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 35 
 36 
Summary 37 

 38 

● Crown damage can account for over 23% of canopy biomass turnover in tropical forests and is a 39 

strong predictor of tree mortality, yet it is not typically represented in vegetation models. We 40 

incorporate crown damage into the Functionally Assembled Terrestrial Ecosystem Simulator 41 

(FATES), to evaluate how lags between damage and tree recovery or death alter demographic 42 

rates and patterns of carbon turnover.  43 

● We represent crown damage as a reduction in a tree’s crown area and leaf and branch 44 

biomass, and allow associated variation in the ratio of aboveground to belowground plant 45 

tissue. We compare simulations with crown damage to simulations with equivalent instant 46 

increases in mortality and benchmark results against data from Barro Colorado Island (BCI), 47 

Panama.  48 

● In FATES, crown damage causes decreases in growth rates that match observations from BCI. 49 

Crown damage leads to increases in carbon starvation mortality in FATES, but only in 50 

configurations with high root respiration and decreases in carbon storage following damage. 51 

Crown damage also alters competitive dynamics, as plant functional types that can recover 52 

from crown damage outcompete those that cannot.  53 

● This is a first exploration of the trade-off between the additional complexity of the novel crown 54 

damage module and improved predictive capabilities. At BCI, a tropical forest that does not 55 

experience high levels of disturbance, both the crown damage simulations and simulations with 56 

equivalent increases in mortality do a reasonable job of capturing observations.  57 

● The crown damage module provides functionality for exploring dynamics in forests with more 58 

extreme disturbances such as cyclones, and for capturing the synergistic effects of disturbances 59 

that overlap in space and time.  60 

 61 

 62 

 63 

 64 

Key words: aboveground biomass, carbon residence time, canopy turnover, crown damage, forest 65 

disturbance, mortality, tropical forests 66 



3 

 67 

 68 

Introduction 69 

Changes to the residence time of carbon in living vegetation are a major source of uncertainty in 70 

predictions of forest dynamics (Friend et al. 2014). Vegetation carbon residence time is largely defined 71 

by tree mortality, which is thought to be increasing across large parts of the globe  driven by rising 72 

temperatures and increases in disturbances such as wildfires, droughts and land use  change (Carnicer 73 

et al. 2011; McDowell et al. 2018; Peñuelas et al. 2017; Senf et al. 2018).  74 

   75 

Crown damage is an important predictor of individual tree mortality (Arellano et al. 2019; Reis et al. 76 

2022). After light limitation, crown loss was found to have the largest impact on forest wide mortality 77 

out of 19 risk factors assessed across six tropical forests (Zuleta et al. 2021).  A number of mechanisms 78 

could drive the damage-mortality relationship. Crown loss reduces photosynthesis, placing trees at 79 

increased risk of carbon starvation (McDowell et al. 2008). Damage to xylem vessels increases the risk 80 

of embolism and hydraulic failure (Adams et al. 2017).  Wounds from branch loss provide entry points 81 

for pathogens and insects which may lead to death from disease (Anderegg et al. 2015; Gaylord et al. 82 

2013; Jönsson et al. 2012). Damaged trees may also be weakened structurally, making them vulnerable 83 

to wind throw (Csilléry et al. 2017).  84 

 85 

Aside from the impact on mortality, crown damage itself accounts for a significant portion of total 86 

canopy turnover. In the 50-ha plot on Barro Colorado Island (BCI), Panama, a drone-based study of 87 

canopy disturbances found that branchfall accounted for 23% of the total area disturbed (Araujo et al. 88 

2021). A ground-based study estimated that branchfall accounted for 17% of the total volume of 89 

woody debris (Gora et al. 2019). Analyses of tree census data estimated woody aboveground carbon 90 

fluxes from tree damage as 0.1-0.6 Mg ha-1 yr-1 of AGB loss, compared with 5.3-5.6 Mg  ha-1 yr-1 of AGB 91 

loss from tree mortality (Chave et al. 2003). In line with this, estimates based on forest inventory plot 92 

data from the Central Amazon suggest that crown and partial trunk loss amounts to 0.9 Mg ha-1 yr-1 of 93 

dry mass litter production (Chambers et al. 2001; Chave et al. 2003).  94 

 95 

Not all branch fall is due to damage, as trees routinely shed branches as they grow, a process referred 96 

to as branch turnover. Estimates of NPP to branch turnover range from 0.34 to 1.42 Mg C ha-1 yr-1  97 

along a 3300 m elevational transect in Peru (Malhi et al. 2017). Trees may also deliberately shed 98 
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branches as a survival strategy during drought (Rood et al. 2000), or as a way to recover from liana 99 

infestation (Newbery & Zahnd 2021). The  ecological outcomes of branch loss from endogenous factors 100 

versus external factors may be quite different, as branch turnover can increase survival, whereas 101 

branch loss from damage is expected to reduce survival. Distinguishing between these two processes in 102 

the field is extremely challenging. However, remote sensing studies such as Araujo et al. (2021) 103 

described above sense the upper canopy, whereas branch turnover usually occurs in lower branches.  104 

 105 

Crown damage is not routinely represented in vegetation demographic models, leading to potential 106 

biases in model predictions. While it is typical to account for leaf turnover (and in some cases branch 107 

biomass turnover e.g. (Martínez Cano et al. 2020)), models that include crown area allometry typically 108 

assume that height, biomass, and crown area are directly related to stem diameter without 109 

consideration of deviations due to damage or differential growth. When biotic and abiotic disturbances 110 

have been included in vegetation models, including, for example, insects (Dietze & Matthes 2014; 111 

Jönsson et al. 2012), wind (Lagergren et al. 2012), and large grazers (Pachzelt et al. 2015), they have 112 

been found to have a substantial impact on tree growth and mortality, and thus forest biomass. These 113 

representations have generally invoked a direct increase in mortality (e.g. (Jönsson et al. 2012)) or 114 

changes to physiological processes such as reductions in hydraulic conductivity or increases in root and 115 

leaf turnover (Dietze & Matthes 2014). Likewise, fire models typically represent mortality based on 116 

scorch height, without changing the canopy structure of surviving trees (Drüke et al. 2019). As far as we 117 

are aware, no previous models have explicitly represented crown damage as changes in individual tree 118 

canopy structure and allometry (e.g., crown area relative to trunk diameter).  119 

