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Abstract 

Trees use reserves of non-structural carbohydrates (NSC) to help them survive and recover from stress periods. 15 

However, accumulation of reserves is at the expense of growth, resulting in a growth-storage trade-off. Tree 

species may pursue different storage strategies to optimise fitness in environments with differing degrees of stress, 

but it is not clear which storage strategies provide a competitive advantage in which environments. 

We use a forest gap model to explore competitive outcomes among idealised tree species with different 

combinations of two carbon storage-related traits: carbon utilisation rate (fast-slow spectrum) and switch time 20 

from growth to storage (risky-safe spectrum). We investigate the competitive success of alternative growth vs 

storage strategies in simplified environments which have a non-specific annual stress period. We vary stress 

intensity (the mean stress duration) and stress stochasticity (the variance of stress duration) to determine the effect 

of increased stress on composition outcomes.  

Community composition shifted from growth-prioritising strategies to storage-prioritising strategies with 25 

increasing stress intensity and stochasticity. The major driver of this shift in community composition was 

increased mortality, due to depletion of carbon reserves, in species with growth-prioritising strategies.  

Our results demonstrate that considering carbon storage strategies can provide new insights into tree survival and 

adaptation of tree communities to increasing stress caused by climate change.  

1 Introduction 30 

Climate change is increasing the duration, frequency and intensity of environmental stresses such as droughts and 

extreme temperatures, with significant consequences for vegetation globally. Trees, because of their long life-

spans, may be especially susceptible to increasing stress (Bojórquez et al., 2019; Dai, 2013; Reichstein et al., 

2013). There are now many reports of large-scale tree mortality events globally following extreme hot-droughts 

(Allen et al., 2015). During a hot-drought event, tree mortality can be caused by failure of the hydraulic system 35 

due to lack of water availability (Nolan et al., 2021). However, mortality can also be caused by the lack of available 
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carbon, either to supply energy during stress, or to enable recovery post-stress. In some cases, mortality may not 

occur until months or years following the stress event (Dietze et al., 2014a; Trugman et al., 2018),  

Carbon availability is thus a key determinant of survival during and after stress. Uptake of carbon via 

photosynthesis is limited during stress periods (Muller et al., 2011), meaning that plants depend on the availability 40 

of carbon reserves to supply their energy requirements. Post-stress, carbon uptake may remain limited because of 

stress-induced damage to photosynthetic structures (Carnicer et al., 2011; Schwalm et al., 2017). Recovery 

requires investment into new structures, and it can take several months to several years for metabolic activity and 

growth rates to return to pre-stress levels (Huang et al., 2018; MacAllister et al., 2019; Ruehr et al., 2019). Thus, 

storing carbon in the form of non-structural carbohydrates (NSC) is essential for plants to survive and recover 45 

from stress periods when carbon assimilation is limited (Adams, Germino, et al., 2013; Tixier et al., 2019; Wiley, 

2020).  

To predict the responses of trees to climate extremes using process-based models, it is therefore important to 

incorporate a representation of NSC dynamics. However, efforts to model plant carbon storage are hampered by 

the limited theoretical understanding behind the mechanisms enabling plant survival (Hartmann et al., 2020; Sala 50 

et al., 2010). As a result, modelling of NSC dynamics has often used a simple accounting mechanism in which 

excess carbon that is not used for functions such as growth, maintenance or reproduction is stored for future use. 

This ‘passive storage’ approach can be contrasted with an ‘active storage’ approach, which is based on the idea 

that plants have adapted to optimise their long-term survival in uncertain environments by storing carbon (Wiley 

and Helliker, 2012). There is a long-term trade-off between storage of carbon vs use of carbon for growth and 55 

reproduction, meaning that patterns of carbon allocation and storage during stress might be optimised to maximise 

plant fitness.  

Several dynamic optimisation models have been developed that consider this idea, simulating perennial plants 

that maximise their reproductive output over several years punctuated by stress periods. Such models have found 

that the optimal growth schedule typically follows a three-phase pattern within a single year: a period of growth 60 

(at maximum growth-rate), followed by storage or reproductive output (growth fully ceased), and finally the stress 

period (Iwasa and Cohen, 1989; Kozłowski and Uchmanski, 1987; Kozłowski and Wiegert, 1987; Pugliese and 

Kozlowski, 1990). Similarly, Stefaniak et al. (2024) investigated the optimal allocation of carbon to growth vs 

storage over time before and during a stress period and found the optimal allocation schedule to switch from 

growth to storage in advance of the stress period in almost all cases. However, the timing of the switch varied 65 

depending on the optimisation goal assumed.  If it was assumed that plants maximise total storage, the switch time 

is earlier than if it was assumed that plants maximise total biomass. This variation reflects a key challenge of 

optimisation approaches: defining what is an appropriate proxy for plant fitness (Franklin et al., 2012).  

An appropriate optimisation goal is difficult to define for the trade-off between growth and storage of carbon 

because it ultimately depends on the long-term outcome of competition.  In order to outcompete its neighbours, 70 

and gain more resources by growing taller, a plant may adopt a strategy of faster growth, but this may come at the 

cost of lower carbon stores and higher vulnerability to mortality (Atkinson et al., 2014; Myers and Kitajima, 

2007). Some studies find that larger trees are more susceptible to stress mortality due to increased hydraulic and 

metabolic demand (Rose et al., 2009; Rowland et al., 2015; Trugman et al., 2018). However, higher growth rates 

may also increase the speed of recovery (Myers and Kitajima, 2007) and support larger resource uptake rates 75 
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which in turn can lead to larger carbon stores. Thus, it is not immediately obvious which strategy is best fitted to 

a given environment, making it difficult to propose an optimisation goal.  

