Dear Professor Sierra,

We have now completed the edits to our manuscript titled: “Robust Ecosystem
Demography (RED): a parsimonious approach to modelling vegetation dynamics
in Earth System Models”.

Attached is a file containing the point by point responses to each reviewer’s com-
ments, and a latexdiff file showing the extensive changes that we have made to
our paper. We believe that these changes have made our study much more co-
herent and robust.

We have added Dr Anna Harper from the University of Exeter as a co-author,
as she provided driving data for our study and also invaluable insights during the
revision process.

Thank you in advance for taking the time to look over our revisions. We look
forward to your decision.

Yours sincerely,

Arthur Argles and Peter Cox (on behalf of co-authors)



Response to Reviewer 1:

Robust Ecosystem Demography (RED): a parsimonious approach
to modelling vegetation dynamics in Earth System Models

Arthur P. K. Argles, Jonathan R. Moore, and Peter M. Cox on behalf of co-
authors. (on behalf of the co-authors)
22nd April 2020

We thank the reviewer for their extremely detailed review. Most of the suggestions were
on technicalities within the literature and definitions used within the paper. We address
each of the queries raised below. The relevant reviewer comments are written in italics
below followed by our responses in plain font with the changes given in blue.

Reviewer:

In this paper, Argles and co-authors introduce the ‘Robust Ecosystem Demo-
graphic’ (RED) model. RED is introduced as an alternative to cohort-based
vegetation demographics models, and its justifications are largely presented
as being in opposition to more complex approaches that discretize tree size
and age since disturbance. Instead of discretizing age since disturbance and
tracking individual cohorts performance, RED makes several simplifying as-
sumptions including:

1. Productivity for each plant size class is not calculated as a function
of it’s resource availability within a PFT x age class matrix (as for a
typical ecosystem-demography based VDM) and instead is assumed to
scale with plant size, as per the idealized ‘Metabolic Scaling Theory’.

2. Thus, there is no possibility of relative plant size determining competi-
tion for light, and hence productivity and growth, and thus all plants of
a given PFT are supposed to occupy the same area.

Response (1):

While it is true that we do not explicitly model light competition (except with respect to
the net growth-rate of the recruitment flux), it is not true that plant size has no impact on
growth-rate or that all plants of a given PFT occupy the same area. In RED we assume
allometric relationships relating tree mass to growth-rate (Equation 2) and crown area
(Equation 3). We have clarified these assumptions.

Reviewer:

3 The horizontal area is divided into said PFT tiles, and another tile
wherein disturbance and seed establishment occur.

Response (2):

This is an interesting way of viewing RED, but it’s not quite how we see it. In fact, PFT-
dependent disturbance occurs across the whole of the grid-box, as does seed establish-
ment. The confusion may arise from the fact that the latter is affected by light-competition
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and therefore depends on the unvegetated fraction of the grid-box. We have clarified these
points in a revised model description.

Edit:

“Spreading is homogeneous across the entirety of the grid-box, but only seedlings established

nn

within ‘unoccupied space’ will survive to join the plant cohort.

Edit:
“Disturbance mortality rates from 74 can in principle be both PFT-dependent and mass-dependent

(e.g. to capture forestry practices)."

Reviewer:

On account of these various simplifications the model can be solved analyt-
ically for a given productivity and mortality rate and RED is generally pro-
posed as an alternative method for the simulation of some aspects of vegeta-
tion demographics in Earth system models (ESMs). I appreciate the novelty of
this approach, and think it is important that a diversity of avenues are taken
towards improving the representation of the terrestrial carbon cycle within
ESMs.

While this is an interesting set of concepts, and potentially an interesting
‘middle ground’ in complexity of representation of vegetation demographics,
there are numerous issues with the presentation, description and validation of
the model that I find problematic in this paper.

First, in the introduction, there is insufficient explanation of the existing di-
versity of approaches to the simplification of forest models. A class of mod-
els already exists which is much closer conceptually to RED, e.g. the POP
(Haverd et al., 2014) and ORCHIDEE-MICT (Yue et al., 2018) models, that
also track different size or age cohorts within a single tile devoted to each
PFT. While RED additionally provides a DGVM capacity in the form of the
competition for seed recruitment, it seems that this class of models certainly
requires description at the very least.

Response (3):
As suggested, we now compare and contrast RED with these other published models,
within our revised discussion and introduction.

Edit:

“In a similar vein other models have limited the number of cohort dimensions. The POP model
(Haverd et al., 2014), uses stand-age cohorts as the dimension for population dynamics, every
time-step applying crowding and resource limited mortality rates. Another example is the ORCHIDEE-
MICT (Yue et al., 2018), which disaggregates the populations of a PFT into patch cohort func-
tional types, with transitions between cohorts diagnosed when the average basal diameter passes a
threshold."

Edit:

"This is a distinct approach relative to other intermediate complexity DGVMs which are based on
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patches defined by time since disturbance, such as the POP or ORCHIDEE-MICT models (Haverd
et al., 2014; Yue et al., 2018)."

Reviewer:

Further, despite the numerous mentions of the PPA approach, the paper does
not actually describe this alternative approach to defining ‘tractable’ solu-
tions to demographic modeling. A comparison of the RED and PPA ap-
proaches would be interesting, in particular given the fact that the PPA re-
quires slightly more parameters than RED. This is particularly relevant given
that the PPA is also implemented in the GFDL ESM. A comparison of the
RED and PPA approaches would be interesting, in particular given the fact
that the PPA requires slightly more parameters than RED. This is particularly
relevant given that the PPA is also implemented in the GFDL ESM.

Response (4):
We have included a description on PPA in the discussion and how this relates to the
minimum overlap assumption within RED.

Edit:

“Finally, we assume that competition is only significant for the lowest ‘seedling’ mass class.
This enables us to represent gap dynamics among plants and resultant stages in succession. This
represents a significant simplication compared to other approaches involving the Perfect Plasticity
Assumption (PPA), as used within DGVMs such as LM3-PPA or CLM(ED) (Fisher et al., 2015;
Weng et al., 2015), where canopies are assumed to perfectly fill gaps through photomorphism
(Strigul et al., 2008). In LM3-PPA the radiative flux is limited by the available gap fraction in a
given crown layer. PPA parallels our gap boundary condition at the lowest mass class (equation
(6)), but in RED the growth of a cohort is purely dictated by the the disaggregation of total growth

assimilate assuming metabolic scaling (equation (11))."

Reviewer:

Instead of a description of the relevant literature, the current justification
statements in the introduction focus on somewhat vague assertions that full
ED-type size-and age structured approximations are too cumbersome. A com-
parison with more similar models would be helpful, as would a more general
depiction of the pro’s and cons of the approach used here. The model clearly
has some benefits in terms of simplicity and tractability, but also has some
drawbacks in terms of reduced ecological fidelity compared to real ecosys-
tems. Given this, it would be good if the paper at some point addresses the
questions for which RED would and would not be appropriate.

Response (5):

As suggested, we have now included a discussion of the pros and cons of RED, and the
implications for its applications, within the revised Discussion section. We have also
explained where more complex approaches (such as ED) are required.

Edit:



“Our previous work in evaluating demographic equilibrium theory for regional forest inventory
datasets in North America (Moore et al., 2018) and using RAINFOR sites for South America
(Moore et al., 2020), has provided the theoretical basis for the development of RED. In those stud-
ies we found that tree-size distributions within observed forests can be satisfactorily understood
in terms of demographic equilibrium in the size dimension alone. This is a reduction in complex-
ity compared to other cohort models which are based on patch age, and yet an improvement in
ecological fidelity compared to older phenomenological DGVMs such as TRIFFID (Cox, 2001).
The modular design of RED allows for easy coupling to land-surface schemes, merely requiring
the per unit grid-box total carbon assimilate rate and any additional mortality disturbance rates
as inputs for each grid-box (Figure 2). In principle, RED allows scope for more complex tree
size-dependent processes, although in this first study we chose to assume size-independent (but
spatially varying) mortality rates for each PFT. Our previous work suggests that this is a good
first-order assumption (Moore et al., 2018, 2020).”

Edit:

“There are inevitably weaknesses with any particular modelling approach. For RED, a current
limitation is for competition to lead to a single PFT at each location within each co-competing
vegetation class (i.e. tree, shrub, grass). The PFT with the highest equilibrium fraction will end
up excluding sub-dominant PFTs within the same vegetation class. It was necessary for us to ac-
count for this eventual competitive exclusion to derive zero-drift steady-states for the global runs
presented in Section 3.2.1 . Such competitive exclusion is a common problem in DGVMs (Fisher
etal., 2018). Currently, RED would not be the most appropriate DGVM to answer important ques-
tions regarding the role of biodiversity in ecosystem function (Pavlick et al., 2013; Levine et al.,
2016). More sophisticated DGVMs are required to simulate plant diversity, such as individual-
based models (Fischer et al., 2016), and DGVMs specifically-designed to capture sub-gridscale
patch dynamics (Longo et al., 019a,b). Adapting our ‘gap’ boundary condition (equation 7) ap-
pears to be a promising way to allow greater PFT diversity in RED, without unduly increasing

model complexity. We see this as a key priority for future research."”

Reviewer:

Many demographic model development activities, for example, as specific-
ally motivated by a desire to include greater diversity of functional types in
ESMs, and to predict their distribution as a function of their plant traits, which
in most models primarily impact upon growth. Removing the ability of the
model to simulate growth-based competition for light, and indeed, to simu-
late a diversity of trees within the same class, means that this RED would not
be suitable for that problem.

Response (6):

Agreed. The introduction has been rewritten to explain how in RED we choose to trade
model complexity for reduced parameter uncertainty. This trade-off seems to be appro-
priate for the purposes of modelling large-scale forest demography and carbon storage
(Moore et al., 2018, 2020), but it is indeed less appropriate for applications related to
forest ecology and diversity.



Reviewer:

Further, the introduction suggests that part of the motivation for resolving
tree size is to introduce size-dependant physiological processes, but by intro-
ducing the metabolic scaling of productivity from an arbitrary reference size
to all of the other classes, RED is also unable to simulate how tree size actu-
ally affects physiology - e.g. plant hydraulics, light availability, fire damage,
allometry (and thus allocation and demand for nutrients in pools of different
stoichiometry), size dependant rooting depth (and thus uptake of water and
nutrients) , burial by snow, etc. Many developments of demographics models
are specifically motivated by the representation of size, so again, RED could
not be used for those types of question.

Response (7):

RED is a demography model which requires net PFT growth rates and disturbance rates
as inputs. In the study presented in this paper, net PFT growth-rates were provided by the
JULES land-surface scheme. In principle, details on the tree size distribution can be fed
back into JULES (or any other land-surface scheme) to enable size-dependent processes
to be included (for example to represent size-dependent drought mortality). We include
these possible future developments in our new Discussion section.

Edit:

“RED is currently being coupled to the JULES Land Surface Model, replacing TRIFFID as the
default DGVM within that framework. In parallel, significant improvements are being made to
the representation of physiological processes in JULES, most notably through the representation
of non-structural carbohydrate (‘SUGAR’, Jones et al. (2019)), and through the inclusion of a
coupled model of stomatal conductance and hydraulic failure under drought stress (‘SOX’, Eller
et al. (2018, 2020)). Plans are also being made to derive the mortality rates for RED from the
INFERNO forest-fire model (Burton et al., 2019). These developments will allow us to simulate

the effects of size-dependent tree mortality rates within the near future."

Reviewer:

As a parallel, RED also does not provide discretization of the time-since-
disturbance continuum, and instead really divides the grid cell into various
PFT tiles, with resolved height, and one ‘gap’ tile, where new seedlings com-
pete for space. Many demographic model developments are motivated by the
ability to represent how the development along the successional trajectory
impacts physiological boundary conditions. Examples of this include simu-
lating the dominance of N fixers in early succession, of the matrix of post-
fire disturbance conditions (including the vertical co-existance of grass and
trees), representation of variation in light conditions to capture successional
composition shift and the horizontal variation of vegetation height in systems
which are buried by snow.

Response (8):

As pointed out above (response 2), this picture of RED is not correct. We have clari-
fied this in the revised model description. The other points concerning the age-dependent
(rather than size-dependent) processes are covered in our revised introduction and discus-



sion (see our response 3).

Reviewer:

I am also highly skeptical of the authors claim that mortality rates can be
backed out from spatial coverage of a particular PFT. Given that only a single
not very convincing validation is presented, I remain far from convinced that
this is a reasonable model inversion method. While it might be mathematically
plausible, given the myriad simplifying assumptions of the model, I'd like to
see how robust the mortality estimates are to variations in the seed production
rates and minimum size, as well as assumptions on the spatial arrangement of
crowns, and indeed, the uncertainties in the estimates of PFT areal coverage.

Response (9):

As requested, we have carried-out a senstivity analysis to show how our estimates of
mortality-rates depend on the model parameters («, m() along with the ‘observed’ PFT
areal coverage and UKESM carbon assimilate input. This is included as a new Appendix
C.

Edit:
The diagnosed mortality rates in figure 6 are sensitive to variation in model inputs and parameters.

The mortality rate, y, can be found for the continuous solutions by rearranging the boundary

condition equation (6), substituting in Eq.(B2) and Eq.(B13):

P, 1— 1 1
y=2 eqao( Veq) [1++2] (1)
mo Veq 210 8“0

The key external inputs to this equation are the observed PFT fraction v, and the net assimilate

P,,. In addition, our estimates of - are dependent on the internal model parameters, o and my.