 120 

Given that the intensity and frequency of many types of disturbance are expected to increase over the 121 

coming decades (McDowell et al. 2018), including a representation of the non-lethal effect of 122 

disturbance on forest structure may be critical for correctly capturing the effect of disturbance on 123 

forest dynamics and biomass. In general, we expect nonlethal effects to introduce lags between 124 

environmental drivers and individual recovery or death, and we expect that these lags could alter 125 

demographic rates, forest structure, and carbon turnover. Following severe drought, trees have been 126 

observed to survive years with reduced leaf and fine root area before death (Anderegg et al. 2013; 127 

Berdanier & Clark 2016; Henkel et al. 2016; Herguido et al. 2016; Rowland et al. 2015). Trees defoliated 128 

by insects or broken by wind damage can have reductions in growth rates that last over a decade 129 

(Tanner et al. 2014; Uriarte et al. 2004). Given that damage can be widespread, especially following 130 
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disturbances like insect invasion or cyclones, these differences in growth rates can affect regional 131 

estimates of net primary productivity, NPP, as well as changing forest structure in terms of stem 132 

density, and light levels through to the understory (Brokaw & Grear 1991). Initial crown damage from 133 

environmental drivers can also lead to a disturbance cycle by creating light gaps which favor structural 134 

parasites such as lianas and climbing bamboos. These species further damage tree crowns creating 135 

additional tree gaps (Reis et al. 2020). 136 

 137 

Here we introduce an explicit crown damage module into the Functionally Assembled Terrestrial 138 

Ecosystem Simulator (FATES) and evaluate whether a delay between disturbance and mortality alters 139 

demographic rates and biomass dynamics. Specifically, we ask 1. How do lags between damage and 140 

mortality change dynamics relative to equivalent instant increases in mortality? 2. How does the 141 

introduction of damage change simulated growth and mortality rates? Introducing new functionality 142 

requires additional model complexity, and so it is important to understand under what conditions tree 143 

damage may require explicit representation in models such as FATES. 144 

 145 

Materials and Methods 146 

 147 

Model Description and New Developments 148 

 149 

The Functionally Assembled Terrestrial Ecosystem Simulator (FATES) is a size- and age-structured 150 

vegetation demographic model that simulates the dynamics of cohorts (Koven et al. 2020); FATES 151 

Development Team, 2020). Cohorts are groups of individual trees of the same size and Plant Functional 152 

Type (PFT), with each cohort modeled as one representative individual. The functional traits that define 153 

PFTs interact with environmental drivers to drive physiological processes that determine cohort 154 

dynamics such as growth and mortality rates. Disturbance dynamics in FATES follow the Ecosystem 155 

Demography (ED) approach (Moorcroft et al. 2001), and ecosystem biophysics are based on CLM4.5 156 

(Oleson et al. 2013). Canopy organization uses elements of the perfect plasticity approximation (PPA) 157 

(Fisher et al. 2010; Purves et al. 2008), which assumes that tree crowns are perfectly plastic and will 158 

grow to fill all available canopy space. FATES must run as a component of a ‘host’ land model, the part 159 

of a climate model that simulates the dynamics of the land surface. Currently, FATES can run with the 160 

Energy Exascale Earth System Mode (E3SM) Land Model (ELM) (E3SM Project 2018) or the Community 161 
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Land Model CLM (Lawrence et al. 2019). The PPA and ED components of FATES are described in Fisher 162 

et al. (2018). Recent FATES developments and benchmarking are described in Koven et al. (2020). The 163 

original CLM-ED model combining ED with elements of the PPA is described in Fisher et al. (2015).  164 

 165 

Representation of Crown Damage in FATES 166 

 167 

To represent crown damage in FATES we introduce a new crown damage module, in which damage is 168 

represented as a reduction in crown area and biomass of leaves, reproductive tissues, sapwood, 169 

storage, and structural pools. We reduce sapwood, storage, and structural biomass in proportion to the 170 

expected proportion of biomass in branches, assuming that storage carbon is distributed evenly among 171 

leaves, branches, the main stem and roots (Hartmann & Trumbore 2016). In our implementation, 172 

damage does not reduce the biomass of the main stem.   173 

 174 

FATES is a cohort-based model, which means that plants with similar properties are grouped together 175 

and considered a single entity in the calculation of biophysical and ecological dynamics for 176 

computational tractability. As these cohorts grow and die, they are dynamically fused and split over 177 

time, based on their similarity across a small number of either continuous or categorical dimensions.  178 

The essence of the ED-based approach described in (Moorcroft et al. 2001) is to define two key 179 

continuous dimensions—plant size and the age since disturbance of the area the plant is occupying—180 

that define the essential properties of a cohort. A third dimension is the plant functional type (PFT), 181 

which is categorical such that every cohort is associated with one of the distinct PFTs that comprise a 182 

simulation, and cohorts of different PFTs can never be fused. The coupling of ED with PPA  (Purves et al. 183 

2008) described in Fisher et al. (2015) adds a fourth dimension of discrete canopy strata that every 184 

cohort is assigned into based on their canopy height and crown area. This splitting of cohorts into 185 

distinct canopy strata allows for the representation of height-based light competition. These four 186 

dimensions uniquely define a cohort. Following growth, cohorts that are the same PFT and canopy 187 

layer, and within a specified DBH threshold of each other, are fused together to limit the number of 188 

cohorts that need to be tracked. If, following growth, the crowns of cohorts in the canopy exceed patch 189 

area, some fraction of the smallest cohort (deterministic PPA) or all cohorts (stochastic PPA) will be 190 

demoted to the understory canopy layer (Fig. S1) (see also Fisher et al. (2010) and (Koven et al. 2020)). 191 

Understory cohorts receive less light than canopy cohorts, and thus they have slower growth rates.  192 

 193 
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To model damage explicitly, we introduce a new fifth dimension to categorize cohorts, which we term 194 

