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1. Introduction to modeling plant growth

As plants grow, they add and enlarge leaves, stems, roots, flowers, and fruits, organs which are
composed of water and carbon-based dry matter in the form of carbohydrates, lipids, proteins, and
other molecules. People who are interested in following or predicting plant growth generally focus
on carbon flow in the form of dry mass rather than total plant mass because plant water content
depends on the quantity of dry matter present, the type of plant and plant part, and environmental
conditions. Examining the acquisition and flow of dry mass within plants requires integration of
information about photosynthesis, the process that brings the vast majority of dry mass into a plant;
respiration, the process that releases stored chemical energy from dry mass when it is needed to
run plant processes; and the partitioning of recently acquired dry mass to different plant organs
[5]. Unfortunately, students at all levels have misconceptions about these processes [7, 8, 16], and
have difficulty tracing the flow of matter through biological systems [39]. A variety of simulation
models have been developed to explore the interaction among processes involved in plant growth
(reviewed in [23, 26, 34, 36]), but professional models of plant growth are not accessible to students
who are just beginning to explore the topic. In this paper, we demonstrate the development of a
simple simulation model of the leaf, stem, and root growth of Wisconsin Fast Plants (rapid cycling
Brassica rapa) by six undergraduate students and their instructor. Other students may use the
information in this paper to repeat the process of model development and/or use the completed
model to explore plant growth.

We chose to model the carbon flow in Wisconsin Fast Plants because these plants have been
selected to grow rapidly under continuous illumination and are frequently used in classroom learn-
ing [11, 38]. They complete their life cycle within approximately 45 days, first producing leaves,
stems, and roots, collectively called vegetative plant parts, and then producing flowers and fruits
[11]. We restricted the model to vegetative growth to keep the model simple. The Wisconsin Fast
Plant Growth Model was developed as a highly simplified version of PEACH, a simulation model
of the vegetative and reproductive growth of a peach (Prunus persica) tree [14, 15]. We chose
to implement the Wisconsin Fast Plant Growth Model in Microsoft Excel®) (Microsoft Corpora-
tion, Redmond, Washington, USA) because this program is widely available and familiar to many
students.

2. Context for the development of the plant growth model

Five senior biology undergraduates (ABB, MLC, LRF, SFP, KSS) who were enrolled in a one-
semester advanced biology course in plant ecophysiology chose to participate in the model con-
struction project with their instructor (YLG). Two of the students had taken an introductory botany
course and all of the students had taken an experimental design and statistics course. In addition to
the modeling project, the seminar-style course addressed physiological and environmental aspects
of photosynthesis and respiration at the individual plant and ecosystem levels. In the laboratory
portion of the course, groups of students conducted initial experiments to learn laboratory tech-
niques and then completed the plant growth studies described in the next section. To learn about
simulation modeling, the students engaged in activities that used two simulation modeling pro-
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grams, PEACH [14, 15], and Environmental Decision Making (EDM; [30]), a model of the flow
of energy and carbon in simulated pond, grassland, and forest ecosystems. After the end of the
course, one student (AJS) who had not taken the plant ecophysiology course continued the model-
ing project during an eight-week summer research program and obtained the data used for the final
version of the model.

3. Development of the Wisconsin Fast Plant Growth Model

3.1. Model structure

The Wisconsin Fast Plant Growth Model simulates the flow of carbon during plant growth using
the economic concepts of supply and demand to describe plant growth ([5], Figure 1) . Photosyn-
thesis provides the supply of carbon in the form of carbohydrate by capturing or “fixing” carbon
dioxide from the atmosphere using light energy. The demand for carbon comes from maintenance
respiration and growth. Maintenance respiration involves the release of stored chemical energy
and carbon dioxide from carbohydrate. Because the energy that is released is used to conduct
chemical reactions necessary for the plant’s existence, maintenance respiration may be called “the
cost of staying alive.” Growth is the increase in dry mass of plant organs and may involve the
production of new organs and/or the enlargement of existing organs. The chemical reactions that
occur during growth convert carbohydrate to other forms of plant dry mass, a process that requires
energy, which is made available through growth respiration, releasing carbon dioxide. As in other
economic systems, demand may exceed supply but plants cannot borrow from a “bank” outside
their own structures, so the supply of dry matter limits their demand activity.

The model represents hypotheses about carbon flow and the accumulation of structural and
storage biomass resulting from photosynthesis, respiration, and the partitioning of carbohydrate to
different plant parts [5, 10, 38]. In the modeling context, these quantities are called “‘state variables”
because they represent the state or condition of the system [10, 17, 35]. The processes that relate
the state variables to one another are characterized by equations; the coefficients in these equations
are referred to as “parameters” [35]. The state variables and parameters of the model are listed in
Tables 1 and 2.

3.2. Carbon supply

Photosynthesis provides the supply of dry matter in the form of carbohydrate by acquiring carbon
dioxide from the atmosphere using light energy (Figure 1). In the model, we assumed that all
leaves are equally illuminated (i.e., no self-shading occurs) and photosynthesize at the same rate.
The model simulates the quantity of carbohydrate produced by photosynthesis (CHOg;ossps, Table
1) as the product of the gross photosynthetic rate (GrossPsRate), leaf area (Areaj.,s), and light
period (LightPeriod).