The red lines in Figure C1 demonstrate how the estimate of v depends on these four inputs. The
black dashed lines in Figure C1 indicate how uncertainties in each input relate to uncertainties in
v, for ‘true’ values typical of a tree PFT. We estimate uncertainties in the observed PFT fraction
(e.g. from remote-sensing) to be 5%, and uncertainties in P (e.g. from JULES) to be +20%,
leading to errors of +17% and +20% respectively. Likewise, 20% uncertainties in the internal
parameters « and my lead to +12% and +20% uncertainties in 7. Combining these sources of

uncertainty leads to an overall uncertainty in our inferred estimate of v of about +£35%. "

Reviewer:

Lastly, the paper has some issues with clarity that I have tried to cover in some
detail in the following comments. Some of the excessive mathematical details
could be moved to the appendix as they rather detract from the flow of the
paper. A more informed and nuanced description of how the model fits into
existing demographic model literature and of it’s strengths and weaknesses
would, I think, be more useful for the general readership.

Response (10):
As suggested, we have moved mathematical details concerning carbon conservation to
appendix A and the equilibrium state to Appendix B. The pros and cons of RED are
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Figure 1: The sensitivity of the mortality rate to assumed input variables: coverage, Veq
(a), and carbon assimilate rate, ., (b), and model parameters: reseed fraction, « (¢) and
boundary mass, mg (d). The solid black line indicates the fixed values with corresponding
+20% (b,c,d) or 5% (a) variation (dotted black lines).

discussed in more detail in our revised Discussion section (as outlined abov in response
5).

Specific Comments

Reviewer:
Pl, L21: The statements in these first three sentences all need references.

Response (11):
Done.

Edit:

“A key requirement of Earth System Science is to estimate how much carbon the land surface
will take-up in the decades ahead (Ciais et al., 2014). This is an important component of the total
carbon budget consistent with avoiding global warming thresholds, such as 2 C (Schleussner et al.,

2016). Unfortunately, projections of future land carbon storage still span a wide-range (Brovkin
et al., 2013; Friedlingstein et al., 2014; Arora et al., 2019).



Reviewer:

P2, L7: I'm not sure what to take from this assertion that uncertainty ‘can be
attributed’ to CO?2 responses and regrowth. It can also be attributed to a lot
of other features of LSMs. Is it really necessary to state this so definitively?

Response (12):
Agreed - we have now removed this phrase.

Reviewer:
P2, L9: You didn’t really describe or define what a DGVM is yet.

Response (13):
DGVM now defined at the point of use.

Edit:

“The representation of plant communities within Earth System Models (ESMs) is achieved through
the use of Dynamic Global Vegetation Models (DGVMs). DGVMs employ a variety of biophys-
ical, biogeographical and biochemical processes to simulate growth, competition and recruitment
of vegetation. The variety in the number and resolution of the processes contributes to the differ-

ences found at the Earth System level."

Reviewer:

P2, L15: Here it is indicated that ‘processes that are dependant on size’ is
a core motivation for the implementation of this concept, but RED actually
ignores that size of all except the reference tree, using an assumption to scale
to the other size classes. There are lots of processes that do actually de-
pend on size (hydraulics, allocation, fire mortality, competition for light, wind
damage, snow burial, etc.) and so this is a genuine justification for using a
size-structured model, but it does not apply to RED. Therefore, a different jus-
tification is required.

Further, in ED-type models, the faster regrowth after disturbance is typically
predicted on the use of multiple tree types that exist in early, mid and late
successional systems (as opposed to an average, slower growing tree).

Response (14):
Please see our responses to points in (1), (2) and (7) above.

Reviewer:

P2, L21: This is true, but you are also going to get lots of different outcomes
of climate change from alternative parameterizations of RED - parameters
that are absent from the simpler model are really just assumed to be fixed
in RED (e.g. the decay coefficient of productivity with size, seed production,
competition parameters). Making the parameters either assumed constants
or round numbers doesn’t make their uncertainties go away. It would be
more interesting to investigate these uncertainties and illustrate a succession
experiment under a range of model assumptions.



Response (15):

Previous studies testing RED equilibrum profiles against observed forest demography
for north and south America (Moore et al., 2018, 2020), suggest that our simplifying
assumptions are sufficient to capture tree size distributions in many locations. However,
we agree that it is important to assess the sensitivity of our simulations to the assumed
fixed parameters. This is why we have included a new senstivity analysis in Appendix C,
as per (9) above.

Reviewer:

P2, L24: Cohort models are numerically unwieldy and no-doubt more ex-
pensive, but as you attest later in the paper, it is disingenuous to state that
they make a new patch every timestep when in fact ED-derived models imme-
diately fuse the newest patch to the next largest one.

Response (16):

The algorithm used to ‘fuse’ patches is arguably an arbitrary feature of such models.
However, we have toned-down our implied criticism of these alternative approaches in
the introduction.

Reviewer:
P2, 1L.26: Cohort models can either track tree age or tree size, so adding this
here to distinguish RED from a cohort model doesn’t really make sense.

Response (17):

The norm for cohort model is to track both tree age and tree size. As stated within the
sentence RED is a “simplified" cohort model, the simplification being not tracking tree
size.

Reviewer:

P3, L5: The way in which this equation is presented seems overly contrived.
Surely it can be presented such that the dn/dt is the sole term on the left hand
side?

Response (18):

We choose to write the equation in this way, because the lhs is essentially the continuity
equation for a conserved variable (in this case tree number), while the rhs contains the
source and sink terms. This is a standard way to write Fokker-Planck type equations.

Reviewer:
Neither g(m) nor lambda(m) appear in the actual equation, so this is again a
little hard to get ones head around.

Response (19):

The terms g and ~ (Rather than lambda?) appear in equation 1. We choose not to write
these explicitly as functions of mass (e.g. “g(m)”) for clarity. Again, this is standard
practice.
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Reviewer:
P3, L11: What did Niklas and Spatz find or do, briefly?

Response (20):
We have edited this sentence to include “...consistent with the meta-analysis of field-
based measurements by of Niklas and Spatz (2004)..”

Reviewer:

P3, L16: I do not understand how the last term translates into fractional area,
when it looks like it should just return ‘area’. Further, is there no constraint
on the area the trees can occupy? That seems strange and needs further
discussion.

Response (21):
This term returns fractional area because of the dimensions of “a” (m?) and “n” (number/kgC/m?).
Integrating over mass-classes therefore yields a unit of (m?/m?).

Reviewer:

P4, L1: I'm not sure why you need to state that the model conserves carbon
three times. All vegetation models must conserve carbon. This isn’t very
SUrprising.

Response (22):

This subsection describes the discrete equations for RED. The discrete form is now de-
rived in appendix A,using the conservation of mass as a constraint on the net fluxes of
plants moving between the mass classes. We now make this clear at the beginning of the
subsection.

Edit:
“We wish to produce a model of vegetation demography that can be updated numerically and

which explicitly conserves vegetation carbon, providing a constraint on the number of plants mov-

ing between mass classes in the discrete form."

Reviewer:
P4, L3-15: I'm not sure what purpose is served by this sequence of equations.

Response (23):
Please see response (22) above.

Reviewer:
P4, L20: This equation would be easier to read if it were split into terms for
seed recruitment and growth.

Response (24):
The equation as written shows that seedling recruitment depends on the fraction of net-
assimilate which goes into seedling production («), the net-assimilate (), and the frac-
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tional gap area (s). We have added a sentence below the equation to make this clearer.
Edit:

“Therefore, the rate of recruitment Fj is the ratio of a fraction of the carbon assimilate allocated

to reproduction, P, and mg, multiplied by the gap area s."

Reviewer:

P4, L23: The PPA assumes minimum overlap of crowns within each layer of
the canopy. It distinctly does not assume no overlap of PFTs. It assumes that
canopies are arranged into layers and within each layer there is no overlap.
Competition for light occurs at the boundary of the layers and is a strong
control on ecosystem assembly. In fact, much of RED is highly contradictory
to the PPA concept, given the MST rejects the need to different growth para-
meters as a function of light availability (as demonstrated convincingly for
tropical forests by Farrior et al. (2016)). I think it’s thus a little disingenuous
to cite the PPA here as a justification for this assumption.

Response (25):

Based-on the reviewers’ own comments here, it sounds to us like the minimum overlap
assumption in RED and PPA are indeed related. However, the potential relationship to
PPA is just an aside , so we have removed the reference to PPA here to avoid further
concern from the reviewer on this point.

Reviewer:
P4, L25: “injected”? How do trees get injected?

Response (26):
Changed to “recruited".

Reviewer:

Figure 1: I don'’t find figure 1 particularly informative. It would be better to
have a depiction of the actual area available for seeds and to illustrate how
the different PFTs might affect the allocation to each PFT. This figure just
tells me that shrubs are smaller than trees.

Response (27):
Others who have seen this diagram have found it useful, so we have retained it despite the
reviewer’s opinion on this point.

Reviewer:

PS5, L4: The calculation of the area occupied by each PFT, as it is introduced
here, needs a lot more explanation. In the description on L16 of P3, it simply
states that the area of all the mass classes is added together, such that there is
no overlap between the canopies of the trees in each plant type. This implicitly
assumes that all the trees are in the ‘canopy’ layer, (using PPA terminology)
and thus by implication that they should all get the same amount of light.
Of course, via use of equation 2, the actual light environment of the plants
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is divorced from assumptions about their spatial arrangement, but it seems
like a strong assumption to me to include no possibility of additional canopy
layers. What happens when the total amount of space occupied by the plants
exceeds the ground area available?

Response (28):

Our gap boundary condition given by equation 12 ensures that there are no steady-state
solutions where the total vegetated fraction exceeds one. We have added a sentence to
clarify this point.

Edit:
“This ‘gap’ boundary condition results in there being no equilibrium solution where the amount of

coverage exceeds 1. Doing so would halt the recruitment flux such that mortality processes would

bring the fractional coverage back below unity."

Reviewer:

PS5, L5: It should be noted here that the Cox 2001 paper is at-least inspired
by the Lotka-Volterra approach, to better allow connection of this concept to
community ecology literature.

Response (29):
Agreed. Rewritten as “..this is a similar competition regime to the Lotka-inspired TRIF-
FID model...”

Reviewer:

P5, L7: Later on you state that the coexistence between PFTs of the same type
doesn’t actually work, so this statement that Eqn 12 allows for coexistence is
a little misleading.

Response (30):
Here we mean by “inter-functional group” we mean tree-shrub-grasses. We make that
clearer in a revised sentence.

Edit:
“...allows for the co-existence between inter-functional groups (trees, shrubs and grasses) of PFTs.

For instance, a PFT such as Broadleaf Deciduous Tree can co-exist with a Deciduous Shrub and
C3 Grass."

Reviewer:

P5, L8: This allows succession as you note, but only between the PFT of
different classes, not within a given class, unless I'm mistaken? . Figure 3:
I’'m not really sure what this Figure is supposed to illustrate. What are the
red dotted lines in the middle of the triangle? There are three heavy double
headed black arrows and not one (as implied by the legend).
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Response (31):
Figure 3 shows that the RED equilibrium state can be determined using observed areal
cover plus either growth or mortality rate. We have removed this figure.

Reviewer:

Eq 28 and 29: These equations need a bit more explanation and description.
This section feels like you are making a concerted effort to lose readers. Is
it really necessary that everyone understands how the equilibrium solution of
the model is derived? Could this go in an appendix?

Response (32):

Equation 28 is important in the derivation of the analytical equilibrium. We have now
moved the derivation into the description (Appendix B2) and have included more explan-
ation on the mathematical expressions:

Edit:
To solve for the discrete model equilibrium, we start from the flow equation from Eq.(4) with the
term ON /0t — 0:

YN; + Fy = F;_q (2)
considering the population flux - equation (5), we find /V; in relation to the lower mass class, N;_1:

91'71/(77%‘ - mifl)
gi/ (M1 —mg) +

N; = N;_1 [ ] = N1\ (3)

(Further down in appendix B2)
An expression for the total stand density at equilibrium, Ny, can be derived. Using equation

(B.18), we can represent any population of mass class ¢ in terms of the lowest mass class Ny:

Ni=No [N (4)
j=1

Therefore, when finding the total number of stands relative to Ny we get:

I 7
Neq = No 1+ZHAj = NoXn (5)
i=1j=1

where Xy describes the sum of the all mass classes as a proportion of Ny.
(Further down in appendix B2)

We can repeat the same process for coverage:

i
V; = Noai H )‘j (6)
j=1
and using allometric relationship (equation 3):
N\ Pa 1
v; = Noag (m) Aj (7)
mo =1

This gives the total coverage, veq as:

1 N\ Pa T
Veq = Noag |1+ Z (W> H Aj| = NoaoX, (8)
=1

mo
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Reviewer:

P10, L1: As I said above, I am highly skeptical that this is a robust way of
estimating turnover, given the uncertainties to do with seed production and
spatial extent.

Response (33):
As response (9) and (15) states, we have conducted a sensitivity analysis for the RED
equilibrium mortality within the new appendix C.

Reviewer:

P10, LS: So, productivity was derived from JULES using TRIFFID? Were the
outputs saved for each month? Is there interannual variability? This needs a
bit more detail.

Response (34):
We have appended more detail around the UKESM input:

Edit:
“The UKESM simulation provides NPP and local litterfall per unit area of each PFT. We multiply
by PFT fraction to get the grid-box mean values required to drive RED (using ESA landcover data,

as explained below).”

Reviewer:

P11, L3: Is this really how succession works in Amazonian forests? I think
it’s really mostly trees that are present in the formation of small to medium
sized gaps.

Response (35):

In typical succession you see the establishment of faster-growing PFTs (C3, Esh), but ul-
timately slower-growing trees often dominate. We see this sort of successional dynamics
in RED transient simulations, as shown in Figure 4 (now Figure 10).

Reviewer:
P11, L5: Can you illustrate the dependance on alpha and m0?

Response (36):
See responses (9), (15) and (33). This is now done in appendix C.