‘damage classes’. During fusion, only cohorts of the same damage class can be fused. In simulations 195 

here we use five damage classes, corresponding to 0, 20, 40, 60 and 80% loss of crown biomass. We 196 

also test the sensitivity of results to the number of crown damage classes. In FATES, the target size of 197 

various plant organs and tissues (leaves, roots etc.) are given by allometric relationships with DBH. 198 

When damage occurs, it decreases the biomass and target allometries of tissues in the crown, meaning 199 

that cohorts will remain at that damage level until carbon is available for recovery to a lower damage 200 

level (described below). The timing of damage events can be specified by the FATES user, for example 201 

to correspond to historic events such as cyclones. In the initial implementation of this module, we set 202 

damage to occur on the first day of each year. New damage is independent of previous damage (i.e. the 203 

same fraction of all cohorts gets damaged during each damage event) and the damaged fraction of 204 

each cohort gets split evenly into all higher damage classes (Fig. 1b). This implementation limits the 205 

number of assumptions about the distribution of damage and corresponds to a representation of 206 

damage as a continuous background process.  207 

 208 

We implemented an explicit damage-dependent mortality term to capture the role of elevated 209 

mortality from damage due to processes not represented in FATES, such as increased vulnerability to 210 

pathogens and wind damage. Annual mortality from damage (md) is represented as a logistic function 211 

of crown loss:  212 

 213 

𝑚! =
"

("$%&'(()(!(')))
    (eq. 1) 214 

 215 

Here d is the proportion of crown loss; r is a rate parameter for the mortality increase with damage, 216 

here r = 5.5;  and p is the inflection point parameter which sets the degree of damage over which 217 

mortality increases, here p = 0.9. Values for r and p were selected based on visual inspection of the 218 

logistic function fit to observations (Fig. S2).  219 

 220 

 221 

 222 
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 223 
Figure 1. Schematic of crown damage implementation in FATES. a) Crown damage results in a reduction in leaf, 224 
sapwood, storage, and structural biomass pools as well as a reduction in crown area. Following crown damage, 225 
understory trees, shown in dark green, are promoted to the canopy so that the canopy area remains constant.  b) 226 
Cohorts consist of groups of trees of the same size and PFT, modeled as one representative individual. During 227 
crown damage, the cohort is split and a specified fraction of individuals move to higher damage classes. In the 228 
example in b) the original cohort had 1000 individuals, and the damage fraction is 10%, therefore 25 individuals 229 
are put into each new cohort.  c) A damaged tree in BCI, Panama. Photo credit Pablo Narváez.    230 
 231 
 232 

 233 

Recovery Dynamics 234 

 235 

Recovery from damage occurs daily during allocation of NPP to various tissues and involves a trade-off 236 

between DBH growth and re-growth of branches and leaves. In the existing FATES allocation scheme, 237 

NPP is first used to replace leaves and fine roots lost to turnover, and to bring storage carbon up to its 238 

allometric target. Any remaining  carbon is then used to grow carbon pools that are below  their 239 

specified target allometries. If any carbon is still remaining (carbon balance, denoted Cb), it is used to 240 

grow all carbon pools and DBH concurrently along their allometric trajectories. In FATES, damage 241 

decreases the target allometries of tissues in the crown. During daily allocation, Cb can be used to 242 

either grow tissues along their current damaged allometries, or to increase tissue mass to the target 243 

allometries of the next damage class, dependent on a recovery scalar parameter fr (Fig. 2). The 244 
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maximum number of individuals of a cohort that can recover in each timestep (nmax) is a function of the 245 

available allocatable carbon to grow with (Cb), and the change in carbon between damage class i and i-1 246 

(Cr ): 247 

nmax = ni * Cb / Cr                      (eq. 2), 248 

where ni is the initial number density of the cohort. Since damaged plants face a choice of how to 249 

allocate carbon between recovery and growth, we have introduced a parameter fr that determines the 250 

fraction of a cohort’s carbon expenditure allocated towards recovery, versus the fraction that is 251 

allocated towards growth within the current damage class. The number of plants that recover nr, is 252 

then 253 

nmax * fr. This implementation gives us the flexibility to capture contrasting patterns of re-growth 254 

following damage; continuous DBH growth at the expense of re-growing the crown, or re-growth of the 255 

crown at the expense of DBH and height growth, which may depend on species or degree of damage.   256 

More information is given in Methods S2.  257 

 258 

 259 
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 260 
Figure 2. Schematic of recovery dynamics. Damage alters the target allometries of crown tissues (leaf, 261 
reproductive, sapwood, storage, and structural tissues, leaf tissues shown here as an example). Damage classes 262 
are shown with dashed lines. A damage event is shown with the first, downward arrow, which moves leaf 263 
biomass from 0% to 80% crown loss. a) Initially the cohort grows along the new target allometry, but at some 264 
point it has excess carbon which it can use to grow a fraction of the cohort to the next damage class, shown with 265 
the second, upward arrow. nmax is the maximum number of individuals in the cohort that can recover to the next 266 
damage class with the available carbon. The parameter fr determines the fraction of nmax that recovers to damage 267 
class 4 with 60% crown loss and the fraction that remains in damage class 5 with 80% crown loss.  b) If fr = 0 then 268 
there is no recovery and all individuals in the cohort remain with reduced allometries (in this example in damage 269 
class 5).  270 
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FATES Simulations 271 

We ran multiple simulations which are summarized in table 1 and table S1 and referred to in the text 272 

by number e.g. s1 for simulation 1, and so on. All simulations were run with either one or two 273 

broadleaf evergreen tropical PFTs. Simulations were spun up from bare ground and run for 500 years, 274 

with the exception of the two PFT simulations which took longer to reach equilibrium and were run for 275 

700 years. We used a parameter file based on ensemble members from (Koven et al. 2020)  that were 276 

further calibrated against forest inventory data at BCI (Condit et al. 2019), and leaf mass area data 277 

