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ABSTRACT

Tropical forests are a critical component of the Earth system, storing half of the global forest carbon stocks and accounting for a third of terrestrial photosynthesis.
Lianas are structural parasites that can substantially reduce the carbon sequestration capacity of these forests. Simulations of this peculiar growth form have only
recently started and a single vegetation model included lianas so far. In this work we present a new liana implementation within the individual based model Formind.
Initial tests indicate high structural realism both horizontal and vertical. In particular, we benchmarked the model against empirical observations of size distribution,
mean liana cluster size and vertical leaf distribution for the Paracou site in French Guiana. Our model predicted a reduction of above-ground biomass between 10%
for mature stands to 45% for secondary plots upon inclusion of lianas in the simulations. The reduced biomass was the result of a lower productivity due to a
combination of lower tree photosynthesis and high liana respiration. We evaluated structural metrics (LAI, basal area, mean tree-height) and carbon fluxes (GPP,
respiration) by comparing simulations with and without lianas. At the equilibrium, liana productivity was 1.9t; ha=! y=1, or 23% of the total GPP and the forest
carbon stocks were between 5% and 11% lower in simulations with lianas. We also highlight the main strengths and limitations of this new approach and propose
new field measurements to further the understanding of liana ecology in a modelling framework.

1. Introduction

Lianas are key organisms of tropical forests where they can con-
stitute more than 25 percent of the woody plant species and up to 40
percent of the woody stems (Schnitzer and Bongers, 2011). Lianas are
often referred to as structural parasites because although their devel-
opment starts from the ground, they use existing tree structures to climb
up to the top of the canopy. Once in the canopy, lianas deploy large
crowns, often blanketing their hosts (Tobin et al., 2012). Lianas com-
pete with trees for both above- (light) and below-ground (water, nu-
trients) resources (Putz, 1984; Pérez-Salicrup, 2001). Due to lower in-
vestment in structural tissues, compared to trees, lianas are left with a
greater fraction of carbon to use for reproduction, canopy development,
and stem and root elongation (Schnitzer and Bongers, 2002). This shift
in allocation to more ephemeral tissues can reduce the carbon residence
time in liana abundant forests (Phillips et al., 2005; van der Heijden
et al., 2015).

In some regions, like the Neotropics, lianas are increasing in both
density and dominance (Phillips et al., 2005). Lianas are particularly
well adapted to thrive in forests edges (Campbell et al., 2018), logged
areas (Magrach et al, 2016) and disturbed forests in general
(Dewalt et al., 2000). Secondary or disturbed forests may provide ideal
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conditions for liana proliferation by providing an optimal balance of
trellises and high light conditions (Madeira et al., 2009). As of 2008, the
amount of secondary forest in the Neotropics was estimated to be 2.4
million km? Over the next 40 years, this land can potentially accu-
mulate a total above-ground carbon stock of 8.48Pgc (Chazdon et al.,
2016). Lianas have the potential to substantially reduce this carbon
sequestration capacity.

Despite lianas being regarded as a key driver of tropical forest
change (Lewis et al., 2004), only limited research has addressed their
role within a modelling framework. The first process-based model to
account for this growth form is the Ecosystem Demography (ED) model
(di Porcia e Brugnera et al., 2019). ED is able to capture some features
of liana infested forests, e.g. the differential impact across successional
stages. However, the underlying structure of ED prevents a realistic
representation of a number of liana characteristics. For example, the
localized nature of liana effect on their host is harder to represent in a
cohort based, spatially implicit model. By simulating single trees, in-
dividual based models (IBMs) provide the correct resolution to re-
present these local processes (Shugart et al., 2018).

In the era of global change, model projections of the land carbon
sink are essential to the design of effective mitigation strategies. With
this study, we want to test the impact of lianas on the carbon dynamics
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of tropical forest across different successional stages with the IBM
Formind (Fischer et al., 2016). Thanks to its structural realism, we
expect the new liana plant functional type (PFT) in Formind to capture
more accurately than ED the horizontal and vertical distribution of
individual lianas and their impact on forest structure. In addition, the
individual-based nature of the Formind model allows us to study liana
clustering (how many lianas does a tree carry on average?) and whether
this property depends on the mechanism through which lianas attach to
their host. By upscaling the individual responses to the ecosystem level
we also assess the impact of lianas on carbon fluxes such as gross pri-
mary productivity (GPP) and net ecosystem exchange (NEE). Output
from this type of representation may, if properly validated, be useful to
parametrize models with coarser resolution like ED.

2. Methods
2.1. Simulation and data sites

2.1.1. Paracou

All of the simulations presented in this study were conducted at the
Paracou site which is located in the coastal part of French Guiana and is
classified as a lowland moist primary forest. Records indicate a mean
annual precipitation of 3088 mm, with a well-marked dry season from
mid-August to mid-November. The floristic composition is highly di-
verse with high standing biomass (Guitet et al., 2014). We used a
simplified meteorological forcing (Hiltner et al., 2018) that assumed the
length of the daily photosynthetic active period to be 12h (Kohler et al.,
2003) and the mean annual irradiance above the canopy to be
6941molphorons m~2 s~ (Huth and Ditzer, 2000).

