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Abstract. The competition, especially for light, is a funda-
mental determinant of the structure and composition of a
forest. Large-scale forest models must balance real-world
complexity with computational demand and poorly con-
strained parameters. The LPJ-GUESS dynamic global veg-
etation model has a strong track record of simulating for-
est composition and tree demography with a simple repre-
sentation of forest canopies. However, its current approach
is limited in its ability to explore the functional coexistence
of trees within forest patches or to represent the full impli-
cations of forest management actions that create heteroge-
neous light conditions on the forest floor. This is because
LPJ-GUESS currently represents forest canopy light trans-
mission with vertically overlapping crowns, neglecting any
horizontal structural heterogeneity. Whilst computationally
efficient, this scheme does not allow for a realistic represen-
tation of light distribution on forest floor following tree death
or harvest.

Here we describe the implementation of a new scheme
with spatially explicit canopies, where tree cohorts have a
fixed position within a patch, enabling simulation of for-
est floor light conditions that better captures spatial vari-
ation, especially following disturbances such as tree death
or harvest. Additionally, we test a lower-complexity canopy
scheme based on the perfect plasticity approximation.

To evaluate these developments, we conducted four assess-
ments. First, we evaluated the model’s performance against
field observations of aboveground woody biomass, mortal-
ity, and productivity across diameter size classes. Second,
we examined their ability to represent tree functional co-
existence. Third, we explored how forest harvest influenced
the re-establishment of a woody understory. Lastly, we con-
ducted two sensitivity tests.

Results show that the spatially explicit canopy scheme im-
proves the representation of forest tree size structure and dy-
namics across boreal, temperate, and tropical regions. It en-
ables functional coexistence without the influence of large-
scale disturbances, captures the interplay of forest gap dy-
namics with the establishment of a recruitment layer, and
produces more realistic understory light environments and
competitive interactions, capabilities not achievable with
the standard canopy scheme. By capturing these dynamics
without requiring explicit individuals, the scheme expands
methodological options for bridging individual-based and
cohort-based models, while avoiding abrupt canopy-layer
transitions and enabling a more gradual and ecologically
consistent representation of canopy reorganization. This im-
proves the representation of stand structure and key demo-
graphic processes, enhancing the model’s capacity to simu-
late forest dynamics, resource fluxes, and responses to envi-
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ronmental change, while improving alignment with observa-
tional data.

1 Introduction

Forest demography is the study of how tree populations
change over time through processes such as recruitment,
growth, and mortality. From these processes emerges a com-
plex mosaic of individual trees of different size, age, and
species. The emergent forest structure and composition then
govern its capability to react to environmental changes, dis-
turbances, and climate variability (Waring and Running,
2010). A correct representation of forest structure and de-
mographic processes are therefore crucial for forecasting
ecosystem services like carbon sequestration, biodiversity,
and resilience to extreme events and disturbances (Brocker-
hoff et al., 2017; McDowell et al., 2020).

One of the primary drivers of forest dynamics is competi-
tion, whether for light, water, or nutrients, which shapes the
structure and composition of vegetation within a forest. The
vertical and horizontal distribution of trees within the for-
est canopy determines how photosynthetically active radia-
tion (PAR) is partitioned, influencing the growth and produc-
tivity of different trees and other forest species. Taller trees
typically absorb more light, overshadowing shorter trees in
the understory and, thus, affecting their growth, survival, and
succession (King, 1990; Niinemets and Kull, 1995). Not only
does the vertical distribution of trees within the canopy play a
crucial role, but spatial interactions in general. As neighbour-
ing trees compete for resources, their spatial arrangement
determines their individual success, as well as the overall
structure and function of the forest (Pacala and Deutschman,
1995; Kunstler et al., 2012). Physical arrangements and in-
teractions result in the establishment of spatial heterogeneity,
supporting the creation of canopy gaps, which allow light to
reach various forest layers, facilitating species coexistence,
succession, and the promotion of biodiversity by generating
diverse micro-environments (Brokaw and Busing, 2000). Be-
yond that, disturbances, ranging from individual tree mortal-
ity to large stand-replacing events, further shape forest struc-
ture and composition (Hardiman et al., 2013). The dynamic
interplay between light availability, stand structure, and dis-
turbance regimes drives ecological processes such as species
interactions and forest succession. Such processes, in turn,
influence ecosystem resilience, helping forests recover from
disturbances and maintain their ecological function.

To understand this complex interplay of forest dynamics,
demographic modelling is a critical tool to advance our un-
derstanding of forest ecology (Lavorel and Garnier, 2002).
Through the simulation of vegetation demography, we can
gain insights into plant population interactions, ecosystem
health, and resilience, as well as better predict environmental
responses and inform sustainable forest management strate-

gies (Sitch et al., 2008). In recent years, various approaches
have been developed to model forest dynamics, striving to
balance model fidelity with its complexity (Shugart, 1984;
Moorcroft et al., 2001; Strigul et al., 2008). Vegetation de-
mographic models (VDMs) are powerful tools for generat-
ing ecological forecasts, as they simulate the complex in-
teractions between plants, climate, and both biotic and abi-
otic factors. These models typically incorporate key pro-
cesses such as photosynthesis, respiration, as well as car-
bon, nutrient, and water cycling, all of which are essential for
capturing the complex functioning of ecosystems (Fisher et
al., 2018). By resolving demographic processes, VDMs can
represent how plant populations respond to internal dynam-
ics (e.g. establishment, growth, and mortality) and external
drivers such as climate change, land-use change, manage-
ment or natural disturbances. One such model, LPJ-GUESS,
has represented forest demography for over 25 years. LPJ-
GUESS uniquely combines an individual- and patch-based
representation of vegetation dynamics with ecosystem bio-
geochemical cycling, making it well-suited for simulating
forest structure, species composition, and demographic pro-
cesses (Smith et al., 2001, 2014).

Over the years, LPJ-GUESS has proven to be highly ca-
pable of modelling forest ecosystem processes. The repre-
sentation of vegetation composition and structure is achieved
by grouping tree individuals based on their plant functional
types (PFTs) and age classes into cohorts, which represent
groups of trees with similar ecological characteristics. Indi-
vidual trees within a cohort do not compete among them-
selves for light, as they are assumed to be perfectly aligned,
with the total crown area representing the sum of all individ-
ual tree crown areas in the cohort. For resources such as water
and nutrients, all individuals within a cohort are assumed to
experience the same level of limitation, if any, and therefore
do not compete among themselves. Competition for essen-
tial resources such as light, water, nutrients, and space only
occurs between cohorts within the modelled area (patch).
By simulating the competition between cohorts of different
PFTs and age classes, LPJ-GUESS captures changes in forest
structure and composition over time, especially in response
to stand-replacing disturbances (Hickler et al., 2012; Smith
et al., 2014; Pugh et al., 2024). Such simulations reflect nat-
ural forest succession, where cohorts of fast-growing, shade-
intolerant and early successional PFTs occupy open areas,
rapidly generating shade that suppresses their own seedlings.
As the forest matures, the environment becomes more con-
ducive to the establishment of shade-tolerant, late succes-
sional PFT cohorts.

To account for the stochastic nature of ecological pro-
cesses and the inherent heterogeneity of the landscape, LPJ-
GUESS simulates multiple replicate patches per grid cell,
each evolving independently to capture variability in pro-
cesses such as establishment, mortality, and disturbance, pro-
cesses that in turn shape vegetation composition, structure,
and forest dynamics, including age structure and productiv-

Geosci. Model Dev., 19, 3595–3615, 2026 https://doi.org/10.5194/gmd-19-3595-2026



J. E. Stoebke et al.: A new canopy scheme for LPJ-GUESS 3597

ity. As an example, LPJ-GUESS simulates how changes in
disturbance regimes, such as shifts in the frequency of stand
replacing events, influence the forest carbon sink, either in-
creasing or decreasing it depending on disturbance return
times and forest type (Pugh et al., 2019b). Also, the simu-
lation of fire regimes and their impact on forest demography
provides valuable insights into how changing fire frequen-
cies influence forest composition and structure (D’Onofrio
et al., 2020). Furthermore, LPJ-GUESS incorporates nutrient
limitations, which are critical in shaping forest composition
and structure. When simulating boreal forests, for instance,
alleviating nutrient limitations on productivity could lead to
forest densification in a warmer future climate (Wårlind et
al., 2014). All in all, these capabilities make LPJ-GUESS a
versatile tool for simulating forest dynamics in response to a
wide range of ecological and environmental factors.

While LPJ-GUESS has proven successful in modelling
dynamic forest responses thanks to representing demogra-
phy, the increasing availability of observational data has re-
vealed some limitations in the model pertaining to capturing
finer-scale processes (Pugh et al., 2019b; Dietze et al., 2018;
Van der Plas et al., 2018). For instance, the model relies on
stand-replacing disturbances as proxies for all types of distur-
bances, which is an oversimplification that leads to the under-
representation of vertical forest structure shaped by smaller-
scale disturbances, which are more common in reality. As a
consequence, it struggles to accurately represent tree size dis-
tribution and species composition, when assessed at a small
scale. Moreover, the model tends to simulate a persistent
dominance of late-successional PFTs in old-growth forests,
which may overlook the ongoing compositional changes and
structural complexity present in many natural forests. While
such dominance has been documented in certain systems
(Brzeziecki et al., 2020), numerous old-growth forests con-
tinue to exhibit dynamic and diverse community structures
over time (Waterman et al., 2020). Incorporating horizontal
variability within forest ecosystems is another crucial con-
sideration. For example, LPJ-GUESS has difficulties in sim-
ulating regeneration patterns after small scale natural mor-
tality and harvest events, where pioneer PFTs should rapidly
colonise newly created small gaps. Pacala and Deutschman
(1995) demonstrated that mean-field models, i.e. models
which often ignore horizontal heterogeneity within a patch,
can underestimate basal area by as much as 50 % compared
to models that account for spatial variability, underscoring
the importance of integrating horizontal patchiness into for-
est demographic simulations.

These shortcomings might be less relevant for large trop-
ical trees but become important for the majority of trees,
which have much smaller crowns than the patch size, partic-
ularly during forest regeneration. This highlights the need for
further improvements in the model’s canopy structure repre-
sentations, which are central to simulating small scale forest
dynamics. Currently, LPJ-GUESS distributes each cohort’s
leaf area evenly across the entire patch, disregarding the ac-

tual crown area, which results in a horizontal uniform light
distribution over the patch. This uniformity prevents the for-
mation of light gaps, hampering regeneration and species co-
existence. To address the above issue, we have developed a
new light transmission scheme called the “spatially-explicit
canopy” (SEC). This novel scheme aims to provide a more
accurate representation of the horizontal canopy structure,
particularly in the absence of large disturbances, as well as
to enhance species coexistence and allow simulation of the
re-establishment of shade-intolerant PFTs in relatively small
canopy gaps following individual tree mortality or harvest
events.