Another type of model, gap models, offer an opportunity to explore the relative success of different growth vs 

storage strategies and how this success varies with environment. Gap models simulate interspecific population 

dynamics within a stochastic patch of forest (Bugmann, 2001). Individual trees are modelled explicitly, with 80 

competition for resources, particularly light, limiting growth and survival of smaller individuals. Gap model 

simulations can capture a significant breadth of plant behaviour and relevant feedback mechanisms, while 

community dynamics become an emergent property which can be further examined. Crucially, gap models focus 

on long-term, rather than short-term, community dynamics allowing for the examination of success in differently 

aged ecosystems and of a species in a given environmental regime (Morin et al., 2021; Norby et al., 2001). More 85 

recently, trait-, size-, and patch-structured models (TSPMs) have expanded the functionality of gap models to 

focus on trait dynamics (Falster et al., 2011). TSPMs specifically aim to examine the response and sensitivity of 

community composition to variation in individual-level functional traits, rather than aiming to reproduce 

observations of real forests. The TSPM modelling framework developed by Falster et al. (2011) has been made 

available as a modifiable code based (plant, Falster et al., 2016) making both the traditional gap model and TSPM 90 

functionality more accessible.  

Here, we expand on the existing plant model introduced by Falster et al. (2016), and use the extended model to 

examine the growth-storage trade-off under competition and environmental stochasticity. Use of a gap model 

allows the exploration of the impact of competition on the growth-storage trade-off and avoids the need to specify 

a particular proxy to represent fitness. The goal of this work is to understand long-term fitness of different 95 

growth/storage allocation strategies in different environments. In order to describe the spectrum of growth / 

storage allocation strategies, we specifically examine two key parameters: 1) the switch time, between growing 

and storing, which emerged from the optimisation models (Stefaniak et al., 2024); and 2) the rate of carbon 

utilisation (from storage compartment) in growth as a reflection of the plant growth rate (Eller et al., 2018). By 

considering four combinations of these two traits (i.e., (i) fast-risky, (ii) fast-safe, (iii) slow-risky, and (iv) slow-100 

safe), this work investigates a complex growth-storage trade-off spectrum. Environmental stress is characterised 

as a stress period that occurs each year during which photosynthesis is zero. Stress intensity is represented by the 

average duration of this stress period, and stochasticity is represented by the variability of that duration. Using 

this model, we investigate the following research questions: 

A. How does the stochasticity and intensity of stress affect the success of different strategies, and how does 105 

it change community dominance? 

B. If species dominance is altered, what are the primary drivers of this change? 

2 Methodology 

2.1 Model 

The gap model was implemented in the plant software package (Falster et al., 2016), developed to simulate the 110 

size-structured dynamics of plants competing for light in a patch. Importantly, plant allows users to run alternative 

models within the same framework. The default model (here denoted FF16) includes individual-based competition 
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for light, with growth and mortality affected by traits and size, via effects on photosynthesis, respiration, turnover 

and resource allocation.  

To implement the carbon storage allocation scheme, we created a new model version (here denoted plantNSC) 115 

that expands on the default FF16 model by adding a stored carbon pool to the carbon allocation model. The 

implementation includes accumulation and utilisation of NSCs for individuals, with subsequent effects on growth 

and mortality rates. Below we describe key elements introduced in the plantNSC model version. A full list of 

functions implemented in the model can be found in Table A1.  

The storage utilisation scheme assumes that incoming carbon first enters the storage pool before being utilised for 120 

growth and reproduction (Fig. 1). This representation is commonly used in optimal allocation models (Chiariello 

and Roughgarden, 1984; Iwasa and Cohen, 1989; Iwasa and Levin, 1995; Stefaniak et al., 2024) and in some 

mechanistic models (e.g., Jones et al., 2020; Mahmud et al., 2018). Models differ, however, in how they represent 

the use of stored carbon. Here, we use an active storage utilisation scheme which is controlled by two traits: the 

switch time from growth to storage, 𝑡𝑡𝑠𝑠, and the storage utilisation parameter, 𝛼𝛼𝑠𝑠.  125 

 
Figure 1 The carbon allocation scheme used in the model. Net carbon uptake (NCU; Photosynthesis - Respiration) first 
enters the storage pool before being utilised for growth of functional components and reproduction. The input to 
storage can be either positive or negative, depending on whether respiration exceeds photosynthesis. The amount of 
carbon utilised for growth is controlled by the utilisation strategy (red box) which is defined by the two trait parameters 130 
(the switch time from growth to storage, 𝒕𝒕𝒔𝒔, and the storage utilisation parameter, 𝜶𝜶𝒔𝒔). The allocation of growth among 
foliage, sapwood, bark, and root is controlled by allometric relationships with height and leaf area. Loss to turnover is 
kept at constant rates throughout the years. Litter carbon from foliage, bark, and root is lost from the plant, while the 
carbon from sapwood turnover is converted to heartwood. Reproduction is included in the model at a nominal amount 
kept for realism of carbon costs but not function. Reproduction only occurs when the utilisation of carbon is positive.  135 

The rate of NSC utilisation U defines the plant’s utilisation strategy (Fig. 1, red box) and is given by:  

 𝑈𝑈 = �      𝑎𝑎𝑠𝑠𝑀𝑀𝑠𝑠𝑠𝑠    𝑖𝑖𝑖𝑖  𝑡𝑡 < 𝑡𝑡𝑠𝑠
      0           𝑖𝑖𝑖𝑖 𝑡𝑡 ≥ 𝑡𝑡𝑠𝑠

 , (1) 

where t is the time of year, 𝑡𝑡𝑠𝑠 is the switch time parameter, 𝛼𝛼𝑠𝑠 is the storage utilisation rate parameter and 𝑀𝑀𝑠𝑠𝑠𝑠 is 

the size of the storage pool. Note that Eq. 1 allows for the plant to continue growing in some cases despite being 

stressed, if 𝑡𝑡𝑠𝑠 is later than the onset of stress that year. To aid computation, Eq. 1 is implemented as a logistic step 

function to remove discontinuity.  140 
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Two parameters govern the allocation strategy: (1) switch time, 𝑡𝑡𝑠𝑠, and (2) storage utilisation rate, 𝛼𝛼𝑠𝑠. The switch 

time parameter, 𝑡𝑡𝑠𝑠, represents the time-point at which it is optimal to switch from growing to storing in 

optimisation models (Engen and Saether, 1994; Iwasa and Cohen, 1989; Stefaniak et al., 2024; Wenk and Falster, 

2015). Here,  𝑡𝑡𝑠𝑠 is a fixed time of the year, independent of the stress onset. The storage utilisation rate parameter 

on the other hand, governs the rate at which storage is converted into tissue. Together, these two parameters form 145 

a growth-storage trade-off. Later switch time and higher storage utilisation rate confer larger growth but higher 

respiration costs and lower available storage which may lead to higher mortality during stress (Fig. 1). Conversely, 

an earlier switch time and lower storage utilisation rate allow for larger storage pools which may increase survival 

during stress but at a cost of decreased growth and higher likelihood of shading by taller plants.  