For this study we used inventories that were conducted in 10 plots
of undisturbed forest. These 70 m X 70 m plots were established in
2004 in the Paracou flux-tower footprint. In 2015 all lianas with
DBH = 2cm were censused using the standard protocol (Gerwing et al.,
2006), for a total of 839 lianas over a 4.9ha area. During the same field
campaign, the intrinsic quantum yield and the light-saturated photo-
synthesis were measured for 10 liana individuals (Pausenberger, 2016)
with a CIRAS-3 instrument. In a successive field campaign in 2016,
terrestrial laser scans (TLS) were performed to estimate the forest ver-
tical structure and the plant area index (PAI) (Pieters, 2017).

2.1.2. Other sites

To derive liana growth parameters, we used diameter inventories
that were collected for a total of 4623 lianas at the Gigante Peninsula
site in Panama (Schnitzer and van der Heijden, 2019). The inventories
were carried out in 2011 and 2014 and we calculated the yearly DBH
increments by averaging over this 3-year period. For size distributions
we compared simulations results with data from Paracou and literature
data of two additional sites. The first one is Point Calimere Wildlife

Table 1
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Sanctuary (PCWS), a 2 hectares, tropical dry evergreen forest site in
south-east India (Pandi and Parthasarathy, 2017). The second one is
YasunA National Park (YNP), a 0.4 hectares, tropical moist forest site in
Ecuador (Nabe-Nielsen, 2001).

2.2. Liana functional type in formind

Formind is an individual-based, spatially explicit, process-based
model designed for simulating species-rich vegetation communities
(Fischer et al., 2016). Each hectare is partitioned witha20 m X 20 m
grid for a total of 25 plots per hectare. Competition for light and space
takes place at the plot level but tree positions are not resolved within
the plot. The demographic processes considered are recruitment,
growth and mortality.

To model the light climate within the forest canopy, vertical canopy
layers are discretized with 0.5 m strata. Temporarily, the model is
discretized with yearly time steps. For more details about the model
structure we refer to the original model description (Fischer et al.,
2016).

For this work we developed a new liana plant functional type. The
challenge was to include processes in the Formind model to capture the
scandent physiology of the liana growth form. In the next paragraphs
we describe in detail the representation of the liana PFT and the
parameters that we used.

2.2.1. Recruitment

Like trees, new lianas in Formind are recruited with a seed rain that
happens whenever the available light is higher than a predefined
threshold. As such, the recruitment process is governed by two para-
meters: available light (as a fraction of total incoming radiation) and
number of seeds for ingrowth. Each year, if the light conditions are met,
a plot will receive a number of new individuals N, equal to

Noew = lMJ

Nplots (1)
where Nj.q; is the seed ingrowth parameter and Ny, is the number of
plots per hectare. If the number of ingrowing seeds is not a multiple of
the number of plots, the remaining seeds will be distributed randomly
to the plots. As very little data is available to parametrize this process,
we assumed liana seed ingrowth to be equal to the maximum used for
trees (high seed production). We also assumed the minimum light
threshold for seed ingrowth to be equal to the average value used for
tree PFTs. The parameters are shown in Table 1. We assumed that upon
establishment all lianas and trees have an initial stem diameter of 1cm.

2.2.2. Growth
In the model, lianas undergo three main stages of developmental
growth: (1) self-supporting, (2) climbing and (3) in the canopy

Model parametrization. The numbers for the 8 tree PFTs are expressed as a range (or as a single number when all trees have the same parameter). For tree PFT-
specific values we refer to Hiltner et al. (2018). Liana values are presented with the corresponding literature reference or with a derivation description.

Parameter Unit Trees Liana Reference

LAI (individual) m? m—2 2 1.2 Putz (1983)

Seed ingrowth (Neeqs) ha=1y~! 2-27 27 Tree maximum
Percent of full light for seed establishment % 1-20 6 Tree average
Stochastic baseline mortality rate * y—l 0.03 - 0.05 0.0149 Putz (1990)

Form factor (f) - 0.425 - 0.97 1 See Methods (Biomass)
Maximum leaf photosynthesis umolco, m—2 s 1.12-27 8.1 Pausenberger (2016)
Intrinsic quantum yield pmolco, umolgﬁomm 0.035 - 0.086 0.031 Pausenberger (2016)
Wood density (p) g em—3 0.55 - 0.83 0.40 Putz (1990)

Maximum height m 16.5 - 40.4 40.4 Tree maximum

Stem factor (S) % of total AGB in main stem 0.7 0.78 See Methods (Biomass)