In this paper, we present a detailed description of the
spatially-explicit canopy scheme, SEC, and evaluate its per-
formance in several key areas. We (1) evaluate its ability to
capture stand structure and dynamics using data from forests
around the world; (2) assess its improved representation of
functional coexistence, here defined as the persistence of
multiple PFTs within a single patch; (3) examine how sen-
sitive the simulated re-establishment is to different harvest
intensities, as a proxy for gap size; and (4) test the scheme’s
responsiveness to key parameters, such as wood density, es-
tablishment rates, and mortality.

2 Methods

2.1 Model description

Historically, LPJ-GUESS (Smith et al., 2001, 2014; Sitch et
al., 2003) employed a “vertically overlapping crowns” ap-
proach to represent canopy structure (Fig. 1a). This approach
is referred to as LPJ in this context. In the LPJ canopy struc-
ture scheme, horizontal spatial structure within a patch was
not considered for light absorption. Instead, the scheme rep-
resents canopy structure purely in the vertical dimension, us-
ing cohort bole and total height derived from pipe model-
based allometric relationships (Shinozaki et al., 1964a, b;
Waring et al., 1964; Smith et al., 2001, 2014). The actual
crown area was not directly accounted for, as the leaf area
of each cohort was assumed to be uniformly distributed
both horizontally across the patch and vertically through the
canopy, resulting in a well-mixed leaf distribution.

The fraction of incoming PAR (fPAR) absorbed by each
cohort was calculated using the Lambert-Beer law (Prentice
et al., 1993; Smith et al., 2001), which assumes that cohorts
shade themselves and the cohorts beneath them

fPAR(z)= 1− e−kLAI(z) (1)

where fPAR(z) denotes the fraction of PAR at canopy depth
z (m), k is the light extinction coefficient, and LAI(z) is the
summed leaf-area index (LAI; m2 m−2) of leaves from all co-
horts above canopy depth z. For canopy sections with more
than one cohort, fPAR was distributed among the cohorts
based on each cohort’s LAI fraction in that section, assum-
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Figure 1. Canopy structure representation of four tree cohorts in a single LPJ-GUESS patch. (a) Standard LPJ-GUESS (LPJ) – in this
scheme, the canopy lacks a heterogeneous horizontal structure. The leaf area is evenly distributed across the entire patch, and the canopy
structure is determined solely by the tree and bole height of each cohort. In this example, the canopy has a single horizontal section with
seven distinct vertical sections in which light absorption needs to be calculated. The bars on the left visualise the depth of each cohort’s
canopy. (b) Spatially-explicit canopy (SEC) – cohorts have fixed positions within the patch. When an individual tree within a cohort dies, the
cohort’s total crown area is reduced, a gap may be created in the canopy. This gap persists over time, allowing new cohorts to establish and
grow under full light conditions. This example has nine vertical sections, the outer sections being identical, whose individual light conditions
are determined in a similar manner as in (a). (c) Perfect plasticity approximation (PPA) – cohorts are organised by tree height, filling the
patch area perfectly. The tallest tree cohorts fill the patch until the cumulative crown area equals or exceeds the patch area. Once the patch is
filled, an understory layer is formed by the next shorter tree cohort. This example has five distinct vertical sections.

ing that all cohorts shared the same extinction coefficient (k).
For the canopy illustrated in Fig. 1a, this resulted in seven
distinct vertical sections that needed to be calculated to deter-
mine each cohort’s fPAR. The remaining fPAR (fPARherb,top)
becomes available on the forest floor for absorption by the
herbaceous understory. The total annual forest floor PAR
(PARest; Jm−2 d−1) then determined whether the light con-
ditions were sufficient for a specific PFT to establish and in-
fluenced both the biomass and the number of newly estab-
lished saplings. The minimum light condition (PARest,min;
Jm−2 d−1) required for fast-growing, shade-intolerant pio-
neer PFTs was higher than that for slow-growing, shade-
tolerant PFTs. In the LPJ approach, the uniform distribu-
tion of each cohort’s leaf area across the entire patch en-
sured that there were no canopy gaps that allowed full light
to reach the forest floor, as long as at least one tree cohort
was present. Consequently, consistent shading provided an
advantage to slow-growing, shade-tolerant PFTs, as the for-
est floor remained constantly shaded. Instead of represent-
ing actual canopy gaps, the LPJ scheme simulated canopy
gap dynamics by using a large set of replicate patches. Each
patch faced a patch-destroying disturbance with a probabil-
ity corresponding to an average return interval of 100 years
(Smith et al., 2014; Pugh et al., 2019a). In this study, we
examined the effect of this patch-destroying disturbance by
having it turned on (LPD) and off (LPJ). Another issue with
uniformly distributed leaf area across the patch was that in a
patch containing a single tree cohort, where its total crown
area (CAi ; m2) only covered a fraction of the patch, the
fPAR of that cohort was overestimated, according to Eq. (1),
compared to if the cohort’s leaves only covered its actual
crown area. This occurred because the leaves were spread
over a larger area, resulting in less self-shading than what
would occur with a more realistic crown area. Consequently,
this could lead to an unrealistically low tree density (under-

crowding). In highly productive sites, a single large cohort
with high LAI could potentially shade all shorter cohorts to
the point of death caused by reduced growth efficiency. This
can occur even if the taller cohort’s CAi covers only a frac-
tion of the patch. Conversely, over-crowding could occur be-
cause the CAi did not limit tree density in a patch unless
CAi of an individual cohort exceeded its maximum available
crown area (CAmax,i ; m2), which corresponded to the entire
patch area (0.1 ha) in LPJ. Self-thinning was triggered only
when CAi > CAmax,i , implemented as an increased proba-
bility of mortality (mortself); otherwise, no self-thinning oc-
curred (Eq. 2). This self-thinning response was determined
solely by the crown area of the individual cohort and did not
depend on the total crown area of all cohorts within the patch.

mortself =

{
0 CAi ≤ CAmax,i
CAi−CAmax,i

CAi
CAi > CAmax,i

(2)

To overcome limitations of the LPJ approach associated with
its lack of horizontal spatial structure, the new SEC canopy
scheme was introduced. In SEC (Fig. 1b), the centroid of a
cohort’s aggregated crown area, representing the combined
crown area of all individuals within the cohort, was assigned
a fixed position within the patch, enabling gaps created by
tree mortality to persist over time. This approach represented
an intermediate level of spatial complexity, bridging the gap
between the standard non-spatial scheme and fully spatially
explicit individual-based models while remaining computa-
tionally efficient. The representation of canopy gaps pro-
vided optimal light conditions at the forest floor, promoting
the establishment of shade-intolerant PFTs. Over time, the
size of the gap decreased as overstory cohorts grew, occupy-
ing more space as their crown area increased. The centroid
of each cohort was defined in a one-dimensional space 2 ∈
[0,2π ], representing its placement on a circle. This method
eliminated border issues, such as when growing cohorts ex-
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tended beyond their patch boundaries, as each cohort seam-
lessly continued in space (see green and purple cohorts in
Fig. 1b). The calculation of fPAR for each cohort followed
a similar method to that of LPJ, using Eq. (1). First, unique
vertical sections were identified (eight in Fig. 1b). The light
absorption in each section was then calculated using the same
approach employed in LPJ. Unlike LPJ, the SEC approach
then considered the variation in forest floor light conditions
across the different sections. This made it possible for the leaf
area of the herbaceous understory to be dynamically adjusted
for each horizontal section to optimise total light absorption.
Since the minimum PAR requirement for establishment var-
ied among PFTs, the fraction of the patch where each PFT
could be established also differed. The forest floor was di-
vided into a fixed number of horizontal sections (Nff; set to
100 in this study), with annual PAR calculated for each sec-
tion. Consequently, only a fraction of these sections (fest;
Fig. 2) had light conditions that met PARest,min for a given
PFT. The average annual PAR across these sections deter-
mined how many new saplings could be established for that
PFT over the total patch area. If a PFT could not establish
across the entire patch area, the total number of saplings as-
signed to that PFT was scaled by fest. A new cohort was
created for every ten saplings of a PFT. To avoid excessive
cohort creation and maintain model performance, the num-
ber of new cohorts per PFT was capped at four per year.
If the total number of saplings exceeded 40, the number of
saplings assigned to each cohort was increased proportion-
ally. Additionally, CAmax,i was updated, as self-thinning oc-
curred when CAi exceeded fest plus the crown area of an
individual tree within the cohort. The biomass of newly es-
tablished saplings was also adjusted by fest,bm (Eq. 3; Fig. 2)
to account for the mean PARest relative to the maximum PAR
(PARest,max; Jm−2 d−1) in the forest floor sections that met
the establishment requirements (Nff,est).

fest,bm =
1

Nff,est

Nff∑
i=1

{
0 PARest,i ≤ PARest,min

PARest,i
PARest,max

PARest,i > PARest,min
(3)

Each new PFT cohort’s position was randomly selected from
a weighted probability distribution based on the light condi-
tions of each forest floor section that exceeded PARest,min.

To enable comparison, we introduced a perfect plasticity
approximation (PPA) canopy scheme in LPJ-GUESS, based
on the work of Strigul et al. (2008), Purves et al. (2008),
and Fisher et al. (2010, 2018). In PPA, tree cohorts were
organised according to height and arranged to perfectly fill
the patch area. The tallest cohorts were assigned to the patch
until their cumulative crown area equalled or exceeded the
patch area. Once the patch was filled, an understory layer was
created with the next tallest tree cohorts. If a cohort’s crown
area could not fully fit within a single canopy layer, it was
distributed across multiple layers (see blue cohort in Fig. 1c).
Horizontal sections and light absorption within them were
determined as per the SEC scheme, which resulted in the cre-

ation of five distinct vertical light profiles for the example in
Fig. 1c. The herbaceous layer and light conditions for estab-
lishment were modelled similarly to the SEC scheme. In the
PPA scheme (Strigul et al., 2008), each understory canopy
layer receives the average light that penetrates through the
layer above it. As a result, the position and height of cohorts
within these layers become redundant, except for their allo-
cation to specific layers. We modified this by assigning co-
horts a specific horizontal position based on their height, al-
lowing understory cohorts to intersect with the canopy layer
above them if their height exceeded the bole height of the
cohort above (see blue and green cohorts in Fig. 1c). This
allowance for cohorts to occupy overlapping vertical space
across canopy layers represents a key distinction from other
implementations of the PPA framework (e.g. FATES; Fisher
et al., 2015), in which cohorts from different canopy layers
cannot intersect or interact. PPA shares similar challenges to
LPJ when it comes to gap dynamics. If the total crown area of
all cohorts exceeds the patch area, no gaps form within the
canopy. To address this, some implementations of the PPA
scheme introduced a gap fraction (η) that represents small
gaps between trees within a cohort (Weng et al., 2015; Fisher
et al., 2018). This feature allows more light to penetrate the
canopy layers, improving light conditions for the understory
and resulting in more realistic understory behaviour. How-
ever, our PPA representation did not incorporate this gap
fraction tweak, so gaps only occurred when the total crown
area of all cohorts was less than the patch area. Instead, we
focused on structural features, such as tree and bole height,
crown area, and cohort light interactions, as described ear-
lier, as well as distinct forest floor light conditions for estab-
lishment. We considered these aspects to be more relevant to
our study. Self-thinning in our PPA implementation was gov-
erned by both the general dynamic growth efficiency mortal-
ity and the over-crowding self-thinning mechanism, the lat-
ter as updated for SEC (Eq. 2). Additionally, the PPA method
for organising the canopy horizontal structure led to dynamic
promotion and demotion of cohorts between layers, depend-
ing on growth and mortality.

