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a b s t r a c t
Extreme temperatures and droughts in the wake of climate change potentially threaten plant diversity.
A strategy that plants use to improve survival during seasonal drought is to establish deep roots, aptly
named tap roots for their ability to tap into groundwater. Little is known, however, about the role of
deep roots in maintaining plant diversity. Here, we extend an established model of plants canopies by
Iwasa et al. (1985), in which plants of different heights compete for light, to allow strategic investments
in an optional tap root. We investigate how emerging diversity varies with water table depth, soil water
gradient and drought-induced mortality rate. Having a tap root enables plants to reach deep water, thus
reducing mortality, but also carries a construction cost, thus inducing a tradeoff. We ﬁnd (1) that tap
roots maintain plant diversity under increasing drought mortality, (2) that tap roots evolve when ground
water is accessible at low to intermediate depths, (3) no viable strategies at high drought mortality and
deep water table, and (4) Red Queen evolutionary dynamics in mixed communities with and without tap
root.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
As a consequence of global climate change, we may experience decreasing precipitation and increasing evaporation, causing
severe and widespread droughts in some regions over the next
30–90 years (Dai, 2013). Due to the fundamental importance of
water availability for plants, plant diversity may be at risk in
drought-affected areas. Even in the moderate climate-change scenarios, many plant species might be lost. In Europe, the risks are
highest in the transition areas, for example between the Mediterranean and Euro-Siberian regions, due to an increase of severe
droughts and evaporation (Thuiller et al., 2005). The droughtinduced shifts are expected to be largest in ecotones (transition
areas between two biomes), and very fast transitions have been
reported from for example New Mexico in the 1950s where the ecotone between semiarid ponderosa pine forest and piñion juniper
woodland shifted 2 km or more in less than 5 years (Allen and
Breshears, 1998). Alarmingly, the drought and climate related mortality of trees has already increased according to a meta-analysis
by Allen et al. (2010). To predict and be able to respond to climate
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change impacts on plants it is essential to understand the effects of
water availability on plant productivity and diversity.
There are a multitude of plant responses to water stress. Fast
responses (acclimation) are quite well understood, e.g., closing of
stomata, rolling the leaf, and increasing leaf angles (Lambers et al.,
1998; McDowell et al., 2008). Slow responses are less well studied.
These might include: earlier reproduction (before drought), rigid
cell walls or smaller cells to tolerate low water potential (Chaves
et al., 2003), and differences in rooting depth (Jackson et al., 1996).
Desert plants exhibit a range of rooting strategies, including shallow-rooted ephemerals, shallow-rooted perennials, and
deep-rooted perennials. Such morphological differences suggest
alternative strategies for survival under dry conditions (Rundel and
Nobel, 1991). However, the mechanistic link between root growth
and survival under drought remains unclear. Padilla and Pugnaire
(2007) found a negative relationship between root to shoot biomass
ratio and survival under drought, while at the same time observing
a strong positive relationship between rooting depth and survival
in line with other studies (e.g., Fensham and Fairfax, 2007). Thus, it
appears that rooting depth, e.g., presence of tap roots, is important for survival under drought whereas the total effect of root
growth may be inﬂuenced by other factors. More generally it is
becoming clear that plant allocation responses to different interacting environmental factors only can be understood from a whole
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plant perspective (Franklin et al., 2012). One must therefore consider the effect of competition for light alongside rooting strategy
and how these interact. Furthermore, to model the effect of drought
on diversity it is necessary to evaluate not only one plant’s drought
strategy, but also the potential for coexistence among different
drought strategies.
Contrary to common beliefs, deep roots are not only found in
arid climate, but also in tropical forests with a dry season. The presence of deep roots can explain why Amazonian evergreen forests
extend far into regions with a long dry period. Nepstad et al. (1994)
estimate that around half of the closed forests in Brazilian Amazonia rely on deep roots to maintain evergreen canopies throughout
the dry season. Roots may be found as deep as 18 m below ground,
making it difﬁcult to obtain good data on deep roots.
Recently the importance of drought has been acknowledged in a
variety of novel approaches to root modeling, including a stochastic
rainfall model by Zavala and Bravo de la Parra (2005) and a model
of carbon allocation of trees in competition for water and light by
Farrior et al. (2013). However no study has yet investigated the
importance of deep roots for upholding diversity in forests where
droughts are important. This might include a wide variety of forests,
as most forests are likely to operate close to the limits of hydraulic
failure (Choat et al., 2012).
To better understand the relationship between plant diversity
and drought, we introduce a new eco-evolutionary model of plant
root and shoot strategy under different degrees of water limitation.
The model is based on an established plant canopy model, which
outlines how plants of different height may coexist when competing for light (Iwasa et al., 1985). This model is the only existing
evolutionary plant model having a polymorphic equilibrium, i.e.,
more than one coexisting species, according to a review by Falster
and Westoby (2003). We extend the Iwasa model by adding a tap
root, deﬁned by its depth, and model the evolution of plant shoot
height and tap root depth under different water table depth conditions. The results illustrate how above- and below-ground factors
interact to regulate diversity.