* Trees have an additional mortality rate that depends on their DBH and on their yearly DBH increment (Fischer et al., 2016). Lianas have an additional, process

based, mortality that is described in Section 2.2.3
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Fig. 1. Schematic illustration of developmental growth stages (a) and mortality (b) of lianas in Formind. Lianas start their development as self-supporting. They then
stochastically find a host and start to climb up until reaching the top of the canopy. Like trees, lianas have a stochastic baseline mortality (see t= 2 of (a)). In addition
to the baseline mortality, depending on their development stage and on their host death mode lianas either move to a different host or die. If the hosting tree dies
without falling, lianas move to a different host regardless of whether they are climbing or already in the canopy top (upper strip of (b)). If their host falls, climbing
lianas die while lianas that were on top of the canopy have a 50% chance of surviving and moving to a different host of similar size (lower strip of (b)).
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Fig. 2. Relation between DBH and yearly DBH increase for lianas. Observations
for the Gigante site are shown with green points. The blue curve is derived from
the observations (Fischer, 2010). Black crosses are simulated growth values. For
small DBH values, modelled growth can occasionally lie above the character-
istic curve if lianas are self-supporting (tree-like growth curve). A large number
of lianas have zero DBH increments, an analysis of this specific result is pro-
vided in Appendix B. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

(Fig. 1a). When in the self-supporting stage lianas are assigned a “vir-
tual” tree PFT, whereby they inherit the growth curve of a randomly
chosen tree PFT. As a result, the diameter growth of self-supporting
lianas is similar to the one used for trees until they find a host (Fig. 2).

Once a liana finds a suitable host, it enters stage 2 where net pri-
mary productivity (NPP) is used exclusively for vertical elongation.
Stem diameter and crown area are kept constant until the liana reaches

the host canopy.

Once in the canopy top (stage 3), liana height is constrained to its
host height and stem growth is derived from a growth curve. The
growth curve is a prescribed function that assigns a maximum annual
diameter increase for each diameter. The curve was obtained by fitting
the Gigante observations of diameter increase with a characteristic
function as described in Fischer (2010). The function is shown as a blue
line in Fig. 2.

Crown ratio (crown length divided by tree height) is assumed to be
the same for lianas and trees until stage 3. Once in the top of the ca-
nopy, we assumed lianas to deploy all of their leaves in the highest
stratum that the tree crown is occupying (Avalos et al., 2007). Canopy
area for lianas depends on their developmental stage and is described in
detail in Appendix B.

2.2.3. Mortality

Mortality in Formind is a stochastic process that every annual time
step kills each individual with a certain probability. Trees can die of
multiple causes including background mortality, diameter dependent
mortality, diameter increment dependent mortality, crowding and da-
mage by a falling dead tree, or by external disturbance events like
logging, fires or landslides (Fischer et al., 2016).

Like trees, lianas have a fixed background mortality rate (Table 1).
Once climbing, the liana mortality is complemented with a new, pro-
cess-based mortality that depends on the mortality of their host. This
additional mortality depends on both, the fate of the dying host and on
the growth stage of the liana. Fig. 1b provides a schematic re-
presentation of these processes which were developed based on me-
chanical considerations. If the hosting tree dies without falling it is
assumed that lianas can find a new host. If the hosting tree falls, the
liana dies if it has not yet reached the top of the canopy, and either dies
or moves to a new host if it is already in the top of the canopy (with a
50% chance). This last condition was constructed assuming that lianas
in the top of the canopy may be attached to multiple hosts and hence be
able to withstand the fall of their main host.

2.2.4. Biomass
While trees in the Formind model have a one to one correspondence
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between diameter and biomass, a certain degree of variability exists for
lianas due to the non-bijective nature of the height-diameter relation
(liana height is host-dependent rather than DBH-dependent). In
Formind, given a plant height H [m], its biomass AGB [tc] is calculated
as

=z 2o f L
AGB = 7 -(DBHYH-pf- (2)

Where DBH [m] is the stem diameter, p [tc m—3] is the wood density, fis
the form factor and S is the stem factor. The form factor accounts for the
tapering of the stem. While for trees the form factor is a function of
DBH, for lianas we assumed f = 1 (perfect cylinder). The stem factor S
is the proportion between the total tree AGB and the biomass of the
main stem, thus providing a correction for branches and leaves. Given
that for lianas f = 1, S~! becomes the ratio between the actual biomass
and the biomass of a cylinder of equivalent diameter and height (thus
including shape corrections such as for helical stem structure).

Assuming an accurate tree vertical structure (H of Eq. (2)), we
calculated the optimal stem factor to match the observed liana AGB
allometry (Schnitzer et al., 2006). We used a bisection algorithm to
estimate the S value that minimized the root mean square deviation
between our simulations (letting S vary) and the published allometry,
obtaining a value of S = 0.78 (Fig. 3).

2.2.5. Liana-host interactions

The selection of the liana host has two possible pathways. In the first
one, which we will refer to as method 1, possible hosts are all trees in
the plot. In the second one, which we will refer to as method 2, we also
include other lianas as possible hosts. For both methods, the only re-
quirement we impose is that the potential host height should be higher
than the liana height. Once a host is selected, the attachment is a sto-
chastic process with a probability P(DBH)[y~!]. The probability was
constructed based on the observed probability of finding lianas in the
canopy as a function of their DBH (Kurzel et al., 2006). The probability
is given by
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Fig. 3. Liana simulated biomass (black points) in kilograms of organic dry mass
(1kgopy = 0.44kg., (Scherer, 1995)). Model data fit is shown in green and liana
published allometry (Schnitzer et al., 2006) is shown in red. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 4. Simulated probability of lianas to be found in the three distinct stages of
development. The probabilities are derived from model simulations at the
equilibrium (year 400 to 500).