Following the FF16 strategy, the carbon allocation and allometry scheme is based on the Pipe Model Theory 150 

(Shinozaki et al., 1964). The scheme assumes a relationship between height growth and leaf area and in turn 

between leaf area and the size of the tree needed to support the desired leaf area. The introduction of stress causes 

a loss of the allometric balance between components because U is zero during storage periods and the size of a 

component 𝑖𝑖 can decrease. To address this issue, the change in size of component 𝑖𝑖 was made dependent on a 

calibration factor 𝑐𝑐𝑖𝑖:  155 

 d𝑀𝑀𝑖𝑖
d𝐴𝐴𝑙𝑙

= 𝑐𝑐𝑖𝑖(𝐻𝐻,𝐴𝐴𝑙𝑙 ,𝑀𝑀𝑖𝑖)
d𝑀𝑀𝑖𝑖
d𝐴𝐴𝑙𝑙

′
 , (2) 

where d𝑀𝑀𝑖𝑖
d𝐴𝐴𝑙𝑙

′
 is the original allometric function from Falster et al.  and the calibration factor is given by: 

 𝑐𝑐𝑖𝑖(𝐻𝐻,𝐴𝐴𝑙𝑙 ,𝑀𝑀𝑖𝑖) = 2
1+exp (−𝑐𝑐𝑘𝑘(𝑀𝑀𝑖𝑖

′(𝐻𝐻,𝐴𝐴𝑙𝑙)−𝑀𝑀𝑖𝑖)
. (3) 

Here, 𝑐𝑐𝑘𝑘 is the calibration rate parameter, 𝑀𝑀𝑖𝑖′(𝐻𝐻,𝐴𝐴𝑙𝑙) is the allometrically correct pool size for a plant of height 𝐻𝐻 

and leaf area 𝐴𝐴𝑙𝑙 and 𝑀𝑀𝑖𝑖 is the actual pool size. If the calibration is correct the growth rate stays constant (𝑐𝑐𝑖𝑖 = 1); 

if it is too small for the current size of the plant the growth to that part is prioritised to aid with recovery (up to 

double the usual speed of growth), and if the component is too big, growth is slowed down for the benefit of other 160 

components. 𝑐𝑐𝑘𝑘 controls the speed of the prioritisation with a higher value leading to a larger increase in priority 

and faster calibration, and a low value leading to slow calibration and longer periods of adjustment. Height 

allometry is adjusted in the same way as pool biomass. 

The per capita instantaneous mortality rate of a plant has three parts that are summed to determine the total 

mortality rate: (1) a constant, independent mortality rate (𝑑𝑑𝐼𝐼) which represents the random chance of death due to 165 

events unaccounted for in the model (retained from original model); (2) productivity-dependent mortality (𝑑𝑑𝑃𝑃) 

which represents the effect of light stress (adjusted to account for environmental stress); and (3) storage-dependent 

mortality (𝑑𝑑𝑆𝑆) which represents the effect of low NSC reserves (newly introduced). Mortality rate is thus: 

 𝑑𝑑(𝑥𝑥,𝐻𝐻,𝑀𝑀𝑠𝑠𝑠𝑠 ,𝐸𝐸𝑎𝑎 ,𝐸𝐸𝑠𝑠 , 𝑡𝑡)  =  𝑑𝑑𝐼𝐼  +  𝑑𝑑𝑃𝑃(𝑥𝑥,𝐻𝐻,𝐸𝐸𝑎𝑎 ,𝐸𝐸𝑠𝑠 , 𝑡𝑡)  + 𝑑𝑑𝑆𝑆(𝑥𝑥,𝑀𝑀𝑠𝑠𝑠𝑠), (4) 

The productivity-dependent mortality declines with carbon budget: 

 𝑑𝑑𝑃𝑃(𝑥𝑥,𝐻𝐻,𝐸𝐸𝑎𝑎 ,𝐸𝐸𝑠𝑠 , 𝑡𝑡) = 𝐸𝐸𝑠𝑠(𝑡𝑡)𝛼𝛼𝑑𝑑𝑑𝑑1exp (−𝛼𝛼𝑑𝑑𝑑𝑑2𝑋𝑋) (5) 

where 𝑋𝑋 = 𝐵𝐵/𝐴𝐴𝑙𝑙, that is the net carbon uptake per unit leaf area. When the plants are stressed (𝐸𝐸𝑠𝑠(𝑡𝑡) = 0) 170 

photosynthesis goes to zero and 𝐵𝐵 becomes negative. To avoid all plants dying during this period, the productivity-

dependent mortality is multiplied by the stress factor 𝐸𝐸𝑠𝑠. 𝛼𝛼𝑑𝑑𝑑𝑑1 and 𝛼𝛼𝑑𝑑𝑑𝑑2 control the mortality function and can be 

adjusted for individual strategies.  
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The storage-dependent mortality follows the same structure, with the mortality rate decreasing as the storage 

concentration increases: 175 

 𝑑𝑑𝑆𝑆(𝑥𝑥,𝐻𝐻,𝑀𝑀𝑠𝑠𝑠𝑠) = 𝛼𝛼𝑑𝑑𝑑𝑑1exp (−𝛼𝛼𝑑𝑑𝑑𝑑2𝑋𝑋)   (6) 

where 𝑋𝑋 = 𝑀𝑀𝑠𝑠𝑠𝑠/𝑀𝑀𝑎𝑎 is the storage concentration in live biomass. Parameters 𝛼𝛼𝑑𝑑𝑑𝑑1 and 𝛼𝛼𝑑𝑑𝑑𝑑2 control the shape of 

the mortality function and can be adjusted for individual strategies. Within a given time step, Δ𝑡𝑡, the probability 

an individual tree dies is then given by: 

