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Abstract  

Many plants reproduce clonally through vegetative extensions.  This results in a patch of clones 
connected through a network of stems (spacers), with some nontrivial spatial pattern.  Here, we 
build on previous work to develop general growth rules that dictate how individual clones under 
local density-dependent conditions add vegetative extensions, giving rise to emergent 
population-level spatial patterns.  A population subject to these growth rules is simulated in 
MATLAB as a stochastic individual-based model.  The dependence of network architecture on 
various individual level growth parameters is explored.  The growth rules are able to replicate 
real-world phenomena such as central die-back with regeneration, ‘fairy rings’, and branch 
entrapment. A shorter spacer length results in higher population density (which may confer 
resistance to invasion in real populations), while longer spacer length allows exploiting the field 
more quickly.  The number of daughter branches per mother branch follows a power law 
distribution for certain parameters values, as is observed in some naturally occurring clonal 
species. 
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1.  INTRODUCTION 

    Many plants can use either sexual or asexual (clonal) reproduction.  A plant that uses 
asexual reproduction is often described as a ‘clonal plant’. Unlike bacteria or other 
microorganisms, parent-child clones of a clonal plant usually remain physically connected 
through a fleshy vegetative extension (e.g., a stem) or a storage organ (e.g., a potato). Daughter 
units are genetically identical to their parents, as well as physically and physiologically 
connected to them; hence the term ‘clonal unit’ is often used to refer to interconnected clones. 
Depending on morphology, an aerial shoot or a storage organ is formed at the end of the 
extension before a new stem is formed.  In a domain with limited space, density dependence can 
result from competition for space, causing reduced aerial shoot production and giving rise to a 
non-trivial branching pattern from overlapping stems.  

 

Because plants are sessile, efficient propagation is necessary for long-term survival. 
Survivorship depends on how well the plants can escape crowded conditions or unfavorable 
environments; therefore, the spatial distribution of the clones is an important factor.  Indeed, 
certain characteristics of the branching network have been found to be indicative of 
environmental fluctuations (Bell and Tomlinson, 1980). 

 

The term ‘rhizome’ is used in a very general way to indicate any rootless stems that are 
underneath a living matrix (either ground or water), whereas ‘stolon’ describes extensions above 
a living matrix.  Here, we take ‘spacer’ to be synonymous with a rhizome or a stolon. A ‘tuber’ is 
a storage organ of compressed fleshy stem for stocking up nutrients, producing the aerial shoots 
and spacers.  Here we use ‘node’ to describe a tuber because a clonal patch can be thought of a 
network of nodes (tubers) and spacers (stolons/rhizomes).  Figure 1.1a provides a schematic 
diagram of a clonal patch. Usually, aerial shoots die after winter, but both spacers and tubers 
may persist over years. Any sufficiently large fragmentary units that are separated from the patch 
can function as an individual physiological unit.  

 

 
 
Fig. 1.1 (a) Illustration of a clonal patch; (b) geometry of branching process; nodes C and E are generated from 

lateral branching from nodes A and C, respectively; nodes B and D are generated from extensions of nodes A and C, 
respectively. 

 
Over the last two decades, ecologists, botanists, and plant physiologists have devoted 

considerable attention to the organization of the clonal plant body, architectural plasticity, and 



mobility.  A vast body of literature is available which deals specifically with phenomena directly 
or indirectly linked to a clonal growth strategy (Stuefer et al. 2002). 

 
Bell (1979) postulated that the branching pattern depends on the branching geometry, 

which may be a function of selection to cover the plane more efficiently.  For instance, Medeola 
virginiana (Indian cucumber) propagates in eight different directions at 45o (Bell 1974); Alpinia 
speciosa (ginger) propagates in a hexagonal grid layout ranging from 110o to 130o on each side 
of a bifurcating “Y” structure (Bell 1979) or a honeycomb pattern if the angle is 120o; and Carex 
arenaria (known as sand sedge) propagates in a linear branching geometry at an average angle of 
15o (Bell and Tomlinson 1980). Similar measurements of spacer morphology, space length, and 
shoot production rates are available for 27 seagrass species in Marba and Duartes (1998). Some 
previous research has developed and analyzed clonal plant simulations before, such as for 
Solidago altissima (tall goldenrod) (Cain et al. 1991), the RHIZOM program from Bell et al. 
(1979), and a clonal growth simulator from Herben (2001). The value of simulation stems from 
the relative ease of manipulating architectural parameters to observe the impact on population-
level patterns, which is more difficult in experimental settings.  