0 DBH < 1.5cm
P(DBH) = 1 DBH > 4cm
JOBH)=JA9)  pcemhere
F@-71s) 3)
where f(x) = m is the logistic function with k = 2 and u = 2.5.

The parameter k controls the steepness of the curve so that for large k
the function becomes linear. y is the midpoint of the sigmoidal curve, so
that f(u) = 0.5. This type of probability ensures a realistic fraction of
lianas in the different stages of growth as shown in Fig. 4. We tested
different distributions, e.g. linear interpolation, and the results were
similar.

Experimental evidence suggests that a single liana is able to colonize
multiple trees (Ichihashi and Tateno, 2011; Putz, 1984). From an eco-
logical viewpoint this could have multiple benefits for lianas: me-
chanically it would reduce the risk of falling (Ichihashi and
Tateno, 2011) and the increased vertical and horizontal growth
(Putz, 1984) due to liana’s specific physiology could lead to higher
photosynthesis and deployment of leaves in optimal conditions. Al-
though our model allows multiple lianas to colonize a single tree, only
one host is allowed for each liana. To compensate for this limitation, we
allowed lianas to change their host when light conditions are sub-op-
timal (Roeder et al., 2015). More specifically, if a liana has reached its
host canopy but still receives less that 50% of the total incoming ra-
diation, we assign a 10% y~! probability of switching to a new host. The
new host is selected randomly within all trees taller than the current
host that satisfy the criterion hy — h;, < 2m where h;, is the liana height
and hr is the new host height. As we have seen, host change can also
take place if the liana host dies, as described in the mortality section. In
this case we only require that lh; — hrl < 2m to prevent large dis-
continuities in height.

2.2.6. Liana impact on trees

Lianas are known to affect the architecture of their hosts. Studies
have shown that significant liana loads alter tree allometry by de-
creasing slenderness (Dias et al., 2017) and that lianas replace tree
leaves on a one-to-one biomass basis (Ogawa et al., 1965). However,
the specific impact of lianas on tree leaves remains uncertain and a
recent study failed to find correlation between liana canopy area and
understory measurements (Cox et al., 2019).
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In our model, leaf area index (LAI) and crown ratio (CR) of the
hosting tree are affected by the proportion of liana and tree leaves.
Given the original LAI and the original crown ratio CR of the host tree,
its new parameters LA’ and CR’ are calculated as

LAI' = f-LAI ()]
CR = f-CR %)
where

ACr + 2%

ACr + AC, (6)

is a reduction factor and AC; and AC;, are the total crown area of the
tree and of the lianas on it, respectively. A detailed analysis of the
consequences of this penalization scheme is presented in Appendix B.
This penalization is the only modification that was made to trees in the
Formind model for this study.

2.3. Parametrization

To parametrize the liana PFT we used a combination of published
and non-published data. If the required parameter was not available in
literature we resorted to realistic assumptions. For recruitment we de-
rived the parameters from other PFTs by using the maximum number of
seed ingrowth used for trees and averaging the light threshold for es-
tablishment. For the maximum height we assumed lianas to be able to
climb all tree PFTs in the simulation, thus assigning a maximum height
equal to the maximum tree height. Parameters and the corresponding
references are presented in Table 1; the range of values for the tree PFTs
are also given for comparison.

2.4. Simulation details

The simulated 16 hectares were initialized from bare ground and
were continued for 500 years to reach an equilibrium state. The runs
with and without lianas were performed with the same conditions but
turning on and off the liana PFT. Liana densities were measured by
sampling all attached lianas with DBH = 2cm. In addition to liana
density, the realism of the simulated distribution of lianas within the
hosting trees (i.e. number of lianas per host tree) was tested by com-
paring simulations for Paracou with observations at YNP and PCWS.
The total number of modelled leaf strata was 81, equal to the ceiling of
maximum tree height (40.4 m) divided by the height layer width
(0.5 m). Vertical leaf profiles were derived by aggregating leaf area
contribution of each plant for every height strata. To assess the impact
of lianas on the different tree size classes, trees were categorized based
on three levels of infestation: free, low and high liana load. When the
liana crown area was less than half that of its host, the tree was clas-
sified as having low liana load, otherwise the tree was classified with
high liana load. Gas exchanges were calculated at the plant level and
aggregated for every individual to obtain forest level GPP and auto-
trophic respiration. Heterotrophic respiration was calculated adding
respiration from dead wood biomass and the fast and slow-cycling
components of soil respiration. NEE was calculated as GPP minus the
autotrophic and heterotrophic respiration. For the complete description
of the carbon cycle in Formind we refer to Fischer et al. (2016).

2.5. Statistics

Correlations between liana density and mean liana age and tree
basal area were calculated using the Pearson’s correlation test. To study
liana clustering, trees with one liana were tested to find whether they
had a higher probability of having more than one liana (Nabe-Nielsen,
2001; Putz, 1984). Expected Poisson distributions were generated with
the parameter A equal to the simulated data (average number of lianas
per tree). Expected and simulated distributions were compared using a
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%? goodness-of-fit test. Trees hosting 3 or more lianas were aggregated
to avoid expected values smaller than one. Fits for liana counts were
performed by linearizing the data and using a least squares fit. All
statistical analyses were performed in R version 3.5.1 (R Core
Team, 2018). Unless differently specified, model results are presented
asmean = standard deviation of the 16 hectares.