The latter term is determined by the photosynthetic assimilation
rate f(L(x, NC )), the construction cost of supporting tissue like stem
root and branches reducing the growth rate c(x, y), and a droughtinduced mortality rate m(y). The term NC represents the entire
community of strategies that coexist with the focal plant strategy, i.e., the function N(x, y). We use the demographic equilibrium
condition dN/dt = 0 to ﬁnd NC (see Appendix B).
The photosynthetic assimilation rate
f (L(x, NC )) = a log(L(x, NC )) + b

(3)

is determined by the light intensity L(x, NC ) at height x, which is
calculated by integrating the shading effects of all coexisting plants
with density NC and cumulative leaf area (z, x)
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The light intensity is reduced from a maximum of L0 by shading
from other plants coexisting in the community. The cumulative leaf
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based on an assumption of uniformly distributed foliage from
height z − k/2 to height z + k/2 for a crown thickness of k.
The metabolic cost of constructing and maintaining a shoot of
height x and a tap root of depth y is assumed to increase non-linearly
with both shoot and root length:
c(x, y) = c0 + c2 (c1 x + y)q .

(6)

2. Model
A schematic overview of the model is given in Fig. 1. Our treatment of above-ground processes is identical to Iwasa et al. (1985).
We extend the study by Iwasa et al. (1985) by incorporating the
possibility for plants to grow a tap root (a deep root). Thus, each
plant strategy is characterized by two trait values, the height of the
shoot, x, and the depth of the tap root, y. Since there is no ontogenetic growth of the plants in the model we implicitly assume that
only the ﬁnal height and root depth at maturation are important
for calculating the invasion ﬁtness, which we use to ﬁnd evolutionary outcomes. A tall shoot confers a better ability to compete
for available light, while a deep tap root reduces drought-induced
mortality. There is a construction cost to having a long shoot or tap
root, thus inducing two life-history trade-offs, the total size and
the relative size between shoot and root. Such a model is applicable whenever (1) light competition is important and (2) there
are occasional periods of drought whose detrimental effects can be
mitigated by the presence of a tap root.
The demographic dynamics of a plant strategy with shoot height
x and tap root depth y are described by the following equations,
dN(x, y)
= N(x, y)F(x, y, NC ),
dt

(1)

F(x, y, NC ) = f (L(x, NC )) − c(x, y) − m(y),

(2)

where N(x, y) is the density of plants with trait value x and y (i.e., the
number of plants per area unit) and F(x, y, NC ) is a function giving the
per-capita growth rate of that strategy in its current environment.

x L(x)

k
k

x1

x2
y1

y2

w
y
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Fig. 1. Schematic overview of the model. Plant strategies are characterized by two
evolving trait values, the height of the shoot, x, and the depth of the tap root, y. Taller
plants shade shorter plants, but not vice versa. The light assimilation L(x) depends on
the shoot heights, the crown thickness, and the population equilibrium densities NC
(this dependence is suppressed in the ﬁgure). A tap root reduces the mortality risk of
a plant to an extent that depends on the tap root’s length and the soil water’s vertical
distribution. The drought-induced mortality m(y) is a function of depth reached by
the tap root. This function is shown as a solid red line in the lower right. We consider
the water table to be located at the depth w at which this function reaches half of its
maximum value, as illustrated by the dotted horizontal line. The crown thickness,
k, inﬂuences competition between trees and is assumed to be constant. Subscripts
denote different strategies.
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Fig. 2. Two possible sequences of invasions starting from (a) a single strategies without a tap root, and (d) ending with an evolutionarily stable community consisting of two
strategies with a tap root. The resident strategies are situated at height zero surrounded by a negative invasion-ﬁtness landscape. In (b) an additional resident with a tap root
has invaded, and in (c) a new resident has successfully replaced the resident in (a). The dashed arrow indicates that one invasion step has been omitted. The shading shows
the invasion-ﬁtness landscape, and the signs “+” and “−” indicate that the invasion ﬁtness is positive or negative. Zero invasion ﬁtness (nullclines) are indicated by the black
contours.