 𝑝𝑝𝐷𝐷(𝑡𝑡) = 1 − exp(−Δ𝑡𝑡 𝑑𝑑 (𝑥𝑥,𝐻𝐻,𝑀𝑀𝑠𝑠𝑠𝑠 ,𝐸𝐸𝑎𝑎 ,𝐸𝐸𝑠𝑠, 𝑡𝑡))  (7) 

Survival through germination is also dependent on the productivity of the new plant (Falster et al. 2016). The 

process has been adjusted to account for stress with germination halting throughout the stress period and 180 

introducing an initial storage pool.  New plants arrive at the patch with height 𝐻𝐻0, correct allometry scaling of the 

strategy for live biomass (𝑀𝑀𝑎𝑎0(𝐻𝐻0)) and a storage pool of size 𝑀𝑀𝑠𝑠𝑠𝑠0, 

 𝑀𝑀𝑠𝑠𝑠𝑠0  = 𝛽𝛽𝑠𝑠 𝑀𝑀𝑎𝑎0(𝐻𝐻0)  (8) 

where 𝛽𝛽𝑠𝑠 is the initial storage concentration for a new plant. 

2.2 Environment 

Each year, the environment is characterised by a period of no stress followed by a period of stress. We simulated 185 

incoming light based on the solar regime experienced in Sydney, Australia: Falster et al. 2011), with the time of 

the switch between no-stress and stress each year derived from a normal distribution. Outside of the annual stress 

period, the only factor affecting individual tree photosynthesis is light competition, which is based on the tree’s 

height. The model assumes a uniform horizontal leaf area distribution with all the leaves at height z equally shaded 

(Bugmann, 2001), but leaf area is distributed vertically. Because patches are kept small to allow for computational 190 

performance, this scheme is deemed adequate for the model. For bigger patches, however, a crown projection area 

implementation that includes spatially heterogeneous interaction would be more appropriate (Lexer and 

Hönninger, 2001). When the plant is stressed by the environment, photosynthesis, germination and productivity-

driven mortality are all halted, and respiration is reduced.  

2.3 Parameter Estimation 195 

Allometric growth parameters were derived principally for Eucalyptus grandis using additional data from the 

related species Eucalyptus nitens, Eucalyptus pilularis, Eucalyptus saligna and Eucalyptus urophylla. Data were 

obtained from the BAAD database (Falster et al., 2015) and allometric relationships were calculated using linear 

regression with the statistical modelling software R. The database was further used to validate chosen parameters 

in short (< 20 years) single-plant simulations to ensure allometry was maintained. Where data were not available 200 

in the BAAD data base, additional data were extracted from literature where possible, or default FF16 model 

parameters were used. Simulations established optimal parameters for parameters without simple physiological 

counterparts. Table A2 provides full details of parameter values and origin.  

2.3.1 Parameter Estimation for Competing Strategies 

We chose two contrasting values for the two focus parameters, which in combination gave four competing 205 

strategies. The values were chosen using a sensitivity analysis for each parameter across a range of plant heights 

and storage concentrations (full details available in Supplementary Information A: Parameter Estimation). 
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Sensitivity analysis simulations were run for a single plant, for one year with no light-limitation and with stress 

duration of 91.25 and 54.75 days (corresponding to the average 𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 values of 0.85 y and 0.75 y used in model 

simulations). Any simulations where the storage became negative were excluded from the simulation. From these 210 

simulations, two values for each parameter were chosen for a total of four contrasting allocation strategies. The 

strategies were named as follows: the “Risky - Safe” spectrum represents the switch time, 𝑡𝑡𝑠𝑠, varying from high 

to low; and the “Fast – Slow” spectrum represents the storage utilisation rate, 𝛼𝛼𝑠𝑠 varying from high to low. The 

four strategies are therefore:  

• Fast-Risky (𝑡𝑡𝑠𝑠 = 0.5 y, 𝛼𝛼𝑠𝑠 = 0.3 kg C kg-1C d-1) 215 

• Fast-Safe (𝑡𝑡𝑠𝑠 = 0.25 y, 𝛼𝛼𝑠𝑠 = 0.3 kg C kg-1C d-1) 

• Slow-Risky (𝑡𝑡𝑠𝑠 = 0.5 y, 𝛼𝛼𝑠𝑠 = 0.1 kg C kg-1C d-1) and  

• Slow-Safe (𝑡𝑡𝑠𝑠 = 0.25 y, 𝛼𝛼𝑠𝑠 = 0.1 kg C kg-1C d-1).  

Following the initial one-year sensitivity analysis, the model was run for individual trees for one year to further 

explore the effect of different strategies.  220 

The four strategies affecting the Growth-Storage trade-offs are illustrated in Fig. 2. 

 
Figure 2 Storage-Growth Trade-offs as represented by the four strategies. Graphs illustrate the rough shape of (a) 
height growth and (b) storage concentration over the course of a year. The largest differences in growth are determined 
by the switch time 𝒕𝒕𝒔𝒔, with shorter growth (smaller 𝒕𝒕𝒔𝒔 values) representing a storage-prioritising plant and longer 225 
growth (larger 𝒕𝒕𝒔𝒔 values) representing a growth-prioritising plant. The largest difference in storage concentration is 
determined by the storage utilisation rates 𝒂𝒂𝒔𝒔 with slower rates being on the storage priority end of the spectrum and 
faster rates on the growth priority end.  

2.4 Simulations 

The model was run repeatedly for 100 years with all four strategies present to investigate outcome of competition. 230 

An adaptive time-step was used with a range of 10-6 to 10-1 y. The environment treatments varied between stress 

intensity and stress stochasticity.  

The environmental stress was varied for each run as follows. A total of 8 environmental treatments were chosen, 

with two average stress intensities crossed with four levels of stochasticity from no stochasticity to high 

stochasticity. For each environment treatment, five random stress sequences were generated from the probability 235 

distribution defining that treatment (only one for the treatments with no stress stochasticity). The model was run 

https://doi.org/10.5194/egusphere-2026-1474
Preprint. Discussion started: 10 April 2026
c© Author(s) 2026. CC BY 4.0 License.