Reviewer:

P12, L11: What are we to take from this illustration of ‘succession’ in the
model? There isn’t any comparison with data, nor an illustration that the
model fixes the issue of slow recovery from disturbance that was raised in
the introduction. What controls the area fractions of the smaller PFTS? Is
there always some gap fraction dedicated to them? How is this equilibrium
maintained?
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Response (37):

Data on forest regrowth is unfortunately difficult to find. However, this successional se-
quence is broadly consistent with ecological understanding and other DGVMs. We show
it here to demonstrate the dynamical nature of the model. Sub-dominant PFTs occupy
space left by dominant PFTs (as determined by our gap lower boundary condition - equa-
tion 12). For all PFTs the equilibrium is maintained as a balance between mortality and
seedling recruitment (which is dependent on net growth-rate and competition through
equation 11). We have added text below Figure 4 (now Figure 10) to clarify.

Appended onto the bottom of the caption on Figure 10:

“The ultimate steady-state is determined by the balance between recruitment and mor-
tality (equation (6)). Intra- and inter-PFT occurs here through the shading of seedlings,
which implies that just a fraction of the gridbox (s, ‘space’ or ‘gap’ fraction) is available
to grow seedlings (equation (7))."

Reviewer:

Figure 6: The inputs of productivity taken from JULES do not, for example,
allow BETs to grow outside of the tropics, and so many of the critical ques-
tions related to the prediction of biome boundaries that are asked of DGVMs
cannot be addressed in this circular analysis.

Response (38):

In fact JULES does allow BET to grow outside of the tropics. We have revised the colour
scale of Figure 6 (now 5) to make this clearer. However, we also sense that the reviewer is
under a false impresssion about the nature of RED. RED is a model of forest demography
that is driven by net growth-rates and mortality rates that can come from land-surface
models or observations. In this study we have driven RED with fluxes from the JULES
land-surface scheme, but the current paper is not about JULES or even JULES-RED. We
clarify this point in the model introduction (as per response 34).
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Figure 2: Mean net assimilate P assimilate (equation (8)) from UKESM between 2000-
2010. The mean is constructed by setting any negative growth rates to zero.

Reviewer:
P14, L1: It seems that reproducing the PFT map should be a trivial matter
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given the productivity inputs illustrated in Figure 6.

Response (39):
We are simply performing a model inversion to analytically solve for the RED dynamical
steady-state. We have not seen this approach from another stand-alone DGVM.

Reviewer:

P 16 L8 This is confusing because the reference to Figure 10 comes before it is
described. The use of the mortality rates in these simulations is not described
in this section until now.

Response (40):
We have moved the mortality section so that it is now before the global dynamical plot.

Reviewer:

P17, L1: To what does this ‘diagnosed mortality rates’ refer? Isn’t this sen-
tence about diagnosing mortality rates? This adds another layer of confusion
onto my previous comment.

Response (41):

We can see how this might be confusing. Therefore, we have rearranged the sections to
be more clearer (Modelling setup — Equilibrium mortality rates — Local simulation —
Global simulations).

Reviewer:

Figure 9: This color map does not allow one to distinguish between most of
the lower turnover areas. You need some sort of logarithmic variation in color
with mortality rate.

Response (42):
As suggested, we have now used a logarithmic color map in Figure 9.
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Figure 3: Diagnosed maps of mortality rates «y for each PFT, as required for consistency
with the ESA observations and the UKESM growth rates. White areas correspond with
zero coverage and/or zero growth.

Reviewer:
Referee: P17, L8: How influential is the minimum recruit size? This needs to
be illustrated.

Response (43):
As stated in (9), (15), (33) and (36) we have carried out a sensitivity analysis in appendix
C which includes the sensitivity to my.

Reviewer:

P17, L10: The sentence that begins “Under the assumption” isn’t a whole
sentence. Moreover, what is the aim of defining a ‘healthy’ environment? You
need to state what you are trying to achieve first. . .

Response (44):
We have rewritten this statement for clarity. The use of ‘healthy’ is indeed rather vague —
so we have clarified this to ‘dominant’.

Reviewer:

P17, LI12: This is a very quick and potentially confusing switch to discussing
the growth is as this mortality ratio and not mortality (you should maybe also
re-state what is (11o??) a non-standard quantity.

Response (45):

We think reviewer means ji (there appears to be an error in the reviewer document)? We
have defined 1 before this sentence (within the steady state section). i is the ratio of
mortality to growth-rate (mgy/go)-

Reviewer:
P17, L13: This number seems extraordinarily high for the stem turnover rate
of tropical forests? Comparison with data is, of course, where this aggrega-
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tion idea is problematic, as mortality rates have clearly been shown to vary
with tree size (Lines et al., 2010; Johnson et al., 2018), and thus the range of
tree size with which one can compare these rates is unclear, particularly the
lower size boundary.

Response (46):

The reviewer appears to be confusing 1y with v, we therefore have clarified 1 as per
response(45). The sensitivity of the lowest boundary and the derived v see the sensitivity
analysis with mg, (as with previous responses (9), (15), (33) and (36)) see appendix C.
Assumptions of size independence of mortality has provided credible fits of size structure
of the entire US forest inventory database (Moore et al., 2018) and plots across the trop-
ics (Muller-Landau et al., 2006b; Lima et al., 2016; Moore et al., 2020). Interestingly,
within Johnson et al. (2018) (Supplementary Figure 10), the plots have a similar mortality
distribution within our papers analysis .

Reviewer:
P17, L13: Table 3 contains goodness of fit metrics, and not estimates of mor-

tality.

Response (47):
A simple typo — we should have referenced Table 4 here. Now corrected.

Reviewer:
P17, L15: The ‘value within the paper’ doesn’t state which paper, nor why it
needs converting. Thus is very confusing.

Response (48):
We have made this clearer.

Reviewer:

Referee: P18, L1: This text on the differences between the Moore paper value
and this value (which are indeed extraordinarily close and probably don’t
need excusing) would be better spent describing first how the Moore method
differs from RED. This section assumes the reader is familiar with, for ex-
ample, the non-discretized nature of the Moore method.

Response (49):
We have outlined the non-discretized form within Appendix B, which we now refer to
and have added text to explain the relationship to the Moore et al. (2020) paper.

Reviewer:
P18, L5: “Potentially providing a future constraint on ESM growth rates for
PFTs.” is not a whole sentence.

Response (50):
We have removed this sentence.
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Reviewer:

Figure 10: The mortality numbers in figure 10 for tropical forests seem too
high. (0.07- 0.08). Again, it’s hard to know what mortality rates they can be
compared to. In Table 4, the numbers are different from the figure, perhaps
because they are area weighted, but this isn’t really clear from the text.

Response (51):

This is because of a difference of sampling - “non-zero” grid-box fractions (figure 10)
versus top quartile grid-boxes . We now use the same subset for all grid-boxes to calcu-
late the mortality rates in figure 10 (now figure 7) (the top quartile of non-zero grid-box
fractions) and make it more obvious what we are doing.
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Figure 4: Diagnosed mortality rates for (a) trees, (b) grasses and (c) shrubs in the top
quartile of coverage. Notches within the box represent the confidence bounds of the me-
dian. The confidence bounds are estimated using a bootstrap method. Bracketed numbers
represent the number of grid-points.

Reviewer:

P18, L11: I’'m not sure what “within the top 25% of coverages” means, nor
what this is trying to achieve. Further, there is no data in figure 10, so I am not
sure why one is supposed to conclude that the model captures the data well.
Maybe you actually mean figure 11, which reduces the RED estimate, but only
down to about double the observations. Given the a doubled mortality rate
is approximately equal to a halved biomass, I'm not sure that this provides
a very convincing validation. Further, many estimates of mortality are lower
than this. Lewis et al. (2004) find mortality rates of tropical forest from 1.5-
1.7%, for example.

Response (52):

There are a few things the reviewer raises here — the seemingly arbitrary “top 25%” of
coverage and the fitted mortality rates being too high. Firstly, we picked this threshold
to identify areas where PFTs have greater coverage — and therefore mortality rates hy-
pothetically closer to an undisturbed baseline. We have included a sensitivity analysis in
Appendix C of how the diagnosed mortality rates depend on other model parameters (as
stated in our previous responses (9), (15), (32), (34) and (40).
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Reviewer:
P20, L4: I could not find a definition of DET prior to this usage here.

Response (53):

We now refer to appendix B and have stated the definition of DET in the introduction.
Edit:

“ This paper presents a simplified cohort model (Robust Ecosystem Demography (RED)) which
updates the number of trees in each mass class, but does not separately track tree-age or patch-age.
RED assumes that the tree size-distribution of a forest is determined by how the rates of tree growth
and mortality vary with tree size (Kohyama et al., 2003; Coomes et al., 2003; Muller-Landau et al.,
2006b; Lima et al., 2016). We follow many other studies in assuming that tree-growth rates vary
with the three-quarter power of tree mass (m3/%), as suggested by metabolic scaling theory (West
et al., 1997). Where tree mortality rate can also be assumed to be approximately independent
of tree mass, the demographic equation yields equilibrium tree-size distributions which follow a
Weibull distribution. This is sometimes termed Demographic Equilibrium Theory (DET) (see
Appendix B). These simplifications significantly reduce the number of free parameters in RED,
but still enable it to fit forest inventory data in North America (Moore et al., 2018) and South
America (Moore et al., 2020). "

Reviewer:

P22, LI1-10: I'm not sure what to take from this section about fire. The last
line seems to suggest that RED overestimates fire mortality, when figures 12
and 13 seem to show the opposite. The logic of this section needs tightening.

Response (54):

The purpose this section is to investigate if we see a raised mortality rate in regard to areas
with fire disturbance and land-use. We have now changed figure 12 (now figure 9) and
removed figure 13 to indicate this more clearly and rewritten the paragraph:

Edit:

There is a need to better understand the influence of mortality arising from disturbance events such
as droughts and fire in order to constrain model projections (Pugh et al., 2020). Here we investigate
if the equilibrium mortality rates implicitly capture areas of disturbances, by comparing the mean
tree mortality rate to fire and land-use surveys (the mean mortality is defined here by weighting
grid-box ~ values by grid-box fractional coverages). There are a number of surveys relating stand
mortality in regions prone to wildfires (Swaine, 1992; Kinnaird and O’Brien, 1998; Peterson and
Reich, 2001; Van Nieuwstadt and Sheil, 2005; Prior et al., 2009; Staver et al., 2009; Brando et al.,
2014). In a broad sense, post-fire mortality rates can range from 0.06 yr—! to catastrophic rates
around 0.8 yr~! and can vary quite considerably depending on tree species, fire frequency and
drought severity. The drought-fire interaction is responsible for significantly increasing mortality
post-fire and can be a driving cause of regional die-back (Allen et al., 2010; Brando et al., 2014).
Using the ESA FIRE_CCI dataset (Chuvieco et al., 2019) we can estimate the burnt vegetation

fraction per year. Taking the average burnt vegetation fraction for the months between 2000 and
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2010, and converting into annual burn rate we gain an estimate of fire severity.

Another key issue is anthropogenic land-use and land-use change (Nepstad et al., 2008; Haddad
etal., 2015). Fragmentation of natural forests is understood to raise the mortality of the remaining
forest and to decrease the overall resilience of the ecosystem (Esseen, 1994; Laurance et al., 1998;
Jonsson et al., 2007). In order to maintain a near-constant agricultural fraction, regular disruption
such as grazing is needed to prevent re-colonisation and secondary succession (Dorrough and
Moxham, 2005; Van Uytvanck et al., 2008; Chaturvedi et al., 2012). We carry out a comparison
with land-use using the 2000 ESA LC_CCI inferred crop coverages (Li et al., 2019).

In Figure 9, we see the derived observations for burn area (a) and crop fraction (b), along with
the derived mean ~y for the tree PFTs (c). From Figure 9 (d), we see that there are areas of large
mortality (y > 0.075 yr—!) that do correspond to areas where we see large fire activity (burn
rate > 0.1 yr—') and increased crop fraction (> 0.25). However, large burn rates are seen to
overlap in parts of central Brazil around the Cernado region, Southern Africa and North Western
Australia where fires are understood to play a significant part within the ecosystem (Coutinho,
1990; Medeiros and Miranda, 2008; Prior et al., 2009; Staver et al., 2009). There are also some
areas of agriculture which correspond to deforestation, such as in the Atlantic forests of Brazil and
in Indonesia (Higuchi et al., 2008; Curran et al., 2004). Areas of increased disturbances result in
grasses and shrubs dominating (Figure 3).

Analysis of the RED equilibrium is an indirect approach to estimating tree mortality based on
simple yet mechanistic principles of demography, and relying on few inputs (vegetation cover and
assimilate). It is however conditional on the assumed estimates of vegetation coverage and net

rates of assimilation.
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Figure 5: Comparison of diagnosed mortality rates, with observation-based maps of fire
and land-use. (a) annual burnt area fraction from the ESA FIRE_CCI dataset; (b) crop
fraction from the ESA LC_CCI 2000 dataset; (c) diagnosed mortality rate v for the tree
PFTs (BET-Tr, BET-Te, BDT, NET, NDT); (d) overlap of areas of higher tree mortality
rates (y > 0.075 yr—!) with areas of fire (Burnt Area > 0.1 yr~') and agriculture (Crop
Fraction > 30%).

Reviewer:
P23, L1-6: This, and the paragraph above, are in need of more references.

Response (55):
As per the response above (54), we have now included more references.

Reviewer:

P23, L6: This statement about patch merging is incorrect in its assertion that
patches can only be merged after a certain age in ED-type models. Further,
it does not illustrate that this is actually problematic, and simply asserts as
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such. Fusion criteria are indeed to some extent arbitrary, but that this is a
genuine problem has not actually been demonstrated.

