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Abstract

Improved insights into the basis for the large variation in plant traits observed in nature are expected from the development of
more holistic optimization models. Holistic approaches emphasize the effects of interactions and tradeoffs among multiple traits
on whole plant fitness rather than studying individual traits in isolation. Using this holistic approach, we developed a general
model of tree seedling form and function. Here we present this new model and examine its realism and utility. The modeled
growth of tree seedlings reproduced natural patterns accurately, including subtle ontogenetic shifts and environmental responses.
The underlying processes of resource acquisition also behaved realistically, including the key process of stomatal control. Due
to its holistic approach and the generality of the tradeoffs on which it is based, the model is well suited to investigating both
general laws governing alternative designs for tree seedlings and the nature of trait adaptation in response to competition and
environmental differences.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Plant functional traits; Growth analysis; Optimal stomatal control; Optimization model; Trait evolution; Tree mechanics; Tree
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1. Introduction et al., 2004. This trait diversity is not only fascinat-

ing to naturalists, but also of ecological importance

One of the most striking observations about plant
communities everywhere is the high level of quantita-
tive variation in functional traits among plant species
both within sites {estoby et al., 2002and among
sites (Niinemets, 2001; Wright et al., 2004; Maherali

* Corresponding author. Tel.: +1 514 398 4116;
fax: +1 514 398 5069.
E-mail address: cmarks@po-box.mcgill.ca (C.O. Marks).

since it affects species distribution&thrie, 1989;
Roderick et al., 2000; Prior et al., 2008s well as
ecosystem processedhugart, 1997; iaz et al., 2004;
Suding et al., 2005 Although progress has been made
in understanding some dimensions of plant trait varia-
tion (Westoby etal., 2002; Reich etal., 2003wuch still
remains to be elucidated. Through an original applica-
tion of an optimization modeling approach our study
aims to improve this understanding.
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We chose an approach based on optimization since Farnsworth and Niklas, 1995; Gutschick, 199ew

optimization models have important advantages over
more empirical and statistical models in investigat-
ing patterns of trait variationMaynard Smith, 1982;
Mooney and Chiariello, 1984; Givnish, 1986a; Parker
and Maynard Smith, 1990; Farnsworth and Niklas,
1995; Makek et al., 2002; Sutherland, 2009Vost
significantly, optimization models are derived from
first principles Parker and Maynard Smith, 1990;
Sutherland, 2005 which allows the mechanisms
underlying plant function to be investigated directly.
Furthermore, since first principles apply generally,
optimization models can be used to make predictions
about responses under new conditiossitherland,
2005.

These advantages have allowed optimization mod-
els for particular elements of plant function to provide
insights into diverse aspects of plant function: nitro-
gen allocation Kilbert et al., 1991; Van der Werf et
al., 1993; Hikosaka and Hirose, 1998; Buckley et al.,
2002, root-to-shoot ratio@Qrians and Solbrig, 1977,
Schulze etal., 1983; Hilbert, 1990; Chen and Reynolds,
1997; Stuefer et al., 1998; Magnani et al., 2)Ghoot
architecture King, 1981, 1990; Niklas, 1993¢cspe-
cificand canopy leaf are&¢hieving and Poorter, 1999;
Farquhar et al., 2002 stomatal control Cowan and
Farquhar, 1977; Hari et al., 1986; Givnish, 1986b
Makeh et al., 1998 and water-useSchwinning and
Ehleringer, 2001; Zavala, 20R4To advance this line
ofinquiry, we have developed a more holistic optimiza-
tion model, the Tree seedling Adaptive Designs (TAD)

optimization models have addressed the challenge of
multiple plant functions, and those that have typically
used a multi-objective optimization approach which is
difficult to justify biologically (Niklas, 1994¢. A more
elegant solution is to integrate multiple functions into
a single fitness measure as in TAD where growth rate
is maximized, but with prevention of carbon starva-
tion, dehydration, and mechanical failure acting as con-
straints. The combination of survival and maximization
of growth is a well accepted fithess measure for tree
seedlings, since maximal seedling growth increases the
chance to survive into adulthood and increases lifetime
reproductive potentialMan Valen, 1975; Harcombe,
1987; Oliver and Larson, 1996; Landis and Peart,
2005. Thus the fithess measure in TAD is biologically
realistic and can be easily interpreted.

Third, the variation in individual traits cannot
be fully understood without taking into account the
direct and indirect effects of other traitsl¢oney and
Chiariello, 1984; Krner, 1991; Gutschick, 1999In
other words, the conclusions from studying traits at the
organ levelinisolation do not necessarily scale up to the
whole plant. For example, the values for leaf traits that
maximize nitrogen-use-efficiency at the leaf level are
not the same as the values for leaf traits that maximize
nitrogen-use-efficiency at the whole plant lev&g(ts
and Chapin, 2000 This interdependence requires tak-
ing a whole plant approach. Furthermore, ecophysiol-
ogy can be directly linked to population and community
ecology only at the whole-plant level of trait orga-

model that considers a broad array of elements in plant nization (Mooney and Chiariello, 1984 Some other

function influencing tree seedling growth and survival.
Here we present the TAD model as well as demon-
strating its realism with a particular focus on seedling
growth analysis.

TAD advances plant optimization models in four
important ways. First, while fithess is known to be
affected by multiple traits and may be limited by mul-
tiple resourcesMlooney and Chiariello, 1984; &tner,
1991; Gutschick, 1999TAD is to our knowledge the
first optimization model to incorporate key traits asso-
ciated with the economy of all four primary resources
for plant growth: water, nitrogen, light and carbon.

Second, many plant organs perform multiple tasks
and consequently their traits must reflect a compro-
mise optimizing performance across a set of individual
tasks Mooney and Chiariello, 1984; &ner, 1991;

optimization models recently have moved toward this
holistic approach%chwinning and Ehleringer, 2001;
Zavala, 200%, but not as comprehensively as TAD.
Fourth, plant traits modify the environment and
thereby also the selection on traitéaq Valen, 1977,
Laland et al., 200¢ In TAD these feedbacks on the
environment are modeled in a spatially explicit man-
ner. Consequently TAD is capable of accounting for the
effects of neighbor—neighbor competition. Some pre-
vious optimization modelsqohen, 1970; lwasa et al.,
1984; King, 1990, 1993; Schieving and Poorter, 1999;
Schwinning and Ehleringer, 20phave also included
these feedback effects, but none has considered compe-
tition for light, nitrogen, and water all at the same time.
Because of this and also the preceding points, TAD rep-
resents a significant advance in optimization modeling
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of the contribution of interacting traits to variation in
plant function.

2. Model introduction

143

evolution Goldberg, 1989 Specifically, as in bio-
logical evolution, the efficiency of GAs derives from
the interaction of selection and recombination of trait
value combinations over many generations where each
subsequent generation builds on the best trait combina-
tions of the previous one until an optimum is reached

The holistic approach of the TAD model results in  (Goldberg, 1988 Consequently GAs can mimic in
a truly complex system of trait interactions. Conse- a general way the effect of history on evolutionary
quently the TAD model has a relatively large number of outcomes Farnsworth and Niklas, 1995; Wagner and
trait variables even though each individual tradeoff was Altenberg, 1995
modeled as simply as possible. Specifically, the TAD The model outcomes found by the GA represent
model is based on the interactions, and particularly the optimal design solutions constrained by the tradeoffs
tradeoffs, among 34 functional traits critical to seedling and interactions among the independent traits. In the
growth (listed inTable Alin Appendix A). These 34 case of TAD only phenotypic constraints could be mod-
traits were selected based on a thorough review of the eled since the genetic controls of most functional plant
literature on the functional ecology of woody plants. traits are currently not sufficiently well described to
The primary criteria for making a trait subject to opti- include any genetic constraint&€ber and Griffen,
mization in the TAD model was that (a) the trait has a 2003. The solutions found with the GA in the TAD
substantial effect on a tradeoff affecting one of the four model thus represent potential optimal tree seedling
resources included in TAD and (b) this tradeoff was designs from a strictly phenotypic perspective.
sufficiently well understood and quantified to model Given that the functional tradeoffs and interactions
with reasonable accuracy. Since the values of the 34 among the 34 independent traits are the defining char-
traits are jointly optimized in the model, we refer to acteristics of the TAD model, in the following para-
these 34 traits amdependent traits in contrast to other  graphs we provide a brief summary of these tradeoffs in
dependent traits that can be derived from the values the context of the plant organs involved. This introduc-
for these 34 traits. Functional traits that did not derive tion focuses on outlining the tradeoffs and particularly
from the independent traits nor meet our criteria for on demonstrating how the different tradeoffs are inter-
inclusion as independent variables were set to a con- connected through the multifunctional roles of individ-
stant value in the current version of the TAD model. ual traits. The equations showing precisely how the 34
Since leaves have been studied much more intensivelyindependent traits fitinto this complex network of inter-
than roots, the current version of the model has a more actions are described in the subsequent section, which
detailed representation of aeground than below-  also gives the detailed references justifying our models
ground traits, but many belowground traits and pro- of individual tradeoffs.
cesses are included. The 34 independent traits include
four parameters related to seed reserve allocation, six2.1. Leaves
parameters related to carbon allocation, three param-
eters involved in nitrogen allocation, three parameters

for stomatal control, nine leaf traits, five root traits, and
four wood traits.

The simultaneous optimization of the 34 indepen-
denttraits inthe TAD model requires a powerful numer-
ical technique. We chose a genetic algorithm (GA) for
this purposeGoldberg, 1989; Mitchell, 1996In addi-
tion to their efficiency as an optimization technique,
GAs are attractive because of their similarity to some
key aspects of biological evolutiorFgrnsworth and
Niklas, 1995; Wagner and Altenberg, 199én fact
GAs were initially developed in analogy to biological

Leaves are the main center of activity for plants, and
consequently many plant activities are interconnected
there. For example, the gas exchange occurring in
leaves connects the plant’s carbon economy with its
water economy. Specifically, leaves have stomatal
pores in their epidermis to regulate gas exchange
between the leaf and the surrounding air. A plant
may increase stomatal conductance allowing more
CO, to diffuse into the leaf, thereby increasing the
photosynthetic rate, but only by simultaneously
increasing the amount of water lost from the leaf
through transpiration. Since supplying the leaf with
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water is costly in terms of increased construction tradeoff between leaf durability and carbon investment
of roots for water absorption and stem wood for in leaf construction.

its conduction, a plant should regulate its stomatal  Finally, the photosynthetic capacity of individual
conductance such that it maximizes photosynthesis mesophyll cells in the leaves depends on the number
relative to transpiration. Leaves also have a cuticle of chloroplasts that they contain. More chloroplasts
to reduce water losses. Investing in a thicker cuticle increase photosynthetic capacity, but also increase
improves survival during a prolonged drought, but also internal shading, maintenance respiration rate, and lev-
increases leaf construction cost and thereby carbonels of nitrogen investment. Thus mesophyll cell design
expenditure. also links the water, light, and carbon economies with

This tradeoff between water loss and carbon uptake the nitrogen economy of the plant. Clearly these trade-
is also affected by the internal anatomy of the offsassociated with leaf design alone already represent
leaves. Increasing the number of mesophyll cell lay- a complex system of interactions involving all four
ers increases the photosynthetic capacity, while at the modeled resources.
same time reducing transpirational water losses from
the leaf since these are proportional to leaf surface area.2.2. Stems, branches, and thick roots
In other words, increasing the number of mesophyll cell
layers potentially increases the water-use-efficiency.  This system of interactions becomes even more
However, upper layers of mesophyll cells shade lower complex when the tree’s structural organs are consid-
layers, preventing them from getting sufficient light ered. Leaves and the structural organs are functionally
for photosynthesis, especially if the leaf is in low light linked. Leaves provide the structural organs with the
conditions. Consequently, there is alink between trade- carbon necessary for growth and maintenance, while
offs related to light and tradeoffs related to leaf gas the support structures provide the leaves with the water,
exchange. nitrate, and light that are needed for continued car-

The thickness of the leaf cell walls also affects this bon assimilation. For example, the total stem cross-
internal shading. However the cell walls must have a sectional area affects the stem’s hydraulic conductance,
minimum thickness relative to the cell diameter to with- but also increases its construction cost. The advantage
stand the cell’s turgor pressure without rupturing. The of a higher stem conductance is a higher rate of water
turgor pressure is proportional to the osmotic poten- supply to the leaves and consequently higher photosyn-
tial and this osmotic potential in turn critical to the thetic rates. Alternatively, if leaves increase water-use
plant’s ability to draw in water at low soil moisture.  without adequate stem conductance, then xylem water
Thus the availability of water constrains the minimum potentials could drop substantially. To withstand these
cell wall thickness. Furthermore, like cuticle thickness, lower water potentials the xylem conduits need to have
the thickness of the cell walls affects the leaf construc- thicker cell walls to guard against implosion in the case
tion cost thereby creating another link to the carbon of cavitation, which increases carbon investment costs
economy. per conduit.