 
The purpose of this research is (1) to formulate simple and general growth rules for the 

spatial propagation of clonal plants; (2) to simulate population dynamics arising from these 
growth rules using empirical parameter values; (3) to compare the resulting simulated patterns to 
empirical patterns; and (4) to characterize the scaling behaviour of the simulated networks. The 
growth rules are based on parameters that describe how individual clones propagate in space, 
giving rise to an emergent branching pattern. These architectural parameters control shape, size, 
pattern, and intraclonal interaction in a clonal patch. A computational simulation based on the 
growth rules enables exploration of regions of parameter space not accessible via botanical 
experiments. The simulation program sets the stage for addressing questions regarding the 
relationship between the architectural parameters and the resulting global spatial pattern. Since 
empirical parameters are used, observed patterns can approximate true branching patterns. In 
addition, generating a simulated network is helpful for examining the relationship between 
neighborhood size (local density dependence) and plant performance, in particular for the effect 
of a competition among neighbors (Karagatzides et al. 2003).  

2.  METHODS  

Growth rules determine the development of a clonal patch, such as when to produce a 
new spacer, in which direction to produce it, and what the consequences of space limitation are. 
Growth rules require architectural parameters such as spacer length, branching direction, 
branching angle, node-by-node angle, and parameters governing density dependent effects. 
Sufficiently general growth rules should be able to mimic a broad class of species architectures 
under various environmental conditions by setting the parameter values appropriately.  

 

Previously established growth rules are predominantly deterministic, treating key 
architectural parameters as constants (Bell 1974, Bell et al. 1979, Bell and Tomlinson 1980, 



Sintes et al. 2005).  Under such a setting, the growth rules are precise, repeatable and will always 
produce the same network.  We develop growth rules that are broadly similar to these previous 
publications.  For instance, we adopt the “sighted” branching pattern category from Bell (1986).  
Under “sighted” branching, the creation of a new branch from an existing segment is influenced 
by the immediate neighborhood via density dependence. Once the density constraint is applied, 
the branches will have an adaptive growth direction toward the minimum shoot density, such as 
that observed in Asarum europaeum (creeping herb) (Kisljuk et al. 1996).  However, an 
important difference from previously formulated growth rules is that we sample the architectural 
parameter values from a probability distribution to obtain a stochastic description.    
 

2.1.  Simplifying assumptions 
Our growth rules make five simplifying assumptions. First, clonal growth occurs in a 

continuous two-dimensional domain. Second, nutrient availability and root competition are not 
explicitly incorporated, but they are included implicitly via density dependence.  Silvertown and 
Charlesworth (2001) examine the impact of root competition on production yield; the probability 
of new growth (tubers and spacers) is a density-regulated process, dependent on the local density 
of tubers and therefore implicitly on the local density of roots.  Third, herbivory not included in 
the growth rules.  Fourth, fluctuations in environmental conditions that can reduce the population 
are not included.  Some previous studies have documented the impact of environmental factors 
(i.e., water temperature, aquatic chemistry, light condition/shade habit, and weather influence) on 
species development in Phragmites australis (common reed) (Asaeda and Karunaratne’s 2000), 
Potentilla species (Stuefer and Huber 1998), and Scirpus species (Costa et al. 2003, Clevering et 
al. 1996). Fifth, the size and fitness of the daughter clones (tubers and spacers) were not 
determined by the size and fitness of their parents. 

 
2.2.  Architectural Parameters 

A series of connected nodes forms a ‘branch’. Parent branches are branches with lateral 
branches, while the daughter branches are lateral branches coming out of a parent branch.  
Daughter branches can become parents if they produce lateral branches. Branch shapes are 
determined by architectural parameters, the values of which are obtained from the literature. If 
data are unobtainable, then an assumption is made based on qualitative knowledge of the species. 
Spacer growth is assumed to be ‘sympodial’, meaning it forms a roughly linear axis with 
alternating tubers and spacers. A new daughter spacer grows from the storage organ, which is 
located at the terminal (apex) of the previous spacer.  Growth can occur either though linear 
extension from the terminal apex (‘extension’) or by sideways branching from a non-apex node 
(‘lateral branching’). Extension from an apex always occurs, unless the apex has already 
produced a new spacer through extension. Lateral branching occurs with some probability per 
timestep. The architectural parameters are defined in the following paragraphs (see also Table 
2.1). 