3. Results
3.1. Size and spatial distribution of lianas

Simulations gave an overall liana density of 333 + 170individuals
ha~! while observed data showed a lower density of 171stems ha~!. In
terms of liana basal area, the model predicted a value of 0.46 =+
0.14cm? m~2 compared to an observed value of 0.42cm? m~2. In the
model, large lianas (DBH = 10cm) accounted for 41 + 13% of the
total liana basal area, similar to the empirical observation of 40%
(around 30% in a large-scale study in Peru, Phillips et al. (2005)). Liana
density across different hectares was negatively correlated with mean
liana age (Pearson’s correlation; r = —0.58, p = 0.017) and tree basal
area (Pearson’s correlation; r = —0.47, p = 0.06) indicating that lianas
decrease in abundance with forest succession. The model was able to
qualitatively reproduce the trend in size distribution observed at
Paracou (Fig. 5). Compared to the observed size distribution, the model
slightly overestimated the fraction of small lianas (DBH < 5cm) and
underestimated the fraction of larger lianas. The large variability
among the different hectares can be traced back to different light en-
vironments (due to their disturbance history) and to stochastic effects.

Despite Paracou, YNP and PCWS being different types of forest, the
simulated pattern of liana cluster size had a similar exponential decay
(YNP: y = 784¢=097%; PCWS: y = 604e081%; this study: y = 449¢=086x,
Fig. 6). The similarity of the modelled decay constant to the observed
ones indicates that the model may be able to capture the tree-liana and
liana-liana competition for space and light.

o
-

0.8
I

0.6
I

0.4

Lianas smaller than DBH [ fraction ]

—— Model output (1 Hectare)
—— Model output (16 Hectares)
S . —— Observed in Paracou
T T T T T
0 5 10 15 20
DBH [cm]

Fig. 5. Normalized cumulative distribution of lianas as a function of their DBH.
Black curves correspond to the 16 different hectares of the simulation. The blue
curve is the total area average of the simulation while the red curve is the
observed distribution at Paracou. In Paracou 5 lianas had DBH > 20cm which
explains why the red curve saturation is not yet reached at 20cm (which is the
maximum DBH for simulated lianas in Formind). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 6. Number of lianas per tree for Paracou (black) and Yasuni (YNP, red).
Numbers are the simulated liana counts. Both datasets were fitted with an ex-
ponential decay function. YNP data reproduced with permission from Nabe-
Nielsen (2001). (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

We also tested the impact of the two different attachment me-
chanisms: with method 1, the simulated liana count per tree was per-
fectly random upon attachment; by contrast, if lianas could use other
lianas to climb the canopy (method 2), the liana count was skewed
towards larger clusters as trees with more lianas became stronger at-
tractors. To test whether the model kept memory of the initial dis-
tribution (sample of all lianas of age 1), we extracted the simulated
liana count per host at the equilibrium. The number of trees with two or
more lianas was larger than would be expected by chance with both
method 1 (¥? = 59563, df = 3, p < 0.0001; Table A.1) and method 2
(x* = 67121,df = 3, p < 0.0001; Table A.2), suggesting that lianas tend
to aggregate.

The loss of memory of the initial distribution was consistent with
the implementation of a routine that allows lianas to change their host.
The mean liana cluster size was 1.59 and 1.57 for method 1 and 2 re-
spectively. The similarity of these numbers suggests that upon reaching
equilibrium, liana clusters adjust to an optimal size to avoid conspecific
competition. Liana clumping was time dependent; after year 50 of the
simulation, mean cluster size slightly increased over time for both at-
tachment mechanisms (Fig. A.1).

3.2. Leaf profiles

Total simulated LAI of the Paracou site was 4.93 + 0.1 m* m—2
compared to a TLS-observed PAI of 5.17 m? m~2. As it includes con-
tributions from trunks and branches, PAI is expected to be slightly
higher than LAIL Comparison between simulations and TLS showed that
the model overestimated total LAI at low heights and underestimated it
above 15 m, Fig. 7. Liana leaves tended to occupy the higher strata of
the canopy with 62% of the leaves found above 20 m when the forest is
at the equilibrium. Although the overall liana LAI was 6.9 * 2.4% of
the total, it grew to 17.3 * 6.4% for the 20 m—30 m stratum and to
38.3 = 22.0% for the 30 m—40 m stratum. The significant proportion
of liana leaves simulated below 5 m was due to the high liana seedling
density, as a result of our reproduction parametrization. We point out
that while the simulations considered 16ha of forest, the TLS scans were
taken at 9 plots close to the flux tower and may not represent an ac-
curate forest average. Introduction of lianas in the simulations did not
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Fig. 7. Modelled vertical distribution of leaf area index (green) with liana
component (grey shade). The dashed line is the vertical distribution of plant
area index observed with TLS and the dotted line is the vertical distribution of
the model without lianas. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

significantly affect the total amount and distribution of leaves (Fig. 7,
dotted curve).