Similarly, leaves may contain varying amounts of The thickness of the conduit walls relative to con-
sclerenchyma. Sclerenchyma increases the strengthduit diameter also determines the density of the wood
of a leaf. Similarly the thickness of mesophyll cell and thereby also its strength. Thus there is a direct link
walls relative to mesophyll cell diameter increases between xylem hydraulics and stem mechanics, with
the strength of the leaf, although sclerenchyma is 10 important implications for light capture. In particular,
times as strong on a cross-section basis. In general, thethe structural organs need to have sufficient mechani-
longevity of leaves is a function of their strength, pre- cal strength to support themselves as well as the leaves
sumably to resist mechanical damage by herbivores orand any external loads imposed on them. To support
wear and tear from wind. The disadvantages of invest- this mechanical load the main thick roots, stem and
ing in sclerenchyma are that this reduces photosyn- branches needtoincrease in cross-section area, thereby
thetic capacity slightly by increasing internal shading increasing construction and maintenance costs. This
in the leaf as well as increasing construction cost. Thus carbon cost increases dramatically as the tree grows in
sclerenchyma and mesophyll wall thickness mediate a height. However, height growth is necessary to extend
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new leaf growth into the best light environment. This tunity to potentially gain new insights into the causes
effect is particularly strong when neighboring plants of trait variation in nature. This potential for emergent
are competing for light. Thus as in leaf design, the properties due to complex interactions is what sets the
design of structural organs involves multiple tradeoffs TAD model apart from more traditional models opti-
and interactions among the carbon, water, and light mizing only an isolated element of plant function.
economies which further increases complexity in the

network of interactions among traits. 2.5. Limitations

2.3. Fine roots As is the case for any model, the TAD model has
both strengths and weaknesses that reflect our modeling
Much as in leaves, in fine roots there are tradeoffs goals and objectives. We place a premium on strength-
among resource uptake, nitrogen investment, and main-ening our understanding of the interactions among
tenance costs. Specifically, fine roots can have a greatertraits that influence growth and survival within a fairly
investment in metabolic activity associated with higher normal range of environmental conditions associated
nitrogen content and higher nutrient uptake rates, but with upland forests within a climate zone. Our focus is
this also increases their maintenance respiration. Thereon the uptake and use of resources for growth, not on
is also a belowground analogy to the tradeoff between factors that define latitudinal range limits or that decide
the costs of extension growth and access to light. In survival of episodes of severe environmental stress.
particular, fine roots can be distributed primarily in the Specifically, the TAD model is not addressing ques-
upper soil layers where nitrate is most abundant but tions of cold hardiness, salttolerance, or flood tolerance
where evaporation is also greater or in deeper soil layers (soil anoxia). In any case, the tradeoffs associated with
where they can avoid competition and moisture avail- adaptations for surviving these severe environmental
ability is typically greater. Thus belowground thereisa stress factors often are still too poorly understood for
three-way tradeoff among nitrate uptake, water uptake, inclusion in the tradeoffs organizing the model. Thus,

and carbon costs for root construction. in its present form, the TAD model cannot be applied
in extreme environments such as the arctic tree line
2.4. Whole seedling or a mangrove swamp. Nor can the model address the

distribution of species along an environmental gradient

The pattern emerging from this sketch of tradeoffs involving any of these critical stresses. The TAD model
in tree seedling design is that no tradeoff acts entirely is appropriate, however, for making predictions about
in isolation of other tradeoffs—a complex network of the nature of trait adaptation in tree seedlings grow-
interactions among traits arises because many traitsing in upland forests within a climate zone, which is
have multiple functional connections associated with sufficient to this early stage of our investigations.
more than one tradeoff. Furthermore, the economies of  Atthis stage in its development, the TAD model also
the four main plant resources are interacting in multi- does not address questions of phenotypic plasticity and
ple ways both within the functioning of an individual its potential influence on the evolution of trait com-
organ and through interactions among organs. Conse-plexes Pigliucci, 2004. Real tree species are usually
quently the design constraints for tree seedlings repre- growing over a range of environments and there is often
sentacomplex system, and complex systems are knownsome degree of gene flow between local populations
to behave in fundamentally different ways from their within this range. This environmental heterogeneity
individual componentsBossomaier and Green, 2000; would prevent the species from becoming perfectly
Ellis, 2005. In the case of the TAD model that means adapted to any one of the local environments as well as
that the type of trait variation expected in response to an selecting for plasticity in individual traitsSultan and
environmental difference based on considering a single Bazzaz, 1993a, 1993b, 1993Elowever, at this point,
tradeoff in isolation at the organ level may not be the we are interested only in investigating the simpler case
same as when considering an ensemble of tradeoffs atof adaptation to a single environment. Furthermore, the
the whole plantlevel. The holistic approach takeninthe costs of plasticity are still not understooRigliucci,
development of the TAD model thus provides an oppor- 2009. Thus as in other trait optimization models, the
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possible effects of selection for performance in multi-
ple environments are set aside.

Finally it is important to note that TAD in particu-
lar and optimization models more generally are ideally
suited asnvestigative models, as opposedpeedictive
models Parker and Maynard Smith, 1990; Sutherland,
2005. In predictive models the emphasis is on accu-
rately modeling a particular species in detail, whereas
in investigative models priority is given to generality.
For example, when the purpose of the model is to accu-
rately forecast the yield of a crop as in agronomic or
silvicultural research, then a predictive model is most
suitable Perttunen et al., 1996; Genard et al., 1998
To achieve this accuracy, predictive models rely on
greater empiricism that obscures the underlying mech-
anisms Parker and Maynard Smith, 1990; Sutherland,
2005. Consequently, predictive models are unsuitable
to investigating the general evolutionary causes of vari-
ation intree designs. Empirical models can at most give
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Fig. 1. Grid cell representation of seedlings and environment in the
TAD model. The face of each grid cell is 30 corBO cm and each

cell has a nominal depth of 30 cm. The particular example illustrated
schematically here shows a case where two different seedling designs
are competing with each other; note that in the actual simulation there

some limited insights into the effect of trait variation IS @ repeating boundary condition horizontally to avoid edge effects.

in the immediate vicinity of the current value by doing
a parameter sensitivity analysis. In contrast, investiga- than in models where leaves and roots are represented
tive models sacrifice some empirical accuracy in favor individually (for example, LIGNUM Perttunen et al.,
of the greater generality that can be achieved by focus- 1996. The advantage of this aggregate approach is that
ing on the underlying tradeoffs that govern trait vari- simulations require much less memory and run more
ation. In other words, the predictions of investigative quickly; the disadvantage is that some questions related
models are derived from first principleSytherland, to seedling architecture cannot be investigated.
2005. This mechanistic basis of optimization models A second simplification is that a vertical slice
allows their predictions to be generalized across the full through the seedling population represents the envi-
breadth of present day tree seedling designs as well asronment where neighbor—neighbor interactions occur.
extinct and potential future designs. As shownFig. 1, the space in the model consists of a
wall of grid cells that are stacked on top of each other
like blocks. Inthis representation, the units are the same
as in nature in that the wall of grid cells has a nominal
depth (30cm), but interactions basically are reduced
The following subsections give the detailed, fully to two dimensions: the vertical direction and only one
referenced description of the seedling simulation horizontal direction. Since it is reasonable to assume
model including all equations and assumptions. Sym- that the interactions in the second horizontal direction
bols used in equations are defined where they are firstwould be similar to the first, this simplified repre-
used, and also are summarizedippendix A sentation can reproduce natural seedling-seedling and
seedling-environment interactions. The great advan-
tage of using a 2D instead of a 3D array of grid cells, of
course, is that computational effort is greatly reduced
not just because fewer grid cells are needed but also
computational effort substantially. The first is that because fewer seedlings need to be simulated to assess
space is divided into grid cell$-{g. 1). Each grid cell competitive interactions. Another advantage of using
can contain a cluster of leaves and twigs or a block of a grid cell representation is that resource levels can be
soilandroots. This aggregated representationis simplercalculated as a balance of flows into and out of grid

3. Model description

3.1. Spatial representation

The model makes two simplifications that reduce
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cells. Thus only neighboring cells need to be consid- 3.3. Environment

ered when calculating available resource levels. For

example, in many conventional models, light intensity Details of how environment is described in the TAD

calculations check for obstructions to light in every model are given in the following numbered subsec-
direction and then sum the light rays coming from tions: (1) weather, (2) nutrient input, (3) evaporation,
the unobstructed directions, whereas here irradiance is(4) light interception and distribution, (5) atmospheric

simply the sum of radiation coming from the immedi- CO, concentration, and (6) soil resources.

ately neighboring cells directly and diagonally above.

Without these simplifications the novel multiple-trait  3.3.1. Weather

approach in the TAD model would not have been fea-  The weather in the simulations varies on two time
sible using current computers (1-2 GHz); the reduced scales. There is (1) a variation from 1 day to the next
dimensionality and aggregation do not compromise the that follows a prescribed time series and (2) a fixed

basic questions we wish to investigate. diurnal variation. The prescribed time series is gener-
ated from a statistical distribution that imitates natural
3.2. Seedling spacing and initial size randomness, and the same time series is used in each

simulation for a given environmental regime to avoid

Normally in TAD, there is a row of four seedlings statistical noise in the results. The diurnal variation
in each growth simulation to include the effects of follows the same basic pattern every day and is sim-
neighbor—neighbor competition as illustratedrig. 1 ply scaled in magnitude by the level for that day in the
However, TAD also gives the option to run the growth day-to-day time series. For example, the value from the
simulations without competing neighbors, in which light intensity time series gives the average light inten-
case the grid would contain only one seedling. In the sity for the particular day and this average intensity is
default case of competing neighbors, the seedlings areused to scale the diurnal curve of light variation. Dif-
spaced at every second grid cell (i.e. 60 cm apart). To ferent time series can be used as specified by the user.
avoid edge effects and ensure symmetry in the horizon- For example, if the user is interested in a light treat-
tal direction there is a repeating boundary condition. In ment then there is a choice of light time series each
otherwords, one could considertherightside ofthe grid with a different range of light intensities. The distribu-
as connected tothe left side of the grid as ifthe grid were tions and ranges for the different weather time series
on the surface of a cylinder, or alternatively one could are summarized iffable 1 There are five time steps
consider that there are an infinite number of identical for diurnal variation in weather: early morning (3 h),
copies of the grid repeating in the horizontal direction. late morning (3 h), early afternoon (3 h), late afternoon
At the beginning of the simulation each seedling only (3h), and night (12 h). The distribution of light also
occupies one above ground and one below ground grid changes direction over the course of the day, as it does
cell. Theinitial seed size is specified in the program and in nature.
kept constant for all simulations, but these initial seed
resources can be allocated differently in the germinant. 3.3.2. Nitrate input
There are four independent traits specifying this initial The nitrate input is a constant user-specified rate
allocation. The first specifies the proportion allocated (g nitrogen/m/day). This nitrate input is added to the
to below ground versus above ground parts (root-to- topsoil layer daily over the simulated period of growth.
shoot). The second specifies the proportion allocated In nature, nutrient inputs are influenced by many vari-
to fine roots versus thick roots (fine-to-thick). The third ables such as temperature, soil moisture, and litter type.
specifies the proportion allocated to leaves versus stemsln this model, nitrate input was intentionally kept sepa-
and branches (leaf-to-stem). The fourth is the fraction rate from these other variables so that truly independent
allocated to storage that the seedling can use to covernitrate treatments could be applied in the simulations.
maintenance costs in subsequent days. A dry mass of
1.0 g was chosen for the initial seed six@(ng and 3.3.3. Evaporation
Young, 1992 with a composition of 50% carbon, and Evaporation occurs only from the top layer of
8% nitrogen (our unpublished data). soil grid cells. The rate of evaporation is constant
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Table 1
Ranges for weather data for different treatments in simulated experiments
Variable Distribution Range
Temperature®C) Normal Low: mean 22, max 28.2, min 16.6
High: mean 27, max 33.7, min 20.1
PAR (umol/m?) Uniform random Ranges for the five light treatment levels: 1-20, 20-50, 50-200, 200-500, 500-1000

Relative humidity (%) Uniform random

Ranges for the two humidity treatment levels: 50-75, 70-90

throughout the simulation since the effect of weather
and soil moisture on evaporation pose complications
that are not important to the main purpose of the model.
Thus for simplicity a constant evaporation rate per soil
area is specified and is a function of only the amount
of water available in the soil

EdailySgrid
Evap - m (1)
Evaporation Eyap) declines exponentially with soil
moisture to prevent the evaporative water loss from
grid cells from exceeding the water available. The user
specifies the constafgaily. Sgrid iS the soil surface area

and¥j is the soil water potential.

3.3.4. Light interception and distribution

The light incident at the top of the grid is assumed
to be from three directions: directly from above and
at 45 angles from left and right. The relative amount
from each direction depends on the time of day, and

the canopy grid cell, and is the number of leaves in
the grid cell.

The photosynthetic rate is calculated by assuming
that the median light intensity within a grid cell is rep-
resentative for the light intensity received by the leaves
atthe aggregated level of the grid cell. This approxima-
tion is calculated by setting to half the total number
of leaves in the grid cell. The light leaving the grid cell
to enter the grid cell below is calculated by setting
to the total number of leaves in the grid cell. The num-
ber of leaves in the grid cell is calculated by dividing
the total leaf area by the area of a leaf. The leaf size
was constant in all simulations since the advantages of
large leaf size are insufficiently well understood cur-
rently to make leaf size an independent variable in the
model. An area of 64 chwas chosen as representative
of an average size leaf based on our unpublished data
for seedlings of 26 temperate deciduous hardwood tree
species.

3.3.5. Atmospheric CO;

the absolute amount on the weather inputtime seriesas  The atmospheric concentration of carbon dioxide is

explained above. The light incident to lower grid cells
is the sum of the light incident to the three neighboring
grid cells above (vertically and diagonally) minus the
amount of light that is intercepted by foliage in those
cells.

Light interception is modeled using an equation
derived byMonsi and Saeki (1953)

Sleaf

n
I=10I|1—-
0( S, >

wheresieaiis the effective area of a leaf, which depends
on the direction of the light and the angle of the leaf.
To simplify computations, all leaves were assumed
horizontal, and uniformly and randomly distributed
throughout the grid cell. The variablé,is the light
intensity in the canopyp is the light intensity above

)

grid

an important resource and is known to have played an
important role in the evolution of plant8é&teman et
al., 1998; Willis and McElwain, 2002 In the model,
the user can set the atmosphericZ®@ncentration. It
remains constant throughout the simulation and affects
the rate of photosynthesis as will be explained in the
section on leaf gas exchange.