This cost function links investment into the shoot and the tap
root, thus inducing a natural trade-off between above-ground and
below-ground investments. In case that y = 0 and q = 2, the cost
function in Iwasa et al. (1985) is recovered. The cost could be
described more accurately as a reduction in growth rate based on
construction and metabolism.
The reason that the cost function is not linear is that cost is
expressed as a function of height and depth. The cost of the stem
is proportional to the size of its metabolically active part, i.e., the
sapwood. Because sapwood functions as a set of pipes to support
root water uptake and canopy transpiration, its cross-sectional area
(conductance) is proportional to total leaf area. Plants growing
under extreme competition for light grow mostly vertically with a
ﬁxed canopy size and stem diameter, i.e., sapwood volume increase
depends only on stem height, i.e., q = 1. Plants unrestricted by lightcompetition will grow isometrically with canopy size (sapwood
cross-sectional area) and stem height (sapwood height) increasing proportionally, i.e., q = 3. Thus, the exact relationship between
height and cost varies with growing conditions, and the power of
2 (quadratic) is in the middle of the range of possible values under
competition for light. We base our allometric assumptions on the
pipe-model by Shinozaki et al. (1964), and we ignore mechanical stability constraints, which would increase the minimum q at
increasing height.
The rate of drought-induced mortality is assumed to decrease
with the depth of the tap root. To reﬂect the common proﬁle of
groundwater availability, we model the mortality rate as a function
of tap root depth with a logistic decreasing function (Fig. 1),
m(y) =

˛
,
1 + exp (u(y − w))

(7)

where the parameter ˛ determines the half-saturation drought
mortality ˛/2 at y = w, w is the water depth, and u the rate of mortality decrease around the water table as root depth increases. For

brevity we call ˛ the drought mortality and u the water gradient.
The water table depth is in the middle of the transition to lower
mortality, and the rate of change at the water table is determined by
the soil water gradient parameter (u). Plants without a tap root, (i.e.,
y = 0) experience a baseline drought mortality close to the parameter ˛. Mortality is gradually reduced as the depth of the tap root
increases. We consider the depth of the water table to be located at
the point at which the mortality rate is half of its maximum value,
in other words when y = w. Note that we assume that the water
table is not a step function, but a continuous function with a more
or less sharp transition zone (see Fig. 1).
As the considered model is phenomenological, in the same
spirit as the inﬂuential Lotka–Volterra equations, it is not possible to directly estimate parameter values. The default parameter
set, Table 1 in Appendix A, was chosen because it allows the emergence of two coexisting strategies with tap roots. As described in
Appendix A, we have carried out numerical explorations to ensure
that the reported results are general and independent of this particular parameterization.
Table 1
Model parameters and default values.
Description

Symbol

Value

Photosynthetic efﬁciency
Photosynthetic baseline
Light-intensity baseline
Density of leaves
Crown thickness
Constant cost coefﬁcient
Root allocation cost
Size dependent cost coefﬁcient
Cost exponent
Drought mortality
Ground water gradient
Ground water level

a
b
L0
w
k
c0
c1
c2
q
␣
u
w

1
1
10
1
1
1
1
0.05
2
1
3
1
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Tap root

Mixed tap and non-tap root

0.8
0.6
0.4
0.2
0

1
0.8
0.6
0.4
0.2

2
4
Drought mortality,

0

1

0

1.5

0

0

0

2
4
Drought mortality,

1.5

0

5
10
Water table depth, w
(i)

10

4

5

0

5
10
Water table depth, w

2

1

Water gradient, u

1

0.2

(h)
Water table depth, w

Water gradient, u

2

0.4

(f)

2
4
Water gradient, u

(g)

3

0.6

0

Crown thickness, k

2

1

2
4
Drought mortality,

4

0.8

(e)
Crown thickness, k

Crown thickness, k

1.5

1

2
4
Water gradient, u

(d)
2

Extinction
(c)

Photo. efficiency, a

1

Non-tap root

(b)
Photo. efficiency, a

Photo. efficiency, a

(a)

0

2
4
Drought mortality,

3
2
1
0

0

5
10
Water table depth, w

Fig. 3. Four qualitatively different model outcomes, depending on the above- and belowground environment. All parameters are as in Table 1 except the ones we vary.