2.2 Model simulations

To validate the new canopy structure schemes, we performed
model simulations using all four canopy schemes: LPJ, LPD,
PPA, and SEC. For all schemes, we applied the standard LPJ-
GUESS parametrisation without performing any additional
scheme specific calibration. The model simulations were
driven by the CRUNCEP global reanalysis climate dataset
version 7 (Viovy, 2016), using a 30 year de-trended historical
climatology from 1971 to 2000 to establish an equilibrium
soil and vegetation condition over a 500 year spin-up period
starting from bare ground and equal weighting between in-
dividuals of viable PFTs. During this spin-up phase, we in-
troduced a stochastic, generic patch-destroying disturbance
with a mean return interval of 100 years. After 500 years, a
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Figure 2. A visualisation of fest,bm and fest for new establishment using SEC (Fig. 1b). The visualisation includes the establishment of
two PFTs: a shade-intolerant pioneer PFT (green lines) and a slow-growing, shade-tolerant PFT (purple lines). The range between dotted
lines represents fest, while the dashed lines indicate the mean PARest,i for the fest ranges, and the solid lines show PARest,min. The value of
fest,bm is calculated as the ratio between the mean PARest,i to PARest,max described in Eq. (3).

disturbance event reset the vegetation to bare ground, initiat-
ing a regrowth phase that lasted for an additional 1000 years
under the same de-trended climate forcing. During this re-
growth phase, no further disturbances were introduced, ex-
cept in the LPD simulations, where disturbances continued
with a 100 year mean return interval. Across all canopy struc-
ture schemes and for the full duration of the simulations, we
used 100 replicate patches. The only exception was a sensi-
tivity analysis in which the number of patches was varied.
Fire was disabled for all simulations. The model was config-
ured with 11 PFTs, as described in Table 1.

2.3 Model evaluations

The model evaluation for stand structure and dynamics
primarily relied on observations of aboveground woody
biomass (AGB; t C ha−1 cm−1 DBH), aboveground woody
mortality (AWM; tCha−1 yr−1 cm−1 DBH), and above-
ground woody productivity (AWP; tCha−1 yr−1 cm−1 DBH)
collected from 25 large forest plots, as presented by Piponiot
et al. (2022). To enable model comparison, the data are
processed to tCha−1 yr−1 cm−1 DBH, i.e. AGB, AWP and
AWM are provided across different diameter at breast height
(DBH) size classes. For AGB, we standardised the obser-
vations into 16 DBH size classes: < 1, < 5, < 10, < 15,
< 20, < 30, < 40, < 50, < 60, < 70, < 80, < 90, < 100,
< 150, < 200, and > 200 cm. For AWM and AWP, the data
were already standardised into 9 DBH size classes: < 5,
< 10,< 20,< 30,< 40,< 50,< 100,< 200, and< 500 cm.
We excluded the smallest and largest size classes (< 1 and
> 200 cm) for AGB as well as the largest size class (< 500)
for AWP and AWM.

The forest plots: SERC, MBW, and Palamnui were ex-
cluded from the analysis due to low growth biases detected
during initial LPJ-GUESS simulations. Since this study aims

to assess the impact of the new canopy structure representa-
tion rather than basic growth processes, these sites were not
suitable for our tests. The San Lorenzo site was excluded be-
cause its coordinates, when converted to the climate-forcing
resolution, corresponded to those of Barro Colorado Island.
The Barro Colorado Island entry was updated to match the
data provided by Legendre and Condit (2019). It is worth
noting that some data from Piponiot et al. (2022) were gap-
filled where discrepancies between observed and expected
values occurred. Additionally, several study sites were sub-
ject to disturbance events of both natural and human origin.
Table 2 offers a summary of all study sites and documented
disturbances, although quantitative details remain limited for
most events (Piponiot et al., 2022). In addition to the exist-
ing study sites, we incorporated AGB data from old-growth
forests in five permanent monitoring plots within Białowieża
National Park (Poland) by Brzeziecki et al. (2016) as well
as data from 57 unmanaged sites across southern and central
Finland by Peltoniemi and Mäkipää (2011). To ensure con-
sistency across datasets, we interpolated the original DBH
size classes from these sources to match the 16 DBH size
classes used in the data compiled by Piponiot et al. (2022).
This resulted in a total of 23 study sites distributed across five
continents, representing three major forest climatic regions:
14 tropical, 5 temperate, and 4 boreal sites (Table 2). The
sites are located in both old-growth and mature secondary
forests.

Our evaluation of the four canopy structure schemes fo-
cused on several key metrics. First, we assessed the accu-
racy of each scheme in replicating AGB, AWM, and AWP as
a function of DBH size classes, comparing the results with
observational data. Second, we examined the emergence of
self-thinning patterns, mortality fluxes and rates, and the dy-
namics of functional coexistence within each scheme. Third,
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Table 1. Description of the plant functional types included in the study, highlighting the parameters that distinguish shade-tolerant from
shade-intolerant PFTs.

PFT Description Shade PARest,min kreprod greffmin estmax
∗ alphar∗ τsap

∗

BNE Boreal needleleaved evergreen Tolerant 350 000 200 0.03 0.05 2.0 0.05
BINE Boreal needleleaved evergreen Intolerant 2 500 000 800 0.09 0.2 11.0 0.1
BNS Boreal needleleaved summergreen Intolerant 2 500 000 800 0.09 0.2 11.0 0.1
TeNE Temperate needleleaved evergreen Intolerant 2 500 000 800 0.09 0.2 11.0 0.1
IBS Broadleaved summergreen Intolerant 2 500 000 800 0.135 0.2 11.0 0.1
TeBS Temperate broadleaved summergreen Tolerant 350 000 200 0.03 0.05 2.0 0.05
TeBE Temperate broadleaved evergreen Tolerant 350 000 200 0.03 0.05 2.0 0.05
TrBE Tropical broadleaved evergreen Tolerant 350 000 200 0.03 0.05 2.0 0.05
TrIBE Tropical broadleaved evergreen Intolerant 2 500 000 800 0.09 0.2 11.0 0.1
C3G Cool (C3) grass – 1 000 000 – – – – –
C4G Warm (C4) grass – 1 000 000 – – – – –

∗ These parameters were not included in the model sensitivity analysis, as they are not directly affected by the new canopy schemes. They are: estmax, the maximum
sapling establishment rate (saplings m−2 yr−1); alphar, a parameter describing the non-linearity of recruitment in relation to understory growing conditions for trees;
and τsap, the annual sapwood turnover rate expressed as a fraction of sapwood C biomass.

Table 2. Overview of the study sites.

Study site Area (ha) Region Longitude Latitude Information

Amacayacu 25.0 Trop −70.27 −3.81 Partly flooded1

Barro Colorado Island 50.0 Trop −79.85 9.15 Small-scale disturbance, ENSO-driven droughts2

Białowieza 15.4 Temp 23.75 52.75 No major disturbance3

Changbaishan 25.0 Boreal 128.08 42.38 Wind, insect outbreaks4

Cocoli 4.0 Trop −79.62 9.99 El Nino5

Danum Valley 50.0 Trop 117.69 5.1 Drought (1997–1998)6

Edoro 20.0 Trop 28.52 1.56 No major disturbance
Finland a Boreal 23.25 62.25 No major disturbance7

Fushan 25.0 Temp 121.56 24.76 Typhoon8

Gutianshan 24.0 Temp 118.12 29.25 No major disturbance
Korup 50.0 Trop 8.85 5.07 Wind throw, lightning, diseases, fires9

Lambir 52.0 Trop 114.02 4.19 Drought (1998)10

Laupahoehoe 4.0 Trop −155.29 19.93 Surface water flow11

Lenda 20.0 Trop 28.65 1.32 No major disturbance
Luquillo 16.0 Trop −65.82 18.33 Hurricanes, landslides, droughts12

Mudumalai 50.0 Trop 76.53 11.6 Winter monsoon, damage through mammals13

Pasoh 50.0 Trop 102.31 2.98 Pig disturbances14

SCBI 25.6 Temp −78.15 38.89 Deer browsing15

Sinharaja 25.0 Trop 80.4 6.4 Small-scale disturbance, selective logging16

Wabikon 25.2 Boreal −88.79 45.55 No major disturbance
Wanang 50.0 Trop 145.27 −5.25 Undercutting of trees17

Wind River 27.2 Boreal −121.96 45.82 Fire (before forest establishment)18

Zofin 25.0 Temp 14.71 48.66 Windstorms5

a 57 unmanaged sites across southern and central Finland (Peltoniemi and Mäkipää, 2011).
References: 1 López-Quintero et al., 2012, 2 Koven et al., 2020, 3 Brzeziecki et al., 2020, 4 Zhang et al., 2023, 5 Piponiot et al., 2022, 6 Douglas, 2022, 7 Peltoniemi
and Mäkipää, 2011 8 Lin et al., 2011,9 Egbe et al., 2012, 10 Potts, 2003, 11 Tweiten and Hotchkiss, 2009, 12 Zimmerman et al., 2021, 13 Sukumar et al., 1999,
14 Peters, 2001, 15 Holm et al., 2013, 16 Alwis et al., 2016, 17 Vincent et al., 2015, 18 Shaw et al., 2004.

we analysed the re-establishment process following harvest-
ing events across the different schemes. Fourth, we con-
ducted two sensitivity tests: the first assessed how variations
in wood density, establishment, and mortality rates affected
functional coexistence, and the second investigated how the

RMSE of AGB, AWM, and AWP, compared to observations,
converged as the number of replicate patches increased.

The first two metrics were evaluated based on the basic
model simulations across all 23 study sites. The analysis of
the re-establishment process, as well as the sensitivity tests,
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was conducted using modifications to the basic simulations.
For the third analysis (re-establishment processes following
a harvesting event), the 1000 year regrowth phase was re-
placed with a harvesting event that occurs 80 years after the
initial patch-destroying disturbance. Since re-establishment
varies with harvest intensity, harvest events of the dominant
cohorts were induced at different intensities: 0 % as a control,
10 %, 20 %, 30 %, 40 %, 50 %, 60 %, and 70 %. Post-harvest
biomass in the recruiting layer was compared with the total
biomass at 10, 30, and 60 years after the event. LPD was
excluded from this analysis to ensure that patch-destroying
disturbances did not affect the outcome. This analysis was
carried out exclusively at the BCI site. The functional coex-
istence sensitivity tests involved pushing three key parame-
ters in LPJ-GUESS to their extremes to examine the potential
for coexistence between shade-tolerant and shade-intolerant
PFTs over time. First, we tested the effect of wood density by
doubling the wood density of shade-tolerant PFTs, thereby
allowing shade-intolerant PFTs to grow taller faster than
shade-tolerant PFTs. Second, we made the establishment of
new saplings more uniform across all PFTs by increasing
the background establishment factor (kbgestab = 0.1) and re-
ducing the PFT-specific reproduction constant (kreprod) by a
factor of ten (Eq. 21 in Smith et al., 2001). These changes
provided less dominant PFTs with a greater opportunity to
establish. Finally, the growth efficiency mortality threshold
(Eq. 31 in Smith et al., 2001), which determines the mini-
mum growth efficiency (greffmin; kgCm−2 leafyr−1) below
which mortality occurs, was lowered for shade-intolerant
PFTs to match that of shade-tolerant PFTs. Lastly, we eval-
uated the impact of the number of replicate patches on the
RMSE of AGB, AWM, and AWP, relative to observations.
For this test, all sites except BCI, BIA, and Finland were run
again with varying numbers of replicate patches (1, 2, 5, 10,
15, 20, 30, 50, and 100) over the full simulation period.