3.3.6. Soil moisture

As with the light calculations, the calculations for
the water available in the soil make use of the grid cell
approach. The water contained in a grid cell is simply
the balance between the uptakes by the seedlings roots
and the water added to the cell. Water is added to all of
the soil grid cells at the beginning of the simulation and
is subsequently replenished at a user-specified inter-
val. At each water addition, the soil moisture reaches
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some user-specified percentage of saturation. Rather <«—Cuticle
than requiring rewetting of the entire soil profile each <—Epidermis
time, the model has an option to impose a vertical pro- (®) Plasmalemma

file where only the topmost layer of soil grid cells is  Internal @
rewetted each time, the second layer every second time, & _-“’
O

\Mesophyll
& Cells
\Ce\l Wall

. . K Space
the third layer every third time, etc. The program also

permits setting a drought period where rewetting is sus-
pended for a user-specified number of days, starting ata
user-specified day within the simulated growth period.
After the water balance has been computed for a grid
cell, the volume fraction of water remaining may be
used to compute the water potential of the swildj),

and its specific conductancg (using empirical curves
relating specific conductance and water potential to
the volume fraction of water in the soil. The curves

for typical clay, sand, and loam soils were taken from as mesophyll cells, but are assumed not to contribute
Brady and Weil (1999)and programmed into TAD  to photosynthesis. The thickness of the cuticle may
using piecewise, linear approximations. The user spec-vary and affects minimum transpiration. Stomata are
ifies if the soil is to be a sand, loam or clay during the not modeled explicitly, but are included implicitly via
growth simulations. This choice of soil type also deter- stomatal conductance.

mines the water holding capacity of the soil, as it does
in natural soils.

Boundary
Air Layer

CO2 Diffusion Path

Fig. 2. Schematic diagram of a cross-section of a model leaf (thicker,
open arrows indicate the diffusive pathway for §O

3.4.1.1. Leaf gas exchange and optimal stomatal con-
' _ . trol. Fig. 2illustrates the simplified representation of
3.4. Tree seedling traits and trait tradeoffs a leaf in the TAD model. The mesophyll cells are
) _ ) ) ) represented by spheres, and the diffusion pathways

The following subsections discussing the traittrade- for CO, entering the leaf are indicated by arrows.
offs are organized by function: (1) photosynthesis, (2) Each of these pathways has resistances to diffusion
water conduction and mechanical support, and (3) soil associated with it. Differences in these resistances
resource uptake. Associated with each of these func- ang especially in the number of layers of mesophyll
tions is a type of plant organ: (1) leaves, (2) stem, celis are of great functional importandedbel, 1977,
branches and thick roots, and (3) fine roots, respec- 19g().
tively. In all cases the structures performing these func- - 1q simplify the algebra in the derivations that will
tions have a construction cost, which will be discussed fo||ow, the boundary layer conductangg)and stom-

in Section3.5. atal conductance) were combined into a single con-
ductancegc):
3.4.1. Leaves (photosynthesis and transpiration)
Much of the internal anatomy is included in model- ¢, = 8s8b oy s = SCED (3)
ing the leaves. In particular, the mesophyll is approx- 8s+ &b 8b — &c

imated by several layers of spherical cells (as shown Building on the approach ofiari et al. (1986) the

in Fig. 2) following the approach olNobel (1991) Of model assumes that all the G@uxes are in equilib-
course, strictly speaking, the mesophyll cells are not rjum. Thus

spherical, particularly the palisade cells, but this sim-

plification does not change the fundamental nature of &i(ci — ccn) = Pa (4)

the tradeoffs and is thus a convenient way to simplify

the model. Mesophyll cell diameter and cell wall thick-  §c{ca—¢i) = ZP” =4 ()
n

ness are independent traits in the model as well as the
nitrogen concentration of the mesophyll cell contents. whereg; is the internal CQ conductance;; is the CQ
Epidermal cells are assumed to have the same diameteconcentration in the leaf internal air space, apgl is
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the CQ concentration inside the mesophyll cellsinthe photosynthesis per are&,
nth layer of mesophyll cellsP, is the photosynthetic

rate of thenth mesophyll layer, and is the total pho- gecay Lgif(In)/(gi + f(In))]
tosynthetic rate for all of the mesophyll layers. All of 4 _ n )
the variables in Eqg¢4) and (5)are expressed per unit gc + Z[gi FI) /(g + FUN]
leaf area. n

The model assumes that the photosynthetic rate of or
a mesophyll cell can be approximated by a function
of the CQ concentrationgc,, and the light intensity CaZ[gif(In)/(gi + FI))]
inside the cellf(Iy). A P

1+ (gl gt 1)/ (gi + f(In
Py = cen fl00) © T DL )/ e+ )
(10)
The dependence on light intensity is modeled with a
Michaelis—Menten function. or
I viight _ gcCaS

I,) = —9nt 7 A=——0 11)
fin) kiight + In @ g+ S
wherel, is the light intensity inside the leaf at théh where
mesophyll layeryjignt is a measure of the maximum _ gif(ly) (12)

photosynthetic capacity of the individual mesophyll §= gi + (L)

layer that depends on the nitrogen content of the mes- "

ophyll cells (see Eq(21)), andkiignt is the constant  The transpiration rate;, is assumed to be a function of

expressing the response to light. only the stomatalgs), cuticular gmin), and boundary
These functions that model G@ptake at the indi-  layer (g,) conductances. Assuming that the stomatal

vidual mesophyll cell level are analogous to the func- conductance is in parallel to the cuticular conductance,

tions that Hari and Nkeh used to model Cuptake and that both are in series with the boundary layer con-

at the whole-leaf level Hari et al., 1986; Mkek ductance yields the following equation:

et al., 199%. The whole-leaf view was avoided in

the model because newer studies have shown that, _ <1.6( 8b8s > ( 1.6gpgmin )> Aw

variation in internal leaf structure varies consistently &b+ 8&s 1.6gb + gmin

with environmental gradientdRpderick et al., 2000;

Niinemets, 2001; Wright and Westoby, 2002nd . T

with leaf photosynthetic capacitjpbel, 1977, 1980, where the factor 1.6 accounts for the higher diffusion

1991; Patton and Jones, 1989; Roderick et al., 19995\,rate of O in air than CQin air. TheAw is the molar
1999H). fraction gradient of water vapor from the substom-

atal cavity to the air, which is a function of humidity
and temperature. Humidity is assumed to be saturated
inside the leaf, and the humidity for the atmosphere
is given by the weather inputs. The water vapor gra-
dient also depends on the temperature of the leaf and
gici f (1) the air temperature, which is influenced by the weather
n = m (8) inputs as well. The leaf temperature is assumed to be 1,
3, 5, and 2C above air temperature for the four diur-
This expression for mesophyll cell photosynthesis may nal time steps in sequential order, antClbelow air
be substituted in Eq5) and solved for;. This expres-  temperature during the night.
sion for ¢; can then be substituted back into K§) The model uses the expression derived by Cowan
and simplified to obtain the following equation for leaf and Farquhar for modeling stomatal contr@logvan

Substituting Eq(6) in Eq. (4) above, and solving
for cc,,, @and then substituting back into E@) gives
the following equation for the photosynthetic rate of
mesophyll layen, P,:
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and Farquhar, 1977; Cowan, 198 this expression,
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all the available water in the soil is used up over an

the optimal variation of stomatal conductance is such infinitely long drought period. This formulation repre-

that the partial derivative of transpiration with respect

sents an important theoretical advance, but is still not

to photosynthesis is constant. This constant has beenideal for application in the inquiry that motivates the

called the marginal cost of water, and is usually desig-

nated as.. In TAD vyater the inverse oh, is used in
the computations
JE _ 1

. AE/9gs 1
9A

= A=
9A/dgs

Vwater Vwater

(14)

Sincegyp is constant in the model, we can replage
with g¢ to simplify calculation of the preceding partial
derivatives from Eqq11) and (13)

JE

— = 1.6Aw (15)
0gc

dA 52

e Caiz (16)
9c  (gc+ )

present model. Their approach assumes that when a
rain occurs, the entire soil profile is wetted and that the
cost of uptake is the same throughout the entire soil
profile, but in the TAD model the spatial variation in
soil moisture and root distribution is of critical interest.
Furthermore, the TAD model can include competitive
uptake of water by several plants with overlapping
root systems and thus the optimal rate of water uptake
depends on the uptake of competing plants as well as
the time since the last rain. The strategy of compet-
ing plants likely differs between species, size classes
and with any other asymmetries between the competi-
tors. The degree of overlap of root systems and the soill
properties affecting zones of influence of individual
roots will moderate the degree to which competition
affectsvyater It is unreasonable to imagine that plants

The preceding three equations can be combined to can gather all of this pertinent information on competi-

solve for the optimal conductancg, opt

Ca
= -1 17
ge.opt = S ( Awl.6v ) (7
or
gb(/ca/Awl.6v — 1)S (18)

§s.opt = gb — (Wea/Awlby — 1)S

The equation fogc optiS analogous to the equation that
Makeh et al. (1996Herived for the optimal stomatal
conductance, but differs from it in two ways. Firstly,
it includes the internal leaf conductance explicitly and

takesinto accountthe boundary layer and cuticular con-

tors and future weather directly, given that even human
researchers with the aid of modern scientific instru-
ments find this a challenging task. It is much more
reasonable to assume that plants are reacting to com-
petitors indirectly based on the soil moisture available
in the rooted zone. Although the water status of the
seedling’s root zone is not a direct measure of statistical
expectations of future competitor water use, evapora-
tion and precipitation, it is likely correlated with them
in a given environment. Plants can sense the local soil
moisture status directly at individual rootshalil and
Grace, 1993; Tenhunen et al., 1994; Loewenstein and
Pallardy, 1998; Crocker et al., 1998nd soil mois-

ductances. Secondly, the TAD model takes a different ture over the whole root zone indirectly via their own

approach to calculating the marginal cost of waiter,
or its inverse pwater; this is discussed below.

Cowan and Farquhar (197did not derive a theory
for the magnitude of. and only show that it should
be constant for short periods of time on the order of
an hour or a day. Several solutions for calculating
or more recently its inverseyater have been published
since then Cowan, 1982; Givnish, 1986b; &keh et
al., 1994. Of these the solution bylakek et al. (1996)
is the simplest for practical application. They calculate
vwater fOr a soil drying cycle asyater=po€, wherer
is the time since the last raik,is a species-specific
constant, anghg is determined numerically such that

xylem water potentialldonovan et al., 2001Although
slight amounts of nocturnal transpiration may cause
the predawn xylem water potential to be lower than
the soil water potential, the parameters should still
be correlatedonovan et al., 2001 Therefore, we
assume that in tree seedlinggater is @ function of
the predawn xylem water potential at the base of the
stem
Vwater = c1€ 2V (19)
Avoidance of xylem cavitation has been shown
experimentally to directly limit stomatal conductance
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in several woody plant specie€dgchard et al., 2002;  eterdce is the diameter of a mesophyll cell, which is
Brodribb et al., 2008 Since cavitation is a thresh- an independent variable in the TAD model. The above
old function of xylem water potentialSperry, 1995, relationship between maximum photosynthetic capac-
2003, these experimental results reinforce the view ity and leaf nitrogen content is supported empirically
of xylem water status as the key control variable for within generaflooney and Gulmon, 1979; Niinemets
the regulation of transpiration. In a simulation model et al., 2002 and across generd&é¢ich et al., 1997,
of plant water us&chwinning and Ehleringer (2001) 1998a, 1999; Shipley and Lechowicz, 2000; Wright et
also assumed a similar relationship where stomatal con-al., 2001, 2004; Westoby et al., 200The parameter
ductance depends exponentially on plant water poten- mphoto €Stimates the slope of the relationship between
tial. Furthermore, in the TAD model, the stomatal nitrogen content and photosynthetic capacity at the
conductance is also limited by a maximum stomatal level of an individual mesophyll cell layer. The min-
conductancegmax that sets an upper limit to the stom- imum cell nitrogen concentratioiNnmin is subtracted
atal conductance that is in turn another independent from the cell nitrogen concentratioNge) to account
trait. for the nitrogen invested in functions unrelated to pho-
The cuticular conductancein), also called mini- tosynthesis.
mum conductance because stomata do not close per- The lightintensity in mesophyll layer, 1,,, is differ-
fectly, varies by almost two orders of magnitude in entin each layer of mesophyll cells because of shading
nature and depends on cuticular thickness and per-from layers above, and can be modeled as follows:
meability (Nobel, 1991; Kerstiens, 1996; Bargel et
al., 2002)/. (,‘Flhe thickness of cuticles varies fror?1 less Iy = Iin(0.9)*%(0.9)>*" (23)
than 1um to approximately 1pm (Choong et al.,  wherel;, is the incident light intensity on the leaf, and
1992; Kozlowski and Pallardy, 19p7and the cutic-  the internal shading coefficient due to cell walls,{sc

ular conductance varies apprOXimately fr.om 0.0005 and due to the Ch|0r0p|asts éﬁﬁ) for |ayerz of meso-
to 0.0150 mol HO/(n¥s) (see Table 8.1 iMobel, phyll cells are calculated as follows:

1997). Since cuticular transpiration is a diffusion

process, a linear inverse relationship with thickness gg, — (22 + 1)(ew) + (2 + 1)(deel fscl) + feuticle

is expected of the following formBargel et al., Cshadel

2004: (24)

0.0075

Tcuticle

T
(20) SGh = (z — 1)(Ncell = Nmin) (gdcell) Cshade?2

8min =
. - (25)
The constant 0.0075 was estimated by fitting Eq.

