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Forests are a critical carbon sink and widespread tree mortality resulting from climate-induced
drought stress has the potential to alter forests from a carbon sink to a source, causing a positive

feedback on climate change. Process-based vegetation models aim to represent the current
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cycle, vegetation model.

understanding of the underlying mechanisms governing plant physiological and ecological
responses to climate. Yet model accuracy varies across scales, and regional-scale model
predictive skill is frequently poor when compared with observations of drought-driven mortality.

| propose a framework that leverages differences in model predictive skill across spatial scales,
mismatches between model predictions and observations, and differences in the mechanisms
included and absent across models to advance the understanding of the physiological and
ecological processes driving observed patterns drought-driven mortality.

I. Introduction

Process-based vegetation models (VMs) simulate plant physio-
logical processes, such as photosynthesis and transpiration, and
ecological interactions, such as competition for scarce resources,
that govern the responses of forests to climate. VMs are also a tool
that is central to assessing the sensitivity of terrestrial ecosystems
to anthropogenic climate change. In practice, the actual phys-
iological and ecological processes incorporated in a particular
VM vary substantially depending on historical model develop-
ment, experimental purpose, spatial scale and biome(s) of
interest.

© 2021 The Authors
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In recent years, the representation of climate stress-driven tree
mortality in VMs has been identified as a major source of
uncertainty in determining forest sensitivity to climate change due
to the variety and empirical nature of mortality parameterisations,
most of which couple mortality to low plant-growth efficiency
(Bugmann ez al., 2019). By contrast, in live trees, plants harness
gradients in water potential to transport water from the soil to their
leaves and transpire this water through stomates into the
atmosphere. During periods of water stress, the water potential in
the hydraulic continuum declines until embolisms occur in xylem
conduits and impair water transport. Efforts to more mechanis-
tically represent the impacts of water limitation on plant growth
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and drought-driven mortality in VMs through explicitly modelling
the hydraulic continuum have the capacity to advance VM
predictive skill and constrain carbon cycle uncertainty associated
with mortality predictions (Xu ez 4/, 2016; Trugman ez al., 2018b;
Venturas ez al., 2018). However, the skilful prediction of drought-
driven mortality remains elusive, even with the addition of plant
hydraulic processes in VMs (Rowland ez al., 2021).

The limitations for simulating drought-driven mortality repre-
sent a major challenge for terrestrial carbon cycle prediction. Yet,
deficiencies in VM performance also offer an opportunity to better
understand the underlying mechanisms governing the forest
dynamics in ecosystems surrounding us through a better under-
standing of where, when and why models fail. In this review, I
summarise the strengths and limitations of process-based VMs. 1
review where and when studies have seen success in predicting
drought-driven mortality using plant hydraulics, and where and
when plant hydraulics alone have proven insufficient to capture
observed mortality patterns. Finally, I identify ways in which
differences in predictive abilities of VMs across scales and model
formulations can be leveraged to resolve gaps in our understanding
of the physiology and ecology underlying forest drought responses
and drought-driven mortality.

Il. Process-based vegetation model strength and
limitations

Trees are incredibly diverse and complex organisms. Ecological
interactions between trees that determine forest composition,
structure and demographic rates layer on additional process
complexity. Due to limits on both computational resources and
theoretical knowledge, even the most complex VMs are a highly
simplified representation of a real forest. The simplicity of VMs
relative to the real world is a strength and enables researchers to use
VMs not only as predictive tools for future scenarios, but also as
platforms to understand current day ecological unknowns.
Simplicity (or model parsimony) allows VMs to become
hypotheses testing tools that researchers can use to determine the
suit of mechanisms sufficient to produce patterns observed in nature
(Pacala ez al, 1996). In this context, the absence of known processes
is as important as the processes that are included within a given
model. For example, in a study focused on the physiological
mechanisms underlying tree drought responses, the authors used a
simple VM to test the hypothesis that hydraulic damage to xylem
tissue during drought and the subsequent carbon costs of rebuilding
damaged tissues to recover predrought function explained the
widespread observed patterns of delayed tree mortality following
drought events (Trugman ez /., 2018a). In another study, focused
on the ecological interactions underlying tropical forest structure, the
authors used a VM to test the hypothesis that gap-generating
disturbances and subsequent asymmetric competition for light
explained tropical forest tree size distributions (Farrior ez 4/, 2016).
In Trugman eral (2018a), drought-induced xylem damage is a
critical process, but competition for light is not a processes included
in the VM, whereas in Farrior ¢t /. (2016), competition for light is
necessary, while xylem damage is ignored. Because both models were
able to reproduce the phenomena of interest, they were able to
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conclude that the included processes (xylem damage and recovery for
Trugman et al, 2018a, gap disturbances and competition for light
for Farrior etal, 2016) were more important than the excluded
processes as mechanisms underlying lagged mortality and tree size
distributions, respectively.