2.4 Analysis framework

The scheme’s performance was evaluated against observa-
tional data using the final simulation year. Both the model
output and observational data were classified into the same
DBH size classes: 16 classes for AGB and 9 classes for
AWM and AWP. To ensure comparability across DBH dis-
tributions, both datasets were standardised to values per unit
cm of DBH. For further analysis, AWM was normalised by
AGB to provide a comparison of the aboveground woody
mortality rates, rather than the flux itself. This approach
was applied to both the observational and model data. All
study sites were evaluated individually and as regional aver-
ages based on temperature. Białowieza and Finland were ex-
cluded from the analysis of AWM and AWP due to missing
data. Independently of the observational data, the scheme’s
mortality fluxes were further analysed in order to under-
stand the changing drivers of mortality. This analysis was
performed for both LPJ and SEC, considering the total of

above- and below-ground mortality instead of AWM. The
fluxes included age mortality, self-thinning mortality, growth
efficiency mortality, and other mortality. Self-thinning and
growth efficiency mortality were grouped into a single class.
The analysis did not consider DBH size classes, as fluxes
were summed across all size classes and evaluated over the
entire 1000 year regrowth period. Mortality rates were com-
puted by dividing fluxes by the total biomass.

Self-thinning dynamics were assessed by examining the
relationship between the number of trees (N ; ha−1) and the
square root of their average quadratic mean diameter (Dg;
cm), following Reineke (1933) and Bellassen et al. (2010),
during the stand regrowth (years 10 to 100) and equilibrium
(years 600 to 1000) phase

ln(N)= c0+ c1 ln(Dg) (4)

where c0 is the intercept and c1 is the slope.
To analyse functional coexistence, we examined biomass

over the entire time series, averaging across all sites, and with
PFTs categorised into three groups: shade-tolerant, shade-
intolerant, and grass. This grouping allowed for a meaningful
comparison of study sites with varying PFT compositions.
The re-establishment test defined the recruitment layer as co-
horts with a DBH smaller than 15 cm. The biomass of the
recruitment layer was divided by total biomass to determine
the fraction of biomass in the recruitment layer. The impact
of varying simulated patch numbers was evaluated by com-
puting the normalised distribution of AGB, AWM, and AWP
across DBH classes, and then calculating the RMSE relative
to observations. This test did not focus on the absolute values
but on the speed at which different canopy schemes converge
to estimate the optimal number of patches required for each
scheme.

3 Results

3.1 Stand structure and dynamics evaluation

When comparing the biomass distribution across size classes
for the final simulation year with the combined observational
data from all biomes, LPJ generally captured the biomass
distributions of large size classes in temperate and boreal
regions (Fig. 3a–c), but tended to underestimate biomass in
smaller size classes in temperate and tropical regions. In trop-
ical sites, the overall overestimation was primarily driven by
excessive biomass in large size classes. Conversely, LPD ex-
hibited a notable leftward shift in the distribution towards
smaller size classes. This shift was a result of the recur-
ring patch-destroying disturbances that reset the patches to
bare ground, increasing the occurrence of small size class
trees. Consequently, LPD significantly underestimated to-
tal biomass compared to the observations. Similar to LPD,
PPA and SEC simulated a greater biomass fraction in smaller
trees. Their more detailed canopy structure allowed them to
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better align overall biomass with the observations, particu-
larly at the tropical study sites. LPJ and SEC had the highest
total mean biomass across the sites of the schemes with 196
and 161 tCha−1, respectively. PPA had a total mean biomass
of 133 tCha−1 and LPD the lowest with 113 tCha−1. The
reason for such low overall biomass for LPD (Fig. 3a–c)
lay again in the recurring patch-destroying disturbances. The
biases in woody biomass-size distributions were ultimately
caused by the interaction between growth and mortality rates.
When comparing the simulated growth rates to observations
over all sites, it became evident that all model versions un-
derestimated the AWP flux (Fig. 3d–f). This general underes-
timation was likely a result of other model biases not related
to the canopy schemes, e.g. GPP or allocation of C to wood,
which was beyond the scope of this work to address. What
is more important for this study was the shape of growth
and mortality rates across DBH size classes, as compared
to the observations. In this regard, LPJ significantly under-
estimated the AWP flux across all size classes, except for
the largest trees. Conversely, LPD exhibited a bias towards
smaller size classes, consistent with its woody biomass bias.
PPA and SEC simulated an AWP flux distribution across size
classes that more closely aligned with observations, although
the absolute values remained lower, with PPA being clos-
est to observed values. When analysing individual regions,
all canopy schemes tended to underestimate the AWP flux
in tropical and temperate study sites (Fig. 3d–f). In boreal
study sites, AWP flux for smaller size classes (up to < 30)
was overestimated by all canopy schemes except for LPJ,
whereas larger size classes were consistently underestimated.
Overall, larger tree cohorts in LPJ accounted for an overly
large share of the AWP flux, whereas in LPD smaller tree
cohorts contributed disproportionately to the AWP flux. In
contrast, PPA and SEC more successfully capture the broad
patterns of AWP flux distribution. Similar to the fluxes of
AGB and AWP, LPJ tended to underestimate the AWM fluxes
for smaller size classes and could not capture the AWM flux
pattern in any of the tropical, temperate, and boreal study re-
gions (Fig. 3g–i). LPD, PPA, and SEC had the same issue
in the boreal study sites. However, they exhibited a better
agreement with observed patterns in tropical and temperate
regions.

All canopy schemes exhibited emergent self-thinning be-
haviour when averaged across all sites during the initial
regrowth phase, the first 100 years of stand development
(coloured circles in Fig. 4). In the LPJ scheme, tree numbers
declined clearly as mean stem diameter increased through-
out regrowth. After about 30 years, the mean number of co-
horts per patch decreased significantly, leaving only a few
cohorts to shape the stand’s structure (Fig. 4a, inset graph).
While LPD initially followed a similar trend to LPJ, dis-
turbances that reset patches caused the cohort numbers to
stabilise, and stem diameter growth levelled off at a lower
value than in LPJ. This stabilisation was a result of patches
frequently resetting to bare ground, effectively resetting the

patch age to zero. In contrast, both PPA and SEC started with
a higher density of smaller-diameter trees, because forest
floor light conditions remained favourable for establishment
longer than in LPJ and LPD. As a result, both schemes ex-
hibited a clear decline in tree numbers due to self-thinning as
stem diameter increased during the regrowth phase. Once the
stand reached around 1100 (650) trees with a mean stem di-
ameter of approximately 18 (22) cm, the SEC (PPA) structure
stabilised due to self-thinning and mortality factors linked to
competition, which created space for new trees to establish.

When comparing mortality fluxes and rates during the
regrowth phase for LPJ and SEC (Fig. 5), both schemes
displayed similar patterns. A strong peak in competition-
based mortality occurred early in the regrowth phase due
to self-thinning. As the stand aged and approached equi-
librium, the dominant mortality mechanism shifted to age-
and size-related competition (Fig. 5). The increasing com-
petition from uneven-size cohorts led to higher mortality, as
the growth efficiency of individual trees decreased due to
shading from larger cohorts. During the equilibrium phase,
LPJ had the fewest trees on average (N = 600), but with
the largest mean DBH (Dg = 20 cm). LPD and PPA reached
similar equilibrium states, with tree densities ofN = 900 and
N = 1200, and corresponding DBH values ofDg = 15.5 and
16.5 cm, respectively. SEC exhibited the highest tree density
(N = 1600) but the smallest DBH (14 cm).

Analysing the Reineke self-thinning slopes (c1) across all
sites (Fig. 4) for the different canopy schemes revealed that
PPA had the steepest overall slope (Table 3) during regrowth,
which meant that its mean DBH increased the least as tree
density decreased. SEC, LPD, and LPJ showed significant
variation across climatic regions, whereas PPA did not. Trop-
ical sites generally exhibited the steepest slopes, except for
PPA, which had the shallowest slope in this region. In tem-
perate zones, LPJ and SEC showed similar slopes, while LPD
had the shallowest slope. In boreal regions, SEC displayed
the shallowest self-thinning slope, leading to the fastest mean
DBH increase as tree density decreased. Overall, the equilib-
rium phase tended to have a steeper slope than the regrowth
phase as tree density fluctuated. PPA had the steepest slope,
with SEC showing the second steepest. LPJ had the shal-
lowest slope, particularly in the boreal region. LPJ and SEC
showed a distinct increase in slope with warmer climates dur-
ing the equilibrium phase.

3.2 Functional coexistence

LPJ simulated initial coexistence of PFTs following the
patch-destroying disturbance event. However, after approx-
imately 150 years, shade-tolerant PFTs began to outcom-
pete shade-intolerant PFTs, ultimately dominating the stands
within 200 to 350 years (Fig. 6a–c). During this period, the
biomass of shade-intolerant PFTs decreased to zero, while
shade-tolerant PFTs maintained relatively stable biomass
levels for the remainder of the simulation. LPD produced
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Figure 3. Comparisons of woody biomass (a–c), aboveground woody productivity (d–f), and aboveground woody mortality (g–i) across
DBH size classes, averaged over biomes. Columns indicate the biomes (from left to right): tropical, temperate, and boreal.

divergent results (Fig. 6d–f); shade-intolerant PFTs main-
tained a stable biomass throughout the simulation, while
shade-tolerant PFTs still dominated the ecosystem on aver-
age across all sites. This dominance was more pronounced in
productive areas, particularly in tropical sites, whereas in bo-
real regions, shade-tolerant dominance was distinct. PPA and
SEC showed a much higher initial biomass peak for shade-
intolerant PFTs compared to LPJ and LPD. In PPA (Fig. 6g–
i), shade-intolerant PFTs initially dominated in all biomes
and maintained this dominance in tropical regions through-

out the simulation. In temperate regions, their abundance de-
clined, as seen in LPJ. In boreal regions, both shade-tolerant
and shade-intolerant PFTs persisted at high levels, consistent
with patterns seen in LPD. In SEC (Fig. 6j–l), temperate sites
generally followed the PPA trend, while boreal sites showed
a slight dominance of shade-tolerant PFTs, but only when the
stands became very old. In tropical regions, shade-tolerant
PFTs became dominant over time, but unlike in LPJ or PPA, a
stable underlayer of shade-intolerant PFTs persisted through-
out the simulation period. Generally, there was greater vari-

Geosci. Model Dev., 19, 3595–3615, 2026 https://doi.org/10.5194/gmd-19-3595-2026



J. E. Stoebke et al.: A new canopy scheme for LPJ-GUESS 3605

Figure 4. Tree size and density dynamics during stand regrowth (years 0 to 100) and equilibrium (years 600 to 1000) phases. N (ha−1)
represents the average number of trees across all sites, while Dg (cm) is the average quadratic mean diameter. The marker fill colours
indicate the time elapsed since the initial disturbance that initiated the regrowth phase. Lines (black – regrowth years 20 to 90, green –
equilibrium phase) represent the Reineke slope (c1), while the black dots represent data from the equilibrium phase. The inset graph shows
on the y axis the average number of cohorts per patch (solid line) and AGB (dotted line; kgCm−2) across all sites during the regrowth phase
years (x axis).