We investigate evolutionarily emerging plant communities with
and without tap roots using methods from adaptive dynamics (e.g.,
Metz et al., 1996; Geritz et al., 1998; Brännström et al., 2013). These
methods allow us to identify evolutionarily outcomes, here deﬁned
by shoot height and depth of tap root, in ecological settings where
ﬁtness is density and frequency dependent. In our model, selection
for plant height is frequency dependent while selection for tap-root
depth is optimizing since there is no competition for water at any
soil depth. For plants of a given height, x, and independent of the
composition of the resident community, selection will either favor
the absence of tap roots, i.e., y = 0, or tap roots at an optimal rooting depth which is roughly comparable to the depth of the water
table.
Evolutionarily emerging communities consisting of plants with
different depth and rooting strategies are determined using a
community-assembly method (Appendix B). This communityassembly method is computationally efﬁcient but it is based
on simplifying assumptions and hence only approximates the
evolutionary outcome. For this reason, we tested numerically using an alternative community-assembly method with
the canonical equation (Dieckmann and Law, 1996), that the
reported results are accurate (see Supplementary Information and
Fig. S2).

3. Results
In this study, we examine how environmental factors affect the
diversity of height and rooting strategies in plant communities that
evolve under competition for light and under water limitation. To
understand how plant communities are assembled over evolutionary time, it is helpful to consider a speciﬁc example. Fig. 2 shows
two possible sequences of invasions through which an evolutionarily stable community with two distinct shoot height and rooting
strategies emerges. Rare strategies in the positive region of the
invasion-ﬁtness landscape can invade and either replace or coexist
with the resident strategies. Eventually, a plant community which
cannot be invaded by any other strategy emerges (Fig. 2d). In general, we ﬁnd that the resulting community consists exclusively of
strategies without tap roots, exclusively of strategies with tap roots,
or a mixture of strategies with and without tap roots. There is also
the possibility that the conditions are too harsh for any strategy to
be viable.
Fig. 3 shows when the four qualitatively different outcomes
occur. Plants without tap roots emerge when the ground-water
table is deep or at low drought mortality. Plants with tap roots
emerge under high drought mortality and a sharp water gradient
(i.e., high value of u). Tap-root strategies persist at high drought
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Fig. 4. The total diversity of plant strategies. The color indicates the number of coexisting strategies with and without tap root in the evolutionarily emerging community.
All parameters are as in Table 1 except the ones we vary.

mortality, but high drought mortality and deep water table create conditions under which no strategy is viable. Mixed-strategy
communities emerge under environmental conditions intermediate to those that favor plant communities with and without tap
roots.
As expected, no plant height and rooting strategy is viable if the
photosynthetic efﬁciency (which can be thought of as productivity) is too low. Large parameter regions which are inviable result
from low photosynthetic efﬁciency in combination with deep water
table (Fig. 3c), and from high drought mortality in combination with
deep water table (Fig. 3h). Surprisingly, the inviable region in Fig. 3b
at low photosynthetic efﬁciency is replaced by emerging plant communities with tap roots as the water gradient is getting sharper. This
gives a hint of when deep rooted plants are expected in very low
productivity environments, such as Phreatophytes, which appears
in deserts among other areas.