The level of complexity in many VMs has increased substantially
over the past 2 decades to simulate physiological processes that occur
on timescales of minutes and ecosystem dynamics that occur on the
timescales of years to decades (Xu & Trugman, 2021). Advances in
model capabilities in terms of the number of processes and
sophistication with which processes are represented have escalated
with the aim of simulating the complex world around us (Bonan &
Doney, 2018). The need to add complexity is understandably
urgent, given that VMs are an integral component of the land surface
models that are used in climate change projections. However,
complexification leads to barriers that inhibit the advancement of
scientific understanding by making it increasingly difficult to
attribute particular VM responses to underlying physiological or
ecological mechanisms, and by increasing uncertainty in VM
predictions due to uncertainty in underlying model parameters and
equifinality issues during model validation (Table 1).

In summary, VMs are a frequently underappreciated and
powerful hypothesis testing tool that cannot and should not fully
capture reality. The utility of VMs in hypothesis testing also makes
them a fundamental tool for guiding future measurements,
ultimately improving both measurements and models (Medlyn
eral., 2015, 2016). Given major uncertainties associated with
increasing VM complexity (Sitch ezal, 2008; Tang & Zhuang,
2008; Prentice ezal., 2015), the addition of new processes should
ideally be done through several steps in which the proposed new
mechanism is first evaluated using an idealised model (such as the
examples of Trugman eral, 2018a and Farrior eral, 2016) and
subsequently added into a more complex VM in a modular structure.
Therefore, the VM can be run with or without the proposed new
mechanism to see which processes representation gives the most
parsimonious result compared with patterns observed in nature.

lll. From leaf to ecosystem: cross-scale vegetation
model predictions of drought-driven mortality

Approaches to modelling plant hydraulic transport are extremely
diverse (detailed by Mencuccini ez al., 2019). However, hydrauli-
cally enabled VMs have several commonalities across formulations,
including a description of hydraulic traits of tissues such as roots,
stems and leaves, allometric parameters that scale up tissue-level
properties to the whole plant, and processes linking plant function
to carbon and water fluxes (Mencuccini eral, 2019) (Fig. 1).
Hydraulic modules diverge in their choices (hypotheses) including
the leaf-level representation of stomata—environment interactions
(Wang etal., 2020), the precise physiological representation of
plant hydraulic transport and water storage (or lack thereof)
(Trugman et al., 2018b; Mencuccini ezal., 2019), the coupling
between stomata and hydraulics (Anderegg & Venturas, 2020),
and phenological strategies such as drought deciduousness (Xu
etal., 2016). Depending on model purpose and scale, VMs may
also represent complex hydrological processes that can strongly
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Table 1 Potential modelling pitfalls.

Problem Possible underlying issue

Example

What did we learn?

VM predictions
do not match
observations

in the VM that matters

VM representation and/or
scientific understanding
of a process is
incomplete or insufficient

Observational data used to
parametrise or validate the
VM is imperfect and/or
measurement error is
undocumented

VM predictions match
observations for
the wrong reasons

Compensating errors in model
specifications/Equifinality
in VM parameterisations
such that different sets of
parameters for a single
modelling system result in
same or similar predictions

Missing a mechanism or process

VM predicts that trees die where
observations show tree persistence.
Love etal. (2019) used a VM to
diagnose the controls of
aspen dry range extent and found that
growing season rainfall was insufficient
to support aspen persistence where
stands were observed growing
around the region