CHOg;ossps = GrossPsRate * Areay q,¢ * LightPeriod 3.1
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Figure 1: Simplified model of the flow of carbon within a plant in one day. Clouds and boxes rep-
resent carbon pools and arrows represent processes that convert carbon-containing molecules from
one form to another. The plant acquires carbon from carbon dioxide through photosynthesis. Some
of the newly acquired carbon is used in maintenance respiration and released from the plant as car-
bon dioxide. The remaining carbon is converted to plant dry mass in a process that requires energy
from carbohydrate and releases carbon dioxide. The plant dry mass is divided (“partitioned”) to
leaves, stems, and roots. Adapted from [10, 14].

The gross photosynthetic rate is the sum of the net photosynthetic rate (NetPsRate) and the leaf
maintenance respiration rate (MRespy ,¢) during illumination, which is generally assumed to equal
the dark respiration rate [2]. The gross photosynthetic rate cannot be measured directly because
doing so would require elimination of maintenance respiration and, hence, the death of the leaf.
Thus, laboratory and field studies of photosynthesis generally report net rather than gross photo-
synthetic rates.

3.3. Carbon demand for maintenance respiration

Maintenance respiration is required for living cells to remain alive. The carbohydrate need for
maintenance respiration for each type of organ (CHOxwmgresp) 1 simulated as the product of the
maintenance respiration rate (MRespRatey), the dry mass of organ (Massx), and the number of
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Wisconsin Fast Plant Growth Model

Table 1: The state variables, symbols, units, equation numbers, and location in the Excel spread-
sheet for the Wisconsin Fast Plant Growth Model. State variables are updated each day, but the
time subscripts are not shown for simplicity. Abbreviations: CHO=carbohydrate, d=day, DM=dry

matter, g=gram, m=meter.

Equation Location
State variable Symbol Units number in  in Excel
text spreadsheet
Carbohydrate quantities
Gross photosynthesis CHOG;ossPs pug CHO plant—! d—1 3.1 F19-F29
Leaf maintenance respiration ~ CHOp cafMResp ug CHO plan‘[_1 d-! 3.2 G19-G29
Stem maintenance respiration  CHOsemMResp pug CHO plant—! d—1 3.3 H19-H29
Root maintenance respiration  CHORgotMResp ng CHO plant‘1 d-! 34 119-129
Total maintenance respiration  CHOTotaiMResp pug CHO plant—! d—1 3.5 J19-129
Carbohydrate available for CHO AvaitforGrowth pg CHO plant—! d—1 3.10 K19-K29
growth
Growth demand
Leaf potential demand PotDemandj ¢4t g DM plant_l d-1 3.6 M19-M29
Stem potential demand PotDemandgem g DM plant_1 d—! 3.7 N19-N29
Root potential demand PotDemandgot g DM plant_1 d-! 3.8 019-029
Total potential demand PotDemandy g DM plant—!t d—! 3.9 P19-P29
Ratio of dry matter available SupplyDemandRatio — 3.12 Q19-Q29
to total demand
Proportion of growth allowed  PropAllowed - 3.13/3.14 R19-R29
Day Day d 3.19 A19-A29
Plant characteristics
Leaf dry mass Massy eaf g DM plant~! 3.20 B19-B29
Stem dry mass Masssiem ¢ DM plalnt_1 3.21 C19-C29
Root dry mass MassRoot g DM plant~! 3.22 D19-D29
Leaf mass added NewMassy caf g DM plant_1 3.15 S19-S29
Stem mass added NewMasssiem g DM plant_1 3.16 T19-T29
Root mass added NewMassgroot g DM plant*1 3.17/3.18 U19-U29
Total dry mass added NewMassSTotal g DM plant_1 3.11 L19-1.29
Leaf area Areay euf m? 3.23 E19-E29
seconds in a day, 86400, because plant organs respire continuously.
CHOycatmresp = MRespRate; s * Massy cqr * 86400 (3.2)
CHOgemmresp = MRespRateg,, * Massgiem * 86400 (3.3)
CHORgomvresp = MRespRateg, * Massgoo * 86400 (3.4)

The total maintenance respiration (CHOxyivresp) 18 the sum of the leaf, stem, and root maintenance

respiration.

CHOTotalMResp = CHOLeanResp + CHOStemMResp + CHORootMResp
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Table 2: Parameters, symbols, default values, units, and location in the Excel spreadsheet for the
Wisconsin Fast Plant Growth Model. Abbreviations: COs=carbon dioxide, d=day, DM=dry matter,
g=gram, h=hour, m=meter, mol=mole, s=second.

Location in

Parameter Symbol Default value  Units Excel
spreadsheet
Light period LightPeriod 24 h C4
Photosynthetic parameters
Net photosynthetic rate NetPsRate 8.5 pumol CO; m=2s7! C5
Gross photosynthetic rate GrossPsRate 9.0 pmolCOym—2s7! C6
Maintenance respiration parameters
Leaf maintenance respiration rate  MRespRatey ¢,¢ 0.0250  pmol CO9 g_1 s71 Cc7
Stem maintenance respiration rate  MRespRateger, 0.0125 pmol COy g~ 571 C8
Root maintenance respiration rate ~ MRespRaterqot 0.0125  pmol CO9 g_1 s1 C9
Potential growth parameters
Leaf potential RGR PotRGRLeaf 0.398 gDM (gDM)~'d! K6
Intercept for leaf RGR equation - -6.64 - J6
Stem potential RGR PotRGRStem 0.456 gDM (gDM)~1d~! K7
Intercept for stem RGR equation  — -845 - J7
Root demand RootDemand 02 - K8
Leaf mass to area ratio LeafMass/Area 20 gDMm 2 J12