(Dickman et al. 2019). 278 

 279 

Lags between damage and mortality  280 

To evaluate how damage changes dynamics, and how these changes compare with those resulting 281 

from equivalent increases in mortality, we compared four configurations of FATES (table 1): a control 282 

simulation in which the damage module is off (C; s1); a damage only simulation with just crown 283 

damage but no additional mortality (D; s2); a mortality only simulation in which cohorts are assigned to 284 

damage classes and are subjected to damage related mortality (eq. 1), but without any reduction to 285 

crown area or canopy biomass (M; s3); and a damage plus mortality simulation with crown damage and 286 

the explicit damage related mortality term (D+M; s4). The annual rate of damage was 1% and recovery 287 

was off in these simulations. 288 

 289 

Sensitivity to recovery  290 

To test how the recovery parameter (fr) affects competitive dynamics we ran a simulation with two 291 

PFTs in which PFTs differed only in their ability to recover from damage (s5). The damage rate was set 292 

to 1% yr-1 and the recovery parameter (fr) was 0 and 1 in the two PFTs. One PFT therefore increases 293 

biomass of the canopy at the expense of DBH growth, increasing target allometries for a fraction of 294 

each cohort when available carbon allows. The other PFT uses available carbon to increase DBH and to 295 

grow canopy tissues along reduced allometric trajectories. To increase co-existence, this simulation was 296 

run with stochastic  PPA, in  which the demotion of cohorts from the canopy to the understory is not 297 

purely deterministic based on height. Rather, a fraction of all cohorts is demoted to the understory, 298 

with the fraction demoted depending on height, see Fisher et al. (2010).   299 

 300 

Carbon metabolism sensitivity 301 
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In FATES, we expected increases in mortality following crown damage to occur via carbon starvation 302 

mortality. Crown damage reduces both the photosynthesis and the respiration from the plant’s canopy, 303 

while leaving stem and root respiration unchanged. If photosynthesis is reduced so much that it  cannot 304 

meet respiratory demand, storage carbon will be depleted which  triggers carbon starvation mortality 305 

in FATES. To investigate these dynamics, we tested the sensitivity of simulations to assumptions and 306 

parameters related to carbon storage and root respiration.  307 

 308 

Root respiration is determined by the root nitrogen stoichiometry parameter, which has a default value 309 

of 0.03 gN/gC. An initial sensitivity analysis to the root nitrogen stoichiometry parameter suggested 310 

that carbon starvation mortality in trees with 80% crown loss increases sharply when root nitrogen 311 

stoichiometry reaches a critical value between 0.058 gN/gC and 0.066 gN/gC (Fig. S3).  At this level of 312 

root N stoichiometry, photosynthesis in damaged trees cannot match respiratory demands, leading to a 313 

depletion of storage carbon and carbon starvation mortality.  314 

 315 

To compare dynamics when damage results in carbon starvation mortality, we therefore ran a control 316 

(s6) and a simulation with the damage module on (s7). In both simulations we set root nitrogen 317 

stoichiometry to 0.66 gN/gC in order to increase respiratory demand. Further, in the damage 318 

simulation we reduced carbon storage in damaged trees, in proportion to crown loss, as this further 319 

increases the rate of carbon starvation mortality.  320 

 321 

Additional crown damage classes come at a computational cost as FATES must track an increasing 322 

number of cohorts with each additional crown damage class. Yet, we expect that physiological 323 

responses to damage will depend on the degree of crown loss, and therefore a finer resolution of 324 

crown damage classes allows us to more fully capture the range of responses to damage. To explore 325 

this trade-off we ran simulations with no damage, 2,3,4 and 5 crown damage classes. Since we 326 

expected the largest impact of damage on growth and mortality rates to be in trees with the most 327 

crown loss, we always included an 80%  crown loss class.  As we increased the number of damage 328 

classes we added additional  classes with lower levels of crown loss, table  S1.  329 

 330 

For additional sensitivity analyses to carbon storage, damage rate and root nitrogen stoichiometry see 331 

Methods S3.  332 

 333 
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 334 

Benchmarking Data 335 

 336 

We compare FATES simulations to field data collected at Barro Colorado Island (BCI), Panama, between 337 

2015 and 2019. The data were collected within a 50 ha permanent forest dynamic plot managed by the 338 

Smithsonian Tropical Research Institute and part of the Forest Global Earth Observatory (ForestGEO) 339 

(https://forestgeo.si.edu). Full censuses are carried out within the 50 ha plot approximately every five 340 

years, in which every stem ≥ 1cm diameter at breast height (DBH, 1.3 m above the ground) is mapped, 341 

measured and identified to species level. The protocol for the full census is described in (Condit 1998). 342 

In addition to the full census, damage and mortality surveys were conducted at BCI annually from 2016 343 

to 2019. The protocol for damage and mortality surveys is described in (Arellano et al. 2021). Briefly, 344 

annual surveys followed a stratified sampling strategy in order to include a sufficient number of large 345 

trees. This involved sampling a sequence of nested and increasingly smaller subplots, with a smaller 346 

DBH threshold for stem inclusion in smaller subplots. In total 8049 stems were assessed over the four 347 

years. In these surveys stems are assessed as alive or dead, and coded as either standing, broken, or 348 

uprooted. For live stems, the main axis of the tree is identified as a continuous axis that includes the 349 

stem and the widest branch at each branching point to the top of the crown. The percentage of the 350 

main axis that is living tissue is estimated (henceforth ‘living length’) and within the living length the 351 

fraction of branches remaining (bl) is estimated based on signs of recent damage. We used both the 352 

living length and bl to estimate the biomass of a living tree based on an allometric function that 353 

accounts for the vertical distribution of volume in the trunk vs. crown (Ver Planck & MacFarlane 2014). 354 

Specifically, we estimated the proportion of crown volume below a given height (within the living 355 

length) and multiplied it by the relative biomass of the crown, which was set to 1⁄3 of the total biomass 356 

of the tree based on empirical data from 611 harvested tropical trees (Chambers et al., 2001; Duque et 357 

al., 2017), see (Zuleta et al. 2021; Zuleta et al. 2022), and Methods S3 for a full explanation. Based on 358 

estimated damage we grouped trees into five damage classes (corresponding to the damage classes 359 

used in FATES) and calculated mortality, M, for each class as  360 

 361 

Md = (log(N1,d) - log(N2)) / t ,     (eq. 3) 362 

 363 

where d is damage class, N1 is the number of individuals alive in census 1, N2 is the number of 364 

individuals alive in census 2 (regardless of damage class in census 2), and t is time in years between 365 
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censuses. We excluded multi-stemmed trees from this analysis to avoid the influence of multiple stems 366 

on mortality rates. To account for the stratified sampling design, individuals were weighted by the 367 

frequency of their size class and species within the 50 ha plot relative to their frequency in the sample 368 