3.3. Simulations with and without lianas

3.3.1. Biomass and forest structure

We compared simulations with and without lianas to assess their
impact on forest structure and carbon stocks. One of the most dramatic
effects of lianas was the reduced basal area across the entire forest
succession. After 50 years, basal area of the forest with lianas was about
half that of the forest without lianas (16.9 = 0.8 m?ha~!vs30.6 =+
1.5 m? ha~! respectively). This difference was due to a lower plant
density (10521 vs 11374 plants for the 16 hectares, respectively) and to
a lower average tree diameter (16.2 * 9.2cmvs 18.9 * 13.3cm,
respectively). The quadratic dependency of basal area upon DBH am-
plified this difference (Fig. 8a). After the forest equilibrated, mean basal
area was still lower in the presence of lianas (28.4 = 2.2 m? ha! vs
321 * 1.7 m*ha™).

Mean adult tree height was proportionally less impacted by lianas
than basal area (Fig. 8a) because, unlike basal area, tree height is a
concave function of DBH. After 50 years, mean adult tree height was
16.6 * 0.1 m for the simulation with lianas and 17.6 * 0.1 m for
the simulation without lianas; at the equilibrium, there was no sig-
nificant difference for this metric. After year 60 of the simulation, total
LAI was generally higher for the simulation with lianas, however the
difference was always less than 5%. At the equilibrium, LAI for the
simulation with lianas was about 2% higher than the non-liana simu-
lation, with lianas accounting for circa 7% of the total leaf area.

Results from simulations showed a strong impact of lianas on stand
level above ground biomass. The reduction of AGB was more pro-
nounced in the early stage of succession when lianas were more
abundant, Fig. 8(b, c¢). The maximum reduction in biomass was 43%
when the forest was 45 years old. After 100 years, the reduction in AGB
was 13% and fluctuated between 5 and 11% after reaching the equili-
brium. The simulated value of AGB at year 500 was 185 + 15tcha™!
while empirical observations estimated AGB at 186 =+ 7tc ha™!
(Rutishauser et al., 2010). At the individual level, we analysed the
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Fig. 8. 16 one-hectare variability of structural metrics for simulation years 50, 100 and 500 with and without lianas. Box plots show the median as the solid black line
and the first and third quartiles as the limits of the box. Whiskers extend up to 1.5 times the interquartile range (a). Biomass time series for a simulation from bare
ground (b) and above-canopy view of simulated crown distribution (c). In panel (b) solid lines refer to the run with the liana PFT while the dashed line refers to the
simulation without lianas. Observed AGB value was calculated for trees with DBH = 10cm. PFT colour scheme for (b) and (c) is the same.

Table 2

Yearly biomass increments for trees with no, low or high liana load for different
size classes in kg of organic dry mass (mean for years 100 to 500). The high
standard deviation of the data is due to the highly variable irradiance that trees
are exposed to, even within the same DBH class.

Yearly biomass 10cm-30cm  30cm-50cm  50cm-80cm > 80cm
increment [kgopm]

No Liana 84 = 59 347 = 88 549 = 114 799 * 420
Low liana load 76 = 52 286 * 7.3 511 * 11.0 764 * 38.6
High liana load 6.8 = 6.1 26.0 + 6.7 409 * 7.6 48.6 = 25.5

mean biomass increments (averaged over the simulation from year 100
to year 500) for three different classes of liana infestation and for four
different tree size classes. As expected, yearly biomass increments were
lower with increasing liana load (Table 2) for all size classes. For the
taller canopy trees (DBH > 80cm), mean biomass increment with high
liana load was only 64% of the one for trees without lianas.

The biomass impact per PFT showed a correlation with successional
stage and with tree maximum height. For example, when a pioneer PFT
peaked in abundance, its total biomass was up to 70% less upon in-
clusion of lianas (PFT 4, Fig. A.2). PFTs that reach lower maximum
heights were proportionally less impacted by lianas (see PFTs 1, 2 and 3

of Fig. A.2). These results are consistent with the ability for lianas to
move up the canopy and with the absence of any host-PFT-specific
process.

3.3.2. Carbon fluxes

Carbon fluxes were sensitive to the introduction of lianas in the
simulations. Liana maximum photosynthetic rate was assumed to be
higher than climax species but lower than pioneers (Table 1). As a re-
sult, GPP in the simulation with lianas was lower (maximum reduction
of 46% at year 50) than in the simulation without lianas when pioneers
are abundant, that is until year 100-120. For the same reason, GPP for
the simulation with lianas was up to 20% higher at the equilibrium
when the PFT composition shifted towards shade tolerance. Maximum
liana GPP was 5.5tc ha=! y~! at year 24 (38% of the total GPP). The
average liana contribution to GPP for the years 400 to 500 was 1.9t¢
ha~! y=! (23% of the total, Fig. 9a).