(20)to the ranges of cuticular conductance and cuticle wherefsq andzcyicle are independent variables repre-
thickness in nature given above. The permeability of senting the fraction of leaf cross-section area that is
cuticles and the effect of residual transpiration through sclerenchyma, and the thickness of the leaf cuticle,
imperfectly closed stomata were assumed to be con-respectively. The above shading coefficientsh{ge1

stant or negligibly different across species. and cshade) Were estimated from measured internal
The parameteniigh: is a function of the leaf invest-  light profiles Cui et al., 199) using the follow-
ment in nitrogen compounds, particularly in photosyn- ing assumptions. The reduction in light intensity was
thetic enzymes and chlorophyll approximated as 20% after each layer of mesophyll
(Ncell — Nmin) Vimes cells in a typical leaf and that about half of that shad-
Viight = (22) ing is due to cell walls and the other half due to the
Mphoto Ames chloroplasts. Sclerenchyma tissue is assumed to have
Vies _ (7/6)gen _ 7, .,y ashating effect similar to cell walls. Although this s
Armes =T = g el (22) an pve.r3|mpl|f|cat.|on of mternql light prqﬁles, this sim-
cell plification approximates real light profiles reasonably

whereVmesis the mesophyll cell volume atlnes well (Cui et al., 199)and captures the essential nature
is leaf area taken up by a mesophyll cell. The param- of the tradeoffs.
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The diffusion constant for Cis given byNobel
(1991)as

18 po
P

T
Dco, = D(()ZOQ —
273

where the pressure inside the le&fjis assumed to
be equal to the air pressure9. T is the absolute
temperature of the leaf. The constab, is equal

to 1.4968x 10°m?/s if diffusion is in water and
1.33x 10~ m?s fitis in air. Following Nobel (Chap-
ter 8 inNobel, 199), we can approximate the internal
leaf resistances to CQdiffusion with these diffusion
constants:

(26)

(27)

The resistance of the internal air spa®gd) is based

on the number of mesophyll cell layets,separating
the mesophyll cell layer from the stomata (assumed to
be on the bottom leaf surface only), adg is the
mesophyll cell diameter

_ 3(cw)

Rew = nD‘(’:‘%t;r

(28)

The cell wall resistanceRty) is based on the cell wall
thickness¢y, and the diffusion constant is divided by
three to account for the tortuosity of the path through
the cell wall, a realistic approximation according to
Nobel (1991)

_ 1000

pl = ——— (29)
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These four resistances may be combined to give the
internal leaf conductance;

1
B Rias+ Rew + Rpl + Rcy

To increase photosynthesis, selection should favor
reducing the resistances to g@iffusion across the
mesophyll cell walls by reducing the cell wall thick-
ness,cw, Which is an independent trait in the model.
However, there is a tradeoff with the strength of the
cell walls needed to counterbalance the turgor pressure
inside the cells that results from the cell osmotic poten-
tial.

gi (31)

3.4.1.2. Leafosmotic potential. The osmotic potential

of mesophyll cells is constrained by the ability of the
cell walls to resist the internal pressure at full turgor.
Approximating the cell as a spherical thin walled pres-
sure vessel, the maximum osmotic potential is given by
the following equationBeer and Johnston, 1985

-8 cwT
osm=

dcell (32)
wherer is the shear strength of the cell walls.

In the TAD model, the leaf osmotic potential is used
as an approximation for the minimum water potential
that the leaf can sustain without wilting (wilting point).
In real leaves, the water potential at the wilting point is
slightly less than the osmotic potential at saturation, but
the two are correlated if the effects of cell wall elasticity
are neglected{ramer and Boyer, 1995; Kozlowskiand
Pallardy, 199Y. The water potential at wilting could be
lowered by increasing the elasticity of the cell walls,
but this effect is relatively smallKramer and Boyer,
1995; Kozlowski and Pallardy, 199 MHowever, there
is an advantage to decreasing the elasticity. For a given

The resistance of the plasmalemma is assumed to beamount of leaf dehydration, a leaf with lower elastic-

constant as suggested Rypbel (1991)

0.4 x 1076

nD‘(’:"aotzer (30)

Rcy =

For the cytosol resistanc&dy), a distance of 0.am

ity will result in a lower leaf water potential and thus
larger pull on water from the soil than in a leaf with
greater elasticity. Furthermore, the thick cell walls nec-
essaryto resist the high turgor pressures associated with
low osmotic potentials inherently have a low elastic-
ity (Niinemets, 2001 There is some debate around

from the plasmalemma to the chloroplasts is assumedwhether lower elasticity or lower osmotic potential at

and the diffusion constant is estimated to be about
half that in water lobel, 199). The resistance of
the chloroplasts is neglected in the model since it is
assumed to be the same in all species.

full turgor is more important to improving water uptake
from drying soil (Niinemets, 200}, but in either case
leaf cells need thick stiff walls. Therefore, the effects of
elasticity were neglected in the present version of the
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TAD model to keep it as simple as possible. As a con- area). Conductivity depends mostly on the diameter of
sequence of the need for thick cell walls, species with xylem conduits, and to a lesser degree on the constric-
lower osmotic potentials should also have higher leaf tions between conduits called pitdgcke and Sperry,
tissue density. The predicted relationship between leaf 2001; Sperry, 2003 However, the tradeoffs involved
osmotic potential and tissue density has been observedare still not fully understood and quantifiddgcke and
experimentally $ack et al., 2008 Thus there is a  Sperry, 2001; Sperry, 2003rherefore, the xylem con-
fundamental tradeoff between leaf construction cost ductivity is taken as a constant in the TAD model. The
(tissue density) and the ability to withstand low water user can set the xylem either as conifer xylem (entirely
potentials. made of tracheids), or angiosperm xylem (made of
vessels, tracheids, and fibers). The conductivity )
was set to 2 and 4 kg/(s m MPa) for tracheid and ves-
sel xylem, respectively, values that are typical for the
middle of the respective ranges of values in natural

3.4.1.3. Leaf longevity. Leaf life span is closely cor-
related with leaf mass per area (LMAE&mus and
Prichard, 1998; Wright et al., 2002; Wright and

Westoby, 2002 Most researchers believe that a large
investment in thick cell walls and sclerenchyma (i.e.
high LMA) increases the strength of the leaf, hence

trees Gperry, 2003 In the simulations for the first
project presented here the xylem type was set as the
angiosperm type.

increasing its resistance to tearing by wind or herbi-
vores and increasing leaf durabilit€lioong et al.,
1992; Lucas et al., 2000Using the data for dry sites
from Wright and Westoby (20023)s a guide (data with
arange in leaf longevity of 10-200 weeks), the follow-
ing relationship was estimated:

3.4.2.2. Minimum xylem water potential. Since a con-
tinuous supply of water to the leaves is essential for
their survival, it is crucial that when a conduit cav-
itates the embolism does not spread to neighboring
conduits. The geometry of the pits controls the low-
est water potential that the xylem can sustain without
(rdoeiicw(n + 2) + 10fsci(n)dgey) cavitation.pThe design of the ?)/its has evolved to match
100 the minimum water potential experienced by a woody
This relationship assumes that sclerenchyma is plant in its normal habitat3perry, 2008 However,
about 10 times as strong on a cross-sectional area basisvhen a conduit does become embolized, not only must
as cellwall tissueChoong et al., 1992We assumethe  the pit be able to prevent the bubble from spreading, but
relationship is linear, which is reasonable given that the the xylem wall must also be able to sustain the pressure
slope of the regression line was 1.2 in the d&taight difference across it, as illustrated fig. 3. Since the
and Westoby, 2002 strength of the walls is mostly a function of their thick-
ness, the density of wood should be related to the water
potential at cavitationHacke et al., 2001 Empirical

HPressure

(33)

Llong =

3.4.2. Stems, branches, and thick roots (water
transport and mechanical support)

The model considers both the function of wood in
supporting the tree mechanically and in conducting
water to the leaves.

Xylem Cross-section

- - _\/— - -
3.4.2.1. Xylem hydraulic conductance. The root and D Air Soo o
branch conductance, respectively, are calculated as:
-y
k —»> |
Ly Sap
— ] |

K
Ky = PO (35) S

Lp Conduit Width (=2r)

whereg is the cross-sectional ardais the path length, Fig. 3. Cross-section of xylem conduitsiillustrating wall deformation
andxyy is the xylem conductivity (i.e. conductance per in response to cavitation of a neighboring conduit.
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relationships between water potential at cavitatizg)(
and wood densitydy) or the ratio of wall thickness
to conduit width have indeed been found in temper-
ate treesiflacke et al., 200)1 This trend of decreasing
minimum water potential (measured in leaves) with
increasing wood density was also evident in tropical
trees Borchert, 1994; Meinzer, 2003The empirical
relationships found bydacke and Sperry (2008nd,
that are used in the TAD model differ between gym-
nosperms and angiosperms.

For gymnosperms (tracheids only):

W, i = _50(%)2 (36)
Ox = [1 — ((%) 05+ l) _2] 8—22 where
% <050 37)

Fig. 4. simplified representation of seedling architecture inside the
For typical angiosperms (mostly vessels and fibers): model grid.

2
Yy min = —167(E) (38) Huber value can be larger thagsct. Furthermore, as
r shown inFig. 4, xsect1 iNncreases towards the base of
w 2 1 the stem due to stem taper, which is also seen in natu-
[1 — ((—) 0.79+ 1) ] ——, where ral trees Mencuccini, 2002 The amount of this stem
0

Px 032’
r : taper is also an independent trait in the TAD model.

23 (39) Analogous tc_)xsectlthere is_ a}nother independe_nt vari-
ablexseciodefined as the minimum amount of thick root
cross-section area per fine root length.

3.4.2.3. Branch architecture. The simple 2D grid cell Beyond this coarse-scale crown architecture, trees

approach of the model that treats leaves and fine rootsneed fine-scale architecture to display the individual

as clusters rather than as individuals is not conducive to leaf blades within a grid cell. In natural woody plants,
studying architectural detail, and architecture is there- this fine-scale architecture consists of a combination of
fore held constant in the TAD modédtig. 4illustrates twigs and petioles (or rachises in the case of compound
the simplified representation of canopy architecture, leaves). In TAD, the cross-section of these structures is
which consists of vertical stem segments and horizon- given byxsects, @s it was for branches. A constant length
tal branch segments. of 1/3 of the grid cell width was estimated to represent
In addition to this mechanical architecture, plants the average petiole/twig length necessary to distribute
have a hydraulic architecture. The ratio of stem cross- the leaf blades uniformly within the entire grid cell.
sectionalareato leafareais called the Huber value (HV) In the case of petioles that length seems unnaturally
and it is commonly employed in experimental studies long relative to the area of a single leaf blade, if one
of tree hydraulic architecturdyree and Ewers, 1991 thinks only of simple leaves on single petioles. How-

In the TAD model the independent traiect1 is sim- ever, to distribute leaf blades in a volume as large as the

ilar but not the same as the Huber value. The value grid cells without twigs, natural trees would use some

of xsect1is defined as the minimum amount of branch form of compound leaf. Thus one needs to include the
cross-section area per leaf area, when new leaves ardong central rachis in the petiole length estimate, which
grown. Since leaves can die subsequently, the actualmakes the 1/3 estimate more reasonable. In nature there

~ |8
IA
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are many intermediate strategies that use some combi- P4

nation of petioles and twigs, but this complication will | M

not be considered in the current version of the TAD * y
model. In TAD, seedlings either support their leaves Py >

using only twigs or only rachises, and this parameter is
an independent trait.