Fig. 4 shows the diversity of the evolutionarily emerging communities, i.e., the number of distinct shoot and rooting strategies.
Generally total diversity is high when photosynthetic efﬁciency a
is high (Fig. 4a–c), crown thickness k is low (Fig. 4d–f), and drought
mortality ˛ is low (Fig. 4a, d, g, and h). A high drought mortality
˛ in combination with a deep water table depth w is effectively
decreasing total diversity to zero (Fig. 4h).
The communities which emerge are usually evolutionarily stable, but sometimes an evolutionarily stable community cannot be
reached, because of interference between strategies with and without tap root. This Red Queen evolutionary dynamics arises when
two strategies compete but no one of these can ever win, comparable to an arms race going on forever. In our model the new
strategy will invade at an intermediate shoot height and push out
the strategies with lower shoot, while at the same time leaving a
new positive peak in the ﬁtness landscape allowing for subsequent
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Fig. 5. The diversity of plant strategies when the option of growing a tap root is not available. The color indicates the number of coexisting strategies without tap root in the
evolutionarily emerging community. All parameters are as in Table 1 except the ones we vary.

invasions. The parameter combinations under which Red Queen
evolutionary dynamics unfolds correspond to the ragged regions
in Fig. 4.
To elucidate the role of deep roots for upholding strategydiversity in plant communities, we ﬁnally investigated the diversity
when evolving a tap root is not possible and here the evolved diversity quickly declines with increasing levels of drought-induced
mortality until no strategies can persist (Fig. 5).
4. Discussion
Even though many results from this model were expected, such
as no viable strategies at low photosynthetic efﬁciency and deep
soil water table (Fig. 3c), we found some unexpected results: (1)
Evolutionarily stable communities in which all strategies have tap
roots are found only at low to intermediate water table depths,