 

Node-by-node Angle (fN): This is the angle between a mother spacer and a daughter 
spacer in growth through extension. fN is sampled from a normal distribution function with 
mean µN and standard deviation sN. 



Branching Probability (u): A non-apex node produces a lateral branch with probability u in 
each time step. The probability of a right lateral branch is 50% (same for a left lateral branch).  
We assume that any active node will be subject to a time lag before initiating a lateral branch, 
after which no further lateral branching is possible from that node.  In short, each node is 
allowed to generate up to one lateral branch if permitted by the local density conditions. 

 

Branching Angle (fB): This is the angle between the parent branch and a lateral daughter 
branch. fBis sampled from a normal distribution with mean µB and standard deviation sB.  A 
graphical representation appears in Figure 1.1b. 

 
Spacer Length (S): This is the length of the spacer between two nodes (parent and daughter). 

The spacer length is sampled from a normal distribution with mean µS and standard deviation sS, 
which is usually taken to be relatively small.   

 

Time (t), Total Time (tT) and Time of Death (tD): t represents the time step in the simulation; tT 
represents the total duration of the simulation run; and tD represents the lifespan of a node.  For 
example, tD = 20 means nodes and spacers are removed from the system once they become 20 
weeks old due to senescence.   

 
Density Dependence - Density dependence is modeled using a Kernel function, K(x), to take 

into account the distances to neighboring nodes. K(x) is given by:   
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In Eqn (2.1), only a nearby node within the critical radius (rcrit) will contribute to the 
Kernel function. A final Kernel value is calculated by summing all nK(x) values for all n nodes 
that are within rcrit. For example, if there are 20 nodes surrounding the new node, then there will 
be 20 K(x) values, and the final value is the sum of all the K(x) values.  A new node will be 
generated if the final Kernel value does not exceed a threshold value, Kcrit. Each node could have 
a different number of surrounding nodes as long as the final kernel value is less than or equal to 
Kcrit.   

Table 2.1. Description of the model parameters. 

Symbol Description Unit 
Dt Time step week 
tT Duration of simulation run week 
tD Lifespan of a node week 
µS Mean spacer length cm 
 sS Standard deviation of spacer length cm 



µN Mean node-by-node angle degree 
sN Standard deviation node-by-node angle degree 
µB Mean branching angle degree 
sB Standard deviation branching angle degree 
n Lateral branching probability [-] 

rcrit Critical radius cm 
Kcrit Kernel threshold value cm-1 

      

Unlike in our model, most literature does not distinguish between the node-by-node angle 
and the branching angle.  In most studies the node-by-node angle is identical to the branching 
angle, and only growth through extension is assumed. This makes parameterization more 
difficult if relying upon modelling literature. 

 
      Huber et al. (1999) outlined four types of a lateral branching: (1) simultaneous 
apex/lateral branching, where the spacers elongate and produce new branches at the same time 
that extension occurs from the apex; (2) time lag in branching, where there is no immediate 
lateral branch growth from the apex currently being extended; (3) permanent suppression of 
lateral branching, where there is no new node generated at the end of the new lateral branch due 
to environmental conditions, and (4) reduced development rate, where variation of 
environmental conditions affect the development.  Our approach uses elements of types 2, 3 and 
4, because a lateral branch can only grow after a certain amount of time has passed since the 
apex last grew through extension, and because local density dependence captures some of the 
dependence on environmental conditions.   

 
2.3.  Growth rules 

The follow steps form the growth rules. (1) The initial condition is a single apex at the 
center of the plane (this is the birth of a node); (2) Pick u, a unit vector in a random direction.  
Pick a spacer length S (spacer length), from a normal probability distribution with mean µS and 
standard deviation of sS,, N(µS,sS

2
,); (3) A spacer of length is placed in the direction of u, and the 

apex is moved from r0 to r0 + Su; (4) Time is increased by Dt (a constant value); (5) Sample a 
node-by-node angle, fN, from a normal distribution, N(µN,sN