3.4.2.4. Mechanical constraints. The inclusion of
mechanical constraints on seedling growth in TAD
is very important to producing realistic model tree
seedlings. Simulations with a preliminary version
of TAD that did not include mechanical constraints
showed that without the need for mechanical support,
the optimal stem design has a very small cross-section Fig- 5. Column under generalized bending loads. The distaize
areawith afew large diameter high conductivity vessels PoStive in the downward direction from the origin labeled (0,0) inthe
.. . right diagram to simplify the calculations. The distads positive
that are able to supply sufficient water for a relatively ;"ie girection to the right from the origin.
large crown. In nature this design is represented in
the form of vines and lianafkpwe and Speck, 2004

Since in our investigation, we are interested in free- poth vertical and horizontal forces applied at the top
standing self-supporting tree seedlings, we needed toof 5 column as illustrated iRig. 5. This more gener-
include mechanical constraints in TAD. This prelimi-  gjized solution is necessary to facilitate breaking the
nary model result illustrates how experimental studies crown into segments connecting individual grid cells
of tree stems could benefit from studying the adapta- (as inFig. 4). The vertical force in the figure can be
tion to hydraulic as well as mechanical requirements at thought of as representing the weight of the leaves and
the same time. A few experimental studies have started hranches in the grid cell, and the horizontal force as the
taking this holistic approactGartner, 1995 drag force from wind. We derived an analytical solu-
3.4.2.4.1. Stemmechanics. Anumber oftheoreti-  tion to calculate the factor of safety for this scenario. In
cal approaches to the mechanical analysis of tree trunksoyr solution, we generalized the problem even further
and plant stems have been used. Some adopt the crithy also including a moment applied at the top of the
ical buckling height for a column supporting its own  column as well as the vertical (weight) and horizontal
WE|ght (lelaS, 19943, 1994b, 1999, 20p4Nh|Ch is forces (W|nd) (Se§|g 5)
a modified version of Euler’'s formula that in turn is Equations for the reaction forces and moment may
known as Greenhill's formulaGreenhill, 188). King be derived by considering the deflection of the column
modified this formula to include a crown weight that (jllustrated inFig. 5) using the equation for an elastic
loads the column at a point that is located at 0.9 of the cyrve (see Chapter 8 Beer and Johnston, 198%Iso

column height above the groundiQg and Loucks,  known as the bending equation or Euler’s equation (ca.
1978; King, 1981, 1986 Other researchers have used 1774):

Euler’s formula to derive formulas for a self-loaded

column bending under a horizontal force represent- 52 M

ing a wind load or a rope pulling in an experiment Y - — (40)
(Wood, 1995; Neild and Wood, 199%nother simple . MOEMOI

approach when studying only the effect of wind loading
is to approximate the stem as a cantilever beam under
bending Niklas, 2000, similar to the way that branch
mechanics are analysed in TAD as described in the
next section. All of these approaches were useful and
appropriate for their application, but are not ideal for 9y _ —Mi— Py — Pox (41)
the TAD model. The ideal equation for TAD includes ~ 9x? Envoe!vol

M is the moment applied;yok is the modulus of elas-
ticity, and o) is the moment of inertia. In this case,
the equation for the elastic curve becomes:
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or
1 P y=
Emoelvol

P> M1

_ Y
Emoelvol EmoelIvol
(42)

with the following end conditions, assuming that the
base of the column is fixed:

ifx=1L
ifx=1L

y=0,
y' =0,

The solution to the preceding differential equation
gives the deflection of the column:

. M P
y = Asin(x) + Bcosx) — —+ — 22% (43)
P p1
where
My  PoLY\ . P>\ coswlL)
A=|—4+ — | sin(wL —
<P1+ Pl) (w)+<P1> w
My PoL P>\ sin(wl)
B=|—+4+—) coswlL) — [ =
(Pl + P ) L) <P1> w
Py
=]t
Emoelvol

Assuming a circular cross-section for the column with
radiusR, the moment of inertia can be calculated as
follows:

1 4
Ivol = ZT[R (44)
The deflection of the column atthe top4p) is obtained
by letting x=0 in the preceding equation. Now that
the deflection of the column is known, it is possible
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To calculate the factor of safety of the column
against failure, the wood strength needs to be known.
The strength of wood can be predicted fairly accurately
from just its density using empirical relationships. The
following relationships for green wood from the Wood
Handbook Forest Products Laboratory, 199@ere
used in the model:

For softwoods:

Enmoe = 1.61 x 1019G%78 (48)

Ocomp = 4.97 x 10’G%9 (49)
For hardwoods:

Emoe = 1.39 x 1010G%-72 (50)

ocomp = 4.90 x 10’G1 11 (51)

The maximum compression stresgdmp) was cho-
sen rather than the modulus of rupture (MOR) in bend-
ing because the combined maximum streggaf) is
actually a compression stress and wood is much weaker
in compression than under tensiofRofest Products
Laboratory, 1999 The reader may refer to Mattheck
for a more detailed discussion of mechanical failure
in trees Mattheck et al., 1995; Mattheck, 1998 he
mechanical factor of safety is then:

Ocomp

FSstem= (52)

max
The factor of safety must be greater than one at all times
if the column is not to break.

The preceding mechanical analysis cannot be
applied to the whole stem in TAD, because the stem is
not a single entity in the model representation but rather
consists of a series of stem segments, each connecting

to calculate the maximum stress in the column. The two grid cells, as illustrated iffig. 4 The mechani-
maximum stress will be at the base of the column and cal analysis needs to be applied to each stem segment
is the sum of the bending stress and the compressiveindividually. As shown in the diagram the simplified

stress from the vertical force:

MupR Py
_ b 45
omax Imor  Ap (49)
My = M1+ P1yx—0 + P2L (46)
Py= Py (47)

My andPy, are the reaction moment and reaction force
at the base, respectivelds, is the cross section area of
the column, an is its radius.

architecture consists of vertical stem segments and hor-
izontal branch segments.

Each segment must not only support the weight and
wind forces on the leaves in its grid cell, but also the
forces and moments from the stem and branch seg-
ments extending from it. This is the reason why it
was necessary to derive the general case of a column
subjected to horizontal and vertical forces as well as
a moment at the top of the segment. The forces and
moments for each segment are calculated as follows.
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The vertical load,P; is the sum of the weights of Frontview Topview

Stem

the plant materials in the grid cell and all grid cells

Stem

that it supports. The weight of the plant materials in a Branch Fn
grid cell includes the dry weight of the stem/branch,

twigs/petioles, and leaf blades, as well as the water

that they contain. The horizontal loa#; consists of . /.

the wind load acting on the leaves and branches in its
gird cell, plus the sum of the horizontal forces that act
on the adjacent stem and branch segments that it sup-
ports. The moment load/; is the sum of the reaction
moments My acting on the adjacent stem and branch
segments that it supports.

The wind load acting on a grid cell is calculated as
follows. For the relatively short saplings considered in
TAD, wind speed can be approximated to vary linearly
with height above ground as follows:

Fig. 6. Bending forces on branches.

of the leaf. The drag coefficient for a hemisphere is
CpL =0.38 andCpg = 1.0 for a cylindrical branch seg-
ment withRe > 1000 (Table 9.3 ifrox and McDonald,
1992, which is always the case for this application.
3.4.2.4.2. Branch mechanics. For branches the
wind and gravity loads are considered not to interact

Ve 4 Zngidceu 53 since they are orthogonal to each otheig( 6). The
wind = 4+ 30 (53) mechanical analysis is for a cantilever beam as follows
where Viing is the wind speed, anHidcen (cm) is (Chapter 4.4. ilBeer and Johnston, 1985

the height at the top of the grid cell. Thus, the wind Mr 4

speed at 300 cm above the ground would be 24 m/s °V = Ivor ﬁ(MV +RL) (56)
(86.4 km/h), which is the maximum we have mea-

sured at a forest _edge in _southern Quebec in 200_1.0h = Mr = i?,(Mh‘f‘ FhL) (57)
This wind speed is very high because the mechani- Imor 7R

cal constraint should test if the seedling would break \yhereM is the bending momeng is the radius of a
under the highest wind gusts to which it might be  ¢yjindrical branch segment, aigo, is its moment of
subjected. The drag force onabranchinthe windis cal- jnertia. The larger of the two stresses,andor is then
culated as follows (see Chapter Hox and McDonald, used asrmax to compute the factor of safety using the

1992: maximum compressive stress as before for stems
1 1 o
Ip = (CDLAIeaf+ CDBAbranch> *Pairvv%/ind FSbranch: comp (58)
2 2 Omax
(54)

The forces and moments are calculated as follows.
whereCp is the drag coefficientd ez is the leaf area, The vertical forceFy is the sum of the weight of the
andpgjr is the density of air. Assuming standard air, the seedling parts in the grid cell, and the vertical force of
density of air ispair = 1.23 kg/n¥, and the viscosity is  the neighboring branch segments that it supports. The
wair=1.78x 10~°kg/(m s). The Reynolds number for horizontal forceFy, is the sum of the wind force on the

this flow is given by leaves in the grid cell, and the horizontal force of the
pairVawind Dieat supported neighboring branch segment. The bending
Re= ———— (55) momentin the vertical plang{y is the sum of the verti-
Heair cal forceF, multiplied by the lengtti, and the bending

The characteristic length for the flow is the leaf width, moment in the vertical plane of the supported neigh-
Dieaf=0.08 m. Thus foVying =14 m/s, theRe = 77393. boring branch segment. Similarly, the bending moment
Under such a large flow the leaf would bend and its in the horizontal planeyy, is the sum of the horizon-
effective area would be reduced. Therefore, the shapetal forceF, multiplied by the lengtti, and the bending

of the leafis approximated by a hollow hemisphere and momentin the horizontal plane of the supported neigh-
the area is assumed to be about half of the actual areaboring branch segment.
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3.4.2.4.3. Root anchorage. The study of root 3.4.3. Fine roots (uptake of soil resources)
anchorage in tree seedlings has received much Because soil hydraulic conductance depends not
less attention than in adult trees, probably becauseonly on soil properties but also on fine root density
windthrow is not a significant cause of mortality in (i.e. root length per soil volume) we treat both topics
juvenile trees. Nevertheless, it is not possible to fully together in this section. This section also includes the
understand the root systems of tree seedlings with- modeling of nutrient uptake, particularly active uptake,
out taking anchorage into consideration. Even in tree which depends on the level of fine root metabolic activ-
seedlings the majority of root mass is contained in thick ity.
roots near the base of the stem to give mechanical sta-
bility, not in fine roots for nutrient uptake. Studies of  3.4.3.1. Soil hydraulic conductance. The soil conduc-
tree seedling root systems are well served to combine tance is computed from the specific soil conductance
both resource uptake and mechanical functions in mod- (¢) as follows:
eling root form and function. ' Sroot PXE

Several conceptual and analytical models for the Cs = a4
analysis of the mechanics of root anchorage have ) )
been presenteputts, 1983; Ennos and Fitter, 1992; wheresoot i the root surface areajs a constant con-
Ennos, 1993, 1994, 2000: Niklas, 1998; Mattheck, verting the units from cm hydraulic head to MPa, and
1998. There are two aspects to root anchorage: the IS the density of water. The specific hydraulic conduc-
ability of the thick roots to withstand the mechanical fance is a function of soil moisture as explained in the
stresses transferred to them from the stem, and the abil-Section on soil resources. The varialie the distance
ity of the soil to resist these stresses when they are the Watermus_tflowto theroot, Whic_h is estimated from
transferred from the roots. In seedlings, the ability of the root density (root length per soil volume):
the roots at the base of the stem to withstand mechan- (Vgridcell) 1/2

(61)

ical stresses is typically the weakest point. Therefore d = 1

the model only considers this type of failure at the base R

of the stem. The failure of the soil itself (windthrow) is  The ratio of root length ) to grid cell volume

more typically a problem in large trees, particularly in - (Vyigcen) in the equation is known as the fine root den-

trees with shallow root systems on weak soils. sity, which is of greatimportance for water and nutrient
In young trees, the root crown at the juncture with uptake as well as competition.

the stem base may break if it cannot support the bending

moment transferred to this point. The bending moment 3.4.3.2. Nutrient uptake. Nutrient uptake has both a

could be supported by a single central taproot or by sev- passive and an active component. The passive uptake

eral large diagonal or lateral roots that come together is simply the product of water uptake and the nutri-

at the root crown to form a single main root. The equa- ent concentration of the soil pore solution. The active

tions for the mechanical analysis of this main root are uptake is modeled assuming Michaelis—Menten kinet-

analogous to the analysis for branches as follows: ics as follows:

Mr 4 o @max(Nsoil — Nsoilmin) ¢ }

Oroot = —— = ——(Mp 59 Q= —
o0 Imol ”Rtgaproot( ) ( ) knut + (Nsoil - Nsoilmin) Cd

whereM,, is the moment at the base of the stem, and WhereNseil andNsoiimin are the nitrate concentration in
Riaprootis the radius of the main root at the base of the the soil solution and the minimum concentration neces-

(62)

(63)

stem. The mechanical factor of safety is sary for uptake, respectiveljis the soil water content,
o C is its water holding capacity, arig is a Michaelis

FSroot = —20P (60) constant. This formulation implies that at low nitrate
Oroot concentration uptake is limited by diffusion of nitrate to

The factor of safety is only calculated for the main root the root surface; whereas at high nitrate concentration
in the grid cell immediately below the base of the tree, the number of active uptake sites on the fine root sur-
since that is where the greatest stress occurs. face limit uptake. The maximum rate of active nutrient
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uptake {may) is assumed to be a linear function of the
fine root nitrogen contenRry ), a measure of metabolic
activity:

¢max = cnut(RN — 0.01) (64)
3.4.3.3. Fine root tissue density, longevity, and diam-
eter. Among ecophysiological traits, those of fine root
traits are least well understood, which requires mak-
ing simplifying assumptions in the current version of
TAD. For example, root diameter is considered to be
the most important factor governing longevity of thick
roots in trees and shrub&il and Jackson, 2000
However, this relationship is not supported for tree fine
roots when comparing different speciéspeleta and
Donovan, 200R Therefore a constant fine root diam-
eter of 0.05cmComas and Eissenstat, 208dd our
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twigs is calculated in the same way as for woody tis-
sues, but for rachi the cost should be less, since they are
a less durable and less lignified structure. By compar-
ing the construction cost for twigs bearing the simple
leaves oUlmus rubrato the rachises bearing leaflets of
the compound leaves @figlans nigra, Givnish (1995)
found that the construction costs of twigs were about
1.5 times as much as for rachises. Therefore, in the
TAD model rachises are assumed to have 0.667 times
the construction cost of twigs.

To calculate the construction cost of leaf blades in
TAD, we assumed that on a mass basis the construc-
tion cost is the same for cell walls, sclerenchyma and
cuticles:

Qleaf = )Ocellwallgé‘(vcellwall + Vschi + chticle) (66)

unpublished data) and constant longevity of 30 weeks \here peenwar is the density of cell wall tissue, and the

were assumedgjssenstat, 1991; Eissenstat etal., 2000;
Wells and Eissenstat, 2001; Wells et al., 2p0&m-
ilarly, the tradeoffs associated with fine-root-tissue
density in trees are currently still poorly understood
(Eissenstat and Yanai, 199 Consequently fine-root-

tissue density was conservatively assumed to be the

same as the wood density for thick roots, since fine

V's are the respective volumes of each tissue type.