(following Zuleta et al. (2021)).  369 

 370 

To benchmark growth rates we compared FATES simulations with dendrometer band data collected at 371 

BCI from 1290 trees between 2015 and 2020 (Ramos et al. 2022). We used measurements collected 372 

annually in the late wet season to avoid influences of seasonal fluctuations in DBH. In the dendrometer 373 

data, crown illumination (CI) was assessed on a scale from 1 to 5 (Poorter et al. 2005) which we 374 

mapped onto FATES canopy layers by calling CI classes 4 and 5 canopy, and CI classes 1 and 2 375 

understory. Trees in CI class 3 (between 245 and 318 across censuses) have 10-90% overhead light, and 376 

were therefore not included in this analysis as they do not correspond well with FATES canopy layers. 377 

Crown damage was assigned based on a visual assessment of the crown using a four-point scale (4 378 

indicates 75-100% of the crown is intact, 3 indicates 50-75%, 2 indicates 25-50%, and 1 indicates 0-379 

25%).  To reduce the confounding effects of lianas on growth rates we repeated the analysis excluding 380 

trees classified as having 50% liana cover.  381 

 382 

We compared the canopy area damaged each year, and the ratio of mortality to damage canopy 383 

turnover from simulations with observations of branch fall from repeated drone measurements over 384 

BCI (from Araujo et al. (2021)). Tree size distributions were also compared with the full BCI census data, 385 

census interval 2010-2015.  386 

 387 

 388 

Results 389 

 390 

Effects of damage and mortality on canopy dynamics 391 

AGB differed strongly between simulations with and without damage and mortality.  AGB decreased 392 

from 18.5 kg m-2 in the control (C; s1) to 17.5 kg m-2 in the damage only simulation (D; s2), 13.1 kg m-2 393 

in the mortality only simulation (M; s3) and 14.5 kg m-2 in the damage plus mortality simulation (D+M; 394 

s4) (Fig. 3a). AGB at BCI is approximately 15.3 kg m-2  (Chave et al. 2008), closest to the damage plus 395 

mortality simulation under this parameterization.  396 
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 397 

Carbon residence time was calculated as total vegetation / NPP, as in Koven et al. (2015). Since NPP did 398 

not change significantly with damage, carbon residence time and AGB are roughly proportional to one 399 

another across simulations. Carbon residence time decreased the most in the mortality only simulation 400 

and least in the damage only simulation, relative to the control (Fig. 3b).  401 

 402 

Damage and mortality both cause changes to the canopy structure (Fig. 3c). In all cases the creation of 403 

gaps allows for understory trees to be promoted to the canopy.  The minimum height for a cohort to be 404 

in the canopy (canopy height threshold or critical height) therefore decreased from 18.2 m in the 405 

control (s1) to 15.5 m in the damage only simulation (s2), 12.7 m in the mortality only simulation (s3) 406 

and 14.7 m in the damage plus mortality simulation (s4). These values bracket the estimated canopy 407 

height threshold at BCI of 16.4 m (Bohlman & Pacala 2012), with the damage only simulation coming 408 

closest to observations under this parameterization. Neither damage nor mortality have much effect on 409 

the overall size-structure of the forest (Fig. S4). In all simulations the number of very small and very 410 

large trees is underestimated relative to observations.  411 

 412 

Araujo et al. (2021) analyzed monthly drone images over the 50 ha plot at BCI between 2017 and 2019 413 

and found that of the total disturbed area of 23,289 m2 (155.3 m2 yr-1 ha-1), 23% was attributed to 414 

branch fall rather than mortality (35.7 m2 yr-1 ha-1). In our damage plus mortality simulation (s4) 28% of 415 

total disturbed area is due to canopy damage, and the total disturbed area is overestimated at 177.2 416 

m2 yr-1 ha-1. The damage only simulation (s2) has a total disturbed area of 175.2 m2 yr-1 ha-1, of which 417 

26% was due to canopy damage. Total disturbed area is slightly underestimated in the control 418 

simulation (s1) at 128.8 m2 yr-1 ha-1, and overestimated in the mortality only simulation (s3) at 214.3 m2 419 

yr-1 ha-1.  420 

 421 

 422 
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423 
Figure 3. AGB, carbon residence time, canopy height threshold and canopy disturbance. The control simulation 424 
(C; s1) has the damage module turned off. The damage simulation (D; s2) has crown damage turned on - i.e. 425 
cohorts lose crown area and canopy biomass. In the mortality simulation (M; s3) cohorts are split into damage 426 
classes and are subjected to damage related mortality but do not have any reduction in crown area or canopy 427 
biomass. In the damage + mortality simulation (D+M; s4) cohorts have both crown damage and damage related 428 
mortality. a) AGB is lowest in M (s3) because mortality affects trees with full crowns, whereas in D+M  (s4) 429 
increases in mortality are in damaged trees. AGB at BCI is estimated at 15.3 kg m-2, shown in blue (Chave et al. 430 

2008).  b) Carbon residence times in the last 100 years of the simulations vary among scenarios in proportion to 431 

AGB.  Boxes show the interquartile range, whiskers extend to 1.5 x the interquartile range. Outliers are not 432 
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shown. Carbon residence time at BCI is estimated at 61 years, shown in blue (Chave et al. 2008). (c) Height 433 
threshold for a cohort being in the canopy in patches over 50 years, over the last 100 years of the simulation. 434 
Damage causes understory trees to be promoted to the canopy at smaller heights, leading to a decrease in the 435 
number of large trees in the understory, and a decrease in the canopy height threshold. The mean canopy height 436 
threshold at BCI is estimated to be 16.4 m (sd 6.02 m) (Bohlman & Pacala 2012), shown in blue. d) shows the area 437 
of canopy disturbance by mortality and damage (in simulations with damage - D and D+M) and in observations  438 
from drone measurements over BCI from (Araujo et al. 2021).  439 