VM captures observed tree mortality
patterns in controlled stand-level
experiment but fails to capture
mortality patterns at larger spatial
scales. Venturas et al. (2021)
used a VM that skillfully simulated lethal
stress in a stand-level experiment but
found that model-prognosed stress
explained little of observed variance in
mortality at the regional scale

Mortality data used during VM validation
includes multiple co-occurring drivers with
different underlying mechanisms, not
all of which are included in the VM.
Stephenson et al. (2019) found that
most tree mortality during an extreme
drought in California was associated
with bark beetles and did not necessarily
correspond with the most physiologically
stressed trees

A suite of VM with different mortality
formulations match observational data
well but mortality modules that
performed similarly during validation
manifest sharply diverging trajectories
in novel climate conditions. Bugmann
etal. (2019) used 15 VMs with different
mortality schemes and found that VM
sensitivity to future climate was highly
dependent on differences in mortality
formulation

Both hydrology and physiology are important.
VM predictions of lethal plant stress based
on physiological understanding and surface
water budget provided a window into the
subsurface and enable calculations of the
necessary groundwater subsidy that aspen
stands rely on to persist a dry range edge

The lack of skilful mortality prediction at large
spatial scales is likely to stem from multiple
issues including incomplete scientific
understanding of mortality processes (both
ecological and physiological), subsequent
missing mechanisms in VMs (Fig. 1), and
imperfect observational data

VMs are important tools to help guide future
measurements that should be made to
discriminate among differing hypotheses
represented by distinct processes within
a single VM and/or across different VMs
(Medlyn et al., 2016)

(1) Systematic intercomparisons of specific
VM processes (such as mortality) through
increased modularity

(2) VM intercomparisons using a hierarchy
of model complexities

(3) Challenging VMs with multiple tests
and/or benchmarks (Fisher & Koven, 2020)

VM, vegetation model.

affect plant available water (PAW) and prognosis during and after
drought (Tai ez al., 2018). Although important when understand-
ing observed broad-scale mortality patterns (Trugman ez a/., 2021),
pests and pathogens, which often co-occur with drought and drive
mortality events (Raffa ez al., 2008), are currently absent from VMs
designed for regional- to global-scale simulations (McDowell ez al.,

2020).

The recent inclusion of new stomatal optimisations (Sperry
etal., 2017) and the explicit representation of plant hydraulics in
VMs encapsulates the hypothesis that the physiology of water
limitation is important for predicting ecosystem fluxes, demo-
graphic outcomes and terrestrial carbon cycle dynamics in a water
limited world. In many instances, hydraulically enabled VMs have
seen success in explaining observed patterns in nature. For example,
studies have found that an explicit representation of hydraulic
processes improves simulated short-term fluxes of water and carbon
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(Eller et al, 2020; Sabot ezal, 2020), inter-annual variations of
vegetation dynamics in seasonally dry forests (Xu ez 4/, 2016), and
mortality in controlled drought experiments using simulated plant
hydraulic thresholds (Venturas eral, 2018). However, when
applied to regional-scale prediction, mortality thresholds derived
from plant hydraulics have added relatively little skill in explaining

observed patterns in mortality (Venturas ezal, 2021). Further-

more, model biases for hydraulically enabled VMs are not
systematic. For example, the VM used in Venturas ezal. (2021)
overpredicted the observed mortality at the majority of forest
inventory sites in a study of western United States (US) forests,
whereas De Kauwe eral (2020) substantdally underpredicted
observed mortality in a study of south-eastern Australia forests
using a different VM but similar mortality criteria.

There are some possible reasons underlying poor VM perfor-
mance and differing biases for regional-scale mortality prediction.
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Fig.1 Conceptual representation of basic elements in hydraulically enabled
vegetation modelsin which water travels along a water potential () gradient
from the soil to the leaf through cohesion-tension theory, and is transpired
through stomates into the atmosphere at a rate that is regulated by species-
specific plant traits such as the conductance (K) of different tissues (root,
stem, leaf) and stomatal conductance (gy). Si, it soil layer.