2), and choose a spacer length from 
the normal distribution N(µS,sS

2) for spacer lengths; (6) A spacer of length S is placed at an angle 
fN relative to its mother spacer.  The apex is moved to the tip of the newly placed spacer; (7) 
Time is increased by Dt; (8) Before going to step 9, repeat steps 5-7 two more times, since there 
is no branching in the first node generation; (9) Systematically go through each apex in the 
population (this will be only one apex the first time that step 9 is encountered) and do steps 10-
12 for each apex; (10) Calculate the total kernel value between the apex with all the nodes within 
a  radius R of the apex (let the resulting number be K(x)). (a) If K(x) < Kcrit, then continue with 
step 11 for the current apex; (b) If K(x)  KCrit, then go another apex and do step 10; (11) Sample 
an orientation angle fN from N(µN,sN

2), and a spacer length S from N(µS,sS
2); (12) A spacer of 

length S is placed in the same direction as the previous spacer, plus the angle fN.  The apex is 
moved to the tip of the newly placed spacer; (13) After finishing steps 10-12 for each apex in the 



population, then, systematically go through each non-apex node in the population and do steps 
14-17 before moving on to step 18; (14) At each non-apex node, branching occurs with 
probability n per time step; (15) If a branching occurs at a given non-apex node, then count all 
the nodes within a radius R of the non-apex node (let the resulting number be denoted K (x)) (a) 
If K(x) < KCrit, then continue with step 16 for the current non-apex node (b) If K(x)  KCrit, then 
go to another non-apex node and repeat step 15 again; (16) Sample a branch angle fB from 
N(µB,sB

2), and a spacer of length S from N(µS,sS
2); (17) A spacer of length S is placed in the 

same direction as the previous spacer, plus fB. An apex is created at the tip of the newly placed 
spacer. The branching occurs on the left- or right-hand-side of the primary axis. The probability 
of branching to the right is 0.5; (18) Any node or spacer that is older than tD is removed; any 
spacers connected to the removed node are also removed and the empty spots are available for 
replacement growth.  This will not create new apices (i.e. the nodes are permanently removed); 
(19) Increase time by Dt; (20) Repeat steps 9-19 for as long as required. 

3.  RESULTS 

    All simulations use the baseline parameter values in Table 3.1 except where otherwise 
noted. Three branching phenomena are investigated: 1) spanning the plane in a well-organized 
fashion, 2) central die-back resulting in a ‘fairy-ring’, with subsequent regeneration, and 3) 
branch entrapment. All simulations use MATLAB with the Simulink toolbox.   

Table 3.1.  Baseline parameter values. 

Symbol Description Baseline Value 
µS Mean spacer length 2.0 cm 
 sS Standard deviation of spacer length 0.1 cm 
µN Mean node-by-node angle 0 o 
sN Standard deviation node-by-node angle 10 o 
µB Mean lateral branching angle 65o 
sB Standard deviation branching angle 20 o 
n Lateral branching probability 0.1 

rcrit Critical radius 1.5 µS 
Kcrit Kernel threshold value 2 cm-1 

3.2.  Spanning the plane 

      It is straightforward to use the growth rules to generate highly regular branching 
networks that cover the plane. For µN=µB=45o, a regular octagonal network spans the space, and 
for µN=µB=60o, the network is hexagonal (results not shown).  Hexagonal or octagonal patterns 
persist across a range of values for Kcrit (density dependence). For Kcrit=5 cm-1 there is extensive 
spacer overlap whereas for Kcrit=1 cm-1 there is little (results not shown). These regular networks 
are not just theoretically interesting; the choice of lateral branching angle fB may also influence 
clonal fitness.  Bell (1979) hypothesized that certain angles may result in an optimal morphology 



for covering a plane, in terms of acquiring territory while minimizing intraclonal conflict.  
Moreover, Kisljuk et al. (1996) found that both biomass and territory exploitation were 
maximized when the branching angle lies between 45o to 60o.  However, the optimal angle may 
vary depending on life span of the spacers and other environmental conditions.   

 
It is possible to mimic naturally occurring spacer networks that also appear to span the 

plane in an efficient manner.  A comparison of simulated and natural spacer networks for Acaena 
magellanica (bidibid) is illustrated in Figure 3.1 (grazed network) and Figure 3.2 (ungrazed 
network). Empirical data come from Moen et al. (1999).  The simulated and actual spacer 
networks are fairly similar except for the lack of intersecting branches in the simulated networks.  