  440 

Effects of crown damage on demographic rates 441 

We expected that crown damage would increase mortality and decrease growth rates. Observations 442 

from the damage and mortality surveys at BCI show a clear increase in mortality with increasing crown 443 

damage, but only in understory trees. This pattern is captured in FATES simulations with high root N 444 

stoichiometry and reductions in storage carbon (s7). In this configuration photosynthesis in damaged 445 

trees is not sufficient to meet high respiratory demand from roots, leading to a depletion of storage 446 

carbon and an increase in carbon starvation mortality with damage (Fig. 4). In simulations with low root 447 

N stoichiometry and no reduction in carbon storage with damage (s4), carbon starvation only increased 448 

in understory trees with 80% crown loss and total mortality is underestimated compared with 449 

observations.  450 

 451 

 452 
Figure 4. Annual mortality rate by damage class and canopy layer. Gray bars show mean mortality by damage 453 
class for all trees > 1cm dbh, based on damage and mortality surveys conducted annually at BCI over three years. 454 
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Error bars show the range of mean mortality by damage across census intervals. Solid orange and purple bars 455 
show the total mortality and carbon starvation mortality by damage in FATES simulation s7, in which carbon 456 
storage is reduced in damaged trees and root respiration is high. In this configuration mortality is overestimated 457 
compared with observations in high damage classes. Hatched bars show mortality in FATES simulation s2, in 458 
which carbon storage is not reduced in damaged trees and root respiration is lower. In this configuration 459 
mortality of trees with high damage is underestimated compared with observations, especially in the understory.  460 

 461 

 462 

 In the damage-only simulation with low root respiration (D; s2), DBH increments of canopy trees are a 463 

good fit to dendrometer band data at BCI, apart from being slightly underestimated in high damage 464 

classes (Fig. 5a). DBH growth rates in understory cohorts are underestimated compared with 465 

observations from BCI, but capture the trend of decreasing growth with increasing damage. In high root 466 

N simulations, s7, the trend of decreasing growth rates with increasing crown loss matches 467 

observations from BCI, but canopy DBH growth rates are slightly underestimated, and understory DBH 468 

growth rates are underestimated across crown damage classes (Fig. 5b). Due to increased root N 469 

stoichiometry, root respiration is higher in these simulations than in previous FATES cases (e.g. Koven 470 

et al. (2020)) and thus it is likely that compensating errors may exist in the carbon balance of 471 

understorey plants. In both sets of simulations low NPP or high maintenance respiration may be 472 

contributing to the mismatch between simulated and observed understory growth rates. Observed 473 

growth rates of canopy and understory trees are higher when trees with high liana load are excluded 474 

from the BCI data (Fig. S5). 475 
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 476 
 477 

Figure 5. Annual DBH growth rate by damage class and canopy layer in FATES simulations and observations 478 
from BCI.  Orange circles show the low root N configuration of FATES (s2) and blue circles show the high root N 479 
configuration of FATES (s7). Green lines show growth rates from dendrometer band data at BCI, divided into 480 
canopy and understory. Error bars show the 50th percentile of growth rates across five census intervals.  Note 481 
that damage classes in the observations are different than in FATES simulations, and hence points are offset. 482 
Damage classes in the observations include trees with a range of crown loss shown with horizontal lines, whereas 483 
in FATES damage classes correspond to a fixed percentage of crown loss. In the low root N configuration canopy 484 
growth rates are a good fit to data, and understory growth rates are slightly underestimated. With high root N, 485 
simulated growth rates of canopy trees slightly underestimate observations from BCI and simulated understory 486 
growth rates are extremely low. See Fig. S5 for a version of this figure in which trees in BCI with> 50%  liana load 487 
were excluded.  488 

 489 

 490 

Competition between PFTs that differ in ability to recover from damage  491 

In the two PFT simulation (s5) in which PFTs differ only in the recovery parameter (fr), the recovery PFT 492 

dominates in terms of AGB from year 50 onwards (Fig. 6) and accounts for 90% of plot AGB after 700 493 

years. DBH growth rates are temporarily lower in the recovery PFT as carbon is used to regrow the 494 
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canopy (Fig. S6). However, once trees recover they have faster DBH growth rates and ultimately 495 

outcompete the non-recovery trees.   496 

 497 

 498 
 499 

Figure 6. AGB and size-distribution of two PFT simulations in the low root N configuration (s5). In the two PFT 500 
simulations PFTs are identical except for the recovery scalar parameter which is 0 in the ‘no recovery’ PFT and 1 in 501 
the ‘recovery’ PFT.  The PFT that is able to recover out-competes the no recovery PFT.  502 

 503 

 504 

Discussion 505 

Crown damage and damage-driven mortality are important processes shaping forest structure and 506 

response to disturbance. Despite this, crown damage is rarely represented in vegetation models. We 507 

introduce a crown damage module into the vegetation demographic model FATES and find that 508 
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damage itself alters demographic rates, the canopy structure of the forest, and the competitive 509 

dynamics of PFTs.  510 

 511 

The effects of damage on carbon starvation mortality are sensitive to the ratio of leaf to stem and 512 

root respiration and the impacts of damage on storage  513 

We expected that crown damage would alter demographic rates, increasing mortality and decreasing 514 

growth rates. We find that the degree to which crown damage results in increases in carbon starvation 515 

mortality is highly dependent on model configuration. Carbon starvation mortality occurs in FATES 516 

when stored carbon is less than the allometric target leaf carbon for a given DBH. If the stored carbon 517 

pool is reduced when trees are damaged then the conditions for carbon starvation are more frequently 518 

met. This is exacerbated when root and stem respiration are high relative to photosynthesis. Following 519 

damage, photosynthetic capacity is reduced. In order to meet respiratory demand from remaining 520 

undamaged tissues with limited photosynthetic capacity, damaged trees deplete their stored carbon 521 

pool, triggering carbon starvation mortality. When we configure FATES with both reductions in stored 522 

carbon and a high ratio of root and stem to leaf respiration, we find that carbon starvation mortality 523 

increases in understory trees in line with observed increases in mortality with damage. Carbon 524 

starvation mortality in canopy trees is overestimated under this configuration.  In contrast, when 525 

storage carbon is not reduced in damaged trees, and the ratio of root and stem to leaf respiration is 526 

low, damage leads to small increases in carbon starvation mortality, and only in severely damaged, 527 

small trees.  528 

 529 

An improved understanding of allocation and storage in damaged trees, as well as data on stem and 530 

root respiration rates, could help to constrain the representation of damage and recovery in FATES. 531 