Table 3. Average Reineke (1933) slope (c1) for the regrowth (Regrow – years 20 to 90) and equilibrium (Equil – years 600 to 1000) phases
across all sites and within specific climatic regions. Observed means and confidence intervals (CI) for the climatic regions, as reported by Yu
et al. (2024).

LPJ LPD PPA SEC Obs1

Study sites Regrow Equil Regrow Equil Regrow Equil Regrow Equil Mean (CI)

ALL −1.73 −1.84 −1.62 −1.87 −1.94 −2.06 −1.61 −1.94

Boreal −1.72 −1.56 −1.59 −1.85 −1.95 −2.12 −1.27 −1.78 −1.10 (0.05)
Temp −1.60 −1.84 −1.46 −1.82 −1.97 −2.10 −1.69 −1.85 −1.67 (0.05)
Trop −1.79 −1.92 −1.69 −1.89 −1.92 −2.02 −1.67 −2.02 −1.82 (0.32)

1 Yu et al. (2024).

ability across individual sites, and some exhibited high levels
of coexistence between shade-tolerant and shade-intolerant
PFTs.

All schemes initially displayed a typical pattern of forest
dynamics: shade-intolerant PFTs established first following

a disturbance event, and over time, were gradually replaced
by shade-tolerant PFTs. LPD and PPA maintained high co-
existence between these PFTs over time, whereas LPJ and
SEC showed less coexistence on average. When analysing
the sensitivity of coexistence to changes in wood density,
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Figure 5. Mortality fluxes (top) and rates (bottom) at BCI. Productivity refers to woody biomass growth, while mortality fluxes indicate the
loss of woody biomass from the stand to the litter pool.

establishment, and mortality (Fig. 7), LPJ initially showed
a strong response to doubling the wood density of shade-
tolerant PFTs. Despite this, shade-tolerant PFTs eventually
dominated. Changes to establishment and mortality had min-
imal effects on LPJ’s coexistence patterns. Changes to es-
tablishment rates had little impact on LPD and PPA, which
already exhibited coexistence. However, alterations to wood
density and mortality caused shade-intolerant PFTs to domi-
nate, particularly with changes in wood density. For the SEC
scheme, increasing wood density alone promoted higher co-
existence initially, but shade-tolerant PFTs still dominated
over time. When increased wood density was combined with
adjustments to mortality and establishment, SEC was capa-
ble of simulating sustained coexistence throughout the simu-
lation (Fig. 7, bottom row).

3.3 Re-establishment

LPJ was unable to simulate a persistent recruitment layer at
any level of harvesting at BCI (Fig. 8). In contrast, PPA was
able to simulate the formation of a recruitment layer at a 20 %
harvest level, though for it to persist beyond 10 years, harvest
levels above 40 % were required. No harvest level allowed
the recruitment layer to endure for 60 years. SEC success-
fully maintained a recruitment layer beyond 60 years, even
at a 20 % harvest level, with higher harvest levels resulting
in an increased fraction of stand biomass allocated to the re-
cruitment layer.

3.4 Influence of number of patches

LPJ exhibited the highest RMSE value across all number of
simulated patches when it comes to biomass, productivity,
and mortality (Fig. 9). However, like PPA and SEC, it con-
verged quickly for biomass and productivity with relatively
few patches. To achieve an RMSE within 50 % of the final
biomass observed at 100 patches, LPJ and SEC only required
10 patches, whereas PPA needed 15 and LPD 20 patches.
For productivity, LPJ, PPA, and SEC required 15 patches
and LPD 20. In terms of mortality, LPJ and PPA converged
more slowly than LPD and SEC, with SEC and LPD reach-
ing convergence the fastest falling below the 50 % RMSE
threshold with 20 patches, while LPJ and PPA required 30
patches. Considering the different convergence rates of the
canopy schemes, it was also important to evaluate their run-
times for the simulated sites in this study. Since LPD is the
standard scheme in LPJ-GUESS, the different runtimes were
compared against it. On average, LPJ required 1.14 times the
runtime of LPD, PPA required 1.54 times, and SEC required
2.26 times.
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Figure 6. Comparison of functional coexistence among grouped plant functional types (shade-tolerant trees, shade-intolerant trees, and
grasses), with results expressed as biome-level averages across all study sites. Rows correspond to the canopy structure schemes (from top
to bottom): LPJ, LPD, PPA, and SEC. Columns indicate biomes (from left to right): tropical, temperate, and boreal.

4 Discussion

The key reasons for incorporating the more detailed stand
structure capability SEC into LPJ-GUESS were: (a) to en-
able closer alignment with observational data, thereby pro-
viding better constraints on the processes governing growth
and mortality, and (b) to enhance the model’s capability to
represent critical forest features, including tree functional co-

existence and the impacts of small-scale disturbances, such
as mortality or self-thinning, on stand dynamics. In this re-
spect, the development has proven largely successful.

Simulating stand biomass-size distributions with the more
detailed canopy schemes revealed an improvement compared
to LPJ, but no improvement compared to LPD. This out-
come was expected, as LPJ-GUESS has been calibrated and
developed over decades using LPD. Size distributions are
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Figure 7. Fraction of coexisting shade-tolerant and intolerant PFTs
when wood density (wd), establishment rate (est), and mortality rate
(mort) have been changed. org – default implementation.

fundamental relationships that have shaped the evolution of
the model over several years. They are heavily influenced
by growth and mortality rates throughout stand development
and can also be significantly affected by individual distur-
bance events. The absence of horizontal spatial structures
within a patch favoured the dominance of the tallest tree
cohort as well as the lack of patch-destroying disturbances
that would otherwise reset the patch to bare ground. For LPJ,
this led to an extreme shift of AWB and AWP towards larger
size classes, resulting in a representation that is far from re-
ality. LPD, as well as the new canopy schemes, counteracts
this effect using different approaches. LPD was developed
with the assumption that periodic patch resetting is neces-
sary to achieve a good size distribution. Figures 4, 6, and
7 clearly illustrate that the resetting of patches, caused by

Figure 8. Re-establishment 10, 30 and 60 years after a harvest
event, with a harvest strength of 0 %–70 % at BCI. Biomass in the
recruiting layer is shown as fraction of total biomass.

Figure 9. The impact of varying simulated patch numbers on RMSE
for woody biomass (a), productivity (b), and mortality (c) against
observations across all sites, excluding BCI and Finland. AGB,
AWM, and AWP are normalised across DBH classes.

patch-destroying disturbances with a mean return interval of
100 years, caused LPD to closely resemble an average state
of LPJ at a stand age of around 100 years. In contrast, both
PPA and SEC could achieve a size distribution closer to ob-
servations without relying on such disturbances. PPA accom-
plished this by accounting for each cohort’s crown area when
distributing light interception between cohorts, a factor that
allows more cohorts to occupy the upper canopy; an effect
which is absent in LPJ and LPD. However, when the total
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crown area exceeded the patch area in PPA, canopy gaps
could not form by construction, substantially constraining
the establishment of smaller, shade-intolerant PFT cohorts.
In contrast, SEC represented a mixture of size classes and
allows for the formation of canopy gaps independent of the
total amount of crown area, thereby explicitly overcoming
this structural constraint of PPA and promoting the establish-
ment of various PFTs. Since light is a critical resource for
photosynthesis and its availability often limits plant growth
in lower layers of forest ecosystems, gap formation can sig-
nificantly boost photosynthetic activity, especially in newly
established plants (Chazdon et al., 1996), resulting in a more
accurate representation of size distributions. By enabling
spatially explicit canopy gaps, SEC produces more realis-
tic understory light environments and competitive interac-
tions, opening new opportunities to investigate regeneration
niches, gap dynamics, and demographic coexistence within a
different conceptual framework. While SEC itself was not in-
cluded in the demographic vegetation model intercomparison
of Eckes-Shephard et al. (2025), the study demonstrated that
many PPA-based models delay thinning until the light en-
vironment is fully saturated, whereas gap-based approaches
induce mortality in suppressed cohorts as soon as canopy clo-
sure reduces understory light. This highlights the type of dy-
namics that SEC captures without requiring explicit individ-
uals, thereby expanding methodological options for bridging
individual-based and cohort-based forest modelling frame-
works.

Still, a reparameterisation of LPJ-GUESS using the new
canopy structure schemes is necessary to further enhance the
model’s ability to align with observational data at particu-
lar sites or in global application. This is especially important
for the representation of woody growth and woody mortal-
ity rates, which influence AGB. A slight shift towards larger
size classes, similar to LPJ, was still present for PPA and SEC
schemes. Crucially, however, the general agreement between
observations and model was not degraded using the new
canopy schemes, demonstrating that the more detailed struc-
ture did not lead to a fundamental misrepresentation of the
size distribution of the forest. Supporting this, all schemes
produced Reineke slope values within the ranges reported in
the literature: Pretzsch and Biber (2005) reports a range from
−1.42 to −1.79, and Trifković et al. (2023) from −1.19 to
−2.00. Notably, the mean Reineke slope for the SEC scheme
was −1.61, closely matches the original global estimate by
Reineke (1933) of −1.605. LPJ and SEC also showed an in-
crease in slope with warmer climate regions, consistent with
the findings of Yu et al. (2024). All schemes exhibited a slope
that was too steep at equilibrium in boreal and temperate re-
gions, whereas in tropical regions, all schemes fell within the
confidence interval of the observations reported by Yu et al.
(2024).