Autotrophic respiration was also impacted by the introduction of
lianas. The trend in the first 100 years of succession was similar to the
one observed for GPP with lianas reducing total respiration by up to
51%. The simulated liana contribution to biomass respiration was high
throughout the succession and, at the equilibrium, accounted for 54%
of the total 3.44tc ha=! y~! respired by vegetation. After year 250,
biomass respiration with lianas was almost twice that of the simulation
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Fig. 9. Gross primary productivity (a), autotrophic respiration (b) and net
ecosystem exchange (c) for the simulations with (solid line) and without (da-
shed line) lianas. Liana contribution to GPP and respiration is shown in blue.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

without lianas (Fig. 9b). These trends can be understood in light of the
very low diameter growth rate for lianas which resulted in a large
fraction of GPP respired back to the atmosphere.

NEE converged to zero more slowly when lianas were included in
the model. This result was consistent with the observed ability for
lianas to slow down the ecosystem succession (Tymen et al., 2016).
Despite being positive for about 250 years, lianas reduced the max-
imum yearly carbon uptake by about 50%, Fig. 9c. By integrating NEE
over the entire simulation, we found that the total carbon sink for the
liana-free forest was 8% higher (261.4tc ha™! vs 240.1tcha!). There
was a compensation effect of heterotrophic respiration which, unlike
biomass respiration, was always lower when lianas were included (Fig.
A.3). The lower value of heterotrophic respiration was the consequence
of a forest with lower AGB but similar AGB mortality rate. At the
equilibrium, carbon residence time (AGB / NPP) was ~ 36 years re-
gardless of the inclusion of the liana PFT.

4. Discussion
4.1. Model structure

Our liana model introduces a custom representation for the climber
growth form that is able to distinguish between three phases of onto-
geny (Fig. 4). The probabilistic transition between the different growth
phases was constructed based on logical assumptions. In fact, the model
is likely overestimating the fraction of lianas in the climbing stage and
smaller lianas should have a higher probability of being in the canopy
compared to the current probability in the model (for example compare
Fig. 4 with Fig. 1 of Kurzel et al. (2006)). Albeit only qualitative, this
multi-phase structure constitutes a significant improvement over the
representation of lianas in ED, where the climbing phase was not ex-
plicitly represented (di Porcia e Brugnera et al., 2019). Future model-
ling efforts seeking to simulate lianas throughout their development
will benefit from field data that discriminates lianas as self-supporting,
climbing or in the canopy. Equally important for a realistic model will
be a statistic / mechanistic understanding of the transition from one
stage to the next.

Ecological Modelling 431 (2020) 109159

One of the key features of the Formind model is the calculation of
growth and respiration from observed diameter increments. In woody
vines, annual diameter growth has been shown to be substantially
lower than trees (on average 1.4 mm y~! vs 6 mm y~! for the BCI site,
Putz (1990)) as a result of a markedly different allocation pattern. In
our liana representation, the low values of diameter growth prevented
proper liana establishment. As a correction, we simulate growth of self-
supporting lianas as if they were trees. This use of a virtual tree PFT for
lianas could be extended to canopy lianas, especially when a tree trait
distribution is similar to a liana trait distribution, e.g. for leaf mass area
(Wyka et al., 2013).

In addition to growth, most other mechanisms describing lianas
were built with some degree of speculation. For example, host dynamic
(the ability for lianas to change their host) relies on the assumption that
lianas will move across the canopy seeking better light conditions. The
probability (which we assumed to be 10%. y~!) to find a new host when
light conditions are sub-optimal needs additional enquiry, even though
experimental measurements will be challenging to obtain. In the model,
host dynamic was also connected to tree mortality; the fate of lianas on
dying trees is still unclear and needs to be addressed with more ob-
servations if we are to construct a realistic mortality process.

Finally, although some studies have tried to understand liana im-
pact on trees at an individual level (Dias et al., 2017; Ogawa et al.,
1965; van der Heijden et al., 2010), a more thorough analysis of
shading and mechanical stress is needed to improve our tree penali-
zation scheme.

4.2. Model findings

Size distribution Size distributions result from the interplay of many
different processes and, being one of the most common field measure-
ment, are an important model benchmark. Our liana implementation
proved successful in capturing the qualitative trend in size distribution
(Fig. 1). To confirm that the underlying processes and their para-
metrization are realistic, these results will need additional testing, in
sites with different external conditions. Total liana density was about
twice the observed one, however it should be noted that, compared to
other sites, liana density in Paracou is particularly low (DeWalt et al.,
2015). The bulk of this overestimation was for lianas with DBH < 5cm
which may be explained by the high value of the recruitment rate
parameter and to the fact that observations in the old-growth Paracou
plots may not have had tree fall disturbances recently.

Clustering and horizontal distribution Our model predicted a clumped
individual distribution with an average cluster size of around 1.6 lianas.
Since this result was independent of the attachment mechanism, the
clustering is likely to be driven by host change and light and space
competition. From a modelling point of view, host change is a necessary
feature to ensure that lianas stay in the higher part of the canopy.
Although this assumption of lianas seeking better light condition is
reasonable, its mechanistic representation and the host change prob-
ability should be evaluated against new observations. If host change
makes liana more likely to colonize the same trees, light and space
competition bind this process by making large clusters prone to con-
specific competition. As we have seen the exponential decay constant of
liana cluster size is similar between modelled and observed data. This
suggests that the implementation of light competition and crowding
mortality that was developed for trees can be generalized to lianas.