3.2.  Central die-back with fairy rings and regeneration 

     ‘Central die-back’ (CDB) is a common process where in the oldest spacers and nodes at 
the center of a clonal patch begin dying, leaving a clearing in the middle of the patch (Adachi et 
al. 1996a,b).  CDB allows for better light penetration into the middle areas of the patch (Adachi 
et al. 1996a).  However, spacers can also grow back into the newly created clearing.  
 

We use parameter estimates from Adachi et al. (1996b) to illustrate the dynamic process 
of CDB (Figure 3.3). CDB is apparent by the 60th week. By the 80th week, the population starts 
to regenerate in the CDB region. As the CDB region expands, the cleared central space is filled 
in by regeneration, leaving a circular ‘dead zone’ between the re-populated patch and the 
previously existing patch.  This dead zone is known as a ‘fairy ring’ and it emerges solely as a 
function of the plant’s morphology and particularly the branching angle (Bell 1984, Cain et al. 
1991). The self-thinning areas are rapidly filled in but newly thinned areas are created as the 
fairy ring expands.  In many cases, fairy ring formation can be prevented by decreasing tD 
(results not shown); other parameters may also make fairy ring formation difficult but we did not 
analyze the parameter space exhaustively. 

 



Fig. 3.1. Comparison of (a) empirical ungrazed spacer network (Source: Moen et al.  1999) and (b) corresponding 
MATLAB simulation with (tT = 40 wk, tD = [-], sN = 0.1o, µB = 37.47o, sB = 10.83o), remaining parameters from 
Table 3.1. µB and sB values come from Moen et al.(1999).  

 
Fig. 3.2. Comparison of (a) empirical grazed spacer network (Source: Moen et al.  1999) and  (b) corresponding 

MATLAB simulation with tT = 40 wk, tD = [-],  sN = 0.1o, µB = 48.19o, sB = 16.79o, remaining parameters from 
Table 3.1. µB and sB values come from Moen et al (1999).  

 
The dense branched network of Figure 3.3 exhibits a so-called ‘phalanx strategy’ that 

may enable clonal patches to resist invasion.  However, it is also possible to find CDB and fairy 
rings under the so-called ‘guerilla strategy’, where clonal units are widely spaced in order to 
minimize intraspecific contacts and thus competition (Doust 1981).  Figure 3.4 shows example 
of CDB with fairy rings for the hexagonal and octagonal networks, which are guerilla strategies.  
CDB is often accompanied by re-generation and fairy rings, both in simulations and in nature.  

 



 

Fig. 3.3. Snap-shots of CDB and re-generation model with parameters tT = 104 wk, tD = 52 wk, sN = 0.1o, µB = 
40.4o , sB = 7.5o; other  parameters  as  in  Table  3.1.  

 

 

Fig. 3.4. Fairy-ring formation for an octagonal network (a) and a hexagonal network (b).  Parameters for (a) are tT 
= 156 wk, tD = 78 wk , µN = µB = 45o, sN = 0.1o, sB = 0.1o; other parameters as in Table 3.1. Parameters for (b) are 
the same as for (a) µN=µB=60o. 

3.3.  Branch Entrapment 

Branch entrapment occurs when some branches are blocked (trapped) by the growth of 
other branches.  This occurs under density dependence.  We illustrate branch entrapment with 
parameters from the clonal plant Posidonia oceania.  P. oceania is a dominant photophilic 
seagrass species with dense canopy, endemic to  coastal areas in the Mediterranean Sea.  It is a 
long-living plant with slow growth due to its short spacer length (µS=0.3 cm) and has a branching 
angle of µB=41o (Micheli et al. 2005;  Moreno et al. 2001; Marba and Durate 1998). 

 
The results of branch entrapment for simulated P. oceania are illustrated in Figure 3.5.  

For µS = 0.3 cm and KCrit = 5 cm-1 (Figure 3.5a) we observe a relatively sparse network with 



branch entrapment.  For µS = 3 cm and KCrit = 2 cm-1 (longer spacer length and stronger density 
dependence; Figure 3.5b) the growth is denser and the network propagates further, but branch 
entrapment is still apparent.  Finally, for µS = 0.3 cm, KCrit = 2 cm-1, tT=156th week (same spacer 
length but weaker density dependence and longer simulation run; Figure 3.5c), the growth 
illustrates a somewhat more dense network than in Figure 3.5a, and still with significant 
entrapment.  Branch entrapment is also apparent in Figure 3.4.  
 