3.4. Carbon demand for potential growth

Plants use the dry matter produced each day to grow, but the potential for growth often exceeds
the supply of dry matter available on any given day. Partitioning is the term applied to the set
of processes that determine how much of the available dry matter each organ receives (Figure
1). One partitioning hypothesis states that competition among organs determines the amount of
dry matter that an organ receives, and that this competition is based upon each organ’s “potential
demand,” the amount the organ is capable of growing on a given day [12, 13, 14, 25, 37]. For
example, the maximum amount that the dry mass of a leaf can increase in one day is dictated by
the number of cells present, the number added by cell division, and the maximum expansion rate
for each cell [25]. Similarly, the amount of dry mass that a small, young pumpkin can incorporate
on one day is much less than the amount that a nearly mature, large pumpkin can use. We may
characterize the potential demand in terms using the potential relative growth rate (PotRGRX, g
DM (g DM)~! d71), the maximum amount of dry mass that one gram of an organ can add in one
day [12, 13, 14, 24, 25]. The potential RGR for each organ is analogous to its maximum possible
interest rate. The potential demand (PotDemandy) for dry matter by each organ type is simulated
using exponential growth equations and the current dry mass of the organ (Massy; Appendix I).

PotDemandy ef = Massy qqf * (ePORORLe 1) (3.6)

PotDemandg;e,, = Massgen * (e7ORORSEem _ 1) (3.7)
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Because little information is available about the growth potential of roots [23], the model simulates
root potential demand (PotDemandg,,) as a proportion (RootDemand) of stem potential demand
(PotDemands;.r,). Model users may manipulate this proportion.

PotDemandg,,; = RootDemand * PotDemandg, (3.8)

The total potential demand for plant dry matter (PotDemandry,) is the sum of the leaf, stem, and
root potential demand.

PotDemandr,,; = PotDemand; .,; + PotDemands., + PotDemandg 3.9

3.5. Reconciliation of supply and demand

The model determines the amount of carbohydrate available for growth (CHO avaiiforGrowtn) by sub-
tracting the carbohydrate needed for the maintenance respiration of all plant parts from the carbo-
hydrate produced by photosynthesis (Figure 1).

CHOAvailforGrowth = CHOGrossPs - CHOTotalMResp (310)

During growth, the carbohydrate available for growth is converted to many different types of
molecules, which requires energy from carbohydrate for growth respiration and releases carbon
dioxide [5, 10, 22, 28, 35]. This conversion occurs with an efficiency of approximately 67% [22],
producing the dry matter added to the plant (NewMasso,)-

NewMassty = 0.67 * CH()AvailforGrowth (31 1)

Most of the time, the potential demand for organ growth (PotDemandr,) exceeds the supply
of available dry mass (NewMassr,,). Because the model uses the hypothesis that organs compete
for dry matter based on their potential demand, the ratio of supply to demand determines the
proportion of potential growth allowed (SupplyDemandRatio) for each organ [14, 24, 25].

SupplyDemandRatio = NewMassry, /PotDemandryg (3.12)

If the supply of dry matter is less than the demand, then the proportion of demand allowed (Prop
Allowed) is set to the supply-demand ratio, otherwise the proportion of demand allowed is set to
1.

If SupplyDemandRatio < 1, PropAllowed = SupplyDemandRatio (3.13)

If SupplyDemandRatio > 1, PropAllowed = 1 (3.14)

In either case, the new mass of leaves (NewMassy ¢,) and stems(NewMassger,) is the product of
the proportion of growth allowed and their demands.

NewMassy .,y = PropAllowed * PotDemandy c,¢ (3.15)

NewMassg, = PropAllowed x PotDemandge, (3.16)

301



Y. L. Grossman et al. Wisconsin Fast Plant Growth Model

If the supply of dry matter available for growth is equal to or less than the demand, the new mass
of roots (NewMassg,ot) 1S proportional to root demand.

NewMassgoot = PotDemandg, * PropAllowed (3.17)

If the supply of dry matter available for growth exceeds the potential demand, the dry matter in
excess of the potential demand is added to the roots.

NewMassgoor = PotDemandg + (NewMasst — PotDemandry) (3.18)

Each day, the model increments the day counter by 1 and the leaf, stem, and root dry mass is
updated by adding the amount of new dry mass produced on the previous day to the previous day’s
value.

Day; = Day;_, +1 (3.19)
Massyeatr = NewMassear, 7.1 + Masspear, 7.1 (3.20)
Massgiemr = NewMasssiem, -1 + MasSsiem, -1 (3.21)
Massgoor T = NewMassgoor, -1 + Massgoot, T -1 (3.22)

Leaf area (Areay ) is calculated by dividing the leaf mass by the parameter for the ratio of leaf
mass to area (LeafMass/Area).

(Areaycart) = Mass et/ (LeafMass/Area) (3.23)

3.6. Model implementation

The Wisconsin Fast Plant Growth Model was developed using Excel®) software (Microsoft Cor-
poration, Redmond, Washington, USA). Model parameters for growth were estimated using the
measured plants as described in the next section (Table 2). Simulated and measured leaf and stem
dry mass were compared by regressing the measured values on the simulated values and exam-
ining the slopes and intercepts of the regression lines to test our hypotheses about plant growth
and partitioning [31]. The sensitivity of the model to changes in input values was examined by
systematically changing model parameters by 10% [17].