3.6. Resource balances

The resource balances considered in the TAD model
are the following, in order: (1) water, (2) carbon, and

roots need to withstand the same low water potentials (3) nitrogen.

asthethick roots. We consider these approximations for

fine root traits to be very coarse and consequently are 3 ¢ 1 Wurer balance calculations

an inevitable source of inaccuracy in TAD asthey are in
othertree models. In our view this lack of a better under-

The water balance calculations in the TAD model
are of great importance because they are at the cen-

standing highlights the urgent need to focus greater (g of how the state of the model is updated from one

effort on fine root traits in ecophysiology research.
3.5. Tissue construction costs

The carbon costs for the construction of a tissue

time step to the next. The model assumes that the water
transported into the leaves in a grid cell equals the
water transpired by those leaves. In other words tran-
sient effects related to water storage in leaves or stems
are neglected. This assumption is reasonable in tree

are a function of the volume of tissue, its density, and seedlings since they have a relatively small stem vol-
the cost of synthesizing a unit mass of the tissue. The ;e (i.e. little water storage capacity) and the path of
construction cost for woody tissues (fine roots, thick \yater conductance is short. The water transpired by
roots, stems and branches) is: the leaf per time step is controlled by the stomatal con-
ductance as described earlier in the section on leaf gas
exchange. The water uptake matching the leaf transpi-
wherepy is the density of xylem wood the cost of ration is driven by the gradients in water potentials in
tissue synthesig,the carbon content of the tissue, and the plant and the soil. The water potentials required
Vwood IS the volume of wood. for this flow are computed using an Ohm'’s law anal-
Leaf blades may be supported by rachiin the case of ogy where the hydraulic conductances are represented
compound leaves or by woody twigs in the case of sim- like a network of electrical resistor$\ree and Ewers,
ple leaves as explained earlier. The construction cost for 1991 as illustrated irFig. 7.

awood = PxE¢Vwood (65)
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Fig. 7. Schematic illustration of hydraulic resistance network of a seedling in analogy to an electrical circiis ahethe resistance®;’s

the water potential€;’s the transpiration fluxes, ants are the water uptake fluxes. In this example, the seedling occupies three below ground
grid cells, and three above ground grid cells (grid cell divisions are not drawn to avoid clutter), but the equations derived below are valid for any
number of grid cells.

In this approach, the water potentials in the plant are following:
a function of the fluxes and resistances, which neglects

any effects of gravity on water potential. This assump- Z[Wsn /(RRn + Rsn)] — ZEn

tion is reasonable for the seedlings simulated in the W = " n (68)
model, but would not apply in very tall trees. Accord- Z[l/(RRn + Rs,)]

ing to Ohm’s law the flux of water taken up by a root n

may be calculated as: . . o
y Once the xylem water potentiak() is known it is pos-

_ (Ysn — ¥x) 67) sible to calculate the rooti(r,) and leaf ¢ ,) water
(Rr: + Rsy) potentials as follows:

n

wheren is the number of the grid cell. According to ] Rru

Kirchoff's laws of circuit analysis, the sum of the water #Rn = Rrain = ¥x 1- Rry + Rs,

uptake fluxesy i, must equal the sum of the water-

transpired fluxesy_ E,. Therefore, it can be shown + ¥s, (RRn ) (69)
that the water potential of the xyleny is equal to the Rry + Rsn
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U, =Y — R,E, (70) Another potential problem with numerical water
balance calculations is in the special case when a
Thus, if the total seedling transpiration is known these seedling extends its root to a deeper soil grid cell that
three equations can be used to compute the water potenis moister than the grid cells that its roots already
tials in the seedling from the water potentials of the soil occupy. The new roots establish a hydraulic connection
grid cells in the previous time step. The transpiration between the soil grid cells, which allows flow from a
rates are calculated as described in the section on leafmoist grid cell to a drier grid cell through the root sys-
gas exchange. Resistance is simply the inverse of con-tem. In nature this phenomenon occurs in adult trees of
ductance. some species with large deep root systems and is called
The calculated leaf water potential is compared to hydraulic lift (Caldwell and Richards, 1989; Dawson,
the minimum allowable leaf water potential, which is 1993; Burgess et al., 1988The reverse process of
a function of the osmotic potential. If the calculated water redistributed from moist surface layers to drier
leaf water potential drops below the allowable mini- deep soil layers has also been demonstraethflze
mum, then the leaves in the grid cell wilt. If leaves et al., 1998; Burgess et al., 200However, the dis-
have wilted, the model program sets the leaf area of crete nature of the TAD model causes the connection
the affected plant to zero in that grid cell. Similarly to appear very suddenly, which can create numerical
the root /R) and stemyy) water potentials are com-  instability. Therefore the model code does not allow
pared to the allowable minimum, the potential at which any reverse flows (i.e. flow out of the roots into the
catastrophic xylem cavitation is initiated. If root water soil). Preventing hydraulic lift in the model should not
potential drops below the threshold, the model program be a serious issue since hydraulic lift has never been
sets the fine root length of the affected seedling to zero demonstrated to be important in seedlings.
in that grid cell. However, if catastrophic xylem cav-
itation is initiated in the stem, then the whole plant 3.6.2. Carbon balance calculations
is considered to have wilted and the seedling dies. ~ Carbonis taken up through photosynthesis and lost
Thus the stomatal control paramete&i end c in thrOUgh reSpiration. Any SUrplUS from the balance of

the section on leaf gas exchange) need to limit tran- these processes is available for growth or storage. If
spiration sufficiently to prevent such drought-induced the balance is negative and stored carbon reserves have

mortality. been depleted, the seedling dies.

Once the water balances have been calculated for ~The carbon uptake is simply the realized photosyn-
each seedling, the total water uptake from each soil thetic rate multiplied by the length of the time step.
grid cell can be computed by summing the water uptake The photosynthetic rate is a function of the leaf traits,
of all the individual seedlings rooted in that grid cell. the stomatal conductance, the incident light, and the
This uptake is subtracted from the water in the soil grid atmospheric C@concentration as explained in detail
cell. Time steps for the water balance calculations were €arlier. The stomatal control is a compromise between
set sufficiently small to prevent this uptake from ever increasing the carbon uptake and preventing wilting
exceeding the water availability during the simulations. and xylem cavitation.

The water present in the soil after the water uptake is ~ The seedling respiration or carbon loss is the prod-
subtracted is used to obtain the soil water potengia)( uct of the maintenance respiration rate and the time
for the water balance calculations in the next time step. Step. Maintenance respiration rate is taken to be a lin-
This feedback on soil water potential affects the accu- €ar function of tissue nitrogen content, assuming that
racy of the simulation. In nature, the soil water potential Nitrogen content is representative of enzyme content
adjusts continuously as water is taken up, while in the and thus metabolic activity. The empirical data from
model it adjusts only at the end of each time step. Thus, Reich et al. (1998a,hyas used to approximate a gen-
the smaller the time step the more accurate the simula-€ral relationship between maintenance respiration rate
tion, but also the longer it takes for a simulation to run. and tissue nitrogen content

In the simulations a time step of 3 h was sufficientl
small to avoid numerical instagilities and to obtain suf)i Mresp= (BRRN + BTrXN + BsXn + BLLN) mresp
ficiently accurate results. (72)



C.0. Marks, M.J. Lechowicz / Ecological Modelling 193 (2006) 141-181 163

whereBR, BTR, Bs, andB_ are the respective mass of Surplus nitrogen can be stored like surplus carbon, but
carbon in fine roots, thick roots, stems and branches, unlike carbon the nitrate storage capacity of seedlings
and leavesRy, Xn, andLy are the respective nitrogen was not limited in the TAD model, since surpluses of
concentrations in fine roots, xylem or wood, and leaves. nitrate were always relatively small.

Note that for roots this rate includes the respiration for

active nutrient uptake indirectly through the increased 3.7. Mortality

nitrogen content associated with higher active uptake

(see Sectio’.4.3. Several types of mortality can occur in the model.
If surplus carbon is not used in growth, it may Drought (see SectioB.6.1), mechanical failure (see
be stored. Storing carbon can be advantageous inSection3.4.2.4.), and carbon starvation (see Sec-
a stochastic or seasonal environment where storedtion 3.6.9 can all cause seedling mortality. Although
carbon can be used to cover maintenance respira-mechanical failure of stems or root anchorage is not
tion costs during adverse periods such as drought always fatal in nature, in the model it is treated as being
or winter. The carbon storage capacity is limited by fatal since it is presumed to put the seedling at too great

the size of the seedling. We set the storage capac-a competitive disadvantage on average.

ity in g carbon to 20% of the dry mass in roots (fine  As in nature, survival is the first fitness criterion

roots + thick roots) plus 10% of the dry mass in shoots in the model, mechanical integrity is the second, and

(leaves + branches + stem). These limits are based ongrowth is only the third. Thus fitness is computed as

measurements reported in several studlesegcher follows:

et al.,, 1990 page 168 inKozlowski and Pallardy, B

1997; Hoch et al., 2003; &ner, 2003. The conversion Fitness= — 2 (72)

and translocation of carbohydrates associated with this sim

long-term storage has a cost. To account for this cost wheretsim is the number of days that the growth of the

the amount of carbon moved into storage was reducedseedling design was simulated, aBga is the total

by 10%. dry mass of the seedling at the end of the simulation
Interestingly, preliminary simulations run prior to if the seedling survived and did not fail mechanically,

limiting the storage capacity yielded tree seedling otherwiseBiotg iS zero.

designs with very unrealistic growth patterns. Introduc-

tion of the carbon storage constraint in the TAD model 3.8 Allocation of available resources (nitrogen

eliminated this unrealistic behavior, implying that this  gnd carbon)

constraint likely also has an important influence on the

evolution of tree form and behavior in nature. Con- Carbon is allocated either to growth or to a storage
sistent with this hypothesis, experimental studies have reserve for later use. The carbon and nitrogen allo-
also shown that in trees, especially in canopy trees, the cated to growth are further divided into above or below
carbon storage can be limited more by storage capacity ground. The allocation coefficients are a function of
ggg translocation rates than by carbon supli§grer,  time () according to a power law of the following form:
I Allon = am + bm(t)°™  for storage (73)

3.6.3. Nitrogen balance calculations

Nitrate status does not have any direct effect on
survival, acting only indirectly through its effect on  Alloy = an + bn(7)N  for nitrogen (75)
growth and consequently on carbon balance. Nitrogen
is needed for growth. The effect of nitrate on growth ~ Although there is no direct experimental evidence
depends on its availability relative to the availability that plants use such allocation rules, this approach has
of carbon and the relative amounts of nitrogen to car- frequently been used successfully in plant growth mod-
bon needed for construction of different tissues. Thus €ls (for reviews sedlikinmaa, 1992; Jackson et al.,
the nitrogen content of different tissues and the type of 200J). Power laws were chosen because they are com-
environment are key to determining the effect of nitrate. monly used to scale with size/age in biology.

Alloc = ac + bc(r)°¢  forcarbon and (74)
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3.9. Growth shoot growth to occur includes this effect. This thresh-
old was set to 0.7 MPa assuming that turgor for shoot
After survival has been insured the surplus in extension needs to be slightly greater in woody plants
resources can be expended on growth according to thethan in the sunflower data given Byessan (199&jue
allocation rules explained in the previous section and to their stiffer cell walls. The leaf turgor pressuf& £)
the independent growth parameters explained in this is calculated as follows for each grid cell in the crown:
section. Since the distributions of roots and leaves are
explicit (between grid cells, but not within grid cells), a
setofrulesis necessary to determine where new growth  The calculation of growth is the final fitness measure
is to occur. All growth occurs in cells already occupied assuming the constraints of survival and mechanical
until threshold intensity is reached. By threshold inten- integrity are met. Thus with this fitness measure defined

sity aleafarea per grid cellfyt) orafinerootlengthper e are able to search for optimal tree seedling designs
grid cell (Rint) is meant. This threshold is a function of i, the trait space defined by the model.

the resource availability as described by the following
equations. Soil depthigept) was used to modify root
intensity since it is closely correlated with distribution
of soil resources (nutrients and water). Tree root inten-

sity has been shown to be correlated with soil nutrients Goldberg (1989andMitchell (1996)provide thor-

in the field (Thomas, 200D ough introductions to genetic algorithms, including

Lint = SgridLmaxievel (76) advice on their application to different types of opti-
mization problems. We used a GA with the stan-

ddepth 8 27 dard features and parameter settings as recommended

> (77 in Goldberg (1989for maximum mathematical effi-

. ciency. The programming of the genetic algorithm and

whereLmaxandRmaxare independent parameters spec- e seedling simulation model were implemented in the

ifying the relative maximum intensitiegieve| is the C language.

relative Iightintensity, andgyiq is th_e max.imL_Jm depth The genetic algorithm in TAD needs 1000-1500

of the soil grid. If the threshold intensity is reached generations to stabilize on an optimal solution, which

in all the occupied cells, then extension growth occurs t5xes about half a day to 3 days on a 1.6 GHz computer

into grid cells adjagent to the cel[s already occgpied processor depending on the type of environment simu-

by the plant. A maximum crown widthu(max), maxi- lated. Thus the application of the current version of the

mum root system width (wfax), and maximumrooting  tap model is not restricted by computer speed. How-
depth ¢max) restrict this extension growth. These are gyer, a future version that might simulate the entire life

independent traits that control the shape and extent of ¢ 5 tree would need to wait until computers are at least
crown and root systems. There is no maximum height 19 times faster.

in the model at the moment since simulation times are
too short for saplings to outgrow the grid used in sim-

Tin =Y., —0sSm (78)