   

 

8 
 

four times for each of the stress sequences to account for model stochasticity associated with germination and 

mortality (from hereon, referred to as stress-sequence repetitions). Additionally, a control simulation was run with 

no stress (𝑡𝑡𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 = 1), no stochasticity and no storage-related mortality. A summary of these simulations is given 

in Table 1.  240 

Table 1 Summary of Environmental Treatments. Mean stress is the average stress duration in a given year 
(days), SD stress indicates the standard deviation of the stress duration, num stress is number of stress-
treatment repetitions, num seq is number of stress-sequence repetition (see text), num tot is the total 
number of repetitions for that treatment. 

Name Mean 
Stress 

SD 
Stress 

Num 
Stress 

Num 
Seq 

Num 
Tot 

Notes 

Control 0 0 1 4 4 No storage-
related mortality 

Low Stress-No Stochasticity 54.75 0 1 4 4 - 
Medium Stress-No Stochasticity 91.25 0 1 4 4 - 
Low Stress-Low Stochasticity 54.75 15 5 4 20 - 
Medium Stress-Low Stochasticity 91.25 15 5 4 20 - 
Low Stress-Medium Stochasticity 54.75 30 5 4 20 - 
Medium Stress-Medium Stochasticity 91.25 30 5 4 20 - 
Low Stress-High Stochasticity 54.75 60 5 4 20 - 
Medium Stress-High Stochasticity 91.25 60 5 4 20 - 

The size of the patch was set to be 100 m2 following Bugmann (2001).  245 

An initial simulation (for a high stochasticity environment) was run for 400 years to find the optimal number of 

years after which the outcome of competition is clear (although due to the stochastic nature of the stress and 

simulations themselves, no equilibrium or steady-state can be fully observed).  

Each environmental treatment had all 4 allocation strategies present, with each strategy given an equal seed rain 

(0.5 seeds m-2 yr-1) which was calculated from the FF16 deterministic model with the parameters used in the 250 

simulation. The simulations were run on a high performance, high memory server cluster with an average 

simulation duration of 3 days. The high intensity of the simulation is attributed to the number of trees in each 

patch that need to be tracked including deceased plants which are kept track of in the algorithm. 

2.4.1 Analysis of Simulation Results  

All data transformation and analysis were performed using the R statistical programming software (R Core Team, 255 

2018) and the package tidyverse (Wickham et al., 2019). Each simulation was pre-processed to remove trees with 

a diameter smaller than 5 cm. This was done due to the large number of small trees which established but did not 

survive past one year of simulation. Time series outputs were averaged using a rolling average for observation 

and a time-series of 20 y < t < 100 y was examined for indicators of relationships between strategy successional 

status.  260 

To analyse final outcomes, basal area values in the last 10 years of the simulation (90 y < t < 100 y) were averaged 

for each run. Treatment means and standard deviations were then calculated. To analyse the effect of 

environmental stress on the final yield, a linear regression, accounting for individual strategies and treatment, was 

performed. To assist with interpretation of those results, an omega squared, 𝜔𝜔2, value was used to calculate the 

effect size based on the comparison between proportions of variance of predicting variables (LeCroy and Krysik, 265 

2007) which was interpreted using measures described in (Field, 2013). Both operations were done using the R 
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package effectsize (Ben-Shachar et al., 2020). The scico R package was used to for creating colour palettes for the 

figures (Crameri, 2023). 

3 Results 

One example run was selected from the Low-stress, Medium-stochasticity treatment to illustrate forest 270 

development in the model. In this run, the Slow strategy trees show a much higher success compared to the Fast 

strategy trees. The dominance of the Slow strategy is visible in the height (Fig. 3) and productivity (Fig. S5) of 

the individual plants and in the number of individual plants (Fig. S6) and although the Slow-Safe and Slow-Risky 

strategies maintain a relatively similar average height, the Slow-Safe strategy is most successful in terms of Net 

Carbon Uptake (Fig. S5), being responsible for up to three quarters of NCU across the patch. Contributing to the 275 

dominance of the Slow strategies is the mortality under shading of Fast strategies which have lower minimum 

storage concentrations (Fig. S7). 

 
Figure 3 Height distribution of individuals over 100 years on a 100 m2 patch. Each panel shows one allocation strategy 
in the population ((a) slow-risky, (b): slow-safe, (c): fast-risky and (d): fast-safe). Pale lines show individual trees; 280 
darker lines of each colour show the average for all individuals of that strategy; dark blue line shows average height 
for the entire population. The rug on each figure shows the duration of the stress in a given year (green for very low 
stress intensity <30d, blue for low (30 to 75d), yellow for medium (75 to 105d) and red for high (105 to 150d)). Periods 
of no height increase in an individual can be explained by an allometric mismatch after the period of stress. During the 
recovery period, growth is prioritised in the plant components that are most imbalanced until allometric relationships 285 
are regained. 

3.1 Effect of stress on final basal area 

We found that only two of the four strategies can co-exist in any given environment. In the control simulation, 

where there is no stress and no mortality associated with low carbohydrate storage, the Fast-Risky and Slow-Risky 

strategies outcompeted both Safe strategies, as a result of the longer growing period of the Risky strategies (Fig. 290 
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3). Once stress is introduced, only the Slow approaches are viable, indicating there is an advantage to lowering 

the rate of storage utilisation, 𝛼𝛼𝑆𝑆.  

The Fast-Safe strategy fails in all environments. Under the no-stress scenario, the benefit of the faster utilisation 

rate is outweighed by the earlier switch time (shorter growth duration), and the strategy is outcompeted by Risky 

strategies. When stress is introduced, the faster utilisation rate creates a higher mortality risk early in the season. 295 

The plants are outcompeted by both the Slow-Risky strategy plants, which can grow faster and shade them, and 

the Slow-Safe strategy which has a larger buffer against stress.  