4. Plant growth

4.1. Experimental methods

Wisconsin Fast Plants were grown from seed (Standard, improved basic, Rbr, # 158805, Carolina
Biological Supply, Burlington, North Carolina, USA) in film can wickpots designed to supply wa-
ter and nutrients to the plants [11]. Two seeds were planted in each wickpot after filling with Fafard
Superfine Germinating Soil (Agawam, Massachusetts, USA) and two pellets of NPK (14-14-14)
slow-release fertilizer pellets. Five wickpots were placed in a pint-sized delicatessen container
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nested within a reservoir made from a quart-sized delicatessen container [11]. The floor of each
pint container was covered by an 8 cm diameter “lollipop” of capillary mat. The “lollipop handle”
(1.5 cm x 7 cm) was threaded through a slit in the bottom of the pint container and immersed in the
liquid in the quart container, which consisted of approximately 200 ml distilled water adjusted to
0.01% copper sulfate to prevent algal growth [40]. Soil, fertilizer, and capillary mats were obtained
from Carolina Biological Supply.

The plants were grown in boxes (46 cm high x 46 cm wide x 31 cm deep) that were lined with
aluminum foil and had a foil curtain that covered the box opening [11]. Plants were illuminated
with two helical compact fluorescent bulbs (26 watts each). The mean light intensity 6 cm below
the bottom of the compact fluorescent bulbs was 282 ymol m~2 s~! (SE = 9.0) and there was
no effect of position within the box. Plants were grown under continuous illumination (24 h) or
alternating periods of 14 h light and 10 h dark. Temperature in the growth boxes was approximately
23°C.

Wickpots were thinned to one plant per pot after the cotyledons emerged from the soil. Be-
ginning on the third day after planting, 10 plants per light treatment were harvested at two-day
intervals, separated into leaves and stems, dried at 66 °C for 24—-48 h, and weighed. The area of
selected leaves was measured using a transparent grid prior to drying in order to determine the
relationship between leaf area and leaf mass. Root dry mass was not measured because roots could
not be separated from the growth medium.

Analysis of covariance (ANCOVA) was used to examine the effects of light period, organ type,
and time since planting on leaf and stem mass. Prior to performing the ANCOVA, leaf and stem dry
mass data from each treatment were logarithmically-transformed to normalize their distributions
and equalize their variances. All statistical analyses were completed in JMP (Version 8.0, SAS
Institute, Cary, North Carolina, USA).

4.2. Experimental results

Under the growth conditions, the cotyledons of plants grown under both light conditions emerged
on day 1, the day after planting. Flower buds and open flowers were present on some plants on
day 13. For this reason and because plants were harvested every other day beginning on day 3, we
constructed a model of the first 11 days of vegetative growth.

The Wisconsin Fast Plants grew significantly over time (significant effect of time since plant-
ing), and they grew significantly more leaf and stem dry mass under 24 h illumination than 14 h
illumination (significant effect of light period; Table 3). Stems accumulated dry mass faster than
leaves (significant effect of interaction between organ type and time since planting), but had less
mass than leaves because they started with substantially less mass than leaves (significant effect of
organ type; Tables 3, 4; Figure 2). Exponential equations fit leaf and stem growth under both 24
and 14 h illumination as indicated by significant linear relationship between days after planting and
logarithmically-transformed dry mass (Table 4; Figure 2). The exponential equations accounted for
86-94% of the observed variability, although deviations from linearity were detected, indicating
that more complex equations would have accounted for even more of the observed variation.
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Table 3: Results of the analysis of covariance of the effect of light period, organ type, and time
since planting on logarithmically-transformed leaf and stem dry mass for Wisconsin Fast Plants
grown under 24 and 14 h illumination.

Source DF  Sum of Squares F Ratio P-value
Light period 1 19.6 131 < 0.0001
Organ type 1 99.6 667 < 0.0001
Time since planting 1 269 1803 < 0.0001
Light period x Organ Type 1 0.0313 0.210 0.65
Light period x Time since planting 1 0.247 1.65 0.20
Organ type x Time since planting 1 1.20 8.04 0.0051
Light period x Organ type x Time since planting 1 0.00296  0.0198 0.89
Error 190 28.4

Table 4: Intercept, coefficient, proportion of variation explained by regression (R?), F ratio, and
probability value for linear regression of logarithmically-transformed leaf and stem dry mass on
time since planting.

Light period Organ type Intercept Coefficient R? F Ratio P-value

24 h Leaves -6.64 0.398 0.922 551 < 0.0001
24 h Stems -8.45 0.456 0.856 280 < 0.0001
14 h Leaves -7.09 0.376 0.942 1783 < 0.0001
14 h Stems -8.90 0.429 0.921 558 < 0.0001

5. Model results

5.1. Parameterizing the model

The Wisconsin Fast Plants grew to the greatest extent under 24 h illumination, so we used the
data from these plants to determine the potential RGRs for leaves and stems (PotRGRLeaf, PotR-
GRStem) from the slope of the regressions between the log-transformed dry masses and time
(Table 4; Figures 2C,D). The potential RGRs for leaves and stems were 0.398 and 0.456 g DM
(g DM)~'d~!, respectively. The initial leaf and stem dry mass on the first day after planting were
1.946 and 0.337 mg, respectively. Because root dry weight was not measured in the experiment,
root potential RGR (PotRGRRoot) and the initial root mass (Massgee) Were set to a proportion
of the stem values (RootDemand). Leaf area was determined from leaf dry mass using a leaf dry
mass to area ratio (LeafMass/Area). In the simulations presented here, RootDemand was set to 0.2
and LeafMass/Areas was set to 20 ¢ DM m~2. Model users may adjust both values.

