de Vries and Van Laar

1982b)

Contribution to Conversion Assimilate Requirement

Component Biomass, % DW Factor g CH,0.g bW’
Nonstructural 14 1.242 17.388

Carbohydrates

Proteins 17 1.704 28.968

Fats 8 3.106 24.848

Cellulose 33 2.174 71.742

Organic acids 11.2 0.929 10.404

Minerals 16.8 0.050 0.840

Note: As the conversion factor for celiulose was not known, that for lignin has been used.

Carbohydrates range from 6.5- to 15-percent DW.

Biomass allocation to plant organs

Biomass allocation to Hydrilla organs is set in the model to the following
values: 34 percent of total biomass to leaves, 60 percent to stems, and 6 per-
cent to roots. These values are based on the following literature references:
(a) young shoots reach a stem weight of 3.2 g DW and a leaf weight of 1.9 g
DW after 5 weeks of growth (Van, Haller, and Bowes 1978). The stem:leaf
ratio is therefore 1.684, or 63 percent of the biomass produced goes to the
stems and 37 percent to the leaves; (b) in a well-developed Hydrilla commun-
ity in Florida, a stem weight of 56.5 g DW and leaf weight of 31.1 g DW
were found (Haller and Sutton 1976), implying that 64 percent of the biomass
produced goes to the stems and 36 percent to the leaves; (c) in young plants,
roots made up 6 percent and shoots 94 percent of the total biomass (Van der
Zweerde 1981; Van, Haller, and Garrard 1978).

Biomass distribution over the vertical axis (DMPC)

In adolescent plants, 80 percent of the aboveground biomass is usually
present in the upper 0.6-m water layer, and it is distributed as 21 percent in
layers 1 and 2, as 10 percent in layers 3 and 4, and as 9 percent in layers 5
and 6 (Ambasht and Ram 1976; Bowes, Holaday, and Haller 1979). These
values form the basis for the dry matter allocation per 0.1-m-thick layer over
the vertical axis from the water surface to 0.6 m below. The remaining bio-
mass is divided equally over the lower 0.1-m water layers. DMPC stands for
dry matter partitioning coefficient.

Appendix C Manipulation of Literature Data Used for the Model Equations
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Maximum biomass

In the model, maximum of biomass has been set to 900 g DW.m2. This
value is based on the following: Highest aboveground biomass is 890 g
DW.m™ (Bowes, Holaday, and Haller 1979). Underground biomass is typi-
cally 6 percent of total, and tubers are not present in late summer; thus, total
maximum biomass is 947 g DW.m2.

Induction and Formation of Tubers

Number of tubers concurrently initiated

Recalculation of data measured in various independent studies (Table C6)
indicated that Hydrilla plants probably aim at forming 7 to 11 tubers per
plant, at a rate of 0.05 to 0.12 tubers.plant™!.day! (one plant composed by 22
to 28 shoots).

Table C6

Calculation of Numbers of Tubers Formed per Plant (Aboveground
plant biomass and tuber data per m? measured by Bowes,
Holaday, and Haller (1979), Lake Orange, Florida. Plant density
and tuber formation per plant were calculated by Best and Boyd
(this study) using typical plant weights published by Barko and
Smart (1981))

Tuber Tuber Plant
Tubers Tubers Formation Formation Density
Day N.m™ N.plant N.plant™.day™ N.plant'.day N.m?
46 - 2.1-3.2
135 58 4.8-7.4 0.65 0.054-0.083 7.8-12.1
i
227 245 4.6-7.1 2.0 0.050-0.077 34.6-53.6
319 510 7.0-10.8 2.9 0.076-0.117 47.2-73.0

Senescence

No additional information on senescence.

C10
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pH, alkalinity, and trophic state are important factors influencing primary
production in aquatic systems. pH and alkalinity determine carbon availability

pH, alkalinity, and trophic state

and consequent light attenuation within the water column. The model is cali-

tor photosynthesis, and trophic state gives an indication of algal production

brated for dissolved inorganic carbon concentrations > 0.8 mmol (alkalinity
Lake Orange 0.8 to 1.0 mmol).! pH affecting potential photosynthetic rate at
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several points in time (Bowes, Holaday, and Haller 1979). For Day 365, a

, G. Bowes, University of Florida, Gainesville.
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, 1995

The temperature has been measured in the surface water of Lake Orange at

Water temperature
Personal Communication

135
227

temperature of 15 °C is used, being the average of the maximum and mini-

mum temperature measured in winter in Lake Orange, Florida.
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