Response (56):
We have now removed the statement. As stated previously (response (5)), we have now
sought to discuss both the pros and cons of RED relative to other DGVMs.

Reviewer:
P23, L7: Which important features is it designed to capture exactly? This
hasn’t really been stated.

Response (57):
We have now more clearly stated the important features of second-generation DGVMs
within our updated introduction and discussion sections (as stated in response (5)).

Reviewer:

P23, L16: Metabolic scaling theory has been widely debunked by numerous
studies comparing its predictions with observations (Muller-Landau et al.,
2006a; Russo et al., 2007; Coomes et al., 2011; Riiger and Condit, 2012) in
particular where asymmetric competition for light (e.g. in forests) is import-
ant.

Response (58):

The reviewer is perhaps confusing metabolic scaling theory for tree growth-rate as a func-
tion of tree mass (¢ o< m>/*), with an extension of metabolic scaling-theory to simulate
forest demography (Brown et al., 2004). Observed tree-size distributions do not seem
to be consistent with the latter, but do seem consistent with the former, as discussed in
Moore et al. (2020). We have revised the introduction to clarify (response 53).

Reviewer:

P23, L18: I am not sure how the seed model allows you to capture the effects
of light competition. It allows you to represent the impacts of recruitment
competition, but seems to me that it explicit does not include light competition.

Response (59):
Agreed that we do not explicitly represent light competition. We have now removed this
statement for the sake of clarity.

Reviewer:

P24, L1: It is stated here that equation 12 is a promising method to deal with
the problems of coexistence in RED, but equation 12 is already part of RED,
thus how can it be the solution? Further, I do not know what ‘gap boundary
conditions’ refers to here.

Response (60):
Co-existence can be achieved by having competition coefficients less than 1. This model
paper is RED version 1, there is always scope for future improvements to the model in
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this topic.

Reviewer:
P24, 14: I am skeptical, without further much more robust testing and illus-
tration, that these relationships would be meaningful.

Response (61):

Noted. We hope that future work involving closed-form DET and RED will help provide
some illustration. See our responses concerning the sensitivity of this method for determ-
ining 7.

Reviewer:

P24, L13: I do not think that this model is ‘based on’ the ideas of the PPA
in any meaningful way. The idea of the PPA is primarily concerned with
how trees fill space, which is specifically ignored by RED, and also on the
division of the canopy into discrete layers, which is definitively at-odds with
the metabolic scaling method of disaggregating production solely based on
tree size.

Response (62):
As per response (4) and (25) we have now edited and removed the specific mentions of
PPA from the manuscript.

Reviewer:
P24, L16: It apparently can be fitted, but I'd argue that there has been no
validation presented to show that this is ‘effective’.

Response (63):
We have also tested for robustness in our new appendix C. (see also response to points
(9). (15), (33), (36), (43) and (52)).
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Response to Reviewer 2:

Robust Ecosystem Demography (RED): a parsimonious approach to
modelling vegetation dynamics in Earth System Models

Arthur P. K. Argles, Jonathan R. Moore, and Peter M. Cox on behalf of co-authors. (on
behalf of the co-authors)
22nd April 2020

The referee was mainly concerned with specific detail, they did raise other points but
mainly found that the paper was a bit confusing. We address each of the queries raised
below. The relevant reviewer comments are written in italics below followed by our re-
sponses in plain font, changes are detailed in blue font.

Reviewer:

The authors present a model development work on vegetation demography,
and seek to incorporate it into an earth system model. The framework provides
a simplified solution to model the global vegetation distribution based on the
“Metabolic Scaling theory". Both the topic and the model concept are very
interesting. However, there are numerous errors and ambiguous expressions
throughout the current manuscript. The model descriptions are not clear
enough, especially for the equations and units. At some points, I have to stop
to calculate the units of each term. I'm also not fully convinced by the model
outputs and validations. Extra information are necessary to be provided for a
proper judgement, e.g., how the NPP data was created, which climate forcing
and vegetation map were used. I suggest an overall revision and reorgniza-
tion of themanuscript. My major question about this approach is how it can be
used in transit-time simulations, especially for the future projections. From a
modelling aspect, the model simply ignored many factors that can be modfied
due to climate change. Nevertheless, it would be very exciting if enough evid-
ences support that some important emergent properties from land ecosystems
would remain constant in a fast changing world.

Response (1):

We thank the reviewer for their comments and have sought to make edits that make the
model paper clearer and help clarify definitions. On the point of the NPP data, we ran
RED offline using outputs from the UKESM climate model. UKESM calculates pheno-
logy and litter fluxes using climatic data per area of each PFT (rather than per gridbox).
We have elaborate further within the discussion on how RED can be used in transient sim-
ulations of future climate simulations. RED was built to be parameter sparse to reduce
uncertainty at the global level. As seen from the results within the paper it is possible to
capture regional vegetation accurately even within such a parasimonious model.

Edit:
“RED is currently being coupled to the JULES Land Surface Model, replacing TRIFFID as the

default DGVM within that framework. In parallel, significant improvements are being made to

the representation of physiological processes in JULES, most notably through the representation
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of non-structural carbohydrate (‘SUGAR’, Jones et al. (2019)), and through the inclusion of a
coupled model of stomatal conductance and hydraulic failure under drought stress (‘SOX’, Eller
et al. (2018, 2020)). Plans are also being made to derive the mortality rates for RED from the
INFERNO forest-fire model (Burton et al., 2019). These developments will allow us to simulate

the effects of size-dependent tree mortality rates within the near future."

Specific Comments

Reviewer:

Pl Abstract
L7: cohort-based models?

Response (2):

We further elaborate on this term within the abstract.

Edit:

“More advanced cohort-based patch models are now becoming established in the latest DGV Ms.

These models typically attempt to simulate the size-distribution of trees as a function of both

tree-size (mass or trunk diameter) and age (time since disturbance)."

Reviewer:
..L8:These models

Response (3):
Corrected “These typically...” to “These models typically...”.

Reviewer:

..L14:1 feel it should not be the major reason to argue that RED would be
a great contribution. Only mentioning the computing cost is not convincible
enough.

Response (4):

We agree that this is not the definitive reason for the development of RED. Indeed the
development of RED is driven by the need to have a robust and parameter sparse model
of forest demography for global applicationslaw of parsimony. We therefore state that
the additional problem arising from the balance of representation of ecological processes
versus the number of uncertain parameters.

Edit:

“This approach can capture the overall impact of stochastic disturbance events on the forest struc-
ture and biomass, but at the cost of increasing the number of parameters and ambiguity when

updating the probability density function (pdf) in two-dimensions.”
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Reviewer:
LL15:pdf?

Response (5):
We have appended “(pdf)” to the initial mention of “probability density function...” in the
sentence beforehand.

Reviewer:
..L19:solvable?

Response (6):
Corrected typo.

Reviewer:
..L26:Why only compared to this dataset

Response (7):
We compare to this dataset partly because this dataset is classified using the same PFTs
used within the UKESM.

Reviewer:
..L41:2K? not clear enough, references needed

Response (8):
We have added in a reference to the Paris Agreement and changed the units to degree
centigrade.

Edit:

“This is an important component of the total carbon budget consistent with avoiding global warm-
ing thresholds, such as 2°C (Schleussner et al., 2016)."

Reviewer:
..L47:keep update with the new results?

Response (9):
We have now removed the reference to the GCB (Global Carbon Budget) results to
streamline the introduction.

Reviewer:

..LA44-51: The logic here is unclear. I assume that the authors want to stress
the large uncertainties in modeling land C budget. But the topic of the study is
model development, rather than uncertainty analysis. So I suggest to use 1-2
sentences to describe the uncertainty topic and go to the model development
faster.
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Response (10):

We agree that the motivation for including land C budget could be more concise. Un-
certainty arising from the representation and parameterisation of processes is part of the
motivation for RED. We have also included more discussion of other published models
(see response 36).

Reviewer:

..L53: According to my knowledge, LUC prediction is from another sector,
which is not from DGVM. Provide the LUC examples here seems irrelevant to
the modeling of this study. Also, why the authors only picked examples from
RCPS8.5.

Response (11):

Agreed. Therefore, we only mention it in passing;

Edit:

“Beyond the fertilisation effect and land-use change, significant uncertainty arises from the rep-

resentation of vegetation demographics such as recruitment, compeitition and mortality (Brovkin
et al., 2013; Ahlstrom et al., 2015).”

Reviewer:

P2

..Line 2: Rewrite the sentence and focus on the topic of this study. Gen-
erally, DGVM includes biochemical, biogeographical, biophysical processes
and other factors influencing vegetation.

Response (12):

We have changed the sentence to be more encompassing of what a DGVM includes.
Edit:

“The representation of plant communities within Earth System Models (ESMs) is achieved through
the use of Dynamic Global Vegetation Models (DGVMs). DGVMs employ a variety of biophys-
ical, biogeographical and biochemical processes to simulate growth, competition and recruitment
of vegetation. The variety in the number and resolution of the processes contributes to the differ-

ences found at the Earth System level."

Reviewer:
..Line 5: How to define complex. What about the other “complex” models.

Response (13):
We have clarified this as “individual based models".

Reviewer:
..Line 10: Why non-individual based models cannot do that?
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Response (14):

Valid point, we now have redefined this as:

Edit:

“In the second-instance, individual based models can explicitly represent a multitude of biological

and ecosystem processes at a individual plant level (Smith, 2001; Sato et al., 2007)."

Reviewer:
..Line 13: What is top-down models? Area based?

Response (15):

Yes, we think of top-down models as phenomenological models such as Lotka-Volterra.
We clarify this point in the introduction.

Edit:

“DGVMs range from the simplistic, older, top-down approaches to that of complex individual-
based DGVMs. For example, in the first instance the TRIFFID model (Cox, 2001) simulates

the fractional area of each Plant Functional Type (PFT) using phenomenological Lotka-Volterra

equations."

Reviewer:

..Line 15: are significantly simpler and more computationally efficient(reference?).
Response (16):

We have edited the paragraph in the model description removing this statement.

Reviewer:
Line 17: over-estimated(reference?)

Response (17):
We have now provided a reference: (Burton et al., 2019).

Reviewer:

..Line 34: The previous paragragh only explain one benefit of RED: reduce
computational cost. To me, it is at least not the major reason for the RED
development. 1 feel it is necessary to mention the theoretical foundations
for RED development, e.g., the scaling theory. Although this study is mainly
about model development, the explanation of the underlying mechanisms is
necessary to facilitate the understanding of the model concept.

Response (18):
A valid point. We have now stated the theoretical foundations of metabolic scaling theory.
Added onto the last description of the introduction:

Edit:
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“This paper presents a simplified cohort model (Robust Ecosystem Demography (RED)) which
updates the number of trees in each mass class, but does not separately track tree-age or patch-age.
RED assumes that the tree size-distribution of a forest is determined by how the rates of tree growth
and mortality vary with tree size (Kohyama et al., 2003; Coomes et al., 2003; Muller-Landau et al.,
2006b; Lima et al., 2016). We follow many other studies in assuming that tree-growth rates vary
with the three-quarter power of tree mass (m?>/4), as suggested by metabolic scaling theory (West
et al.,, 1997). Where tree mortality rate can also be assumed to be approximately independent
of tree mass, the demographic equation yields equilibrium tree-size distributions which follow a
Weibull distribution. This is sometimes termed Demographic Equilibrium Theory (DET) (see
Appendix B). These simplifications significantly reduce the number of free parameters in RED,
but still enable it to fit forest inventory data in North America (Moore et al., 2018) and South
America (Moore et al., 2020)."

Reviewer:
Description of the model: Overall, the equations should be carefully checked,
and the units need to be added in an appropriate way.

Response (19):

The units and equations have been thoroughly checked for this study and other related
papers (Moore et al., 2018, 2020). We have now moved the table of variables, definitions
and units from appendix A to sit directly under the model description section.

Reviewer:

..Line 47-49: Check the symbol consistency between equ.l and the corres-
ponding descriptions. I suppose the equation has been simplified — it is as-
sumed that gamma is independent from mass level already.

Response (20):
Edited for consistency.

Reviewer:
..Line 50: Any form of what?

Response (21):
Edited to say: “of relationship with size”.

Reviewer:
..Line 53: follows a power..

Response (22):
Corrected.

Reviewer:
..Line 59: Correct the reference format
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Response (23):

Corrected.

Reviewer:

..Line 70: Is that a basic requirement to build a vegetation model?
Response (24):

Yes - in the context of the carbon cycle and Earth System Modelling.

Reviewer:
..Line 86: keep unit unified throughout the MS. why using per plant per unit
area previously but using explicit unit here?

Response (25):
We now declare all model variables, descriptions and units in table 1.

Reviewer:
..Line 88: why it is a concern? To keep mass and energy balance is basic to
develop a model.

Response (26):
We re-phrased this statement and have moved the discrete derivation into the appendix.

Reviewer:
..Line 66 the area term “a” does not appear before.

Response (27):
The mean crown area “a’" - is defined in the previous paragraph.

Reviewer:
P3:
..Line 8: P has been defined before. Again, units miss

Response (28):
We have now added units in table 1.

Reviewer:
..Line 17: This part is mainly derived from PPA and TRIFFID, or new for
RED? If it is former; I suggest to provide main equations and introduce them

briefly.

Response (29):
These equations are developed for use in RED. We have removed the reference to PPA in
response to other reviewer comments.

Reviewer:
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P4:..Line 1: I'm concerned about the “coupling” here. Based on the descrip-
tion, I feel RED has not been coupled with the ESM. Using prescribed NPP
means an implicit vegetation distribution in itself. From equ.16, higher NPP
would mean higher baseline growth-rate.