Leaf profiles In lowland tropical forests, light is one of the most
limiting resources (Kitajima et al., 2005). Vertical leaf profiles are an
important metric to understand how light is extinguished while
reaching the understory. Recent technological developments, such as
laser scanning (Krishna Moorthy et al., 2018), have allowed to measure
these quantities with greater precision, however, these instruments
cannot parse the different components of the leaf profile (i.e. species,
growth form). In our simulations, lianas deployed the majority of their
leaves in the higher part of the canopy. This result, while consistent
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with lianas expected behaviour, is a significant improvement over the
previous liana model where liana leaves were concentrated only at low
heights. The introduction of lianas did not significantly alter the forest
LAI as a whole, suggesting that lianas substitute tree leaves in similar
spatial locations. The small LAI bulge at low heights was due to the
large number of saplings and to the contribution of plots where a tree
fall event occurred. Although observations confirm that lianas abound
in correspondence of canopy openings (Schnitzer et al., 2000), the
parameters for seed dispersion may be overestimated. In this sense the
addition of more liana PFTs with a broad trait dispersion could be a
solution to ensure establishment under the highly variable light con-
ditions of the 500 years simulation.

Biomass Liana impact on AGB was strong both at an individual level
and at the landscape level. At the individual level, tree penalization
resulted in smaller biomass increments when the host had a high liana
load (due to a reduced LAI). To test our penalization scheme, field
measurement of trees with and without lianas would be needed. As it is
unlikely to find trees with similar characteristics but varying liana
loads, such measurements can only be of statistical nature. At the plot
level these types of comparison have already started (van der Heijden
et al., 2019) and may be used in the future to better parametrize liana
burden on trees.

Carbon fluxes Overall, most of the reduction in biomass could be
accounted for by the very high rate of respiration in lianas (discussed in
Appendix B). As Formind does not explicitly represent leaves and fine
roots, much of the GPP that is not used for growth is thus respired. In
reality, part of this GPP is likely to be used for production of tissues
with fast turnover rates like leaves or fine roots (Zhu and Cao, 2010).
Since the model does not explicitly represent these allocation processes,
the carbon is directly re-emitted through respiration instead of going
through litter decomposition; in other words, the model is over-
estimating autotrophic respiration and underestimating heterotrophic
respiration. Given that the carbon residence time of leaves and fine
roots is short, this simplification may have little consequences in terms
of carbon fluxes. An inclusion of more realistic mortality impact of
lianas to their host (such as by considering mechanical stress) may re-
sult in shorter carbon residence time and thus an even lower forest
carbon sink potential.

4.3. Additional considerations

In the current stage, the model clumps the entire diversity of
climbers into one liana PFT. This is a strong limitation as climbers
appear in about half (Putz et al., 1991) of vascular plant families and
their trait spectra are known to be dispersed (Wyka et al., 2013). The
development of additional liana PFTs, for example a shade-tolerant
liana (Nabe-Nielsen, 2004) may also reduce the strong impact of lianas
on respiration. Furthermore, many aspects of the climber growth form
have not been considered, e.g. below-ground competition or host spe-
cificity. As many studies have linked liana abundance to hydrology, for
example finding correlations between liana abundance and mean an-
nual precipitation or precipitation seasonality (Dewalt et al., 2000), a
greater model complexity needs to be incorporated to make general
predictions of ecological value.

From a computational point of view, the addition of lianas often
introduces a second order cost because of the interaction with trees. For
example, when calculating the LAI penalization due to lianas, the model
needs to check each tree for all of its lianas. An additional computa-
tional burden is due to the use of open arrays; these could be simplified
by assuming a maximum number of lianas per tree. In terms of model
structure, both Formind and ED are now able to simulate trees, grasses
and lianas. Both models make use of keywords to create parallel com-
putational regions for each growth form. In the case of Formind or other
models written in object-oriented languages, we advise for a greater use
of polymorphism and inheritance to make the code more compact and
abstract. For example, most allometric equations now require an
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explicit check of the growth form whenever they are used. The use of a
parent plant class could help to hide these specific implementations
from where these methods are called. Finally, for researchers interested
in implementing lianas in different models, we advise to start with two
liana PFTs. Although the complexity from one PFT is normally more
than enough to start, the use of a second, dummy PFT can help to create
more robust and general code from the start.

5. Conclusions

Liana modelling is still in its infancy and this work should lay the
ground for additional investigations, including with the use of new
modelling frameworks. With Formind we were able to capture many
aspects of a liana infested forest. In particular we concentrated on
correctly reproducing demography and spatial distributions. In the
current stage, the model could already be tested on real scenarios, for
example quantifying liana impact on carbon stocks in disturbed or
logged forests, or making forecasts for the future of liana removal plots.
To expand the applicability of the present model - for example to
produce regional estimates - we advise to first test the model under the
extremely variable climate, soil and topographical conditions under
which lianas are found.
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