Introducing stress and storage-related mortality into the simulations reduces final basal area by between 30% and 

50% (Fig. 4). These reductions are larger than the respective 15% and 25% reduction in photosynthetic days and 

is close to twice the reduction in the size of a single individual due to stress (Fig. S3) suggesting introducing stress 300 

and competitive interaction must play a role beyond loss of photosynthetic uptake due to reduction in number of 

photosynthetic days.  
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Figure 4 Final yield as determined by the basal area averaged first across each time point in years 90-100 of data and 305 
then by environmental repetition (N = 4 in control treatments with no stochasticity and N = 20 in treatments with 
stochasticity > 0). Error bars represent the standard deviation across environmental repetitions. Rows represent 
strategies, with the first row combining all strategies across the plot. Shading represents the stochasticity of the 
environment with the darkest colours representing environments with no stochasticity and lightest colours showing 
environments with the highest stochasticity. 310 

3.2 Environment treatment effect on final basal area  

Table 2 shows that stress stochasticity affects the competitive dominance. As stochasticity increases, there is a 

decreasing basal area of the Slow-Risky strategy (“large effect” in Table 2) and an increasing basal area of the 

Slow-Safe strategy (“medium effect”). Plants using the Fast strategy are uncompetitive and exhibit no or a small 

change in basal area.  315 
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In contrast, the average stress duration does not have a consistent effect on competitive outcome (Table 3). The 

basal area of the Slow-Safe strategy is increased with increasing stress duration (“small effect” for all levels of 

stochasticity and low stochasticity and “medium effect” for medium stochasticity in Table 3) but this trend is 

reversed when plants are subjected to high stochasticity. Under medium stress and high stochasticity, there can be 

years with extreme environmental stress that can significantly inhibit all strategies. There is a small decrease in 320 

basal area of Slow-Risky plants with increasing stress, with mostly a “very small” effect. However, this decrease 

may be enough for the Slow-Safe strategy to become more successful, thereby increasing its overall basal area. 

The effect may also be affected by the response at high stochasticity when both Slow-Risky and Slow-Safe 

decrease in basal area which is likely caused by increased mortality due to an increased number of high and very 

high stress years.  325 
Table 2 Results of statistical analysis of relationship between final basal area and stochasticity. Model fitted is 
log(𝑩𝑩𝑩𝑩) ~ 𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔+ log(intercept), where BA is the final basal area (m2/ha) for each strategy and stresssd is stress 
stochasticity (as explained by the standard deviation around the mean of onset of stress). Each model was run for a 
subset of mean stress duration (either low stress or medium stress) and for the combined data. Significance of each 
model parameter is given in brackets (‘***’: p <= 0.001, ‘**’: p <= 0.01; ‘*’ p <= 0.0; ‘.’: p <= 0.1; ‘-’ p > 0.1). 330 
Additionally, an 𝝎𝝎𝟐𝟐 value was calculated to measure the effect size and an interpretation of the value is given based on 
interpretation guidelines from Field (2013). 

Strategy Stress Dur Mean Parameter Value 𝝎𝝎𝟐𝟐 Field 2013 

log(intercept) a (yr-1) 

Slow-Risky All Means 3.88 (***) -0.03 (***) 0.25 large 
Low Stress 3.94 (***) -0.03 (***) 0.30 large 
Medium Stress 3.82 (***) -0.03 (***) 0.22 large 

Slow-Safe All Means 3.57 (***) 0.01 (**) 0.05 small 
Low Stress 3.82 (***) 0.00 (-) -0.01 very small 
Medium Stress 3.33 (***) 0.01 (***) 0.12  medium 

Fast-Risky All Means 0.14 (-) 0.00 (-) 0.00 very small 
Low Stress 0.01 (-) 0.00 (.) -0.01 very small 
Medium Stress 0.30 (.) -0.01 (**) 0.06 small 

Fast-Safe All Means 0.31 (***) 0.00 (-) 0.00 very small 
Low Stress 0.45 (***) 0.00 (-) -0.01 very small 
Medium Stress 0.16 (-) 0.00 (-) -0.02 very small 

 

Table 3 Results of statistical analysis of relationship between final basal area and stochasticity. Model fitted is 
log(𝑩𝑩𝑩𝑩) ~ 𝒂𝒂 𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒂𝒂𝒂𝒂𝒂𝒂+ log(intercept), where BA is the final basal area (m2/ha) for each strategy and stressave is stress 335 
stochasticity (as explained by the mean of onset of stress).  Each model was run for a subset of stochasticities (from no 
stochasticity to high stochasticity) and for all stochasticities combined. Significance of each model parameter is given 
in brackets as explained by the p-value (‘***’: p <= 0.001, ‘**’: p <= 0.01; ‘*’ p <= 0.0; ‘.’: p <= 0.1; ‘-’ p > 0.1). 
Additionally, an omega-squared value was calculated to measure the effect size, and an interpretation of the value is 
given based on interpretation guidelines from Field 2013. 340 

Strategy Stress Stochasticity Parameter Value 𝝎𝝎𝟐𝟐 Field 2013 

Log (intercept) a(yr-1) 

Slow-Risky All Stochasticity 1.33 (-) -2.14 (***) 0.00 very small 

No 4.43 (***) 1.15 (-) -0.01 very small 

Low  3.15 (***) -0.47 (-) -0.02 very small 

Medium  -0.49 (-) -4.63 (-) 0.04 small 

High  0.71 (-) -1.96 (-) -0.02 very small 

Slow-Safe All Stochasticity 5.12 (***) 1.64 (-) 0.01 small 

No  3.72 (-) 0.26 (-) -0.14 very small 
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Low  5.83 (***) 2.72 (-) 0.03 small 

Medium  7.74 (***) 4.85(**) 0.12 medium 

High  2.07 (-) -2.38 (-) 0.03 small 

Fast-Risky All Stochasticity 1.38 (-) 1.68 (-) 0.00 very small 

No  -5.94 (-) -7.79 (-) 0.11 medium 

Low  2.51 (-) 2.95 (-) 0.00 very small 

Medium  -1.99 (-) -2.42 (-) 0.00 very small 

High  4.94 (**) 6.25 (*) 0.10 medium 

Fast-Safe All Stochasticity 2.70 (**) 2.93 (*) 0.03 small 

No  2.90 (-) 3.14 (-) -0.10 very small 

Low  2.87 (-) 3.13 (-) 0.01 very small 

Medium  2.24 (-) 2.45 (-) -0.01 very small 

High  2.96 (*) 3.12 (-) 0.03 small 

3.3 Stress and Mortality  

The stress and shade contributions to mortality were further examined by looking at mortality during stress periods 

and under canopy shading across all simulated environments which include stress. During the stress period, 

productivity-dependent mortality is switched off, and trees only die because of storage-dependent mortality. The 

proportion of individual deaths during stress for each strategy is calculated as the number of plants of the strategy 345 

which die in each stress period, divided by the total number of plants of that strategy which were alive during that 

period. The proportion of deaths during stress increases with the duration of the stress in a logistic relationship 