The leaf maintenance respiration rate (MRespRate; ..s) was set to 25 nmol CO, g~! s™! based
on the bean (Phaseolus vulgaris) leaf respiration measurements of Amthor and Cummings [3].
Stem and root maintenance respiration rates (MRespRateg.,, MRespRateg,) were set to half the
leaf rate based on the soybean (Glycine max) results of Kishitani and Shibles [20].
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Figure 2: Measured (A, B) and logarithmically-transformed (C, D) leaf and stem dry mass for
Wisconsin Fast Plants grown under 24 and 14 h illumination, for 10 plants on each harvest day
under each growth condition. Lines represent linear regression of logarithmically-transformed leaf
and stem dry mass against days since planting. Error bars represent standard errors of the mean.

The net photosynthetic rate (NetPsRate) was adjusted in 0.5 unit steps to the lowest value that
satisfied leaf and stem potential demand under 24 h illumination. Using the parameters described
here, a net photosynthetic rate of 8.5 ymol CO, m~2 s~! met this criterion.

5.2. Comparison of simulated plant growth to measured plant growth under
24 h light

Using these parameters, simulated leaf and stem dry mass corresponded well to the measured val-
ues (Figure 3A,C,E). Measured and simulated values were log-transformed to homogenize vari-
ance and then the measured values were regressed on the simulated values [31]. The regressions
explained 92 and 86% of the variation in leaf and stem dry mass, respectively. The slopes and in-
tercepts of the regression lines for leaf and stem dry mass did not differ from 1 and 0, respectively,
indicating that the simulation started, progressed, and ended with values near the measured values.
Close correspondence of the measured and simulated values was expected because the model was
developed using values obtained under 24 h illumination.

The net photosynthetic rate of 8.5 ymol CO, m~2 s~! was somewhat less than the mean pho-
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tosynthetic rate of 10.15 ymol CO, m~2 s~! found for control Brassica rapa plants grown under a

light intensity of 400 yumol m~2 s~! [21]. As the light availability in the light boxes of our experi-

ment was 282 ymol m~2 s, a somewhat lower net photosynthetic rate appeared to be warranted.

5.3. Comparison of model results to measured values under 14 h light

Simulated leaf and stem dry mass for plants grown under 14 h illumination was 28 and 24% of the
simulated values under 24 h illumination (Figure 3A,B). Simulated root dry mass under 14 h illu-
mination was 9% of the simulated value under 24 h illumination. The simulated leaf and stem dry
mass curves followed the trajectory of the measured values, but they were lower than the measured
values at the end of the time period (Figure 3B,D,F). Regression of the measured values on the
log-transformed simulated values explained 94 and 92% of the variation in leaf and stem dry mass,
respectively, but the slopes of the lines were significantly greater than 1 and the intercepts were sig-
nificantly greater than 0, because the simulated values underestimated the measured values. Thus,
the simulated carbohydrate availability under 14 h illumination was not sufficient for leaves and
stems to grow at the measured levels. From these results, we conclude that the hypotheses used to
create the model were sufficient to explain the general pattern of growth but that the lack of full
agreement occurred because at least one of the hypotheses was overly simplified. The use of con-
stant potential RGRs to simulate leaf and stem growth is the most likely oversimplification in the
model because we found significant deviations from linearity for the regression of log-transformed
leaf and stem dry mass on time since planting for plants grown under 24 h illumination. In other
systems, potential RGR is rarely constant. For example, peach vegetative potential RGR decreases
rapidly early in the growing season and then remains constant for the remainder of the vegetative
growth period [13] and peach fruit potential RGR is high following flowering, decreases over time
by a factor of approximately 30, and then is relatively constant until fruit ripening [12]. Similarly,
the potential growth rate of cucumber (Cucumis sativus) fruits changes over time [24, 25].

5.4. Sensitivity analysis

Sensitivity analysis is one way to assess the effect of various aspects of a model on the simulated
outcomes; parameters that have disproportionate effects on model outcomes need to be character-
ized more fully than parameters that have little effect [17]. Models are considered to be “sensitive”
to parameters for which a 10% change causes more than a 10% change in the state variables [17].
We found that changing leaf RGR by 10% under both 24 and 14 h illumination had large effects
on leaf and total dry mass (Table 5). Similarly, under 14 h illumination , the model was sensitive to
changing net photosynthetic rates by 10% (Table 5). These results illustrated the disproportionate,
nonlinear effects of changes in leaf mass on carbon fixation and total mass accumulation as a result
of the exponential nature of leaf growth. In contrast, decreasing the net photosynthetic rate by 10%
under 24 h illumination decreased total mass by 10% but leaf mass by only 3% because, even with
the decrease in photosynthetic carbon gain, sufficient carbon was available for the simulated plant
to produce almost the same amount of leaf mass and area as it did under the initial conditions.
We did not test the sensitivity of the model to a 10% increase in photosynthetic rate under 24 h
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Figure 3: Measured (symbols) and simulated (lines) leaf and stem dry mass (A, B) versus days
since planting for Wisconsin Fast Plants grown under 24 and 14 h illumination. Regression lines
and 95% confidence limits for the regression are shown for measured vs. simulated logarithmically-
transformed leaf and stem dry mass for Wisconsin Fast Plants grown under 24 (C, E) and 14 h (D,
F) illumination. No significant deviations from a slope of 1 and intercept of 0 were detected for
leaf or stem dry mass on plants grown under 24 h illumination. Slopes were significantly greater
than 1 and intercepts were significantly greater than O for leaves and stems under 14 h illumination.
Symbols represent means for logarithmically-transformed measured leaf and stem dry mass. Error
bars represent standard errors of the mean.
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illumination because simulated leaves and stems would have been growing at their maximum rates
under this condition, and roots would have been the only compartment that could have received
the additional carbohydrate that would have been produced with increased photosynthesis.
Increasing stem growth potential by 10% under both 24 and 14 h illumination shifted mass
from leaves, whereas decreasing it shifted mass to leaves under 14 h illumination but had no ef-
fect under 24 h illumination. These results demonstrated the tradeoffs between leaves and stems
when carbohydrate availability was limited although these shifts were not sufficient to change total
biomass by more than 10%. Changing leaf, stem, and root respiration rates and root demand had
little effect on plant growth, which indicated that accurately estimating these parameters was less
important than estimating photosynthetic rate and potential leaf and stem RGR (Table 5).