Response (30):

RED was run offline using NPP and litter outputs from a UKESM run, there is no coup-
ling. The UKESM runs were in terms of PFT area instead of grid-box area, therefore
multiplying by coverage circumvents this issue. We have now clarified this point in the
section 3.1:

Edit:
“The UKESM simulation provides NPP and local litterfall per unit area of each PFT. We multiply

by PFT fraction to get the grid-box mean values required to drive RED (using ESA landcover data,

as explained below)."

Reviewer:
..Line 53-54: What is the loss of vegetation C due to plants growing beyond
the modelled mass classes

Response (31):

The truncated growth g; N; as seen within the demographic litter equation. However, this
term is negligibly small because we resolve a large mass class range that is very unlikley
to be exceeded.

Reviewer:

P7:

For the first paragraph of “Modelling results”, Should it be part of the method
section?

Response (32):
No we don’t think so. This paragraph is part of the explicit set-up rather than then the
method and helps the results section have improved ‘flow’.

Reviewer:
..Line 1: What tests?

Response (33):
Response: Changed “tests” to “run”.

Reviewer:

..Line 2: Again, I'm concerned about the use of prescribed NPP. How you
get NPP? Using which climate forcing? What period of NPP you used. And
most importantly, how the NPP data from JULES defines the vegetation dis-
tribution? A predefined data or from a model? All the info needs to be added
for a proper judgement. If fed a similar pattern from the data: ESA LC CCI
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to RED, then it is not surprising that they would have the similar output as
showed in Figure 7.

Response (34):
For the sake of clarity, we now state that the UKESM data is defined by unit of vegetation
area rather than grid-box and include about the timescale of the dataset. We already state

that this is a model inversion and is therefore essentially tuning the mortality rate within
RED to fit the data.

Edit:
“The UKESM simulation ran on a yearly time-step, and provides NPP and local litterfall per unit

PFT. We multiply by PFT fraction to get the grid-box mean values required to drive RED (using

ESA landcover data, as explained below).”

Reviewer:
..Line 10: Why choose this grid-box

Response (35):
We choose this grid-box because it demonstrates a successional tropical sequence with
many PFTs from bare soil. We could have shown many others.

Reviewer:

Plé6:

..Line 1: Discussion. The comparisons between RED and the other similar
models are needed. But before that, I think the method description needs to be
greatly improved, and the corresponding results should be further clarified.

Response (36):

Agreed. We have now included a comparison to other DGVMs which include forest
demography within the discuss. Further we have tried be more clearer within the model
description by keeping consistency in the equations and by moving some of more math-
ematically excessive sections into Appendix B. In addition to the above edits on the res-
ults, we have also reorientated the sections within the results section to improve the papers
flow.

Edit:

“In a similar vein a few other models have limited the number of cohort dimensions, for example
looking at using patch-age while using allometric relationships to capture size scale. Firstly the
POP model (Haverd et al., 2014), uses stand-age cohorts as the dimension for population dynam-
ics, every time-step applying crowding and resource limited mortality rates. Another ex- ample is
the ORCHIDEE-MICT (Yue et al., 2018), which disaggrates the populations of a PFT into patch

"Cohort" functional types, with transitions between cohorts diagnosed when the average basal

diameter passes a threshold."

Edit:
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Finally, we assume that light-competition is only significant for the lowest ‘seedling” mass class.
This enables us to capture the impacts of light competition on seedling emergence through a simple
‘gap’ boundary condition. This represents a significant simplication compared to other approaches
involving the Perfect Placisity Assumption (PPA), as used within other DGVMs such as LM3-PPA
or CLM(ED) (Fisher et al., 2015; Weng et al., 2015), where canopies are assumed to perfectly fill
gaps through photomorphism (Strigul et al., 2008). In LM3-PPA the radiative flux is limited by
the available gap fraction in a given crown layer. PPA parallels our gap boundary condition at the
lowest mass class (Equation (11)), but in RED the growth of a cohort is purely dictated by the the

disaggregation of total growth assimilate assuming metabolic scaling (Equation (16)).
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Abstract. A significant proportion of the uncertainty in climate projections arises from uncertainty in the representation of land
carbon uptake. Dynamic Global Vegetation Models (DGVMs) vary in their representations of regrowth and competition for
resources, which results in differing responses to changes in atmospheric CO and climate. More advanced cohort-based patch
models are now becoming established in the latest DGVMSs. These models typically attempt to simulate the size-distribution
of trees as a function of both tree-size (mass or trunk diameter) and age (time since disturbance). This approach can capture
the overall impact of stochastic disturbance events on the forest structure and biomass, but at the cost of needingto-update-a
increasing the number of parameters and ambiguity when updating the probability density function (pdf) in two-dimensions.
Here we present the Robust Ecosystem Demography (RED), in which the pdf is collapsed on to the single dimension of tree
mass. RED is designed to retain the ability of more complex cohort DGVMs to represent forest demography, while also
being parameter sparse and analytically selublesolvable for the steady-state. The population of each Plant Functional Type
(PFT) is partitioned into mass classes with a fixed baseline mortality along with an assumed power-law scaling of growth-rate
growth rate with mass. The analytical equilibrium solutions of RED allow the model to be calibrated against observed forest
cover using a single parameter - the ratio of mortality to growth for a tree of a reference mass (1o). We show that RED can
thus be calibrated to the ESA LC_CCI (European Space Agency Land Cover Climate Change Initiative) coverage dataset for
nine PFTs. Using Net Primary Productivity and litter outputs from the UK Earth System Model (UKESM), we are able to
diagnose the spatially varying disturbance rates consistent with this observed vegetation map. The analytical form for RED
circumnavigates the need to spin-up the numerical model, making it attractive for application in Earth System Models (ESMs).

This is especially so given that the model is also highly parameter-sparse.

1 Introduction

A key requirement of Earth System Science is to estimate how much carbon the land surface will take-up in the decades
ahead (Ciais et al., 2014). This is an important component of the total carbon budget consistent with avoiding global warm-

ing thresholds, such as 2K2°C (Schleussner et al., 2016). Unfortunately, projections of future land carbon storage still span
a wide-range —Using-an—ensemble—of(Brovkin et al., 2013; Friedlingstein et al., 2014; Arora et al., 2019). Beyond the CO
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and nutrient fertilisation effects and land-use change, significant uncertainty also arises from the representation of vegetation

demographics such as recruitment, compeitition and mortality (Brovkin et al., 2013; Ahlstrom et al., 2015). The representation

of plant communities within Earth System Models (ESMs) is achieved through the use of Dynamic Global Vegetation Mod-

0 1

Q
OO Ot Ty

between—185-PegC{seuree)to- 758 PeC(sink)rby-theend-ef-. DGVMs employ a variety of biophysical, biogeographical and
biochemical processes to simulate growth, competition and recruitment of vegetation. The variety in the number and resolution

found at the Earth System level.

Within the context of modelling vegetation at a global level, there is a trade-off between the complexity of ecological process
representation and the necessity of parsimony at scale (Fisher et al., 2018). DGVMs range from the simplistic, older, top-down
approaches to that of complex individual-based DGVMs. For example, in the first instance the TRIFFID model (Cox, 2001)
simulates the fractional area of each Plant Functional Type (PET) using phenomenological Lotka-Volterra equations. The
benefit of the TRIFFID approach is its simplicity and robustness. However, even-when-foeusing within EMIPS ESMs-ineluding

or RCPSR Hode ne b noa of 24 05 Po(C netamitted

representation and other processes which results in the over-estimation of regrowth time (Burton et al., 2019). In the second-instance,
individual based models can explicitly represent a multitude of biological and ecosystem processes at an individual plant level
(Smith, 2001; Sato et al., 2007). The benefit of this is that size-dependent physiology and spatial heterogeneity can be ex-
plicitly represented. However, multiple ensemble-members are often needed to construct meaningful forest statistics, which

makes such models computationally expensive to run at large scales. Top-dewnDGVMs—where-all-individuals—of-aPlant

ompromises between the

complexity of individualindividual-based and top-down DGVMs exists-exist as a class of tree €ohortcohort models. In the ED
model (Moorcroft et al., 2001; Medvigy et al., 2009) the tree population is partitioned between patch disturbance and biomass
classes allowing for the scaling of process to be represented in both age and size. ED2 can realistically model forests around the

world (boreal, rainforest and temperate) (Medvigy et al., 2009; Fisher et al., 2018). However, parameterisation of competition
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within cohort DGVMs can result in a wide spread of outcomes when simulating climate change (Fisher et al., 2010; Scheiter
etal., 2013). i
event-

In a similar vein other models have limited the number of cohort dimensions. The POP model (Haverd et al,, 2014), uses
stand-age cohorts as the dimension for population dynamics, every time-step applying crowding and resource limited mortality
rates. Another example is the ORCHIDEE-MICT (Yue et al., 2018), which disaggregates the populations of a PFT into patch
cohort functional types, with transitions between cohorts diagnosed when the average basal diameter passes a threshold.

This paper represents-presents a simplified cohort model (RobustEcosystem-Demography(RED))-Robust Ecosystem Demography
(RED)) which updates the number of trees in each mass class, but does not separately track tree-age or patch-age. This

rowth and mortality vary with tree size (Kohyama et al., 2003; Coomes et al., 2003; Muller-Landau et al., 2006; Lima et al., 2016)
- We follow many other studies in assuming that tree-growth rates vary with the three-quarter power of tree mass (m?/*), as
suggested by metabolic scaling theory (West et al., 1997). Where tree mortality rate can also be assumed to be approximately.
independent of tree mass, the demographic equation yields equilibrium tree-size distributions which follow a Weibull distribution.
This is sometimes termed Demographic Equilibrium Theory (DET) (see Appendix B). These simplifications significantly

reduce the number of free parameters in the-modelRED, but still erables-enable it to fit forest inventory data in North America
(Moore et al., 2018) and South America 2}

Moore et al., 2020).

2 Description of the Model

A full list of variables, parameters and units are given in Table 1.



Table 1. Model variables, parameters and units

Symbol  Definitions Units _
Dimensions
t Time_ car
m Carbon mass of an individual within a PET kgC
ESM Inputs
i Total assimilate of Net Primary Productivity minus local (leaves, wood and roots) litterfall  kgCm~? yr™"
2d. Disturbance mortality rate, the fraction of population dying over a year due to explicitly ot
modelled reasons
Individual
my Lowest/sapling mass boundary kgC
g Structural growth of an individual at a given mass and time_ kgCyr”}
o Structural growth of an individual at the lowest mass boundary at a specific time_ keCyr !t
a Crown area of an individual at a given mass_ m?
ag_ Crown area of an individual at the lowest mass boundary_ m?
Bg. Constant describing the power law scaling of structural growth across mass =
Po. Constant describing the power law scaling of height across mass =
. Constant describing the power law scaling of crown area across mass =
Q The fraction of total growth going into seedling recruitment =
Cohort
n Number density across mass space, the derivative of IV with respect to mass _ (kgC)_‘m~2
N Number density m”2.
G Growth density. kgCm 72 yr” !
v, The fractional coverage =
2 Mortality rate, the summation of the baseline and additional mortalities across mass o
Db Baseline mortality rate, the fraction of population dying over a year due to non-explicitly vl
modelled reasons
s The fraction of space available for seedlings =
r The flux of population density over time_ m 2yt
Ad. Demographic litter, the loss of carbon due to competition and mortality kgCm72 yr™}
M Biomass density_ kgCm 2
Sl Competition coefficient, the fraction a PET, £, that is shaded by the canopy of PFT /. =
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Symbol  Definitions Units.

Equilibrium
The boundary turnover parameter - the ratio of mass lost to gained due to growth in the =
boundary mass class
The proportional population of the i*" class to the i*" — 1 class at equilibrium =
Subscript denoting a variable in equilibrium_ =
Numerical
Indices representing the PET number =
Indices representing mass class number =
The largest mass class =

The current time-ste =
The size scaling coefficient, where mass classes are defined as m; =& m,;_1, with & > 1 —

=

8§

rErEE

2.1 Theory

The underlying theoretical model for RED is a continuity equation, for each PFT and spatial location, which describes the

time-evolution of the number density #{#+)-n of plants per unit area of mass m:

on 0
ot TamIT T (1)

Here ¢{#)—is—the-growth-rate-and—-+{m)—g is the growth rate and v is the mortality rate of a plant of mass m. In gen-
eral, g and ~y could take any form ;-but-of relationship with size, but for large-scale applications we make simplifying as-
sumptions for these functions consistent with observed #{#)-n _from forest inventory data (Meere-et-al52018;-2)—Simply;

Moore et al., 2018, 2020). By default we assume that -y is independent of plant mass, and that g{##)-is-g follows a power-law
of plant mass:

®g
9= (ﬂ’fﬂ) . @)

Here go is the growth rate of a plant with the reference mass, mo. A value of ¢, = 0.75 is assumed by default, consis-

tent with (Niklas-and-Spatz;2004)the meta-analysis of field-based measurements by Niklas and Spatz (2004). We also follow
{Niklas-and-Spatz;2004)>-Niklas and Spatz (2004) in assuming the scaling of plant canopy area a with plant mass:

da
a=ag (77";) . 3)

where ¢, = 0.5 by default.