Beyond stand biomass-size distributions, species coexis-
tence also plays a crucial role in many forests and thus it is
important to be able to explore its impacts in VDMs. Coex-

istence was more realistically represented in the new SEC
canopy scheme. Natural disturbances create openings in the
forest canopy, allowing light to reach the forest floor and give
opportunities for various species to establish and co-exist,
enhancing species diversity (Viljur et al., 2022). Following
a gap creating disturbance, fast-growing, light-demanding
species initially colonise the area. Over time, these species
are replaced by slower-growing, shade-tolerant species as
the canopy closes and light availability decreases (Wright
et al., 2010). While shade-tolerant species with survival-
focused traits tend to dominate in stable, low-light environ-
ments, shade-intolerant species grow quickly, are more prone
to death and can be found in canopy gaps or disturbed areas
where light is abundant (Wright et al., 2010). In order to rep-
resent species coexistence a VDM should be able to capture
these dynamic processes. Also, it should be able to account
for both the initial colonisation by light-demanding species
and the subsequent succession to shade-tolerant species, re-
flecting the ecological balance driven by disturbances and
canopy dynamics. Initially, LPJ demonstrated a good rep-
resentation of functional coexistence (Figs. 6a and 7), how-
ever after around 200 years, even when three key growth and
survival parameters were adjusted to favour shade-intolerant
PFTs (Fig. 7), shade-tolerant PFTs began to dominate, lead-
ing to the near disappearance of shade-intolerant PFTs. A
higher reproduction C flux from the more abundant shade-
tolerant PFTs even reinforced this dominance, further se-
curing their strength in the ecosystem caused by a higher
establishment rate. As this dominance persisted even when
adjusting parameters and forest structure conditions more
favourable for shade-intolerant species, we concluded that
a long-term coexistence with shade-tolerant species was not
possible in an LPJ approach. Again, the core issue lies in
this version’s lack of horizontal spatial structure within the
canopy. As a result, all cohorts end up shading one another,
creating an environment where shade-tolerant PFTs thrive
while shade-intolerant species are disadvantaged as soon as
their canopy intersects with others. This structural limita-
tion leads to the competitive exclusion of shade-intolerant
PFTs. LPD maintained a functional coexistence through-
out the simulation (Figs. 6b and 7), however, these reliable
results depended on the recurring patch-destroying distur-
bances, which reduce the average patch age of LPD to about
100 years, maintaining conditions similar to the LPJ state at
year 100. As a result, the standard representation of canopy
structure in LPJ-GUESS can simulate coexistence in young,
disturbed ecosystems but struggles to represent coexistence
in old-growth, undisturbed forests, where allogenic (exter-
nal) disturbances are absent. Whilst patch-destroying distur-
bance rate in LPD can be parameterised to integrate over
mortality at a range of scales, it can not take advantage of
the emerging observational constraints on mortality at dif-
ferent scales (e.g. Esquivel-Muelbert et al., 2020; Senf and
Seidl, 2021).
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The new canopy schemes generate reliable results result-
ing from a more realistic representation of forest horizontal
structure. PPA’s forest composition is characterised by a high
proportion of shade-intolerant PFTs (Figs. 6c and 7), as the
tallest trees are rarely shaded unless a second canopy layer
forms, which occurs when the total crown area exceeds the
patch area. In this case, the upper canopy is partially shaded
by the second layer if the tree heights surpass the bole height
of the upper-layer trees. Since shade-intolerant PFTs grow
taller more rapidly than shade-tolerant PFTs, they consis-
tently occupy the upper canopy layer with minimal distur-
bance. Similar to LPJ, this dominance is reinforced by the
higher reproduction C flux for establishment by the dominant
PFTs. The implementation of the new SEC canopy structure
scheme leads to a more nuanced coexistence through vary-
ing light conditions throughout the patch (Figs. 6d and 7).
We demonstrate that, in the absence of a patch-destroying
disturbance, variation in the level of functional coexistence
is structurally possible by only modifying three key param-
eters (Fig. 7). The SEC scheme permits openings in the for-
est canopy, allowing light to reach the forest floor, and giv-
ing opportunities for various PFTs to establish and co-exist.
This capability of representing forest gaps enhances LPJ-
GUESS’s capability to represent species diversity. Follow-
ing a gap-creating event, fast-growing, shade-intolerant PFTs
initially colonise the area. Over time, these PFTs are replaced
by slower-growing, shade-tolerant PFTs as the canopy closes
and light availability decreases. As evident in Fig. 7, the
SEC canopy scheme has the capability to be parametrised
to have increased or decreased coexistence. Importantly, the
SEC scheme can also make better use of the emerging obser-
vational constraints than LPJ or LPD.

The improvement of LPJ-GUESS by implementing more
realistic canopy structure representations allows the new
schemes to display a more realistic establishment after har-
vesting. Previous empirical studies have demonstrated the
necessity of harvesting in order to promote establishment.
For example, tropical forest gaps as small as 50 m2 have
been shown to significantly affect species composition, while
larger gaps of 100–300 m2 are shown to actively promote
new establishment of a broader range of species (Denslow,
1987). Generally, tropical forests benefit from gaps rang-
ing from 100–400 m2, created by removing around 10 %–
20 % of canopy trees (Ghazoul et al., 2015). In mixed-
species temperate forest successful regeneration is found
when applying harvesting practices of removing 15 %–35 %
of live trees, simulating natural disturbances (Puettmann
et al., 2012). Temperate forests benefit from smaller gaps
compared to tropical forests ranging from 10–150 m2, cre-
ated by removing around 15 %–30 % of canopy trees (Lar-
son and Churchill, 2012). For boreal forests, reducing the
canopy density by 20 %–50 %, with gaps typically rang-
ing from 50 to 200 m2 has been found to generate suffi-
cient light conditions to promote the establishment of shade-
intolerant species (Thorpe and Thomas, 2007). With the stan-

dard LPJ-GUESS canopy structure scheme (LPJ), the ab-
sence of horizontal spatial structure within the canopy pre-
vents the formation of a recruitment layer (Fig. 8). For a
new cohort of any PFT to establish the average LAI must be
low enough to create favourable light conditions on the forest
floor. But even a 70 % reduction in LAI appears insufficient
(Fig. 8). In contrast, both PPA and SEC canopy schemes gen-
erate a recruitment layer with harvest intensities as low as
20 %, aligning more closely with the studies discussed ear-
lier. Within 10 years of harvesting, PPA shows the fastest-
growing recruitment layer (dash-dotted lines, Fig. 8). How-
ever, over time, PPA cannot sustain this recruitment layer.
After 30 years, a harvest rate of 50 % is required to main-
tain it, and by year 60, no recruitment layer remains. As tree
crown area started to fill the patch area in PPA, the recruit-
ment layer is eventually shaded out once the initial cohorts
had grown so that their combined crown area matches the
patch area again. At the BCI site, this occurs with harvest
intensities below 50 % within 30 years, and by 60 years the
recruitment layer disappears. In SEC, while the recruitment
layer develops more slowly compared to PPA, it remained
stable over time. As the canopy gaps have distinct locations,
the initial cohorts must grow large enough to fill these gaps
before the recruitment layer could reach sufficient height to
compete for light. The proportion of biomass in the recruit-
ment layer remains relatively constant over time for all har-
vest intensities that allowed a recruitment layer to be estab-
lished. This stability is due to the prolonged existence of the
canopy gaps, which enable the recruitment layer to grow and
compete with the established cohorts.

Finally, the new canopy schemes have not degraded the
technical performance. To capture the distribution within a
landscape, LPJ-GUESS simulates a suite of patches to rep-
resent vegetation stands with different disturbance histories
and developmental stages (Smith et al., 2001, 2014). The
number of patches required for the standard canopy scheme
LPD varies depending on the research question. For studies
focused on average global fluxes and pools, approximately
15 patches may suffice. However, for questions that target
site- to regional-scale dynamics, a larger number of patches
is necessary to account for the variability caused by the recur-
ring, patch-destroying disturbances. As visible in Fig. 9, LPD
required a substantial number of patches to achieve conver-
gence when calculating the RMSE for biomass, productivity,
and mortality. When the RMSE has converged, the addition
of more patches would not improve the simulated result. In-
creased model complexity often leads to longer run times.
The SEC scheme, which represents a canopy structure with
greater complexity than LPD, demanded more than twice the
computational resources. Fortunately, SEC exhibited a faster
convergence in RMSE with fewer patches, making it feasi-
ble to operate with a reduced number of patches depending
on the overarching stand-replacement disturbance regime of
the area. This capability allows for reliable results while de-
creasing model run duration and lowering memory usage.
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One limitation shared by all of the canopy schemes is that
tree individuals within a cohort do not interact with one an-
other in terms of shading. They are positioned in perfect
alignment, with no overlap in their crowns. As a result, the
total crown area (CAi) for each cohort increases linearly as
the identical trees in the cohort grow. Additionally, none of
the schemes account for the angle of the sun, assuming in-
stead that all solar radiation comes directly from the zenith.
Therefore, the PAR used in this study is adjusted for the solar
zenith angle. Under this assumption, LPJ and LPD are unaf-
fected with respect to gap dynamics, as neither scheme repre-
sents canopy gaps explicitly, whereas in both PPA and SEC
the solar angle would influence the amount of direct light
reaching the forest floor through canopy gaps, with lower
solar elevations reducing understory direct light availability
(e.g. Sato et al., 2007). This effect is not represented in the
present study but will be examined in future work. In SEC,
gaps are spatially explicit, while in PPA gap availability is
constrained once total crown area exceeds the patch area.
It is also worth noting that individual calibrations for each
canopy scheme had not been performed prior to this study.
Since LPD is the standard canopy scheme for LPJ-GUESS,
it has undergone extensive calibration over the years.

5 Conclusions and outlook

The development of the new canopy structure scheme, SEC,
marks a significant advancement in the representation of for-
est patch horizontal heterogeneity within LPJ-GUESS and
provides an important alternative to the growing dominance
of PPA-based frameworks. This innovative scheme is capa-
ble of properly representing the size structure of biomass,
productivity, and mortality across a set of sites in boreal,
temperate, and tropical regions. It also allows for the rep-
resentation of functional coexistence without the influence
of large-scale disturbances and captures the interplay of for-
est gap dynamics with the establishment of a recruitment
layer, an aspect which, using the standard canopy structure
representation in LPJ-GUESS, was previously not possible.
Moreover, in contrast to PPA, SEC avoids the instantaneous
promotion and demotion of cohorts between canopy layers
that occur when the total crown area exceeds the patch area,
thereby providing a more gradual and ecologically consistent
representation of canopy reorganization. It is also anticipated
that incorporating this more sophisticated canopy structure
scheme will reduce biases related to stand structure and com-
position by more accurately representing the key processes
driving vegetation and ecosystem dynamics. The presented
results give confidence that the SEC canopy scheme can en-
hance LPJ-GUESS’s capability to simulate forest demogra-
phy more faithfully, especially after proper parametrisation.
This advancement opens up new possibilities for improv-
ing the capability of simulating various processes, such as
fire and tree mortality, in a more sophisticated manner. Ul-

timately, this will lead to an improved estimation of the de-
mographic processes that drive temporal shifts in plant popu-
lations, community composition, carbon, nutrient, and water
fluxes, as well as overall structure within terrestrial ecosys-
tems, which are key processes for understanding the influ-
ence of a changing climate on our ecosystems.
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exhibit complex dynamism, with coherent compositional shifts
towards true old-growth conditions, J. Ecol., 108, 1138–1154,
https://doi.org/10.5061/dryad.2fqz612ks, 2020.

Chazdon, R. L., Pearcy, R. W., Lee, D. W., and Fetcher, N.: Photo-
synthetic responses of tropical forest plants to contrasting light
environments, in: Tropical forest plant ecophysiology, Springer,
5–55, https://doi.org/10.1007/978-1-4613-1163-8_1, 1996.

Denslow, J. S.: Tropical rainforest gaps and tree
species diversity, Annu. Rev. Ecol. Syst., 431–451,
https://doi.org/10.1146/annurev.es.18.110187.002243, 1987.