Table 5: Percent change in simulated final leaf, stem, root, and total dry mass and total carbo-
hydrate gain for simulated growth under 24 and 14 h illumination when leaf and stem potential
RGR, root demand, net photosynthetic rate, and organ respiration rates were changed by 10%.
Bold values indicate responses greater than 10%. The sensitivity of the model to a 10% increase
in photosynthetic rate under 24 h illumination was not tested.

Growth condition Leaf potential Stem potential Root demand Net photo- Leaf, stem, and
and organ type RGR RGR synthetic rate  root respiration
+10% -10% +10% -10% +10% -10% +10% -10% +10% -10%

24 h
Leaf dry mass 55 -36 -11 0 0 0 - -3 0 0
Stem dry mass 0 0 44 -39 0 0 - -4 0
Root dry mass 15 -28 -42 70 0 0 - -61 -1 1
Total dry mass 39 -27 -3 0 0 0 - -10 0

14 h
Leaf dry mass 21 -21 -18 19 -1 1 27 =22 -1 1
Stem dry mass -13 12 16 -19 -1 1 31 -24 -2 2
Root dry mass -13 12 16 -19 9 -9 31 -24 -2 2
Total dry mass 13 -13 -10 10 0 1 28 =22 -1 1

5.5. Summary of model performance

In summary, increasing the amount of carbohydrate available for plant growth by increasing photo-
synthetic rate and leaf potential growth rate increased total biomass accumulation (Table 5). These
results parallel the effects of increasing nitrogen availability through fertilization, which increases
leaf level photosynthetic rates [22] and produces “leafy” plants with small root systems and a high
shoot-to-root ratio [33]. Increasing leaf dry mass by increasing leaf potential RGR or decreasing
stem potential RGR in the model increased the proportion of carbon partitioned to leaves, leaf
area, and total dry mass (Table 5). In general, fast growing species partition a greater amount of
carbon to leaves than slow growing species and, as a result, gain relatively more carbon on a whole
plant basis [22, 32]. For example, during the Green Revolution, rice and wheat breeders reduced
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stem RGR by developing dwarf varieties that partitioned less of their carbon to stems and more
to the harvested portion of the plant compared to older varieties [19]. Similar explorations of the
relationships among the processes of photosynthesis, energy, and water use may be conducted in
PlantMod, an interactive model of the physiology of plant canopies [18].

The greatest weakness of the model is its treatment of roots as the “overflow” compartment
for carbohydrate in excess of leaf, stem, and root potential demand (Figure 1). Our model shares
this weakness with many other plant growth models; LeRoux et al. [23] noted that below-ground
processes are absent from most of the 27 models of individual tree growth they examined.

6. Student responses to the modeling project

The plant ecophysiology course included a wide range of discussions and laboratory activities, but
most of the responses on the course evaluation at the end of the semester addressed the modeling
experiment and related activities. The evaluations included comments such as “I really enjoyed the
modeling framework and think that it is a valuable skill to have, both immediately and long-term.”
and ‘“Modeling plant growth isn’t easy but we were able to understand and work with valuable
tools essential for the future.” Students also reported that learning to use Excel more thoroughly,
working with equations, and manipulating the model were helpful.