Solutions for n can be integrated over mass to derive the total plant number, N-=—-r-d#mN = [ n ,dm, the total grewth-rategrowth

rate, G = f gn dm, the total biomass, M = f mn dm, and the fractional area covered v = f an dm.
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2.2 Discrete Mass Classes

We wish to produce a model of vegetation demography that can be updated numerically and which explicitly conserves vege-
tation carbon, providing a constraint on the number of plants moving between mass classes in the discrete form. In order to do
this we integrate Eq. (1) over finite mass ranges:

ON;
ot

+F —Fi1=-—7N;, “)

where i denotes the i*" mass class; F is the flux of plants growing out of the ‘" mass class and into the (i + 1)*"* mass class;
F;_ is the flux of plants growing out of the (i — 1)*" mass class and into the i*" mass class; and N; is the number of plants
per unit area in the i** mass class. For clarity, Eq. (4) is deliberately presented as continuous in time at this stage, as the focus
in this subsection is on discretization of the mass profile. The fully numerical version of RED, which includes discretization of
time, is described in Section 2.4 and 2.5. In order to eonserve-carbon{(see-below)-explicitly conserve carbon, the flux I} must
take the form +(see Appendix A) :

=i )

(Mis1—m;)-

where m; is the mean mass of a plant in the i*" mass class, and g; is the growth-rate-growth rate per plant of the 7' mass class

[kgC yr~—! plant—1].

oM,
ot

+my; (Fl - F,;_l) - 7")/]»[,

M=) "M,

Ths the tod :on for the total-carboris:

oM /
¥ +zj:m1¢ (Fi—Fi1)=—vM,

“,hieh can be Fe“lﬁ‘ffeﬂ 45

oM
¥ Jr;F, (m; —mi1) =—v M.

oM
W = ZNsz -y M.




10

15

2.3 Seedling production and gap competition

To solve Eq. (4) we also require a lower boundary condition which represents the rate at which seedlings of mass mg are
introduced into the cohort. Here we assume that a fixed fraction, «, of the total assimilate available to a PFT (P), is devoted to

producing new seedlings, with the remainder &-G = (1 — o) P being allocated to the growth of existing plants. In-additionswe

A—gaps’ veSpreading is homogeneous across the entirety of the grid-box
but only seedlings established within ‘unoccupied’ space will survive to join the plant cohort. The net incoming flux of seedlings

of mass my is therefore:

pof_ o G ©)
mo (I—a)mg -

where s is the fractional gap area available for seedlings. The definition of s is assumed to differ by PFT to reflect an underlying

tree-shrub-grass dominance hierarchy, as shown schematically in Figure 1.

Therefore, the rate of recruitment Fj is the ratio of a fraction of the carbon assimilate allocated to reproduction, o.P, and

mq, multiplied by the gap area s.

----Tree Seedlings---- Tree Space
Shrub brab
Seedlings Shrubs

Grass

“Seeds TGrasn

Figure 1. Hiustration-Schematic depicting the hierarchical PFT functional group regime within RED. Trees shade Freestrees, Shrabs-shrubs
and Grassesgrasses. Shrubs shade Shribs-shrubs and Grassesgrasses, while grasses only shade grasses.



The space available to the seedlings of the k' PFT is calculated from the area fractions of the PFTs to which it is subdominant:

sk=1-Y cuu, )
!

where v is the area fraction of the {*"* PFT, and ¢y is the competition coefficient for the impact of PFT [ on PFT k. If PFT [ is

5 within the same plant functional group (trees, shrubs or grasses) as PFT k, or dominant over it, ¢;; = 1. If PFT k is dominant
over PFT [, ¢;;; = 0 (Figure 2?1). This is-similarto-the competitionregime-in-the-‘gap’ boundary condition results in there bein

no equilibrium solution where the amount of coverage exceeds 1. Doing so would halt the recruitment flux such that mortalit

rocesses would bring the fractional coverage back below unity. This is a similar competition regime to the Lotka-inspired
TRIFFID model (Cox, 2001), and allows for the co-existence between inter-functional groups (trees, shrubs and grasses) of

10 PFTs. For instance, a PFT such as Broadleaf Deciduous Tree can co-exist with a Deciduous Shrub and C3 Grass. The hierarchy

also enables the simulation of succession during regrowth. Faster growing species of grasses will not be able to expand into
space occupied by trees and shrubs, unless there is space created by disturbance. A summary of the competition coefficients is

given in table 2.

Table 2. The-competitton-Competition coefficients vataes-assumed for different Plant-Funetional-Groupsplant functional groups. A more
detailed example of this is given with-for specific PFTs in table 3.

l
Ckl Trees Shrubs Grasses
Trees 1 0
k  Shrubs 1 1
Grasses 1 1 1

15 2.4 Coupling to Earth System Models

RED updates plant size distributions, biomass, and fractional areal coverage for an arbitrary number of PFTs at each spatial
location, and can be driven by variables provided by a land carbon cycle model, an Earth System Model, or observations (see
Figure 272). For each PFT, the minimum required input is a time-series of net carbon assimilate (P), defined as the difference

between Net Primary Productivity (ITy), and local litter production due to turnover of leaves, stems and roots (A)):

20 P=1IIy—A. 3
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Where available, additional mortality due to disturbance events such as droughts, fires and anthropogenic deforestation (vq4)

can be added to the baseline mortality rates (7}, ), for each PFT:

Y=Y +Yd- ©)

TFhese-Disturbance rates yq vatues-can in principle be both PFT-dependent and mass-dependent (e.g. to capture forestry prac-

tices).

Carbon
Assimilate Input:
P

RED

...................................................

P, = aP Giot = (1 — )P
Recruitment Structural

ojoioiolk
'
Seeds| H Outputs: Biomass,
—>|;|~ mtmm—)p- L itterfall, Coverage,
.
KN
'

(1 = Vshade)

Competition
ete.

Application
Y=Yt

Population Flow ‘ Mortality

Disturbance Input:

Yd

Figure 2. Schematic of RED coupled to an ESM en-or land carbon cycle model. RED is driven by a time-series of net carbon assimilate, P,
which is then split between seedling production, « P, and the growth of existing plants, G = (1 — a) P. The seedling flux is limited by the
available free space, s. Additional mortality rates diagnosed from disturbance models, 4, can be added on to an assumed baseline mortality,

b, as a function of both PFT and mass-etassmass class.

The input values of net assimilate for each PFT (P), define the total structural growth-rategrowth rate, G = (1 — «) P, and the
seedling flux Fy (via Eq. (6)), using PFT-specific values of the parameter « (see table 3). The definition of the total structural

growth-rate-growth rate at a given time-step +is:_
¢=> N, (10)
i

can be combined with the growth-scaling given by Eq. (2), to derive the reference growth-rategrowth rate, go, from the net

assimilate, P, which is a driving input:

(1-a)P

)%l

90 = (1)
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This in turn enables the growth-rate-growth rate of each mass class to be calculated using Eq. (2). For each PFT, the number of

plants in mass class (/V;) is updated using a discretised form of Eq. (4):
Ni(j+1) _ Ni(j) + At (Fz‘(i)l _ Fi(j) —’}/(j) Ni(j)) . (12)

where At is the RED timestep-time-step (typically 1 month), and the superscript () denotes the j*" timesteptime-step. The
lower boundary seedling flux is calculated from Eq. (6) using Eq. (7). We de-netimpose a zero-flux condition out of the upper
mass class, under the assumption that there will be enough mass classes to ensure that this flux is negligible. However, to ensure
carbon conservation on the land we add any plants that grow out of the upper mass class into a demographic litterfall term for
each PFT, which is a RED output. This demographic litterfall term, A4, keeps track of the carbon lost from the vegetation due
to competition, mortality and the carbon in any such plants that grow out of the largest resolved mass-elass-mass class (class
I):

Aa=aP(1—s)+Y v M+grN;. (13)

The first term on the righthand-side of this equation represents carbon loss due to the shading of seedlings; the second term
represents mortality of the resolved mass classes (which may include disturbance events); and the third term, which is normally
very small, is the loss of vegetation carbon due to plants growing beyond the modelled mass classes. In order to initiate
regrowth from bare soil, RED also assumes a minimum effective fractional area of each PFT. Where the net assimilate would
be sufficiently negative to take the vegetation fraction below this minimum, the minimum value is maintained by subtraction
from the demographic litter. The demographic litterfall term therefore represents the net addition litter production consistent
with the prescribed net assimilate flux, the disturbance rate, and the change in vegetation carbon modelled by RED. When
coupling to an ESM or land carbon model, the demographic litterfall term (A ;) should be added to the input local litterfall (A;)
(as used in Eq. (8)), to calculate the total litterfall flux into the soil/litter system.

2.5 Steady-State

The steady-state-steady-state of the continuum model defined by Eq. (1) and Eq. (2) can be solved analytical for each PFT
Moore-etal52048:-2)(Moore et al,, 2018, 2020). The continuum analytical solutions for the equilibrium mass distribution
(neq(m)), the total plant number (Neq), biomass (Me ), growth-rate-growth rate (Geq) and fractional area (veq) are summarised
in Appendix B. The shape of the mass distribution and each of these parameters depend on the ratio of plant mortality to growth,
which we choose to define for the reference mass class my:

_Ymo

fo=— " (14)

In order to initialise the numerical RED model in a drift-free initial state, we also derive the steady-state of the discrete model

(Equation-of equation (12)), which will differ slightly from the continuum model for a finite number of mass classes. The

.

equilibrium solution of Eq. (12) 3¢ S ¢ shi —of plants A\,

Ny =X\ N; 1,

10



where-

(mifl/mO)(ﬁy mo/(m; —m;_1)

(mi/mo)®* mo /(M1 —my) + o

P =

is derived in Appendix B2, based on the balance between seedling recruitment and total cohort mortality that defines the
5 equilibrium state, The discretised version of RED thus yields formulae for the coverage (equation (B.28)) and biomass densities
(equation (B.30)) which depend on the lowest mass class through the value of io. Repeated-action-of Eq-—gives-an-equation
for-the-Similarly, analytical expressions can be derived for total plant number in-terms-of-the-number-of plantsin-the towest

I
Neq:ZN,,; = Ny Xx.

=0
10 these—e
I i
Xn=1+> "IN
i=1j=1

ate:-and total growth

rate of each PFT at equilibrium:

1. thetotal-structural-grewth-atequilibrivm—=Nq, the total equilibrium stand density:

15 Neg = No Xy (15)

2. The total equilibrium structural growth, Geq:

I

Geq =Y Nigi=NogoXq. (16)
=0

i=1mg J=179"

3. the-total-biomass-at-equilibrivm—The total equilibrium coverage, Veq:

20 Myeq =Y ' Nimi' Nya; = Nomao X ar.o (17)
i=0
where:-

I i
Xm :1+Z:i 1_[>\jl
i=1 052

11
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4. thefractional-areacovered-by-the PFT-atequilibrium—The total equilibrium carbon mass:

vMeq =Y ! Niai! Nymi = Noamo Xy (18)
i=0

(B.17), such that the flux entering into a mass class is equal to the flux leaving that class plus the loss of plants due to mortality.

The equations above therefore define the equilibrium state of the discrete system for given values of Ny and p. The value

of 1o can be estimated from forest demographic data where this is available als +2}(Moore et al., 2018, 2020

. However, for global applications we rarely have more observations than the fractional coverage of each PFT. Underthese

Neg= 2 =,
Ve (1—a) mg ’

Now-substitating-in-Eq—-Eq-Starting from the derived forms for N, (equation (15)) and G, (equation (16)and-Eq-yieldsa
balanee-), and requiring that the recruitment flux (a/(1 — o)Gys) is equal to that of the total population dying (v/N.g), we can
derive an equation for the #“PFT:total equilibrium coverage (full details in Appendix B2):

11—« XN . XN
w (&) 1- zl:cm V= Xc = f(MOLTG — ;Ckﬂ/l 19)

ide-As the lefthand-side of this equation depends

only on prescribed constants and 1, Eq. (19) can be inverted (by numerical iteration) to estimate po for observed values of the
PFT fractions (#7vy, 1) and an assumed value of « (see Table 3). Once the value of pio has been derived in this manner, it can

be used to calculate X, viaEe-—, and therefore Ny by inversion of Eq. +(B.28):

v
Ny = —=L 20
0= X, (20)

Equations ard-(19) and (20) therefore allow us to define an initial equilibrium state (N;) which is consistent with observed area
fractions of each PFT(Figure-2?). Furthermore, when paired with an estimate of the net carbon assimilate (from a model or

observations), the 1o estimate can be converted into a map of the implied mortality () by PFT. We demonstrate this capability

as-part-of-the-global-tests-of RED-deseribed-globally in the next section.

12



3 Modelling Results

For these testsruns, the numerical RED model is set-tp-set up to use the 9 PFTs which are currently used in JULES (Harper
et al., 2018). This enables us to directly use driving data - time-series-time series of the rate of net assimilation (P) - from a
previous UKESM model simulation that includes JULES (Sellar et al., 2019). RED is integrated forward using a one month
time-step and successive mass-etasses-mass classes that differ by a multiplicative constant £, so that m; = {m;_1. The value
of ¢ was chosen to optimally fit the analytical equilibrium solutions assuming 10 mass classes for trees, 8 mass classes for

shrubs and 1 mass class for grasses, assuming po = 0.25 (see Appendix B3). Other PFT-specific parameters are assumed as

summarised in Table 3.

Table 3. FheList of PFT tistnames and their-corresponding-assumed allometric scaling parameters (+##05¢o5 o, dg, ho), seedling fraction
() and competition coefficient (cpft,j). The growth allometry of trees and shrubs across size is assumed to follow (Niklas-and-Spatz-2004)-
Niklas and Spatz (2004) (¢4 = 0.75, ¢po = 0.5, ¢» = 0.25). The competition coefficients given describe which PFT functional group shades

the current PFT, if cpf,; = 1, the PFT is shaded, otherwise it is not (Table 2).