Dietze, M. C., Fox, A., Beck-Johnson, L. M., Betancourt, J. L.,
Hooten, M. B., Jarnevich, C. S., Keitt, T. H., Kenney, M.
A., Laney, C. M., Larsen, L. G., Loescher, H. W., Lunch, C.
K., Pijanowski, B. C., Randerson, J. T., Read, E. K., Tre-
dennick, A. T., Vargas, R., Weathers, K. C., and White, E.
P.: Iterative near-term ecological forecasting: Needs, opportuni-
ties, and challenges, P. Natl. Acad. Sci. USA, 115, 1424–1432,
https://doi.org/10.1073/pnas.1710231115, 2018.

D’Onofrio, D., Baudena, M., Lasslop, G., Nieradzik, L. P., Wårlind,
D., and von Hardenberg, J.: Linking vegetation-climate-fire re-
lationships in sub-Saharan Africa to key ecological processes in
two dynamic global vegetation models, Frontiers in Environmen-
tal Science, 8, 136, https://doi.org/10.3389/fenvs.2020.00136,
2020.

Douglas, I.: The Forests of the Danum Valley Conservation
Area, in: Water and the Rainforest in Malaysian Borneo –
Hydrological Research at the Danum Valley Field Centre,
edited by: Canadell, J., Springer Nature, Switzerland, 47–68,
https://doi.org/10.1007/978-3-030-91544-5, 2022.

Eckes-Shephard, A. H., Argles, A. P. K., Brzeziecki, B., Cox, P.
M., De Kauwe, M. G., Esquivel-Muelbert, A., Fisher, R. A.,
Hurtt, G. C., Knauer, J., Koven, C. D., Lehtonen, A., Luys-
saert, S., Marqués, L., Ma, L., Marie, G., Moore, J. R., Need-
ham, J. F., Olin, S., Peltoniemi, M., Piltz, K., Sato, H., Sitch, S.,
Stocker, B. D., Weng, E., Zuleta, D., and Pugh, T. A. M.: De-
mography, dynamics and data: building confidence for simulat-
ing changes in the world’s forests, New Phytol., 248, 2722–2749,
https://doi.org/10.1111/nph.70643, 2025.

Egbe, E. A., Chuyong, G. B., Fonge, B. A., and Namuene,
K. S.: Forest disturbance and natural regeneration in an
African rainforest at Korup National Park, Cameroon, Interna-
tional Journal of Biodiversity and Conservation, 4, 377–384,
https://doi.org/10.5897/IJBC12.031, 2012.

Esquivel-Muelbert, A., Phillips, O., Brienen, R., Fauset, S., Sul-
livan, M., Baker, T., Chao, K.-J., Feldpausch, T., Gloor, E.,
Higuchi, N., Houwing-Duistermaat, J., Lloyd, J., Liu, H., Malhi,
Y., Marimon, B., Junior, B., Monteagudo-Mendoza, A., Poorter,
L., Silveira, M., Torre, E., Dávila, E., Pasquel, J. A., Almeida,
E., Loayza, P., Andrade, A., Aragão, L., Araujo-Murakami,
A., Arets, E., Arroyo, L., C, G., Baisie, M., Baraloto, C., Ca-
margo, P., Barroso, J., Blanc, L., Bonal, D., Bongers, F., Boot,
R., Brown, F., Burban, B., Camargo, J., Castro, W., Moscoso,
V., Chave, J., Comiskey, J., Valverde, F., da Costa, A., Car-
dozo, N., Di Fiore, A., Dourdain, A., Erwin, T., Llampazo, G.,
Vieira, I., Herrera, R., Coronado, E., Huamantupa-Chuquimaco,
I., Jimenez-Rojas, E., Killeen, T., Laurance, S., Laurance, W.,
Levesley, A., Lewis, S., Ladvocat, K., Lopez-Gonzalez, G.,
Lovejoy, T., Meir, P., Mendoza, C., Morandi, P., Neill, D., Lima,
A., Vargas, P., de Oliveira, E., Camacho, N., Pardo, G., Pea-
cock, J., Peña-Claros, M., Peñuela-Mora, M., Pickavance, G.,
Pipoly, J., Pitman, N., Prieto, A., Pugh, T., Quesada, C., Ramirez-
Angulo, H., de A. Reis, S., Rejou-Machain, M., Correa, Z., Bay-
ona, L., Rudas, A., Salomão, R., Serrano, J., Espejo, J., Silva,
N., Singh, J., Stahl, C., Stropp, J., Swamy, V., Talbot, J., ter
Steege, H., Terborgh, J., Thomas, R., Toledo, M., Torres-Lezama,
A., Gamarra, L., van der Heijden, G., van der Meer, P., van der
Hout, P., Martinez, R., Vieira, S., Cayo, J., Vos, V., Zagt, R.,
Zuidema, P., and Galbraith, D.: Tree mode of death and mortal-

Geosci. Model Dev., 19, 3595–3615, 2026 https://doi.org/10.5194/gmd-19-3595-2026

https://doi.org/10.1186/s40657-016-0050-5
https://doi.org/10.1016/j.ecolmodel.2010.07.008
https://doi.org/10.1007/s10531-017-1453-2
https://doi.org/10.1016/S0169-5347(00)01822-x
https://doi.org/10.1111/jvs.12369
https://doi.org/10.5061/dryad.2fqz612ks
https://doi.org/10.1007/978-1-4613-1163-8_1
https://doi.org/10.1146/annurev.es.18.110187.002243
https://doi.org/10.1073/pnas.1710231115
https://doi.org/10.3389/fenvs.2020.00136
https://doi.org/10.1007/978-3-030-91544-5
https://doi.org/10.1111/nph.70643
https://doi.org/10.5897/IJBC12.031


J. E. Stoebke et al.: A new canopy scheme for LPJ-GUESS 3613

ity risk factors across Amazon forests, Nat. Commun., 11, 1–11,
https://doi.org/10.1038/s41467-020-18996-3, 2020.

Fisher, R., McDowell, N., Purves, D., Moorcroft, P., Sitch, S., Cox,
P., Huntingford, C., Meir, P., and Woodward, F. I.: Assessing
uncertainties in a second-generation dynamic vegetation model
caused by ecological scale limitations, New Phytol., 187, 666–
681, https://doi.org/10.1111/j.1469-8137.2010.03340.x, 2010.

Fisher, R. A., Muszala, S., Verteinstein, M., Lawrence, P., Xu, C.,
McDowell, N. G., Knox, R. G., Koven, C., Holm, J., Rogers,
B. M., Spessa, A., Lawrence, D., and Bonan, G.: Taking off the
training wheels: the properties of a dynamic vegetation model
without climate envelopes, CLM4.5(ED), Geosci. Model Dev.,
8, 3593–3619, https://doi.org/10.5194/gmd-8-3593-2015, 2015.

Fisher, R. A., Koven, C. D., Anderegg, W. R. L., Christoffersen, B.
O., Dietze, M. C., Farrior, C. E., Holm, J. A., Hurtt, G. C., Knox,
R. G., Lawrence, P. J., Lichstein, J. W., Longo, M., Matheny, A.
M., Medvigy, D., Muller-Landau, H. C., Powell, T. L., Serbin, S.
P., Sato, H., Shuman, J. K., Smith, B., Trugman, A. T., Viskari,
T., Verbeeck, H., Weng, E., Xu, C., Xu, X., Zhang, T., and Moor-
croft, P. R.: Vegetation demographics in Earth System Models: A
review of progress and priorities, Glob. Change Biol., 24, 35–54,
https://doi.org/10.1111/gcb.13910, 2018.

Ghazoul, J., Burivalova, Z., Garcia-Ulloa, J., and King, L. A.: Con-
ceptualizing forest degradation, Trends Ecol. Evol., 30, 622–632,
https://doi.org/10.1016/j.tree.2015.08.001, 2015.

Hardiman, B. S., Bohrer, G., Gough, C. M., and Cur-
tis, P. S.: Canopy structural changes following widespread
mortality of canopy dominant trees, Forests, 4, 537–552,
https://doi.org/10.3390/f4030537, 2013.

Hickler, T., Vohland, K., Feehan, J., Miller, P. A., Smith, B.,
Costa, L., Giesecke, T., Fronzek, S., Carter, T. R., Cramer, W.,
Kühn, I., and Sykes, M. T.: Projecting the future distribution
of European potential natural vegetation zones with a gener-
alized, tree species-based dynamic vegetation model, Global
Ecol. Biogeogr., 21, 50–63, https://doi.org/10.1111/j.1466-
8238.2010.00613.x, 2012.

Holm, J. A., Thompson, J. R., McShea, W. J., and Bourg, N. A.:
Interactive effects of chronic deer browsing and canopy gap dis-
turbance on forest successional dynamics, Ecosphere, 4, 1–23,
https://doi.org/10.1890/ES13-00223.1, 2013.

King, D. A.: The adaptive significance of tree height, Am. Nat., 135,
809–828, 1990.

Koven, C. D., Knox, R. G., Fisher, R. A., Chambers, J. Q., Christof-
fersen, B. O., Davies, S. J., Detto, M., Dietze, M. C., Fay-
bishenko, B., Holm, J., Huang, M., Kovenock, M., Kueppers,
L. M., Lemieux, G., Massoud, E., McDowell, N. G., Muller-
Landau, H. C., Needham, J. F., Norby, R. J., Powell, T., Rogers,
A., Serbin, S. P., Shuman, J. K., Swann, A. L. S., Varadharajan,
C., Walker, A. P., Wright, S. J., and Xu, C.: Benchmarking and
parameter sensitivity of physiological and vegetation dynamics
using the Functionally Assembled Terrestrial Ecosystem Simula-
tor (FATES) at Barro Colorado Island, Panama, Biogeosciences,
17, 3017–3044, https://doi.org/10.5194/bg-17-3017-2020, 2020.

Kunstler, G., Lavergne, S., Courbaud, B., Thuiller, W., Vieilledent,
G., Zimmermann, N. E., Kattge, J., and Coomes, D. A.: Com-
petitive interactions between forest trees are driven by species’
trait hierarchy, not phylogenetic or functional similarity: impli-
cations for forest community assembly, Ecol. Lett., 15, 831–840,
https://doi.org/10.1111/j.1461-0248.2012.01803.x, 2012.

Larson, A. J. and Churchill, D.: Tree spatial patterns in fire-frequent
forests of western North America, including mechanisms of pat-
tern formation and implications for designing fuel reduction
and restoration treatments, Forest Ecol. Manag., 267, 74–92,
https://doi.org/10.1016/j.foreco.2011.11.038, 2012.

Lavorel, S. and Garnier, E.: Predicting changes in com-
munity composition and ecosystem functioning from plant
traits: revisiting the Holy Grail, Funct. Ecol., 16, 545–556,
https://doi.org/10.1046/j.1365-2435.2002.00664.x, 2002.

Legendre, P. and Condit, R.: Spatial and temporal analy-
sis of beta diversity in the Barro Colorado Island for-
est dynamics plot, Panama, Forest Ecosystems, 6, 1–11,
https://doi.org/10.1186/s40663-019-0164-4, 2019.