7. Future uses of the model

Students and others may use the equations included in this study to implement their own mod-
els of vegetative growth using Wisconsin Fast Plants or other species. In addition, the Wiscon-
sin Fast Plant Growth Model itself is available (Figure 4, BioQUEST curriculum Consortium
(http://bioquest.org/esteem/materials) and may be used to explore the effects of changing the model
parameters. Although model users might not develop the same level of understanding as the model
developers, the model should help users improve their understanding of the carbon economy of
plants [9, 27]. For example, during the spring semester of 2010, students in a plant ecophysiology
course taught at Beloit College by one of us (ABB) performed a laboratory exercise in which they
received a brief introduction to the model followed by an invitation to identify at least one ecologi-
cal or physiological variable that they could manipulate with it. They made qualitative predictions
about how a plant would respond to their manipulation, modified the Excel spreadsheet to simulate
this change, compared the control version of the model to the outcome of their manipulation, and
then discussed whether the changes they observed were realistic and fit with their knowledge of
plant ecophysiology. This process stimulated a lively discussion about the relationships among
leaf area, photosynthetic and respiration rates, and carbon acquisition. Such a conversation could
be used to set the stage for seminar discussions about contemporary issues that involve the carbon
economy of plants, such as the interactions among photosynthetic rate, fertilization, leaf area de-
velopment and crop yield [41]; calculation of the amount of carbon absorbed by forests [4]; and
the differences in harvestable biomass produced by different types of biofuel crops [6]. Such con-
versations help promote integrated learning of the type emphasized by recent reports on science
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J A B C D E F G H I J K L
1 |Wisconsin Fast Plant Growth Model Yaffa L. Grossman, Aaron B. Berdanier, Leah R. Feeley, Melissa L. Custic, Samuel F. Peake,
2 Anacelia J. Saenz, and Kara S. Sitton, Beloit College
3 | Parameters Values in highlighted cells may be adjusted
4 |Light period 24 h Potential growth equations
5 |NetPsRate 8.5 umol CO2 m-2 s-1 255 ug CHO m-2 s-1 Intercept Coefficient (RGR)
6 | GrossPsRate 9.0000 umol CO2 m-2 s-1 270 ug CHO m-2 s-1 Leaf -6.64 0.398
7 |Leaf Main Resp Rate 0.0250 umol CO2 g-1s-1 0.75 ug CHO g-1 s-1 Stem -8.45 0.456
8 Stem Main Resp Rate 0.0125 umol CO2 g-1 s-1 0.375 ug CHO g-1 s-1 Root demand 0.2
9 Root Main Resp Rate 0.0125 umol CO2 g-1 s-1 0.375 ug CHO g-1 s-1 (proportion of
10 stem demand)
11 |Light period OK
12 NetPsRate OK Leaf mass 20 g leaf DM m-2
13 to area
14 ratio
15
16
Leafdry = Stemdry .CHO Total D
Day Rootdry mass Leafarea  GrossPs LeafMResp StemMResp RootMResp TotalMResp available for
17 mass mass growth addeq
d g DM g DM g DM plant-1 m2 ug CHO ug CHO plant- ug CHO plant- ug CHO plant- ug CHO  ug CHO plant- g DM pl
18 plant-1 plant-1 plant-1  plant-1 d-1 1d-1 1d-1 1d-1 plant-1 d-1 1d-1 1 d-
19 1 0.002 0.000 0.000 0.0001 2270 126 1 2 139 2131 0.00143
20 2 0.003 0.001 0.000 0.0001 3379 188 17 1" 216 3163 0.0¢
21 3 0.004 0.001 0.001 0.0002 5031 280 27 24 331 4700 0.0q
22 4 _0,nnA B X 1o L s ¥ o 0.0003 7491 416 43 42 501 £990. 0.0(

Figure 4: Screen shot of Wisconsin Fast Plant Model implemented in Microsoft Excel®). High-
lighted fields indicate parameters that users may adjust.

education [1, 29].

Acknowledgements

The authors thank B. J. Brown, J. R. Jungck, E. Schaefer, A. E. Weisstein, J. B. Zedler, and two
anonymous reviewers for their helpful comments and encouragement. This study was partially
funded by the Beloit College Sanger Summer Scholars Program.

References

[1] American Association of Medical Colleges/Howard Hughes Medical Institute. Scientific
foundations for future physicians. Washington, D.C., 2009.

[2] J.S. Amthor. Respiration and crop productivity. Springer-Verlag, New York, New York, 1989.

[3] J. S. Amthor J. R. Cummings. Low levels of ozone increase bean leaf maintenance respira-
tion. Canadian Journal of Botany, 66 (1988), 724-726.

[4] P. A. Beedlow, D. T. Tingey, D. L. Phillips, W. E. Hogsett, D. M. Olszyk. Rising atmospheric
CO; and carbon sequestration in forests. Frontiers in Ecology and the Environment, 2 (2004),
315-322.

[5] A. J. Bloom, F. S. Chapin III, H. A. Mooney. Resource limitation in plants—an economic
analogy. Annual Review of Ecology and Systematics, 16 (1985), 363-392.

310



Y. L. Grossman et al. Wisconsin Fast Plant Growth Model

[6] C. Boehmel, I. Lewandowski, W. Claupein. Comparing annual and perennial energy crop-
ping systems with different management intensities. Agricultural Systems, 96 (2008), 224—
236.

[7] B. Carlsson. Ecological understanding 1: ways of experiencing photosynthesis. International
Journal of Science Education, 24 (2002), 681-699.

[8] D. Ebert-May, J. Batzli, H. Lim. Disciplinary research strategies for assessment of learning.
BioScience, 53 (2003), 1221-1228.

[9] N. J. Gibbons, C. Evans, A. Payne, K. Shah, D. K. Griffin. Computer simulations improve
university instructional laboratories. Cell Biology Education, 3 (2004), 263-269.

[10] J. Goudriaan, H. H. van Laar. Modelling potential crop growth processes: textbook with
exercises. Kluwer Academic Publishers, Dordrecht, Netherlands, 1994.

[11] R. Greenler, J. Greenler, D. Lauffer, P. Williams. Spiraling through life with fast plants: an
inquiry rich manual. Kendall/Hunt Publishing Company, Dubuque, lowa, 2001.

[12] Y. L. Grossman, T. M. DeJong. Maximum fruit growth potential and seasonal patterns of
resource dynamics during peach growth. Annals of Botany, 75 (1995), 553-560.

[13] Y. L. Grossman, T. M. DeJong. Maximum vegetative growth potential and seasonal patterns
of resource dynamics during peach growth. Annals of Botany, 76 (1995), 473—482.

[14] Y. L. Grossman, T. M. DeJong. PEACH: A model of reproductive and vegetative growth in
peach trees. Tree Physiology, 14 (1994), 329-345.

[15] Y. L. Grossman, T. M. DeJong, S. F. Vosburg. PEACH. First review folder. BloQUEST
Library, (2002), VI:116—117. Website http://www.bioquest.org/BQLibrary/library_result.php
[accessed 16 August 2010].

[16] F. Haslam, D. F. Treagust. Diagnosing secondary students’ misconceptions of photosynthesis
and respiration in plants using a two-tier multiple choice instrument. Journal of Biological
Education, 21 (1987), 203-211.