Cpft,j
Long name Abbrev  Classes Scaling (§) o  mg(kgC) ap(m?) . I;,f ! a
Broadleaf Evergreen Tree Tropical BET-Tr 10 2.32 0.10 1.00 0.50 010
3-0p1
Broadleaf Evergreen Tree Temperate BET-Te 10 2.32 0.10 1.00 0.50 010
3-6p1
Broadleaf Deciduous Tree BDT 10 2.35 0.10 1.00 0.50 010
3-0p1
Needleleaf Evergreen Tree NET 10 2.35 0.10 1.00 0.50 010
3-0p1
Needleleaf Deciduous Tree NDT 10 2.32 0.10 1.00 0.50 010
3-0p1
Cool Season Grasses C3 1 1.50 0.60 0.10 0.25 1]1
0051
Tropical Grasses C4 1 1.50 0.60 0.15 0.25 1|1
0:6p51
Evergreen Shrub ESh 8 2.80 0.35 0.15 0.25 110
3-0p1
Deciduous Shrub DSh 8 2.80 0.35 0.50 0.25 110
3-6p1

3.1 LoealGlobal: Simulating-SueeessionDiagnosed Plant Mortality Rates

13
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In-thisseetion-we-tse-a-similar procedure-to-diagnose-the- Here we use the analytical forms for the equilibrium state (Section
2.5) and observations of global vegetation cover, to diagnose the corresponding map of PFT-specific mortality rates, These

mortality rates are therefore consistent with the current observed vegetation state, and rates of net assimilation (P) provided
by-from UKESM (Sellar et al., 2019). The UKESM simulation provides NPP and local litterfall per unit area of each PFT,
30 We multiply by PFT fraction to get the grid-box mean values required to drive RED (using ESA landcover data, as explained

below). The observed maps of PFTs are provided by the ESA LC_CCI dataset for 2008-2012 (Poulter et al., 2015), projected

onto the 9 JULES PFTs (Figure 223). Maps of the prescribed annual mean values of the rate of net assimilation (P) are shown

in Figure 224,

14
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Figure 3. Observed-Observation-based dataset of the PFT fraction-area fractions for the nine JULES PFTs (Harper et al., 2016) s-as given-by
the-title-abbreviatiens-listed in Table 3.
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Figure 4. Briving-Mean net assimilate P assimilate (Equation-equation (8)) from UKESM -averaged-between 2000-2010. The average-mean
is constructed by truneating-setting any negative growth rates to zero.

We use the procedure outlined in Section 2.5 to estimate spatially-varying values of pi for each PFT, using Eq. (B.32), and then

Eq. (B.34) to estimate Ny. This method successfully reproduces the ESA map of dominant PFT to good accuracy, as shown in
Figure 22-5 and Table 4.
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Figure 5. Maps of dominant PFT for (a) Map-of-ebservedPFT-eoverESA LC_CCI dataset and (b) RED model equilibrium fractionsassigned
to-the-nine PFFs-Harperetal(20146). Colour-coded-are-the PFFspossessing-the-largestfaction-withinthe-grid-box—Sparse area is defined as

where the total vegetation coverage ofs less than 10%.

Table 4. Goodness of fits for the RED equilibrium coverages to thatof-the coverages from ESA LC_CCI dataset across the-PFTs. r represents
the Persons-Pearson Correlation Coefficient—Fhe RMSthas-been-weighted-, after weighting by the grid-box area to the-mean-grid-box-area

te-account for latitudinal vartations-variation of grid-box areas.

PFT T RMSE

BET-Tr | 0.990 0.030
BET-Te | 0.935 0.030
BDT | 0.783  0.053
NET 0.905  0.051
NDT | 0.928 0.033
C3 0.895 0.129
C4 0.818  0.088
ESh 0.854  0.051
DSh 0.525  0.049
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mixed-where the driving net assimilate from UKESM is zero or negative. Also, areas where the observational dataset indicates
WgPFTs within the same vegetation class

As—(e.g. broadleaf trees and needleleaf trees) are not well simulated by this first version of RED, which leads to competitive

exclusion in the equilibrium state (see Discussion). Since we now have diagnosed values of 1y and Ny, along with prescribed

values of P, we can also diagnose the mean plant mortality rate -y, for each location and for each PFT, from Eq. (14) :

_ Mogo’ Q1)

mo -~

where gy is given by Eq. (11) combined with Eq. (B.18) and Eq. (B.20). The-maps-Maps of v values, derived in this way, are

shown in Figure 226.
1.0
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0% [ : 05
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Figure 6. Diagnosed maps of mortality rates -y for each PFT, as required for consistency with the ESA observations and the UKESM growth

rates. White areas correspond with zero coverage and/or zero growth
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The mortality rate derived is very-dependent on the everal-assumed areal coverage and the total assimilate. Having-a-A high

coverage with a low growth rate will result in REDwﬂpensaﬁﬁﬁhfeug%fhaW%g—a—lewa compensating low diagnosed mortality
rate (and vice-versa). Thi atn a g 2y-Furthermore,

the choice of o (Equation-equation (11)) and the-my is-also-influential-when-itcomes-to-the-also influence the diagnosed value

of . An analysis of the sensitivity of the inferred value of - to these factors is presented in Appendix C. Assuming +20%
uncertainty on assimilate, o, mg and 5% on the coverage gives an uncertainty bound of +35% on ~. Under the assumption

that high coverages are elose-to-a—healthy—environmentfor-aPFT—We-ean-indicative of the baseline mortality for a given
PFT, we take a sub-sample of the grid-boxes that are within the top quartile of non-zero coverages (veq > 0.01) (Table 5). The

median 1o value diagnosed from the top quartile of BET-Tr of 0.2327050% (Table 45), is very close to the vatues-caleutated

by-value calculated in our previous paper (2)-(Moore et al., 2020) of approximately 0.235 for all of South America —Fhe-value

0.2 (a) Tree PFTs
fr
'E 0.1
Y —
0.0 A
BET-Tr | BET-Te BDT NET NDT
(259) (108) (470) (363) (151)
0.2 (b) Grass PFTs (c) Shrub PFTs
0.4 A

0.3 A
011 0.2
0.1 A1
0.0 41— 0.0
C3 C4 ESh DSh
(1310) (184) (857) (442)

y (yr™h)

Figure 7. Piagonsed-Diagnosed mortality rates for (a) trees, (b) grasses and (c) shrubs fer—nen-zere—in_the top guartile of cover-
agefreq>0-61). HatehesNotches within the box represent the confidence bounds of the median. The confidence bounds are estimated

using a bootstrap method. Bracketed numbers represent the number of grid-points.




Table 5. The area-weighted-area-weighted median values of driving-observed coverage and driving net assimilate against 1o and «y for the
upper quartile of grid-boxes ef-greater-than-0-01-for each PFT.

PET Area weighted median
Vobs P (kgCm™? yr~h) o v

BET-Tr | 0.79370033 0.73170551 0.23210-008  0.0321505%
BET-Te | 04027505 0.34975705% | 034075505 0.05975663
BDT | 02387001 0043t | 0arrR 0052t
NET | 04717000 0.28170:0%3 0.32870005  0.03610003
NDT | 0.59710 010 0.11275:003 0.29870:007  0.01170:001
C3 | 0.56670:00% 012440008 0.16370:015  0.02310:003
Ca OSSR 012350 | 01s0%GR 002075080
ESh | 0.142¥5007 0.02875:007 0.74475:519 0.094+3949
DSh | 0.116%0%5  0.0247000% | 0.713%07  0.03675063

5 Site-level assessments of the rates of stand mortality within pan-tropical forests conclude a range of background rates (Lugo and Scatena, 19
- Phillips (1996) estimates mortality rates collected across 40 pan-tropical sites for tree sizes greater than 10 — 25 cm dbh.
Later work by Phillips et al. (2004) used the demographic data from the RAINFOR dataset of trees > 10cm dbh. Using these
site assessments, we can make a comparison to BET-Tr equilibrium mortality rates by looking at the values of 7 in areas
where we would expect to see old growth forests. We use the top 25% of coverages of the BET-Tr PFT to represent plausible

10 areas of undisturbed forest. Figure 7 shows that the diagnosed baseline mortality rates are in reasonable agreement with these
observational estimates for Amazonia.
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(a) Locations of Model Outputs & Observations
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Figure 8. Comparision-Comparison of ebserved-observation-based estimates of tropical tree mortality with-—Comparingdatasetspresented
i~(Phillips, 1996; Phillips et al., 2004) to vy values diagnosed from RED for an-adjusted-estimate-of-observed-stand-mortality—with-the
equitibrivm-mortality ratesfor BET-Tr withinPEFT (for the targest-top 25% of fractions for this PFT). (a) shows-the-observationstoeations
location of observational sites (blue and green crosses) versus the chosen RED grid-points (red circles)—; (b) shows-the-distribution of
mortality across grid-boxes;-while—; (c) shows-the-mortality distribution across the BET-Tr grid-points. Red-diamondsrepresent-the-mean;
while-the-bracketed-Bracketed numbers in panel (b) represent the number of measurementsfrom-, and in panel (c) the datasetsnumber of

Next There is a need to better understand the influence of mortality arising from disturbance events such as droughts and
fire in order to constrain model projections (Pugh et al., 2020). Here we investigate if the equilibrium mortality rates implicitly
capture areas of disturbances—We-compare-the-mean-woody-equilibrium-, by comparing the mean tree mortality rate to fire and
land-use surveys —Fhe-woody-(the mean mortality is defined as-the-sum-of-here by weighting grid-box  weighted-against-the

as—Ssavd a-or-grassrana;,—wia SPpray—ahatdrarpa Hahtaing batah or—vegetation B
& ’ <) >

for-woody-PHTs-we-expeetto-see-araised-mortality/higherpyvalues by grid-box fractional coverages). There are a number of

R

. In a broad sense, post-fire mortality rates can range from 0.06 yr—! to catastrophic rates around 0.8 yr—! and can vary quite
considerably depending on tree species, fire frequency and drought severity. The drought-fire interaction is responsible for

significantly increasing mortality post-fire and can be a driving cause of regional die-back (Allen et al., 2010; Brando et al., 2014)

21
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. Using the ESA FIRE_CCI dataset (Chuvieco et al., 2019) we can estimate the rate-of-burat-burnt vegetation fraction per year:

Burnt Area § 1
Burnable Fraction x Area ~ At’

BF =

of-the-burnt-fraction-rate-between-. Taking the average burnt vegetation fraction for the months between 2000 and 2010, and
converting into an-annual burn rate —we gain an estimate of fire severity.

getting-an-exphicitrate-of clearancefrom-and land-use
a—non-direet-geographiccomparison—to—the—te—change (Nepstad et al., 2008; Haddad et al., 2015). Fragmentation of natural

forests is understood to raise the mortality of the dataset-(Figure—22)—For-the-erop—fractionwe—use-remaining forest and to
1998; Jonsson et al.

decrease the overall resilience of the ecosystem (Esseen, 1994; Laurance et al.

2
a near-constant agricultural fraction, regular disruption such as grazing is needed to prevent re-colonisation and seconda

succession (Dorrough and Moxham, 2005; Van Uytvanck et al., 2008; Chaturvedi et al., 2012). We carry out a comparison with
land-use using the 2000 ESA LC_CClI inferred P i i st ino

2

2007). In order to maintain

FI—RE—GGI—&ﬁeFeFep—l&nd—dfed&q:hef&cro coverages (Li et al., 2019).
In Figure 9, we see the derived observations for burn area (a) and crop fraction (b), along with the derived mean ~ for the tree
PFTs (c). From Figure 9 (d), we see that there are areas of spatia i i i

hav&mwﬂ%eﬁdemegmphfe—wmevewfmar e mortality (v > 0.075 r_l) that do correspond to areas where we see

large fire activity (burn rate > 0.1 yr—!) and increased crop fraction (> 0.25). However, large burn rates are seen to overla

in parts of central Brazil around the Cernado region, Southern Africa and North Western Australia where fires are understood to

lay a significant part within the ecosystem (Coutinho, 1990; Medeiros and Miranda, 2008; Prior et al., 2009; Staver et al., 2009)

. There are also some areas of agriculture which correspond to deforestation, such as in the Atlantic forests of Brazil and in
Indonesia (Higuchi et al., 2008; Curran et al., 2004). Areas of increased disturbances result in grasses and shrubs ;-deminating

22



Analysis of the RED equilibrium is an indirect approach to estimating tree mortalit

5 based on simple yet mechanistic principles of demography, and relying on few inputs (vegetation cover and assimilate). It is

however conditional on the assumed estimates of vegetation coverage and net rates of assimilation.
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(a) Burn Rate (FIRE_CCI 2000-2010) (b) Crop Fraction (Li 2018)
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Figure 9. Comparison of diagnosed mortality rates, with observation-based maps of fire and land-use. (a) annual burnt area fraction from

the ESA FIRE_CCI dataset; (b) crop fraction from the ESA LC_CCI 2000 dataset; (c) diagnosed mortality rate ~y for the tree PFTs (BET-Tr,

-1

BET-Te, BDT, NET, NDT); (d) overlap of areas of higher tree mortality rates (v > 0.075 yr ') with areas of fire (Burnt Area > 0.1 yr
and agriculture (Crop Fraction > 30%).
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3.2

3.2.1

Dynamical Simulations

Local: Simulating Succession

In this subsection we demonstrate the vegetation successional dynamics simulated by RED in an idealised spin-up from

bare-soil, for a grid-box at the edge of the Amazonian rainforest (Figure 10). Under these circumstances, the diagnosed initial

state is indeed the long-term equilibrium state, as evidenced by the horizontal dashed lines in panels a and b of Figure 10.