(Fig. 5A, Fig. S8). In Risky strategies, 50% of plant mortality occurs when stress is 165 days (Fast-Risky) and 

172 days (Slow-Risky), while in the Safe strategies these numbers are 266 days (Fast-Safe) and 299 days (Slow-

Safe; Fig. S9).  350 

Outside of the stress period, productivity-dependent mortality can occur in addition to storage-dependent 

mortality. The proportion of deaths in the population is shown as a function of canopy openness (the percent of 

light reaching the top of the plant, with 0 being total darkness and 1 being full light) in Fig. 5B (also Fig. S9). 

Trees are grouped by canopy openness and the proportion of trees in each canopy openness group that die that 

year is calculated. The proportion of deaths has an exponential decay relationship with canopy openness (Fig. 355 

5B). The higher the light level, the lower the proportion of deaths, with differences driven by the rate of carbon 

utilisation (Fast-Slow) spectrum. Slow strategy plants tolerate shade better than Fast strategy plants (showing a 

faster decline of mortality with increased light).  
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Figure 5 Annual proportion of population of each strategy dying in all simulations A) as a function of stress duration 360 
and B) light environment. In A) a logistic equation is fitted to the data and the point of 50% death for each strategy is 
indicated by the vertical dashed line (not shown for the Slow-Safe and Fast-Safe strategies for which this point is beyond 
the data observed). In B) the light environment is represented by canopy openness, calculated as the proportion of 
incident light available at the plant height. Deaths with canopy openness = 1 (no shading) were removed, and an 
exponential decay function was fitted to each set of data. 365 

4 Discussion 

In this study we used a gap model to examine the effects of introducing a carbon storage strategy to a vegetation 

community model. We explore the long-term outcomes of competition among different plant carbon storage 

utilisation strategies and how they are affected by environmental stochasticity. Specifically, we investigated trade-

offs between different growth-storage strategies by varying two parameters: the speed of carbon utilisation (Slow-370 

Fast utilisation spectrum) and length of the growth period determined by the growth-storage switch point (Safe-

Risky spectrum, short to long growth period). 

The primary factor determining the outcome of competition was differential mortality rates; such that (i) a long 

growth period (Risky strategy) reduced the chance of survival during a stress period, and (ii) a fast carbon 

utilisation rate (Fast strategy) reduced the size of the carbon storage pool, thereby reducing the shade-tolerance of 375 

an individual tree. In general, the Slow-Risky strategy may reflect a shade-tolerant and slow-growing, secondary 

succession species, while the Fast-Risky strategy may reflect a fast-growing shade-intolerant species. It is 

important to note, however, that all other plant traits were held constant in our simulations, so the differences 

among strategies reflect differences in carbon allocation only. It is likely that other physiological or morphological 

traits would amplify the differences among species.  380 

When seasonal stress was absent from the model, the successful strategies were the two Risky strategies, with 

shade-driven productivity-based mortality being the primary cause of mortality. In more stressful environments, 

the Slow-Safe strategy allowed trees to survive, while the Fast-Risky strategy drops out because it exposes trees 

to stress-induced mortality. In contrast, trees in the Fast-Safe strategy were not successful in any of the 

simulations: they were not successful in early succession, when they were outcompeted by longer growing and 385 
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therefore taller individuals, nor in secondary succession because they were not shade tolerant. A summary of the 

four strategies and their differences is shown in Fig. 6. 

When stress was introduced, the successful strategies were the two Slow strategies. Trees in the Slow-Safe strategy 

could survive extended periods of time in shade with limited photosynthesis, likely due to higher carbon storage 

minima offsetting the low photosynthetic gain. Once taller trees died due to annual seasonal stress, trees in the 390 

Slow-Safe strategy could grow to the top of the canopy. On the other hand, the Slow-Risky trees were more 

susceptible during the seasonal stress due to lower carbon stores but could grow rapidly and outcompete other 

plants for light. As with the Slow-Safe strategy, Slow-Risky trees also had a high carbon storage minimum, which 

facilitated the survival of small saplings in the shade. The failure of the Fast-Risky strategy was strongly associated 

with stress-related mortality exacerbated by the inability of trees to survive in shade. The Fast-Safe strategy also 395 

failed, predominantly due to the lack of shade-tolerance in trees, which led to mortality before a canopy gap 

became available.  

 
Figure 6 Summary of model outcomes by plant strategy. Storage-dependent mortality differentiates between strategies 
on the Safe-Risky spectrum, with Safe strategies being more tolerant of stress conditions. Productivity-dependent 400 
mortality differentiates between strategies on the Slow-Fast spectrum of carbon utilisation, with Slow strategies being 
more tolerant of shaded conditions. 

4.1 Effect of environmental stress 

In addition to its effect on community composition, stress led to a significant decrease in carbon sequestration, as 

determined by the total basal area of the plants (Fig. 3). Moreover, stress affected the outcome of competition 405 

among strategies (between Slow-Risky and Slow-Safe), with stochasticity (defined as more variance around an 

average stress duration) having a more pronounced effect than the mean stress duration. Increasing stochasticity 

of the stress led to an increase in the number of Slow-Safe strategy trees and a decrease in Slow-Risky trees. 
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Rather than average intensity, the presence of extreme events drawn from the stress duration distribution affected 

the decline of trees in the Slow-Risky strategy in the high stochasticity environments. 410 

Our modelling results are consistent with observations that dominant species exhibit storage-mediated adaptation 

to variance in stressful conditions. Trees in strongly seasonal and non-seasonal tropical forests show similar, 

species-driven NSC concentrations during the wet season, but trees in seasonally dry forests show differences in 

NSC composition by transitioning to higher soluble sugar content during the dry season when storage mobilisation 

is important (Signori-Müller et al., 2021). The shift in intra-annual NSC-dynamics along the observed seasonality 415 

gradient may suggest a shift between growth-prioritisation and storage-prioritisation to survive stress during the 

dry season.  