3.10. Genetic algorithm and model
implementation

Rint = RmaxVeell (
dgrid

ulations. 4. Simulation
The growth of leaves is linked to growth in support-
ing stems and branches by the independent xatig:. The genetic algorithm in TAD was run for 2000 gen-

This ratio insures that there is a minimum amount of erations to guarantee that the algorithm had stabilized
xylem per leaf area. Similarly the independent ratio on an optimal solution. We refer to the combination of
xsect2links the growth of new fine roots to the amount trait values comprising this optimal solution at the end
of supporting thick roots. of the 2000 generations as an optimal design. Since
In real plants, growth is reduced under drought such optimal solutions are locally stable, this combi-
stress because turgor is insufficient for cell expansion nation of trait values could also be referred to as an
(Bressan, 1998In the TAD model, athreshold thatthe evolutionary stable strategy or ESBdynard Smith,
average nocturnal leaf turgor pressure must exceed for1982, but since most of the independent traits that are
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optimized in TAD are morphological or physiological atmospheric C@concentration was 375 ppm. Thus the
rather than behavioral we prefer to call this optimal environmental conditions for this first demonstration of
solution an optimal design. the model could be thought of as a productive but dry
Although the eventual purpose of TAD isto compare environment such as an old field or a large forest gap
the optimal designs for different environments, here our during summer in a in a warm temperate region or in
purpose is the presentation of the TAD model and its the tropics.
realism. To demonstrate this realism we will presentin ~ We also imposed a drought from day 90 to 150 of
detail the traits, behavior, and growth patterns for an the simulation, since tree seedlings need to be able to
example of an optimal tree seedling design found with withstand droughts even in relatively humid environ-
TAD for a particular environment. ments. We consider inclusion of at least one drought
The tree seedling design presented here was opti-period relatively early in the seedlings life important
mized for average growth rate over 350 days while at since preliminary simulations showed that its inclusion
the same time ensuring survival and mechanical stabil- improved the realism of seedlings. Although the precise
ity in an environment that included competing neigh- environmental conditions we chose might seem arbi-
bors. This environment had a loam soil, moderately trary, other environmental conditions also produced
humid air, high light, and a warm climat&gble 1. realistic seedlings, and we will explore the effects of
Soil water was replenished to 95% of field capacity environmental differences in subsequent articles. Here
in the topsoil layer every 15 days, in the second layer we are primarily concerned with describing the TAD
every 30 days, in the third layer every 45 days, and model and demonstrating the realism of the optimal
so on for the lower soil layers. The nitrate input to seedling designs that emerge in a typical, intermedi-
the soil was at a rate of 20 gNfyear (typical of a ate test environment, by presenting an example of an
fertile temperate forest sité,archer, 2003 and the optimal design.
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Fig. 8. The distribution of leaf area (top panels) and fine root length (bottom panels) for one of the tree seedlings within the vertical cross section
grid above ground (top panels) and below ground (bottom panels). The competing neighbors are not shown for clarity since crowns and root
systems overlap.
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5. Results functions. Despite the inevitable simplifications associ-
ated with this approach the optimal tree seedling design
The growth and resource uptake for the optimal found by the GA for the particular environmental con-
tree seedling design found with the genetic algorithm ditions is remarkably realistic. This model seedling can
in TAD is illustrated inFigs. 8-14 These figures are  be examined at multiple scales of biological organiza-
focused on the temporal patterns over the 350 day sim-tion, from the overall pattern of growth for the whole
ulated growth periodTable A4in Appendix A lists seedling, to the variation in resource uptake by individ-
the values for a number of functional traits for this ual organs causing this overall pattern, to the diurnal
optimal model tree seedling. The range of values for dynamics of the exchange of resources of an individual
these traits in natural tree seedlings is also listed for organ, to the values of individual traits. We will exam-
comparison. The listed traits were chosen because eco4ne the realism of the model seedling at each of these
physiologists frequently measure them and data for scales in turn.
natural tree seedlings of a range of species were readily The overall pattern of growth of the model tree
available. seedling in our test environment showed a tendency
to grow predominantly below ground during the
first half of the simulated growth period, but then
6. Discussion and conclusions switched to predominantly growing above ground
(Fig. 8. This behavior of an initial emphasis on
The TAD model was derived using the holistic root growth is observed in many natural tree species
optimization approach advocated in SectibnThis (Ledig et al., 197§ and is particularly pronounced
approach gave priority to the interactions among organ in drought-adapted tree species such as those from
level traits performing multiple functions at the whole the gener@uercus andCarya (Toumey, 1929; Holch,
plant level, rather than on all the details of individual 1931; Biswell, 193% Laterally, this design involved
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Fig. 9. Plots of total dry mass, leaf area and fine root length vs. time to illustrate the growth of the tree seedling. Note that the drought period
was imposed from day 90 to 150, as indicated by the thick black line.
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Fig. 11. An allometric representation of the seedling’s growth.
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Fig. 12. The net carbon gain of the seedling plotted vs. time. Net carbon gain is the difference between carbon income and carbon expended fo
maintenance. The thick solid line at the bottom of the figures indicates the drought period.

extending roots farther than branch&gy( 8). Conse- etal., 197§ and it is a strength of the TAD model that
guently there is greater overlap between neighboring this ontogenetic effect is faithfully reproduce€iirner,
seedlings in roots than in crowns. This relatively low 19917).
degree of crown overlap is presumably to avoid shad-  In our example here, a drop in RGR from day 90
ing by neighbors. Natural tree seedlings usually also to 150 due to the imposed drought period interrupts
avoid growing into each other’s crowns (our unpub- the prolonged linear phase, but the previous trajec-
lished data), whereas, their root systems often show tory is quickly resumed after day 150. Such drought-
large overlap $tout, 1956and our unpublished data). induced suppression of tree growth also is well known
Extensive model validations with preliminary sim- (Kozlowski and Pallardy, 1997 At the very end of
ulations under a range of environmental conditions (cf. the growth period, there is a phase where growth
Table ) revealed that the growth curves for the diverse rate declines further due to intense crowding from
designs that emerge consistently have several growththe neighboring tree seedlings. At this point natu-
phases; these phases are less pronounced for the desigral tree seedlings would begin the process of self-
presented here (cfig. 2) than for some other designs  thinning White, 1981; Westoby, 1984That the model
from our preliminary simulations. The seedling growth seedlings show this important turning point is a further
curve typically starts with an initial exponential phase, indication of the model’s realism.
which implies a constant relative growth rate (RGR)as  These changes in growth rate with increasing
illustrated for the first 50 days iRig. 1Q In the fol- seedling size present a challenge for experimental
lowing period the growth curve becomes nearly linear researchers who need a consistent basis for making
and RGR gradually declines as the increasing size of comparisons among individuals or speci€oleman
the seedling steadily increases support costs on a leafet al., 1994. One solution is to use relative growth rate
areabasisf/einer, 2003and competition by neighbors  (RGR) where growth rate is normalized by the size
begins to have an effect. This ontogenetic shift is also of the plant; RGR is the basic measure used in most
observed in natural tree seedlings/éns, 1972; Ledig  modern growth analyse&yans, 1972; Lambers and
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Fig. 13. Time series plots of the uptake of the four modeled resources: carbon, light, water, and nitrogen. The thick solid line at the bottom of

the figures indicates the drought period.

Poorter, 2001 Comparative studies have discovered
that RGR is most closely related to the leaf area ratio
(LAR) (Kdrner, 1991; Lambers and Poorter, 2R0she
model seedling’s RGR also has a close relationship
with LAR as shown in the right panels &fg. 10 The
leaf and root weight ratios (LWR and RWR, respec-
tively) are other commonly used measures in growth
analysis. The LWR and RWR plotted in the left panels
of Fig. 10illustrate shifts in allocation during different
phases of the seedling’s growth. Initially the empha-
sis is on root growth as mentioned previously and the
RWR increases dramatically up to the beginning of the
drought. After the drought, growth switches to predom-
inantly shoot growth and RWR declines gradually. The
LWR generally follows the opposite trend except near
the end of the simulated growth period where LWR also
declines gradually. During this final phase the seedling
cannolonger expand the size of its crown due to crowd-
ing from its neighbors and consequently shoot growth
consists mainly of height rather than leaf area growth.
The model seedling’s values for RWR were higher than
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for natural tree seedlings from tropical montane forest
(Lambers and Poorter, 2004ut not unreasonable con-
sidering that the simulated environment was relatively
dry. The values for the LAR, LWR, and RGR compare
well with values for natural tree seedlingisafnbers
and Poorter, 2004

An alternative approach to the problem of compar-
isons across ontogenetically diverse groups is to use
an allometric framework where comparisons are made
on a size basis rather than a time basisléman et
al., 1994; Weiner, 2004; Preston and Ackerly, 2004
The allometric relationships in the model seedlings (cf.
Fig. 11) show the same kind of constancy as in natu-
ral tree seedlingsK©rner, 1991; Weiner, 2004This
constancy is not programmed into the TAD model with
an allometric equation, but rather is the outcome of the
interaction among the independent allocation traits and
the indirect effects of the other independent traits. Like
the other results presented here, the allometric relation-
ships are emergent patterns, and as such are a much
stronger test of the model’s overall realism than an
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Fig. 14. Plot of a 10-day excerpt of the leaf gas exchange data including water vapor gradient from leaf to air, light intensity, stomatal conductance,
transpiration rate, xylem water potential, and photosynthetic rate averaged over the all of the seedlings leaves. The first of the two upper panels
represent environmental conditions that influence the response variables plotted in the other four panels. Note that these days fall within the
drought event, and that water supply is diminishing steadily through the period.

examination of any individual model componentwould carbon are linked via the stomatal conductance imply-
be. ing that stomatal regulation is the controlling factor

Beyond the comparison of the overall growth pat- (Cowan and Farquhar, 19)7The continued decline
tern of the model seedling, the underlying causes of this in resource uptake per leaf area even after the drought
variation in growth rate are also realistic. The underly- ends suggests that the stomatal conductance is not only
ing causes of the variation in growth rate can be exam- reacting to soil moisture. Stomata also react to light
ined by comparing the growth curves with the curves of (Cowan and Farquhar, 19)7mplying that the long
resource uptake. Inthe model results, the growth curvesdecline in average light interception per leaf area due
run parallel to the curves for carbon income and main- to self-shading and neighbor-shading with increasing
tenance costs (compaFégs. 9 and 1}, although the size is the ultimate reason for the decline in carbon
income curve is much more irregular showing several uptake and therefore also growth rate. Giventhatalarge
prominent dips. The most prominent of these is at the proportion of the nitrogen uptake was passive (69%)
end of the drought indicating that soil moisture may be under the very fertile conditions in this simulation, we
an important factor in limiting carbon gain. This inter-  can expectthat the nitrate uptake should largely decline
pretation is reinforced by the resource uptake patternsin parallel to the water uptake as shown in the lower
(Fig. 13. Inthe two left panels dfig. 13 carbonuptake  panels ofFig. 13 These strong, interacting effects of
per leaf area clearly shows the same pattern of dips aslight and water availability on carbon uptake are also
the water uptake per leaf area. Uptake of water and observed in natureékpzlowski and Pallardy, 1997
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At an even finer scale than the causes of variation tems are providing many new insights of fundamental
in growth rate, the diurnal leaf gas exchange patterns importance to biology and are attracting many model-
can also be investigated for realism. The stomatal con- ers to problems in biological complexiti(oulx et al.,
trol behavior is examined more closely Fig. 14 2005; Ellis, 200%. The TAD model is the first model
where an excerpt of leaf gas exchange averaged overof plant function that allows studying the interactions
the crown is plotted for 10 days during the height of the among traits as a complex system. Consequently, the
drought period. These curves show that in response to TAD model is well suited to provide original insights
the peaks in molar vapor gradientin the early afternoon, into the general laws governing tree seedling design
stomatal conductance is reduced greatly to reduce tran-and trait evolution that go beyond conventional models
spirational losses. Consequently the transpiration ratein fundamental waysSutherland, 2005 For exam-
shows a sharp dip in midday that s typically also seenin ple, the modeling approach taken in TAD allows us to
real treesTenhunen et al., 198and our unpublished  investigate questions such as: (1) What are the whole
data). This midday dip is expected theoretically when plant consequences of individual traitédgoney and
water-use-efficiency is optimized on a diurnal basis Chiariello, 198%; (2) How do different traits affect
(Cowan and Farquhar, 19)'Another consequence of the outcomes of competitiodponey and Chiariello,
this optimal behavior is that maximum photosynthetic 1984; (3) What is the potential for alternative designs
rate occurs in the mornings (se&. 14), a fact that is of approximately equal performanc&drner, 1991;
well known to ecophysiologist$garcy, 198p Farnsworth and Niklas, 1995; Gutschick, 1998nd

Eventhoughthe priority of the modelwas onrealism (4) Which traits are most critical to adaptation in dif-
atthe scale of the whole seedling rather than on realism ferent environmentsMooney and Chiariello, 1992
inindividual traits, it is noteworthy that even atthe scale We will report the outcome of inquiries on these lines
of the individual traits the model results are realistic. in subsequent papers.