Carbon storage is often estimated by measuring the concentration of non-structural carbohydrates 532 

(NSCs). NSCs have a broad range of functions in trees including acting as a buffer between carbon 533 

supply and demand and maintaining hydraulic integrity, (see (Hartmann & Trumbore 2016)). Defoliated 534 

trees have been found to increase the concentration of NSCs in their tissues, possibly to increase their 535 

safety margins in the face of uncertain future environments (Sala et al. 2012). New approaches to 536 

quantify NSC dynamics over a range of timescales are providing new insights into the role of stored 537 

carbon in regulating tree response to environmental stress (Blessing et al. 2015) and could help inform 538 

how we represent the physiological response to crown damage in vegetation models.   539 

 540 
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We find that carbon starvation mortality in the model results when root and stem respiration outpace 541 

carbon acquisition. In reality, experiments suggest that allocation to root biomass is reduced following 542 

defoliation, in order to maintain carbon balance (Eyles et al. 2009; Stevens et al. 2008). If damaged 543 

trees are also likely to reduce their root biomass (especially of active tissues) following damage, they 544 

may be able to limit carbon starvation mortality. This scenario is more similar to our low root N 545 

simulations, in which damage does not lead to an increase in carbon starvation mortality. Allometric 546 

optimization under a range of environmental conditions is a large field of research (Dybzinski et al. 547 

2011; (Farrior et al. 2013; Trugman et al. 2018), and future work will focus on investigating the impacts 548 

of different allocation strategies on recovery and mortality following damage.  549 

 550 

 It is likely that some combination of mechanisms including, but not limited to, carbon starvation 551 

mortality are responsible for observed increases in mortality with damage. Damage can create entry 552 

points to pathogens or make a tree vulnerable to windthrows (Taylor & MacLean 2009), while 553 

droughted trees with crown dieback may frequently die of hydraulic failure rather than carbon 554 

starvation mortality (Adams et al. 2017; McDowell & Sevanto 2010; McDowell et al. 2008; Rowland et 555 

al. 2015). The optional damage-dependent mortality term introduced in the crown damage module is 556 

designed to capture the increased risk of mortality in damaged trees by mechanisms not represented in 557 

FATES. 558 

 559 

Crown damage decreases growth rates 560 

Under all configurations of FATES, crown damage decreased diameter growth rates. It is estimated that 561 

15-45% of aboveground woody productivity is replacement of branch loss (Gora et al. 2019; Malhi et al. 562 

2014; Marvin & Asner 2016), although some portion of this is branch turnover rather than tree 563 

damage. In our simulations, the degree to which NPP is used for replacement of branches versus 564 

diameter increment is determined by the recovery scalar parameter. When recovery is high, we see a 565 

reduction in diameter growth rates in the heavily damaged trees, as NPP is used to replace branches 566 

and leaves. When recovery is low, NPP is used for diameter growth, at the expense of regrowing the 567 

canopy. This approach allows us to capture contrasting patterns of growth observed in damaged trees. 568 

For instance, following severe drought damaged trees can continue to grow radially for several years 569 

until death (Anderegg et al. 2013; Rowland et al. 2015). This paradoxical observation can be explained 570 

by carbon allocation optimality models that suggest trees must prioritize repair of damaged xylem 571 

vessels in order to recover, especially under dry conditions (Trugman et al. 2018). In other studies of 572 
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drought-damaged trees, and in hurricane-damaged trees, reduced growth rates have been observed 573 

for over 10 years (Berdanier & Clark 2016; Tanner et al. 2014). Reduced growth rates following 574 

disturbance can compound (Umaña and Arellano, 2021) with negative implications for the forest 575 

carbon budget (Yang et al. 2018). As we link the crown damage module in FATES to explicit drivers and 576 

physiological mechanisms of mortality, we will test how different rates of recovery impact mortality 577 

and competitive dynamics. 578 

 579 

Lags between damage and mortality  580 

We also expected that lags between damage and mortality would alter dynamics relative to equivalent 581 

instant increases in mortality, i.e. simulations with a damage-dependent mortality term but no 582 

reduction in crown biomass or crown area. The crown damage module leads to smaller decreases in 583 

AGB and carbon residence time than equivalent instant increases in mortality. Damage results in a loss 584 

of biomass from damaged trees, but there is a compensatory effect whereby smaller crowns allow 585 

more trees to fit into the canopy where they have faster growth rates. Although the net effect of 586 

damage is still a decrease in AGB, the decrease is not as large as when all biomass is lost instantly as in 587 

the mortality only simulation.  588 

 589 

There are trade-offs when adding new functionality to a model like FATES between improved predictive 590 

capabilities and increased computational costs, along with additional process and parametric 591 

uncertainty. This is our first exploration of these trade-offs using the crown damage module in FATES. 592 

We compared these first simulations against data from BCI,  a tropical forest that historically has not 593 

been subject to catastrophic disturbance. In these simulations it is not clear that the damage module 594 

leads to a significantly better fit to observations than simulations with an equivalent instant increase in 595 

mortality. However, a more realistic representation of disturbance may be important in other cases. 596 