Our results are also consistent with observed strategy shifts within species when growing in different 

environments. Trait plasticity allows populations of a species to adopt different strategies in different 

environments. There is evidence for shifts from growth-prioritising strategies to storage-prioritising strategies 420 

within species across environmental stress gradients, including rainfall (Bachofen et al., 2018; Hao et al., 2021) 

and elevation gradients (Wang et al., 2018). In the model developed here, water relations are not included but 

shifts in storage along stress gradients may be comparable to the shift from Risky plants to Slow-Safe plants in 

the model with rising stress duration. 

As carbon storage strategy may be adapted to local conditions (e.g., Blumstein and Hopkins, 2021), the increased 425 

variability of local weather conditions and more extreme disturbances associated with climate change (IPCC, 

2021) may contribute to significant shifts in community composition. Traits conferring drought- and heat-

resistance have been increasingly emerging as contributors to plant survival in ecosystems worldwide. Shifts in 

community composition have been observed in tropical ecosystems towards increased representation of drought-

resistance trees (Feeley et al., 2011) and shifts in plant trait representation towards decreased specific leaf area 430 

and increased wood density, which are indicative of increased hydraulic resistance (Swenson et al., 2020). Long-

term vegetation shifts towards more drought-resistant individuals have also been observed after severe droughts 

in south-western USA (Mueller et al., 2005). However, changes in species composition may not occur if there is 

a plastic change over time in the strategy of an individual. Trait plasticity, although not considered in the study, 

may be an important factor shaping tree mortality in response to increasingly intense and varied environmental 435 

stress (Gallagher et al., 2019; Lanuza et al., 2020; Lecina‐Diaz et al., 2021) and further has been shown to affect 

the range size of congeneric tree species (Chacón-Madrigal et al., 2018) in response to environmental cues 

(Hofhansl et al., 2021).  

4.2 Improving Modelling of Carbon Storage and Survival of Stress 

Improving the representation of carbon storage in models should be considered a priority (Merganičová et al., 440 

2019). Beyond improving model realism, the representation of carbon storage in models is important for two 

reasons; (i) capturing accurate mortality mechanisms (McDowell et al., 2022) and (ii) removing the direct 

coupling between photosynthesis and growth (Keane et al., 2001). Without carbon storage, models assume that 

all growth is supported by carbon gain within the same timestep, a dynamic which is unrealistic on sub-annual 

time steps (Fatichi et al., 2014, 2019; Piper, 2020). Although the number of models implementing carbon storage 445 
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is increasing, there are still no consistent guidelines for modelling carbon storage (Dietze et al., 2014b). While 

some studies have looked at sensitivity of single carbon storage parameters (Fisher et al., 2010; Jones et al., 2020) 

or the effects of model structure (Jones et al., 2020; Richardson et al., 2013; Trumbore et al., 2015), further 

examination of the sensitivity of more complex allocation strategies is warranted.  

Specifically, we suggest including rate of carbon utilisation and a duration of growth in species which grow in 450 

seasonal environments. The rate of carbon utilisation strongly affects tree shade tolerance by providing additional 

carbon source as supported by model simulations (Kobe, 1997) and experimental studies (Atkinson et al., 2014; 

Myers and Kitajima, 2007; Rose et al., 2009). Similarly, the switch time parameter affects survival during seasonal 

stress. Experimental studies have shown decreases in growth along an environmental stress gradient (Wang et al., 

2018) and as an acclimatory response of tree seedlings to past stress (Vander Mijnsbrugge et al., 2019), thereby 455 

supporting the role of decreased growth duration in mitigating stress periods. While mechanisms of tree mortality 

under stress are often complex, involving a number of contributing factors, including susceptibility to hydraulic 

damage, herbivory or pathogens, these model predictions support the theory that stored carbon plays an important 

role in buffering the damage caused by stress (McDowell et al., 2008).  

Another important direction for future work would be to explore the implications of allowing other plant traits, 460 

such as leaf economic traits or hydraulic traits, to vary in concert with the two carbon storage traits considered 

here. It is possible that relationships between traits might emerge as a result of the competition simulated in the 

gap model. Although some studies find no clear relationships between storage patterns and other plant traits (e.g. 

(Signori-Müller et al., 2021)) including phenological traits captures intra-annual NSC dynamics in three 

Mediterranean crop species (Tixier et al., 2020).  465 

Finally, storage dynamics may change throughout the lifetime of an individual. For example, the storage utilisation 

rate has been found to vary with plant age in a model-data-assimilation study (Mahmud et al., 2018). Diurnal NSC 

concentrations within a plant also have been shown to change between seedlings and mature plants within the 

same study (Baber et al., 2014) and differences between carbon allocation strategies were found in trees of 

different heights (Sala and Hoch, 2009; Woodruff and Meinzer, 2011). It would be valuable in future work to 470 

relax assumptions about the static nature of plant traits to examine a wider range of strategies.  

5 Conclusions 

Using a gap model, our study provided an evaluation of the effect of environmental stress and stochasticity on the 

performance and survival of trees with different carbon storage strategies. The representation of carbon storage 

strategy defined by two traits, storage utilisation rate and duration of growth, allowed a nuanced response to 475 

different types of stress to be captured, and highlighted the role of carbon storage in determining tree survival. 

The results obtained in this study showed a community shift towards storage-prioritising strategies, as seen in the 

shift from Slow-Risky to Slow-Safe plants, when challenged with increased stochasticity and stress intensity. 

Shifts in the modelled community assembly of trees, in response to increased environmental stochasticity and 

intensity, supports previous observations of shifts in plant community composition towards more stress-resilient 480 
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plant strategies. Our study shows that including storage and storage-prioritising strategies in modelling is 

important to advance our capacity to capture tree survival and adaptation to climate change. 

Code and data availability: 

Simulation outputs, model and data analysis are freely available.  

Pre-processed simulation results can be found at:  485 
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