contrary to our intuition that tap root strategies should be favored
by deep water table depths; (2) tap root strategies can persist at low
photosynthetic efﬁciency, while strategies without a tap root goes
extinct, if the water gradient is sharp enough (Fig. 3b); and (3) Red
Queen evolutionary dynamics can unfold in mixed communities.
Despite the importance of drought adaptations for plant evolution and functioning in many ecosystems (e.g., Sardans and
Peñuelas, 2013), there is insufﬁcient empirical data available to
rigorously test most of our model predictions. Nevertheless, the
deep roots allowing diverse Amazonian evergreen forests to extend
into regions with long dry seasons (Nepstad et al., 1994; Canadell
et al., 1996) agree with our prediction that diversity is only slowly
decreasing as drought mortality is increasing, if the trees invest in
a tap root (Figs. 4 and 5). Our model predicts that a deep water
table depth, and high drought mortality eventually leads to the
extinction of all strategies, with and without tap root. Nepstad et al.
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(1999) show that 270,000 km2 of the Amazon forest had completely
depleted plant-available water in the upper 5 m of soil by the end
of the 1998 dry season. If the drought in the Amazonian forest mentioned by Nepstad et al. (1999) is not a single event but a recurring
event producing a deep water table depth, our model suggests that
many species are at risk of being lost.
Our model is applicable whenever (1) light competition is
important and (2) there are occasional periods of drought whose
detrimental effects can be mitigated by the presence of a deep tap
root. Light competition is obviously important in forests while the
importance of water limitation is highlighted by the result that a
majority of forests seems to operate close to the limit of hydraulic
failure. In fact 70% of 226 forest species from 81 sites worldwide
operate with <1 MPa safety margin, which means that they operate very close to the preassure where 50% of water conductivity is
lost (Choat et al., 2012). This is a common deﬁnition for the limit
of embolism. Tap root strategies are not restricted to dry climates.
The greatest expected rooting depths are found in sub humid climate where a seasonal surplus of water can accumulate in deep
soil during the wet season and be accessed during the dry season
(Schenk and Jackson, 2005). The deep roots explain how Amazonian
evergreen forests could extend into regions with long dry seasons
(Nepstad et al., 1994; Canadell et al., 1996). In a study by Murphy
and Lugo (1986), the number of canopy layers in a tropical dry forest
was found to be 1–3, compared to a wet forest with three or more
layers. This indicates that our canopy layer based model applies
to a wide variety of forests, both in wet and dry areas. However,
our model does not apply to species richness in for example arid
climate where there is no competition for light.
Why is there no competition for water in our model? Of all cases
in a global root depth study, 50% of the roots were found to be in
the upper 80 cm layer of soil (Schenk and Jackson, 2002). Since root
density is high in the upper soil level we expect competition there,
but the deeper soil levels contain only a fraction of the total root
mass, and therefore we expect low or no competition in the deep
soil layers. Moreover, deep water tables accessible by tap roots
may not be substantially depleted by plant water use. Thus, the
tap root strategy is a way of avoiding strong competition for water,
which otherwise can lead to tragedy of the commons effects inducing over-production of roots in water limited environments (Maina
et al., 2002). In our model, an increased (shallow) root production
due to competition for water can be accounted for by increasing
the cost of the shoot (the parameter c1 ), as each unit of shoot must
support more roots. Increasing the cost for shoot did not have any
inﬂuence on modeled community composition. However increasing the cost for shoot does decrease the total diversity. In other
words the relative abundance of with and without tap root is conserved as the cost of shoot is varied. The results shown in Fig. 3 are
unaffected by variations in shoot cost.
In natural forests, the above- and below-ground environment
will change as the plants grow. Growing trees would be an interesting extension to our model, where the trees reach their ﬁnal height
and depth immediately. The lack of growth is perhaps the most
important limitation of the theoretical framework in our model. In
the Iwasa et al. (1985) model, and in our model, trees do not have
to compete during growth in the understory. In a recent model
by Farrior et al. (2013) the evolutionarily stable strategy for ﬁne
root allocation was found to be heavily dependent on the timing
of the rainfall. A wetter forest has more ﬁne roots than a drier
forest if the available water during water limitation is the determining factor, but vice versa a wetter forest has less ﬁne roots than
a drier forest if the time spent in water saturation is the determining factor. However, this model do not incorporate tap roots,
and the above ground part of the forest consists only of understory
and canopy, which limits the possible niches. Our research suggests
that the depth of roots is a niche dimension to investigate further.
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Stochastic rainfall would be another interesting extension. Variable
rainfall with two levels of constant drizzle proved to be important
in the Farrior et al. (2013) model to solve the “paradox of the tragedy
of the commons”, in which all resources are allocated into roots as
an effect of water competition. Except for the vertical distribution
of leaf area we have omitted spatial structure although this has
been proved to be very important for upholding diversity. Species
richness tend to be related to the land area, and tree species distributions tend to be related to geographical features such as dry and
wet areas (Engelbrecht et al., 2007). Source-sink dynamics on landscape scale is expected to uphold diversity, together with negative
density dependence resulting from interactions with fungi, insects
and herbivores (Fukami and Nakajima, 2013; Bagchi et al., 2014).
Spatial structure is however a major challenge for modelers.
Here we have shown with a simple model that deep roots are
important to uphold plant species richness in dry environments.
We found that the drought factor that is most devastating to plant
diversity is a deep water table in combination with high drought
mortality because tap root strategies cannot survive a deep water
table, and strategies without a tap root cannot survive a high
drought mortality. On the other hand a high drought mortality
and a sharp water gradient are necessary conditions for a tap root
community to emerge. Future research could further clarify the
interactive role of size structure, seasonal rainfall, episodic drought,
and water competition for plant diversity.
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Appendix A. Parameterization
The default parameter values are chosen such that the shoot
height and rooting depth of a monomorphic resident strategy
evolves to a locally evolutionarily stable strategy (ESS). The leafarea density w can be assumed equal to unity without loss of
generality, since this constant always appears multiplied with N,
and therefore N ∝ 1/w . In the light assimilation the term alog(L0 )
has to be positive, and this means that L0 > 1. We chose L0 = 10. The
quadratic cost parameter needs to be low to assure that the density of individuals N is positive, and we set c2 = 0.05. To assure that
we have a local ESS for root and shoot, we set the water gradient
to u = 3. The crown thickness k determines how many strategies
you can pack in, since crowns do not overlap. We set k = 1 so that
around ﬁve strategies can coexist for the default parameter setting.
The patterns observed in Fig. 3 can be reproduced with other sets of
parameters. For example, crown thickness k = 2 gives a qualitatively
similar results (but fewer strategies because crowns generally do
not overlap and the tallest specie is almost independent of crown
thickness).
Appendix B. Evolutionary dynamics
We use adaptive dynamics techniques (see e.g., Metz et al. 1996;
Geritz et al., 1998; Brännström et al., 2013) to investigate the evolutionary dynamics of the model. We assume that plants reproduce
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asexually and that mutations are rare, so that we may assume
the system has reached its demographic attractor before the next
mutation occurs. In all instances considered, this consists of a ﬁnite
number of plant strategies coexisting at a stable equilibrium. The
invasion ﬁtness of a mutant with shoot height x and tap root depth
y is deﬁned as the mutant’s exponential growth while it is still rare
in the environment set by the resident. By Eqs. (1) and (2) we see
that the invasion ﬁtness equals F(x , y , NC ) in which we identify NC
as the resident environment.
Coexisting communities are assembled through a sequence of
invasions, usually leading to an evolutionarily stable community.
To facilitate numerical exploration, the evolutionary outcomes are
determined through the following simpliﬁed community-assembly
algorithm.
1. We ﬁnd the trait values (x, y) for the evolutionarily stable
monomorphic strategy with the tallest shoot x. Selection is optimizing in root depth y, and we have two options, either invest
in a tap root or not, corresponding to the intersection of the root
and shoot evolutionary null clines in Fig. S1. We select the option
with the highest invasion ﬁtness.
2. As argued by Iwasa et al. (1985), the second coexisting resident in a dimorphic community will have a lower shoot and
thus be shaded by the ﬁrst resident. We determine the second
resident under the assumption that tree crowns of the two resident strategies will not overlap in height, following a procedure
analogous to step 1.
3. The third resident in the eventual coexisting community is
shaded by ﬁrst two residents and can hence also be determined
in a procedure analogous to step 2, and so on.
4. We continue this process until an uninvadable (global) evolutionarily stable community has emerged or a repetitive sequence
has been reached, corresponding to Red Queen evolutionary
dynamics, ﬁlling up the vertical space from the highest tree to
the ground.
Note that in this simpliﬁed version, we set y = 0 to get the
pure community of coexisting strategies without tap root, and
the tap root species are on the line dF(x, y, NC )/dy = − dc(x,
y)/dy − dm(y)/dy = 0. The outcome of this simpliﬁed community
assembly method can be contrasted with the outcome of the
method using the canonical equation presented in the Appendix
C (Fig. S2).
We now describe in detail how additional coexisting resident
strategies (if any) are determined in the simpliﬁed communityassembly algorithm above. First, we assume that the coexisting
community have reached, locally, an evolutionarily stable state
(ESS) at which no nearby mutant can invade but for which a mutant
which differs substantially from all of the resident strategies might
be able to invade. We assume there are p coexisting species of shoot
height x1 > x2 > · · · > xp with corresponding population sizes N1 , N2 ,
. . ., Np . The invasion ﬁtness of a rare mutant can now be determined and depends on the resident strategies’ total leaf area above
the mutant’s height xm ,
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k
− xm
2