First, imperfect data, both for model inputs and validation, affect
metrics of VM performance. For example, uncertainty in meteo-
rological forcings and boundary conditions for soil and stand
properties impact model-predicted soil moisture and plant stress
(Guo et al., 2006). In addition, different benchmarking datasets,
such as forest inventory data and remote sensing vegetation
indices, have different spatial and temporal resolutions and
underlying data uncertainties (Table 1). Variations in model
structure as a result of model purpose and computational
considerations can result in different model predictions. For
example, although both are hydraulically enabled, De Kauwe
et al. (2020) used a big leaf model, whereas Venturas ez al. (2021)
used an individual-based stand model. Finally, the ecology, forest
structure and functional diversity are important for VM predic-
tion at the landscape scale, including direct effects such as the
representation of functional diversity and community composi-
tion, and indirect effects through competition for scarce
resources. Therefore, model biases may reflect multiple missing
mechanisms that are required for predicting drought mortality
under a unified framework at the global scale.
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IV. Using mismatches in model prediction across
scales, models and observations to tackle ecological
and physiological blind spots

Concomitant overprediction of drought mortality in some biomes
around the globe and underprediction in others by hydraulically
enabled VMs provide a useful framework to develop a series of
hypotheses mapping out how to improve both ecological under-
standing and model predictive skill of drought mortality at broad
spatial scales. VM overprediction of drought mortality could occur
for a number of reasons, several hypotheses that are mentioned in
Venturas etal. (2021) and De Kauwe eral. (2020) that I detail
further here use the US mountain west as a case study area (Fig. 2).

First, the PAW may be greater in reality compared with VM-
simulated PAW, either due to subsurface water subsidies (Fig. 2a;
H1), taproot access to deep soil or rock moisture (Fig. 2a; H2), ora
combination of H1 and H2. Indeed, the western US is topograph-
ically complex, so stand water balance can be subsidised by lateral
flow, and several studies have found that trees routinely tap bedrock
water stores in the region (Goulden & Bales, 2019; Mackay ez al.,
2020; McCormick ezal, 2021). Solving the subsurface problem
and its role in drought-driven mortality is important and also not
immediately resolvable, because ecological understanding is
incomplete and the subsurface is hard to measure. Although we
cannot immediately troubleshoot our lack of scientific under-
standing of the subsurface to advance mortality prediction, VMs
are already being used to augment observations and improve the
understanding of the subsurface (Table 1). For example, both
Mackay et al. (2020) and Chitra-Tarak ez /. (2021) used hydrauli-
cally enabled VMs to understand tree rooting strategies by
parameterising the VMs with aboveground traits and estimated
rooting depth using observed physiological diagnostics such as
plant water potentials, growth and mortality dynamics, and
isotopic data. Similarly, Tai ezal (2018) coupled a hydraulically
enabled VM to a three-dimensional groundwater flow model and
showed that the VM overpredicted mortality without accounting
for subsurface flow. Therefore, observed patterns of mortality,
combined with VMs as hypothesis testing tools, provide an
unprecedented window into the subsurface that is fruitful for both
basic science and prediction.