Disturbances are critical for explaining forest size distributions (Farrior et al. 2016) and have important 597 

implications for successional dynamics, as increased light levels in the understory favor fast-growing 598 

light-demanding species (Brokaw 1987). Given that a significant proportion of canopy turnover is 599 

attributed to disturbance-driven crown damage (Araujo et al. 2021; Chambers et al. 2001), 600 

representing this process is important for correctly estimating size distributions, and the impact of 601 

canopy gaps on recruitment and succession. Further,  periodic, severe disturbances can cause high 602 

levels of defoliation and branch loss (Liu et al. 2018) with impacts that can last for months (Lodge et al. 603 
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1991). In future work we will therefore test how higher rates of crown damage influence forest 604 

recovery following large-scale disturbance.  605 

 606 

In the sensitivity analysis to the number of crown damage classes we find that it is the inclusion of 607 

severely damaged trees (80% crown loss) that most impact forest dynamics (Fig. S7). Including 608 

additional damage classes with lower rates of crown loss did not change dynamics relative to 609 

simulations which only included undamaged and severely damaged trees. Since having fewer damage 610 

classes limits the number of cohorts that need to be simulated, this significantly reduces the 611 

computational cost of simulations. Simulations with just two damage classes were 20% slower than the 612 

control run with the damage module off, whereas simulations with five damage classes were 84% 613 

slower than the control. Given these results, we recommend that the damage module only be used in 614 

areas of high disturbance, and only with two damage classes to simulate undamaged, and highly 615 

damaged cohorts.  616 

 617 

The ability to recover from damage alters successional dynamics 618 

Differences in the ability to tolerate and recover from crown damage is another axis of variation that 619 

determines PFT response to disturbance and successional dynamics. We find that PFTs with the ability 620 

to recover outcompete PFTs with no recovery (which never regrow back to the default allometry) 621 

despite the short term decrease in DBH growth rates. In these simulations PFTs differed only in their 622 

recovery ability, but it is likely that a suite of functional traits will determine both susceptibility to 623 

damage and the ability to recover (Hogan et al. 2018; Paz et al. 2018; Uriarte et al. 2004). For example, 624 

higher wood density and lower specific leaf area (SLA) were associated with lower rates of damage in 625 

an Australian rainforest following Tropical Cyclone Larry (Curran et al. 2008). Single PFT simulations 626 

using FATES were able to reproduce LANDSAT observations of biomass recovery from windthrow at a 627 

site in the Central Amazon (Negrón-Juárez et al. 2020). However, to capture observed changes in 628 

functional composition in response to disturbance, it will be necessary to simulate multiple PFTs that 629 

differ in traits determining  susceptibility to and recovery from disturbance, for instance leaf water 630 

potentials and wood density (Powell et al. 2018). Identifying relevant trade-offs relating to disturbances 631 

and competitive dynamics, and the underlying functional traits will be key to understanding both the 632 

dynamics of co-existence, and also how changes to disturbance frequency and severity will alter future 633 

community composition (Flake et al. 2021; Powell et al. 2018). 634 

 635 
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Linking damage to specific environmental drivers will allow interactions between disturbances 636 

Interactions between disturbances may alter final mortality rates via their effects on crown condition, 637 

and these effects may be difficult to capture in vegetation models unless crown damage is explicitly 638 

modeled. Many types of disturbance are predicted to increase in either frequency and or intensity,  639 

including droughts (Trenberth et al. 2013), wildfires (Westerling et al. 2011), pest and pathogen 640 

outbreaks (Seidl et al. 2018), cyclones (Balaguru et al. 2018), and anthropogenic disturbance (Hurtt et 641 

al. 2020). These disturbances often overlap spatially and temporally, with compounding impacts on 642 

mortality rates. For instance, a severe drought may not kill a tree, but might make it more susceptible 643 

to death from another source such as insects (Anderegg et al. 2015; Gaylord et al. 2013), wind damage 644 

(Csilléry et al. 2017) or future droughts (Anderegg et al. 2013). In southeastern Amazonia, 645 

intensification of the dry season has led to an increase in wildfires, resulting in the forest there 646 

transitioning from a carbon source to a carbon sink (Gatti et al. 2021). In current models, these 647 

synergistic stresses aren’t resolved, and are instead aggregated into a constant background mortality 648 

term that is likely under-responsive to changes in disturbance regimes and environmental conditions. 649 

Tracking damage in vegetation models enables a representation of the legacy of previous stresses and 650 

the ways that disturbances compound to drive regional patterns of mortality. Future work will focus on 651 

linking crown damage with environmental drivers and testing the sensitivity of mortality to changes in 652 

disturbance regimes.  653 

 654 

 655 

Conclusions 656 

We introduced a crown damage module into FATES, enabling us to test the impact of event-based 657 

crown damage on forest size structure and carbon cycling dynamics. Crown damage leads to decreases 658 

in AGB and carbon residence time, as well as decreases in the canopy height threshold. Comparing 659 

these simulations with versions without damage but with equivalent increases in mortality, we find 660 

that decreases in AGB and carbon residence time are largely due to increased mortality. Nevertheless, 661 

decreases in growth rates of damaged trees alter the competitive dynamics of PFTs, with PFTs that are 662 

able to recover crown biomass outcompeting those that are not. Linking the crown damage module 663 

with environmental drivers of damage and physiological mechanisms of death will further our 664 

understanding of how forests will respond to a changing climate and altered disturbance regimes.  665 

 666 

 667 
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Tables  719 

Table 1. Model configurations. 720 

Simulation 
number 

s1 s2 s3 s4 s5 s6 s7 

Name Control Damage 
only 

Mortality 
only  

Damage + 
mortality 

Two PFTs High root 
N control 

High root N 
damage 

Root N 
stoichiometry 

0.029 0.029 0.029 0.029 0.029 0.066 0.066 

Damage No Yes No Yes Yes No Yes 
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Carbon 
storage 
decrease with 
damage 

- No - No No -  Yes 

md term 
(additional 
damage-
driven 
mortality) 

- No Yes Yes Yes - No 

Damage rate 
(% yr-1) 

- 1 1 1 1 - 1 

Recovery (fr) - 0 0 0 0, 1 - 0 

PFTs 1 1 1 1 2 1 1 

Allocation to 
storage 

1.2 1.2 1.2 1.2 1.2 1.2 1.2 

Stochastic PPA No No No No Yes No No 

 721 
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