[17] L. J. Jackson, A. S. Trebitz, K. L. Cottingham. An introduction to the practice of ecological
modeling. BioScience, 50 (2000), 694-706.

[18] I. R. Johnson. PlantMod: exploring the physiology of plant canopies. IMJ Software, Armi-
dale, NSW, Australia, 2010. Website http://www.imj.com.au/software/plantmod [accessed 16
August 2010].

[19] G. S. Khush. Green revolution: the way forward. Nature Reviews Genetics, 2 (2001), 815—
822.

311



Y. L. Grossman et al. Wisconsin Fast Plant Growth Model

[20] S. Kishitani, R. Shibles. Respiration rates of soybean cultivars. Crop Science, 26 (1986),
580-583.

[21] C. Kleier, B. Farnsworth, W. Winner. Biomass, reproductive output, and physiological re-
sponses of rapid-cycling Brassica (Brassica rapa) to ozone and modified root temperature.

New Phytologist, 139 (1998), 657-664.

[22] H. Lambers, F. S. Chapin III, T. L. Pons. Plant physiological ecology. Springer-Verlag, New
York, New York, 1998.

[23] X. Le Roux, A. Lacointe, A. Escobar-Gutiérrez, S. Le Dizes. Carbon-based models of indi-
vidual tree growth: a critical appraisal. Annals of Forest Science, 58 (2001), 469-506.

[24] L. E. M. Marcelis. A simulation model for dry matter partitioning in cucumber. Annals of
Botany, 74 (1994), 43-52.

[25] L. F. M. Marcelis. Sink strength as a determinant of dry matter partitioning in the whole
plant. Journal of Experimental Botany, 47 (1996), 1281-1291.

[26] L. FE. M. Marcelis, E. Heuvelink, J. Goudriaan. Modelling biomass production and yield of
horticultural crops: a review. Scientia Horticulturae, 74 (1998), 83—111.

[27] E. Meir, J. Perry, D. Stal, S. Maruca, E. Klopfer. How effective are simulated molecular-level
experiments for teaching diffusion and osmosis? Cell Biology Education, 4 (2005), 235-248.

[28] H. A. Mooney. The carbon balance of plants. Annual Review of Ecology and Systematics, 3
(1972), 315-346.

[29] National Research Council. A new biology for the 21st century: ensuring the United States
leads the coming biology revolution. National Academies Press, Washington, DC., 2009.

[30] E. C. Odum, H. T. Odum, N. Peterson. Environmental decision making. BioQUEST Li-
brary, (1995), VI:116-117. Website http://www.bioquest.org/BQLibrary/library_result.php
[accessed 16 August 2010].

[31] G. Pineiro, S. Perelman, J. P. Guerschman, J. M. Paruelo. How fo evaluate models: observed
vs. predicted or predicted vs. observed. Ecological Modelling, 216 (2008), 316-322.

[32] H. Poorter, C. Remkes, H. Lambers. Carbon and nitrogen economy of 24 wild species differ-
ing in relative growth rate. Plant Physiology, 94 (1990), 621-627.

[33] F. B. Salisbury, C. W. Ross. Plant Physiology, 4th ed. Wadsworth Publishing Company, Bel-
mont, California, 1992.

[34] F. Tardieu. Why work and discuss the basic principles of plant modelling 50 years after the
first plant models? Editorial. Journal of Experimental Botany, 61 (2010), 2039-2041.

312



Y. L. Grossman et al. Wisconsin Fast Plant Growth Model

[35] J. H. M. Thornley, I. R. Johnson. Plant and crop modelling: a mathematical approach to plant
and crop physiology. Clarendon Press, Oxford, 1990.

[36] J. Vos, I. B. Evers, G. H. Buck-Sorlin, B. Andrieu, M. Chelle, P. H. B. de Visser. Functional-
structural plant modelling: a new versatile tool in crop science. Journal of Experimental
Botany, 61 (2010), 2101-2115.

[37] P. Wareing, J. Patrick. Source-sink relationships and the partition of assimilates in plants. In
J. Cooper [ed.], Photosynthesis and productivity in different environments, 481-499. Cam-
bridge University Press, Cambridge, 1975.

[38] P.H. Williams, C. B. Hill. Rapid-cycling populations of Brassica. Science, 232 (1986), 1385—
1389.

[39] C.D. Wilson, C. W. Anderson, M. Heidemann, J. E. Merrill, B. W. Merritt, G. Richmond, D.
F. Sibley, J. M. Parker. 2006. Assessing students’ ability to trace matter in dynamic systems
in cell biology. CBE Life Sciences Education, 5 (2006), 323-331.

[40] Wisconsin Fast Plant Program. Exploring with Wisconsin fast plants. University of
Wisconsin-Madison, Madison, Wisconsin, 1995.

[41] X-G.Zhu, S. P. Long, D. R. Ort. Improving photosynthetic efficiency for greater yield. Annual
Review of Plant Biology, 61 (2010), 235-261.

Appendix 1
Calculation of the potential demand for plant dry matter by each organ type

To calculate the potential growth for leaves, stems, and roots on one day, we used the expo-
nential growth equation (A, = Age™) with the current dry mass of the organ (Massogan) for Ay, the
potential RGR for the organ (PotRGRy,,) for r, and t=1 and then subtracted the current dry mass
of the organ:

PotRGROrganx*1

PotDemandogan = Massorean * € — Massorgan

— MaSSOrgan * ( e1:’0tRGROrgan _ 1)

This equation calculates the potential interest (potential demand) earned over one time interval on
the initial capital (initial dry mass).
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