An incomplete understanding of within-species (intraspecific)
trait variation (Fig. 2b, H4) could also explain the instances of VM
overestimation of tree stress (Table 1). One example of incomplete
process-based understanding that may matter for drought mortal-
ity prediction is that hydraulic traits have been shown to vary
substantially within species (Anderegg, 2015), and variation is
coordinated with aridity for some traits (Rosas etal, 2019;
Anderegg et al., 2021). Yet, the extent to which intraspecific trait
variation can accommodate climatic stress is not fully understood.
Furthermore, within-species or within-functional type variation in
climate stress is not generally represented in VMs due to incomplete
understanding. However, model-predicted stress for trees param-
eterised with species mean traits would be higher compared with
their n situ counterparts, if the model functional diversity was
inadequate, or if the % situ trees had more drought-resistant traits
compared with the recorded literature values. This could be for
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Fig. 2 Abasicrepresentation of plant hydraulics (illustrated in Fig. 1) in vegetation models (VMs) can be sufficient for mortality prediction in simple systems such
as controlled drought experimentsin which plant-specific traits are measured. (a—c) lllustration of several potential complicating mechanisms (using the western
United States as an example system) when scaling from an individual tree to the landscape as a series of hypotheses (H1-H5). (a) Omission of processes that
impact simulated plant available water such as subsurface water subsidies (H1) and/or taproot access to deep water (H2) may result in VM overprediction of
tree stress and mortality relative to observations. Variations in subsurface water availability in which some trees have access to groundwater (a2) and others are
exclusively rain fed (a1) in topographically complex landscapes can yield heterogeneous mortality responses not anticipated from VM processes. (b) Omission
of physiological processes that impact simulated plant stress such as legacy drought damage (for example, extensive previous xylem embolism or cavitation
fatigue, H3) could resultin VM underprediction of mortality relative to observations (b1) and spatial biases across a region in VM performance, depending on
the spatial patterns of drought frequency and severity. By contrast, omission of within-species (intraspecific) trait variation could result in either overprediction
or underprediction of mortality, depending on whether the tree is more drought resistant (H4 green points) or drought vulnerable (H4, brown points) relative to
the VM-parameterised traits. In this case, VM performance may differ across species' ranges, given the potential acclimation responses at dry range edges (b2,
for example) not anticipated from VM-parameterised mean traits. (c) Omission of ecological processes such as pest- and pathogen-driven mortality (H5) may
resultin model underprediction of mortality relative to observations. Without a representation of the spatial dynamics of processes such as bark beetle outbreaks
(as one prominent example of pest and pathogen-driven mortality), it is not possible to capture heterogeneous landscape mortality responses of attacked trees
that ultimately die (c1) and those that survive (c2). Dashed lines represent the 1 : 1 line between hypothetical observations and model-simulated predictions. ¥,
water potential; K, conductance.

either physiological reasons corresponding with selection and/or
aridity or simply because literature-reported trait measurements are
sparse and not a good population sample. Although similarly not
immediately resolvable, there is the substantial opportunity for
VMs to aid in determining measurement locations that most
effectively sample intraspecific trait variation.

Vegetation model underprediction of plant stress and mortality
could occur for reasons rooted in physiology, such as lack of
representation of hydraulic damage during drought (such as
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cavitation fatigue; Hacke ezal., 2001; Fig. 2b, H3) and subsequent
legacy effects on the ecosystem dynamics (Anderegg eral, 2015).
Hypotheses, such as hydraulic damage during drought and the
carbon cost of repair, could be implemented in a VM to see if the
increases in model explanatory power merit widespread inclusion in
VM, according to principles of parsimony (Prentice ezal., 2015).
Pest- or pathogen-driven mortality may also explain VM underes-
timation of observed mortality patterns (Fig. 2c, H5). However, data
on pest and pathogen-driven mortality is sparse across many regions
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of the globe (Trugman etal, 2021). Given the combined lack of
observational data and representation of pest- and pathogen-driven
mortality in the majority of VMs (McDowell e al., 2020), progress
needs to be made on both fronts. In VMs, initial semiempirical
implementations of pest and pathogen outbreaks, perhaps targeting
well known pest and pathogen ‘functional types’ (Dietze & Matthes,
2014), may be a tractable first step.

V. Conclusions

Vegetation models are an important hypothesis testing platform
used to determine the suit of mechanisms sufficient to produce
patterns observed in nature. Hydraulically enabled VMs have yet to
see general success in predicting mortality at broad spatial scales, a
critical aim for terrestrial carbon cycle prediction with climate
change. However, progress has been made in advancing the
understanding of the subsurface using VM experiments coupled
with observations of aboveground diagnostics. Furthermore, there
is significant potential for VMs to advance the understanding of
intraspecific trait variation and pest- and pathogen-driven mortal-
ity through informing future measurements. Although the full suite
of mechanisms required for regional-scale mortality prediction is
still uncertain, VM experiments combined with observational
validation in which new processes are systematically evaluated in
idealised VMs and added to more complex VMs, using a modular
structure that allows for factorial experimentation with or without
the proposed new mechanism, is a promising future avenue of
research. In many cases we can gain the most understanding when
our models fail to meet expectations.
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