,

xi −

k
k
≤ xm < xi + ,
2
2

p

Ni w ,

0 ≤ xm < xp +
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k
,
2

i=1

in which NC stands for the environment constituted by the p resident species, i.e. their densities and trait values. We can now

express the invasion ﬁtness of a rare mutant with trait values xm
and ym as
F(xm , ym , NC ) = a log(L0 ) + b − aA(xm , NC ) − c(xm , ym ) − m(ym ).
We next aim to introduce a new resident under the assumption
that it does not affect the evolutionary stability of the p existing
resident species. This assumption is justiﬁed whenever (a) the new
resident is smaller than the existing residents and (b) its tree crown
does not overlap vertically with that of any other resident species.
We then choose trait values xp+1 and yp+1 such that the new resident
is locally evolutionarily stable and has a tap root of optimal length.
When directional selection in shoot height has ceased, we have
˛w Np+1
dF(xm , ym , NC )
|xm =xp+1 ,ym =yp+1 =
dxm
k
− c1 c2 q(c1 xp+1 + yp+1 )q−1 = 0.

(B2)

Now, since Np+1 is uniquely determined by the triple NC ,xp+1 ,yp+1
and since, as selection is optimizing in tap root depth, there is an
optimal yp+1 for any shoot height root xp+1 . Hence, we can numerically solve Eq. (B2) for the shoot height xp+1 If no positive solution
exist, we halt the community-assembly process as per Step 4 above.
Otherwise, we take the largest positive solution xp+1 together with
its associated optimal tap root depth as the new resident strategy.
In Fig. S1, we illustrate graphically for the case p = 1 how the trait
values of the new resident can be understood graphically in terms
of evolutionary nullclines.
Appendix C. Supplementary data
Supplementary data associated with this article can be found,
in the online version, at http://dx.doi.org/10.1016/j.ecolmodel.
2014.05.008.
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