Specifically, of the 19 commonly measured ecophysio-

logical traits listed ifTable A4 only three of the values

for the model seedling design fell outside the natural Acknowledgements
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Table A1

List of the 34 independent traits in the seedling model

C.0. Marks, M.J. Lechowicz / Ecological Modelling 193 (2006) 141-181

Independent trait variables Symbol Range mbddel Range in nature if known
Fraction storage 0.01-0.11
Root-to-shoot 0.05-0.35
Fine-to-thick 0.01-0.41
Leaf-to-stem 0.2-0.8
Carbon allocation parameter ac 0.1-0.9
Storage allocation parameter am 0.1-0.9
Nitrogen allocation parameter an 0.1-0.9
Carbon allocation parameter bc 0.1-0.9
Storage allocation parameter bm 0.1-0.9
Nitrogen allocation parameter bn 0.1-0.9
Water-use constant c1 0.0001-0.01 mol C@mol H,O
Water-use exponent 2 0.1-10 MPa?
Carbon allocation exponent cc 0-1
Storage allocation exponent cm 0-7.5
Nitrogen allocation exponent cN 0-15
Mesophyll cell wall thickness cw 0.1-6.4um 0.3um (page 434 ilNobel, 199)
Leaf cell diameter deell 17-80pm 20-80um (Nobel, 199}
Maximum root depth dmax 15-135cm 3-78ch
Fraction of leaf cross-section Jscl 0-0.07 0-0.06C¢hoong et al., 1992
area that is schlerenchyma
Maximum stomatal gmax 0.1-2.00mol C@/m?'s
conductance
Number of mesophyll cell Layers 1-16 1-12Nobel, 199)
layers in the leaf
Maximum leaf area intensity Lmax 0.1-3.2 cri leaf/grid cell
Mesophyll cell nitrogen Neell 0.005-0.020 g N/g kO 0.005-0.020Roderick et al., 1999b
concentration
Petiole vs. twig construction Petiole 0.667 for petioles, 1.0 for twigs
cost
Maximum fine root length Rmax 0.1-3.2 cmroot/crh
intensity
Fine root nitrogen content RN 0.02-0.09 gN/g root 0.01-0.03 (our unpublished data)
Stem taper Taper 0-0.01 érsapwood/cm stem length
Cuticle thickness feuticle 0.5-15.5x 104 cm 1.2-15.m (Choong et al., 1992
Ratio of xylem wall thickness wlr 0.05-0.5 for tracheid; 0.01-0.23 for vessels  Hacke et al. (2001)
to vessel radius
Maximum crown width Wemax 15-90 cmto each side 0-177%m
Maximum root system width VMfax 15-90 cmto each side 0-278%m
Ratio of stem sapwood area Xsectl 0.0001-0.0016 chicr? 2.42E-6-0.00338 with an avg.
per leaf area 0.000337
Ratio of root sapwood area Xsect2 0.00003-0.00048 cficm

per fine root length
Depth exponent

8

—2<§<+2

We refer to traits in TAD as independent if they are independent variables during the optimization of the seedling design. Note to test the realism
of the model to produce realistic values the range allowed for each independent trait must be larger than the range found in natural tree seedlings
Therefore, the range of the variables for which published data was available has also been listed in the table.
2 If units are not given the variable is dimensionless.
b Unpublished data for seedlings of 29 southern Quebec tree species. Seedlings in the study were between 2 and 306 cm tall at the time o

harvest (at the end of the third growing season).

¢ We measure@max Up to 1.8 mol CQ/m? s in seedlings of 28 temperate hardwood tree species (unpublished data). Maximum conductances
over 1.0 mol C@/m? s only occurred in fast-growing shade-intolerant species.
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Table A2
List of constants in the model

Constant Symbol Units Value in model
Water holding capacity of the soil grid cell C gH,Olcm? Function of the soil typeRrady and Weil, 1999
Concentration of C@in the air ca ppm User-specified
Drag coefficient for stem and branch segments pgC Dimensionless 1.0 (Table 9.3 Fox and McDonald, 1992
Drag coefficient for leaves CoL Dimensionless 0.38 (Table 9.3 Hox and McDonald, 1992
Nutrient uptake constant Cnut gN/cm 0.01
Cell wall shade constant Cshadel pm 4
Chloroplast shade constant Cshade2 wm-1 10
Depth at the middle of the grid cell ddepth cm 15-135, depending on soil layer
Depth of the lowest soil grid cells dyrid cm 135
Leaf characteristic length Dieat cm 8 (based on effective leaf area)
Diffusion constant for C@at standard D°Coz m?/s 1.4968E-9 in water
conditions
1.33E-5in air
Fine root diameter droot cm 0.05 Eissenstat, 1992; Fitter, 1996; Pregitzer et
al., 2003.
Daily evaporation rate Eqaily g/day cn? User-specified
Boundary layer conductance &b mol COy/m? s 1.0 in model, but 0.2—2.0 in nature (page 399 in
Nobel, 199}
Height at the top of the grid cell Hgridcell cm 30
Light reaction coefficient kiight p,mOl/I'nZS 50
Rate constant knut gN/cr? 0.000005
Length of branch or stem segment L m 0.3 except for stem base which is 0.15
Mesophyll cell photosynthetic sensitivity Mphoto wm/(molCQy/m?s) 15
Maintenance respiration rate per gram of tissueniresp gC/gN day 1.0368 (estimated from graphed dat&@ich
nitrogen etal., 1998b
Minimum mesophyll cell nitrogen Nmin gN/gH,O 0.002
concentration
Minimum nutrient concentration Nsoilmin gN/(:rrf3 0.000001
Air pressure inside the leaf P MPa 101.325
Atmospheric pressure PO MPa 101.325
Resistance to C&diffusion across the Rpl s/m 318.31Klobel, 199}
mesophyll cell plasmalemma
Horizontal area of grid cell Sgrid cn? 30x 30=900
Effective area of a leaf Sleaf cm? 64
Number of days in the simulation tsim Days Set by user (maximum of 1000)
Grid cell volume Vagrideell cm® 30x 30x 30=27000
Width of grid cell Waridcell cm 30
Nitrogen content of woody tissues XN gN/gC 0.01 (our unpublished data)
Molar fraction gradient of water vapor Aw = w; —wa Dimensionless Used tabulated values as function of
temperature
Specific soil conductance 3 cm/day Depends on soil typBiady and Weil, 1999
Carbon content ¢ gClgtissue 0.46 (our unpublished data)
Air viscosity Wair kg/(ms) 1.78E-5 (Fox and McDonald, 1992
Cost of synthesis & gCl/gC 1.35Bloom et al., 1985; Chapin, 1989
Pi b Dimensionless 3.1415927
Air density Pair kg/m? 1.23 Fox and McDonald, 1992
Density of leaf cell wall material Peellwall glcm? 0.7
Density of xylem wall material Px glem? 1 (Hacke et al., 2001
Cell wall shear stress T MPa 3
Head to MPa X cm/MPa 10204

A reference is given for values of constants taken from the literature. Explanations for estimates of constants not from the literature are found

in the respective sections of the model description.
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Table A3

List of symbols for dependent variables in the model

Parameter Symbol Units
Photosynthetic rate A gClcn? day
Branch or stem cross-section area Ap m2

Seedling’s total vertical branch cross section area in the grid cell Abpranch m?2

Seedling’s total leaf area in the grid cell Aleaf m?

Allocation of carbon to above vs. below ground growth Allo Dimensionless fraction
Allocation to storage for maintenance Allo Dimensionless fraction
Allocation of carbon to above vs. below ground growth Allo Dimensionless fraction
Horizontal area occupied by a mesophyll cell Ames pwm?2

Total carbon in the leaves of the seedling B. gC

Total carbon in fine roots of the seedling Br gC

Total carbon in stems and branches of the seedling Bs gC

Total dry mass of the seedling Biotal gdry mass

Total carbon in thick roots of the seedling Btr gC

CO; concentration inside mesophyll cells in layer Cen Dimensionless
CO;, concentration inside the substomatal cavity G Dimensionless
Soil conductance Cs gH,O/MPaday
Soil distance D cm

Diffusion constant for C@ D%OZ m2/s
Transpiration rate E g HO/cn? day
Modulus of elasticity EmoEe Pa

Total transpiration from grid cel E, gH2O/day

Soil evaporation Evap gH0

Drag force Fp N

Mechanical factor of safety FS Dimensionless
Combined internal leaf conductance gi mol CGy/(m? s)
Cuticular conductance gmin mol HoO/n? s
Stomatal conductance gs mol CO/m? s
Light intensity in the canopy 1 pwmol/mé s

Light intensity above the canopy Io wmol/n? s

Light intensity incident on the leaf surface Iin pwmol/mé s
Relative light level Lievel Dimensionless fraction
Modulus of inertia Ivol m*

Sap-flow in rootn in gH2O/day
Conductance K g H,O/MPaday
Path length of branch Ly cm

Leaf area intensity threshold Lint cmP/cn? grid cell
Leaf longevity Liong Weeks

Leaf nitrogen content Ly gN/gC

Path length of root Ly cm

Mechanical moment M Nm

Total maintenance respiration rate MREsp gCl/day

Number of leaves in grid cell N Dimensionless
Nutrient concentration in the soil solution Nsoil gN/cr?

Osmotic potential osm MPa
Mechanical force P N
Photosynthetic rate of a mesophyill cell in layer P, gCl/day

Radius of stem or branch segment or tap root at the base R m

Resistance to C&diffusion across mesophyll cell walls Rew s/m

Resistance to C&diffusion in the mesophyll cell cytosol Rey s/m

Reynolds number Re Dimensionless
Resistance to C&diffusion in the leaf internal air space Rias s/m

Fine root length intensity threshold Rint cm/grid cell
Root length RL cm
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Table A3 Continued)
Parameter Symbol Units
Hydraulic resistance of branch going to grid cell R, (MPaday)/g HO
Fine root longevity Riong Weeks
Hydraulic resistance of roait Rrn (MPaday)/g HO
Hydraulic resistance of soil grid cell Rs, (MPaday)/gHO
Leaf internal shading constant due to chloroplasts chi SC Dimensionless
Leaf internal shading constant due to cell walls w SC Dimensionless
Root surface area Sroot cm?
Absolute temperature of the leaf T K
Time Time Timestep/year
Turgor of leaves in grid celt Tin MPa
Volume of leaf cell wall Veelwall cm’
Volume of leaf cuticle Veuticle cm®
Light reaction coefficient 1 Viight mol COx/m? s
Mesophyll cell volume Vimes pms
Volume of leaf schlerenchyma Vschi cm’
Wind speed Viwind m/s
Volume of wood Viwood cm?
Deflection due to mechanical loading Y m
Leaf cell layer z Dimensionless
Construction cost o gC
Xylem cross-section area B cm?
Water content of the soil grid cell 0 g HO/cr?
Xylem conductivity Kxy g H,O/cm MPaday
Water-use level Vwater mol CO;/mol H,O
Failure stress under compression Zcomp Pa
Maximum stress T max Pa
Rate of active nutrient uptake (2] gN/cn? surface area
Maximum rate of active nutrient uptake ©Omax gN/cm
Leaf water potential 'Z% MPa
Root water potential YR MPa
Soil water potential /28 MPa
Xylem water potential Wy MPa
Minimum xylem water potential Yy min MPa

We refer to traits in TAD as independent if they are independent variables during the optimization of the seedling design. Other variables that

are calculated from these independent variables are referred to as dependent variables.

Table A4

List of values for ecophysiological traits in the model tree seedling compared to their range in natural tree seedlings

Dependent trait Range in model Range in natural References
tree seedling trees
Maximum photosynthetic ratgunol/m?s) 18 3-24 Reich et al. (1999)Prior et al. (2003) our
unpublished data
Leaf longevity (weeks) 52 6-450 Reich et al. (1999)
Leaf blade nitrogen concentration (i.e. petioles not 4.9 0.6-4.3 Reich et al. (1999)Prior et al. (2003) our
included) (%) unpublished data
Leaf mass per area (gfin 48 14-833 Reich et al. (1998h)Reich et al. (1999)
Leaf thicknessim) 331 65-1296 Cavelier (1990) Choong et al. (1992)

Holbrook and Putz (1996Niinemets (2001,
Prior et al. (2003)
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Table A4 Continued)
Dependent trait Range in modelRange in natural References
tree seedling trees
Minimum cuticular conductance (mob®/cn? s) 150 4-160 Nobel (1991)
Productivity water-use-efficiency (g dry mass/kg®) 0.7 1-6 Larcher (2003)
Average daily water-use-efficiency (gC/kg®) 2.4 0.9-6 Ehleringer et al. (1985)
Maximum sap-flow rate per leaf area (i) 545 21-1611 Our unpublished data
Maximum sap-flow rate per stem basal area (glkm 310 14-1330 Our unpublished data
Huber value (crhwood/n? leaf area) 2.4 0.1-33.5 Our unpublished data
Leaf water potential at wilting point (MPa) 1.2 0.8-7 Cavelier (1990)Holbrook and Putz (1996)
Niinemets (2001)Groom (2004)
Minimum xylem water potential (MPa) 2.9 1-12 Hacke et al. (2001)
Wood density (g/crd) 0.56 0.16-1.05 Forest Products Laboratory (1999)
Specific root length (m/g) 9 20-300 Reich et al. (1998h)Espeleta and Donovan
(2002) Comas et al. (2002)
% Nitrogen uptake that was passive 69 0.5 in tundra, 8Dambers et al. (1998)
in corn field
Height-to-basal diameter ratio 147 8-164 Our unpublishedfdata
Root area index (cffine root surface area/ém 14 0.05-18 Larcher (2003)
ground)
Leaf area index (chleaf area/cri ground) 3.7 3-16 Larcher (2003)

Traits were chosen because ecophysiologists commonly measure them and published data was readily available (references given in the rigt

column).

2 Our unpublished data is for seedlings of 29 tree species native to southern Quebec.
b For seedlings 0.05-2.4, up to 10 for dense conifer stands, less for deciduous trees, and 2—4 for shrubs.
¢ For adult trees whose LAI should be higher than for seedlings. Highest LAl's are for conifers.

with descriptive results of the model tree seedling
(Table A9.
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