Lin, T.-C., Hamburg, S. P., Lin, K.-C., Wang, L.-J., Chang, C.-T.,
Hsia, Y.-J., Vadeboncoeur, M. A., Mabry McMullen, C. M., and
Liu, C.-P.: Typhoon disturbance and forest dynamics: lessons
from a northwest Pacific subtropical forest, Ecosystems, 14, 127–
143, https://doi.org/10.1007/s10021-010-9399-1, 2011.

López-Quintero, C. A., Straatsma, G., Franco-Molano, A. E., and
Boekhout, T.: Macrofungal diversity in Colombian Amazon
forests varies with regions and regimes of disturbance, Biodivers.
Conserv., 21, 2221–2243, https://doi.org/10.1007/s10531-012-
0280-8, 2012.

McDowell, N. G., Allen, C. D., Anderson-Teixeira, K., Aukema,
B. H., Bond-Lamberty, B., Chini, L., Clark, J. S., Dietze, M.,
Grossiord, C., Hanbury-Brown, A., Hurtt, G. C., Jackson, R.
B., Johnson, D. J., Kueppers, L., Lichstein, J. W., Ogle, K.,
Poulter, B., Pugh, T. A. M., Seidl, R., Turner, M. G., Uri-
arte, M., Walker, A. P., and Xu, C.: Pervasive shifts in for-
est dynamics in a changing world, Science, 368, eaaz9463,
https://doi.org/10.1126/science.aaz9463, 2020.

Moorcroft, P. R., Hurtt, G. C., and Pacala, S. W.: A method for
scaling vegetation dynamics: the ecosystem demography model
(ED), Ecol. Monogr., 71, 557–586, https://doi.org/10.1890/0012-
9615(2001)071[0557:AMFSVD]2.0.CO;2, 2001.

Niinemets, Ü. and Kull, O.: Effects of light availability and tree size
on the architecture of assimilative surface in the canopy of Picea
abies: variation in needle morphology, Tree Physiol., 15, 307–
315, https://doi.org/10.1093/treephys/15.5.307, 1995.

Pacala, S. W. and Deutschman, D. H.: Details that matter: the spatial
distribution of individual trees maintains forest ecosystem func-
tion, Oikos, 357–365, https://doi.org/10.2307/3545980, 1995.

Peltoniemi, M. and Mäkipää, R.: Quantifying distance-independent
tree competition for predicting Norway spruce mortality
in unmanaged forests, Forest Ecol. Manag., 261, 30–42,
https://doi.org/10.1016/j.foreco.2010.09.019, 2011.

Peters, H. A.: Clidemia hirta invasion at the pasoh forest re-
serve: an unexpected plant invasion in an undisturbed tropi-
cal forest, Biotropica, 33, 60–68, https://doi.org/10.1111/j.1744-
7429.2001.tb00157.x, 2001.

Piponiot, C., Anderson-Teixeira, K. J., Davies, S. J., et al.:
Distribution of biomass dynamics in relation to tree size
in forests across the world, New Phytol., 234, 1664–1677,
https://doi.org/10.1111/nph.17995, 2022.

Potts, M. D.: Drought in a Bornean everwet rain forest, J. Ecol.,
91, 467–474, https://doi.org/10.1046/j.1365-2745.2003.00779.x,
2003.

Prentice, I. C., Sykes, M., and Cramer, W.: A simulation model
for the transient effects of climate change on forest land-

https://doi.org/10.5194/gmd-19-3595-2026 Geosci. Model Dev., 19, 3595–3615, 2026

https://doi.org/10.1038/s41467-020-18996-3
https://doi.org/10.1111/j.1469-8137.2010.03340.x
https://doi.org/10.5194/gmd-8-3593-2015
https://doi.org/10.1111/gcb.13910
https://doi.org/10.1016/j.tree.2015.08.001
https://doi.org/10.3390/f4030537
https://doi.org/10.1111/j.1466-8238.2010.00613.x
https://doi.org/10.1111/j.1466-8238.2010.00613.x
https://doi.org/10.1890/ES13-00223.1
https://doi.org/10.5194/bg-17-3017-2020
https://doi.org/10.1111/j.1461-0248.2012.01803.x
https://doi.org/10.1016/j.foreco.2011.11.038
https://doi.org/10.1046/j.1365-2435.2002.00664.x
https://doi.org/10.1186/s40663-019-0164-4
https://doi.org/10.1007/s10021-010-9399-1
https://doi.org/10.1007/s10531-012-0280-8
https://doi.org/10.1007/s10531-012-0280-8
https://doi.org/10.1126/science.aaz9463
https://doi.org/10.1890/0012-9615(2001)071[0557:AMFSVD]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0557:AMFSVD]2.0.CO;2
https://doi.org/10.1093/treephys/15.5.307
https://doi.org/10.2307/3545980
https://doi.org/10.1016/j.foreco.2010.09.019
https://doi.org/10.1111/j.1744-7429.2001.tb00157.x
https://doi.org/10.1111/j.1744-7429.2001.tb00157.x
https://doi.org/10.1111/nph.17995
https://doi.org/10.1046/j.1365-2745.2003.00779.x


3614 J. E. Stoebke et al.: A new canopy scheme for LPJ-GUESS

scapes, Ecol. Model., 65, 51–70, https://doi.org/10.1016/0304-
3800(93)90126-D, 1993.

Pretzsch, H. and Biber, P.: A Re-Evaluation of Reineke’s
Rule and Stand Density Index, Forest Sci., 51, 304–320,
https://doi.org/10.1093/forestscience/51.4.304, 2005.

Puettmann, K. J., Coates, K. D., and Messier, C. C.: A critique of
silviculture: managing for complexity, Island press, ISBN 978-
1610911238, 2012.

Pugh, T. A. M., Arneth, A., Kautz, M., Poulter, B., and
Smith, B.: Important role of forest disturbances in the global
biomass turnover and carbon sinks, Nat. Geosci., 12, 730–735,
https://doi.org/10.1038/s41561-019-0427-2, 2019a.

Pugh, T. A. M., Lindeskog, M., Smith, B., Poulter, B., Arneth, A.,
Haverd, V., and Calle, L.: Role of forest regrowth in global car-
bon sink dynamics, P. Natl. Acad. Sci. USA, 116, 4382–4387,
https://doi.org/10.1073/pnas.1810512116, 2019b.

Pugh, T. A. M., Seidl, R., Liu, D., Lindeskog, M., Chini, L. P., and
Senf, C.: The anthropogenic imprint on temperate and boreal for-
est demography and carbon turnover, Global Ecol. Biogeogr., 33,
100–115, https://doi.org/10.1111/geb.13773, 2024.

Purves, D. W., Lichstein, J. W., Strigul, N. G., and Pacala, S. W.:
Predicting and understanding forest dynamics using a simple
tractable model, P. Natl. Acad. Sci. USA, 105, 17018–17022,
https://doi.org/10.1073/pnas.0807754105, 2008.

Reineke, L. H.: Perfecting a stand-density index for even aged
forests, J. Agric. Res., 46, 627–638, 1933.

Sato, H., Itoh, A., and Kohyama, T.: SEIB–DGVM: a new
dynamic global vegetation model using a spatially ex-
plicit individual-based approach, Ecol. Model., 200, 279–307,
https://doi.org/10.1016/j.ecolmodel.2006.09.006, 2007.

Senf, C. and Seidl, R.: Mapping the forest disturbance
regimes of Europe, Nature Sustainability, 4, 63–70,
https://doi.org/10.1038/s41893-020-00609-y, 2021.

Shaw, D. C., Franklin, J. F., Bible, K., Klopatek, J., Free-
man, E., Greene, S., and Parker, G. G.: Ecological setting of
the Wind River old-growth forest, Ecosystems, 7, 427–439,
https://doi.org/10.1007/s10021-004-0135-6, 2004.

Shinozaki, K., Yoda, K., Hozumi, K., and Kira, T.: A quan-
titative analysis of plant form – the pipe model theory.
I. basic analyses, Japanese Journal of Ecology, 14, 97–105,
https://doi.org/10.18960/seitai.14.3_97, 1964a.

Shinozaki, K., Yoda, K., Hozumi, K., and Kira, T.: A quan-
titative analysis of plant form – the pipe model theory.
II. further evidence of the theory and its application in
forest ecology, Japanese Journal of Ecology, 14, 133–139,
https://doi.org/10.18960/seitai.14.4_133, 1964b.

Shugart, H. H.: A Theory of Forest Dynamics: The Ecological Im-
plications of Forest Succession Models, Springer-Verlag, New
York, ISBN 978-0387960471, 1984.

Sitch, S., Smith, B., Prentice, I. C., Arneth, A., Bondeau, A.,
Cramer, W., Kaplan, J. O., Levis, S., Lucht, W., Sykes, M. Thon-
icke, K., and Venevsky, S.: Evaluation of ecosystem dynamics,
plant geography and terrestrial carbon cycling in the LPJ dy-
namic global vegetation model, Glob. Change Biol., 9, 161–185,
https://doi.org/10.1046/j.1365-2486.2003.00569.x, 2003.

Sitch, S., Huntingford, C., Gedney, N., Levy, P. E., Lomas, M.,
Piao, S. L., Betts, R., Ciais, P., Cox, P., Friedlingstein, P.,
Jones, C. D., Prentice, I. C., and Woodward, F. I.: Evalua-
tion of the terrestrial carbon cycle, future plant geography and

climate-carbon cycle feedbacks using five Dynamic Global Veg-
etation Models (DGVMs), Glob. Change Biol., 14, 2015–2039,
https://doi.org/10.1111/j.1365-2486.2008.01626.x, 2008.

Smith, B., Prentice, I. C., and Sykes, M. T.: Representa-
tion of vegetation dynamics in the modelling of terrestrial
ecosystems: comparing two contrasting approaches within
European climate space, Global Ecol. Biogeogr., 621–637,
https://doi.org/10.1046/j.1466-822X.2001.t01-1-00256.x, 2001.

Smith, B., Wårlind, D., Arneth, A., Hickler, T., Leadley, P., Silt-
berg, J., and Zaehle, S.: Implications of incorporating N cy-
cling and N limitations on primary production in an individual-
based dynamic vegetation model, Biogeosciences, 11, 2027–
2054, https://doi.org/10.5194/bg-11-2027-2014, 2014.

Strigul, N., Pristinski, D., Purves, D., Dushoff, J., and Pacala,
S.: Scaling from trees to forests: tractable macroscopic equa-
tions for forest dynamics, Ecol. Monogr., 78, 523–545,
https://doi.org/10.1890/08-0082.1, 2008.

Sukumar, R., Suresh, H. S., Dattaraja, H. S., John, R., and Joshi, N.
V.: Mudumalai forest dynamics plot, India, in: Tropical forest di-
versity and dynamism: Findings from a large-scale plot network,
edited by: Losos, E. C. and Leigh, E. G., Univ. of Chicago Press,
Chicago, USA, 551–563, ISBN 978-0226493466, 1999.

Thorpe, H. C. and Thomas, S. C.: Partial harvesting in the Canadian
boreal: success will depend on stand dynamic responses, Forest.
Chron., 83, 319–325, https://doi.org/10.5558/tfc83319-3, 2007.
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