 

 
Fig. 3.5. Posidonia oceanica clonal growth with parameters  a) µS = 0.3 cm, KCrit = 5 cm-1, b) µS = 3 cm, KCrit = 2 

cm-1, c) µS = 0.3 cm,  KCrit =2 cm-1.  µS  and µB values come from Marba and Durate (1998). tT = 52 wk, tD = [-], µB = 
 41o; other parameters from Table 3.1.  

3.4.  Comparison of metrics across species  

In this section we compare the scaling exponent, coverage area, and node density of four 
simulated clonal networks.  Scaling properties are determined by fitting a power law function 

 to data, where k is a constant coefficient, t is the scaling exponent, and N(s) is the 
number of events of size s.  In the case of branched networks, N(s) is the frequency (abundance) 
of events where there are s daughter branches per mother branch.  In real clonal populations, 
scaling exponents of t=1.6 (Pseudopterogorgia bipinnata) and t=2.4 (Plexaura flexuosa) have 
been found, for example (Sanchez et al. 2004). Metrics were compared for the following four 
branched networks: A. magellanica, ungrazed (parameters in Figure 3.1 caption); A. 
magellanica, grazed (parameters in Figure 3.2, caption), the hexagonal network 
(sB=sN=0.1o , µN=µB=60o, other parameters in Table 3.1), and a ‘lateral extension network’ 
(sB=sN=0.1, µN=0o, µB=45o).  Ten iterations were performed to obtain an average scaling 
exponent, coverage area, and node density.  

 



Most networks have scaling exponents of about 1.7, except for the hexagonal pattern 
which does not exhibit any significant scaling behaviour, i.e., ln(N(s)) versus s is not linear 
(Table 3.2).  The hexagonal grid model also has the smallest coverage area by a large margin, 
although its node density is comparable to the other species.  Both grazed and ungrazed A. 
magellanica have similar scaling exponents and a larger area spanned than the hexagonal grid.  
However, ungrazed A. magellanica has the lowest node density of all four.  The lateral extension 
network covers the largest area and has a high node density as well.   
 

Table 3.2. Comparison of growth metrics for four types of branched networks. 
Growth Scenarios Scaling 

exponent 
Coverage area 

(cm2) 
Node Density 

(Nodes/400cm2) 

A. magellanica (grazed) 1.74 23307.54 74.2 
A. magellanica (ungrazed) 1.79 20655.10 57.4 

Hexagonal grid - 925.432 64.2 
Lateral extension 1.73 26773.21 73.5 

4.  DISCUSSION 

In this research we have demonstrated how a relatively small set of universal individual-
level growth rules can give rise to diverse population-level spatial patterns, for appropriate 
values of architectural parameters. The simulations were based on published empirical data on 
clonal plant growth and, in these cases, often realistically mimicked the architecture of the 
observed populations.  This ability to mimic naturally occurring patterns helps to validate the 
growth rules we formulated.  This similitude was apparent both upon casual inspection (Figures 
3.1 and 3.2) as well as by comparing growth metrics (e.g., scaling exponents). Among other 
findings, the two most important findings in this research were that (1) the simulated networks 
can exhibit scaling behavior similar to that observed in natural populations, such as a scaling 
exponent that is similar to some exponents that have been naturally observed, (2) the lateral 
branching angle, node-by-node angle, and spacer length appear to be the key architectural 
parameters.  

 

The growth rules did not incorporate multi-species interactions or interactions between 
patches. This means the effects of interactions between patches of the same or other species were 
not studied.  To address this aspect, future work could extend the model to include obstacles 
(e.g., walls) that restrict growth, and/or study interactions between patches.  The growth rules 
also did not incorporate the size/fitness of individual nodes.  Other important areas for future 
work include incorporating the effects of natural disturbance (herbivory; infectious diseases 
spreading through a clonal patch via spacers) and anthropogenic stress (such as the impact of 
climate change). Understanding the relation between individual growth strategies and the 
emergent population-level patterns—as well as how those change in the face of anthropogenic 
stress—will become increasingly important, if the response of such species to climate change is 
to be understood and predicted. 
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