Gridbox: 8.125S, 75.9375W

(a) Vegetation Fraction
——
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Figure 10. Dynamical runs of RED for a grid-box at the edge of the Amazonian rainforest, starting from bare soil (solid lines) and the

diagnosed equilibrium state (dashed lines). (a) PFT fractions versus time; (b) biomass versus time; (c), (d) and (e) snapshots of the number

density distribution of the PFTs across mass classes at different times. Lines marked as + are the equilibrium runs while X indicates the
spin-up run. The ultimate steady-state is determined by the balance between recruitment and mortality (equation (6)). Intra- and inter-PFT
grow seedlings (equation (7).
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Faster growing grass PFTs dominate the grid-box within the first twelve years, before being replaced by evergreen shrubs
which shade the grass seedlings. Eventually, Broad-leaf Evergreen Tropical Trees replace much of the shrub and grass, on a
timescale determined in large part by the parameter o and the reference mass class 1. With the parameters used here, the
vegetation fraction reaches close to its equilibrium value after about 20 years (panel (a)), but full spin-up of the biomass takes
around 150 years (panel (b)).

The modelled evolution of number density versus mass distribution for each PFT is shown in panel (c¢) (after 6 years), panel
(d) (after 13 years) and panel (e) (after 100 years), with the eventual demographic equilibrium profiles shown by the dashed
lines. It is clear that grass PFTs are close to their demographic equilibrium after only 6 years, but tree PETs need more than
100 years to reach equilibrium.

The dashed lines in Figure 10 represent a dynamical RED simulation from the diagnosed demographic equilibrium state. This
state is derived using the methodology described in Section 2.5. with one significant change. The competition rules given by
Eg. (7) and Table 2 result ultimately in equilibria which have a single dominate PFT in each class of co-competing types (trees,
shrubs, grasses). To avoid drifts associated with the competitive exclusion of the subdominant PETs in each vegetation class,
we choose to initialise the dominant PET to have the total area fraction of all the PETs in that vegetation class.

3.2.2 Global: Spin-up from Bare Soil

Transient simulations of global vegetation will be the subject of a future paper, but in the final subsection of this paper we
wish to demonstrate the utility of the distributi and-tise i
however it does-underestimate the-annual-burn-rate-semi-analytical equilibrium for initialisation of global model runs. Figure
11 shows the time-evolution of global mean PFT fractions and biomass from a global run driven by net assimilation rates from
the UKESM model. Once again, two RED simulations are shown, one started from bare soil (solid lines) and the other from
the semi-analytical equilibrium state (dashed lines). Using a constant assimilate rate (Figure 4) and the mortality distribution
(Figure 7), we see convergence of these two runs, but only after more than 1000 years of simulated time. The ability to
diagnose the equilibrium state therefore has the potential to reduce model spin-up time hugely, especially for Earth System
Models (ESMs) applications.
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Figure 11. Global model spin-up from bare soil. As for figure 10, solid lines are spin-up from bare soil, dashed lines are the equilibrium
instillation run. Panel (a) represents the fractional global coverage relative to the total land area; panel (b) represents the total biomass of the
vegetation.

4 Discussion

The response of the land surface to climate change is a key uncertainty in climate projections. Ambitious climate targets also
rely on land management practices such as reforestation and afforestation to increase the storage of carbon on land. First-
generation Dynamic Global Vegetation Models (DGVMs) attempted to model the the land surface in terms of bulk properties
such as mean vegetation cover, vegetation carbon and leaf area index. These models lack information about the plant size-
distribution, which compromised their ability to represent recovery from disturbance and the impact of land-managementland
management. Providing useful guidance on these issues requires improved DGVMs which can represent changes in tree size
distributions within forests (so called ‘demography’). A number of much more sophisticated second-generation DGVMs are
now under development. These models often explicitly simulate the number of plants within different size or mass classes, and
on different patches of land, which are defined by the time since a disturbance event. Such second generation models are there-
fore in principle able to simulate variations in plant number density as both a function of patch age and plant size. However,

this completeness is at the expense of much computational
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important features-of plant-demographyQur previous work in evaluating demographic equilibrium theory for regional forest
inventory datasets in North America (Moore et al., 2018) and using RAINFOR sites for South America (Moore et al., 2020)
» has provided the theoretical basis for the development of RED. In those studies we found that tree-size distributions within
observed forests can be satisfactorily understood in terms of demographic equilibrium in the size dimension alone. This is a
reduction in complexity compared to other cohort models which are based on patch age, and yet avoid-unwieldy computation:

fidelity compared to older phenomenological DGVMs such as TRIFFID (Cox, 2001). The modular design of RED allows for
easy coupling to land-surface schemes, merely requiring the per unit grid-box total carbon assimilate rate and any additional
mortality disturbance rates as inputs for each grid-box (Figure 2). In principle, RED allows scope for more complex tree
size-dependent processes, although in this first study we chose to assume size-independent (but spatially varying) mortality.

rates for each PFT. Our previous work suggests that this is a good first-order assumption (Moore et al., 2018, 2020).
Internally within the model we make a number of simplifications. Firstly, the number density for each PFT is treated as a

function of plant mass alone. This immediately eliminates the need to explicitly represent patches, and therefore removes age

as an independent dimension. This is a distinct approach relative to cohort DGVMs which are based on patches defined b

time since disturbance, such as the POP or ORCHIDEE-MICT models (Haverd et al., 2014; Yue et al., 2018). Secondly, we
assume that plant growth-rates-growth rates vary as a power of plant mass. By default we assume a power of ¢, = 3/4, which

is consistent with Metabolic Scaling Theory (Enquist et al., 1998) and the empirically determined allometric relationships of

Niklas-and-Spatz;2004)-Niklas and Spatz (2004).
Finally, we assume that light-competition-competition is only significant for the lowest “seedling™~‘seedling’ mass class. This

enables us to eapture—the—tmpa O g1 ompe oh—on—Secarmg—emergencetnrougn—a mple ~eap - boundary oha O

represent gap dynamics among plants and resultant stages in succession. This represents a significant simplication compared
to other approaches involving the Perfect Plasticity Assumption (PPA), as used within DGVMs such as LM3-PPA or CLM(ED)
Fisher et al., 2015; Weng et al., 2015
-In LM3-PPA the radiative flux is limited by the available gap fraction in a given crown layer. PPA parallels our gap boundary.
condition at the lowest mass class (equation (6)), but in RED the growth of a cohort is purely dictated by the the disaggregation

of total growth assimilate assuming metabolic scaling (equation (11)).
These simplifications allow RED to be solved analytically for the steady-state-steady-state vegetation cover given informa-

where canopies are assumed to perfectly fill gaps through photomorphism (Strigul et al.,

tion on the mortality and growth rates per unit area for each PFT. Such analytical steady-state solutions mean that RED can
be easily initialised in drift-free pre-industrial states, which is vital to avoid spurious sources and sinks in climate-carbon
cycle projections. The analytical solutions also enable RED to be calibrated to the observed vegetation cover, via a single

parameter (uo) which represents the ratio of mortality to growth for a tree of an arbitrary reference mass. The existence of

analytical steady-state solutions for RED also opens up other promising research avenues. For example, these solutions impl
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relationships between the fractional coverage of each PET, total plant biomass, and the ratio of mortality-to-growth. This in turn
allows RED to be calibrated using observations of any two of these quantities. The analytical solutions also allow optimality.
hypotheses to be explored (e.g. the hypothesis that the fraction of net assimilate allocated to seed production maximises
Aside from the existence of analytical stead-state-steady-state solutions, RED is attractive for large-scale applications because it
is both parameter sparse (‘parsimonious’) and requires very few driving variables. The main driving variable is the time-varying
net plant grewth-rate-growth rate for each PFT, which is defined as net primary production minus the local titter-fatitterfall.
These driving data can be provided by a land-surface scheme, as we do in this study, or from observations. The only other driv-
ing variable for RED is the mortality rate, which we treat in this study as a geographically-varying PFT-specific constant that
is independent of mass;-but-which-could-be-dependent-. However, in principle RED could utilise mortality rates that depend on
plant mass and time to represent individual disturbance events (e.g. forest fires, disease outbreaks). Despite its simplicity, the
RED medeHing-model is able to fit the global distribution of vegetation types (Figure 2?5), and simulatesrealistie-sueeession
simulate successional dynamics, including changes in forest demography (Figure 2210).

There are inevitably weaknesses with any particular modelling approach. For RED, a current limitation is for competition to
lead to a single PFT at each location within each co-competing vegetation class (i.e. tree, shrub, grass). The PFT with the
highest equilibrium fraction will erd-up-end up excluding sub-dominant PFTs within the same vegetation class. It was neces-
sary for us to account for this eventual competitive exclusion to derive zero-drift steady-states-steady-states for the global runs
presented in Section 3.2.1. Such competitive exclusion is a common problem in DGVMs (Fisher et al., 2018). Adapting-the
“gap~Currently, RED would therefore not be the most appropriate DGVM to answer important questions regarding the role
in ecosystem function (Pavlick et al., 2013; Levine et al., 2016). More sophisticated DGVMs are required to

sub-gridscale patch dynamics (Longo et al., 2019a, b). Adapting our ‘gap’ boundary condition (Equation-equation (7)) appears
to be a promising way to deal-with-this-issae-allow greater PFT diversity in RED, without unduly increasing model complexity.

of biodiversit

We see this as a key priority for future research.

ass)RED is currently being coupled to the JULES
Land Surface Model, replacing TRIEFID as the default DGVM within that framework. In parallel, significant improvements are
being made to the representation of physiological processes in JULES, most notably through the representation of non-structural
carbohydrate (‘'SUGAR’, Jones etal. (2019)), and through the inclusion of a coupled model of stomatal conductance and
hydraulic failure under drought stress (‘SOX’, Eller et al. (2018, 2020)). Plans are also being made to derive the mortality rates
for RED from the INFERNO forest-fire model (Burton et al., 2019). These developments will allow us to simulate the effects
of size-dependent tree mortality rates within the near future.
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5 Conclusions

In this paper we have presented a new intermediate complexity second generation Dynamic Global Vegetation Model (DGVM),
which captures important changes in forest demography. The Robust Ecosystem Demography (RED) model makes a num-

ber of important simplifications to achieve this. These simplifications are based-on—theeretical-ideas-based on theoretical

concepts (e.g. metabolic scaling theory to estimate how plant grewth-rate-growth rate varies with plant mass, and perfeet

erown-plastieity-to-minimise-tight-competitionminimum crown overlap) and also comparison to observed forest demography
Moore-et-als2018:-2)(Moore et al., 2018, 2020). As a result, RED is parameter sparse, and can be driven with time-series of

net plant growth rate (and optionally disturbance rates) for each Plant Functional Type (PFT). We have demonstrated that RED
can be calibrated effectively to observed global vegetation maps, using a single fitting parameter (representing the ratio of
mortality to growth for a plant of an arbitrary reference mass). The next stage will be to use RED in coupled climate-carbon
cycle projections so to assess how changes in vegetation demography impact future €62-CO5 and climate. We have made the
prototype RED code publically available, and we hope that Earth System and land-surface modellers will make good use of

this framework to further their own research.

Code availability. The RED model Python Code is archived at https://doi.org/10.5281/zenodo.3548678. Furthermore, RED is currently
being coupled into JULES, where a basic integration currently exists as branch (vn5.4_veg3_ctrl) - this requires registration for the JULES

repository (https://code.metoffice.gov.uk/trac).

Appendix A: DefinitionsFunctional Form of Flux F; in Discretised RED

growth-aeross-mass- For large-scale application in ESMs a primary concern is to ensure that the total vegetation carbon obeys
carbon balance (i.e. only changes due to the net impact of total growth minus total mortality).
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chasse A The proportional populationof the ' “classto, is the sum of the ' Felassatequilibrivm. oo-Subseriptdenoting

with->J——carbon in each of the mass classes:

M= ZM (A2)

Thus the update equation for the total carbon is:

oM
e m; (F; — Fi_1) = —y M, (A3)

[
which can be rewritten as:

oM
— Y Fi(mi—mip)=—7M. (A4)

Now substituting Eq. (5) into Eq. (A4) gives:

oM

ﬁzzNigi_'Y]\% (A5)

The first term on the righthand-side of this equation is the total carbon uptake due to growth, and the second term represents
the total carbon loss due to mortality, which is the required carbon conservation equation.

Appendix B: RED-Continuum Solutions and Demographic Equilibrium Theory

Equation (1), can be solved for the steady—state-steady-state if we assume metabolic scaling of growth using Eq. (2) and a
size-independent mortality —(Moore et al., 2018, 2020):

1—¢y
n=ng R exp Ho 1-— (m) , Mo = m. (B.1)
B (1) mo 9o
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density—Where-where n is a boundary condition that
describes the number density at the mass m. The parameter 1 is the ratio of the rate biomass loss due to mortality to the rate
of biomass gain due to growth, for the reference mass class mg. Similar analytical solutions can be derived for other measures

of tree-size, such as basal diameter or height (Moore et al., 2018, 2020).
Integrating Eq. (B.1) from m to co gives us-estimates-for-the total number density:

Neg= nogo _ nomo. (B.2)

Y Ho

integrals can be derived by integrating over the number density distribution, such as total growth rate ([ gndm):

Ho | s2ep Ho 1 Ho
Geg = goNe T exp{ }F , (B.3)
e\ Logy ) \m0g ) \ 1247120

the-total-btomass—total biomass ( [ mndm):

o | o o 1 Ho
Moy = moN, ¢g—1 exp{ }F +1, (B.4)
e W) DR U ) N T
and the-total vegetation cover ([ andm):
po | gtes Fo Pa Ho
Veq = aoNe ¢9-1 exp { }I‘ +1, (B.5)
e 19y L-¢) \1=0y '1-9

Where-where I'(a,b) is the incomplete upper gamma function. When-

As we assume the constants-presented-in-(Niklas-and-Spatz;2004 —allometric exponents
resented in Niklas and Spatz (2004) (¢, = 3/4 = 1/3), these functional forms simplify to:
3 3 3
Geqg =9goNeg [ 1+ —+— + —= B.6
= (14 g ). B

1.3 3 3
Meq =moN, (1+—+—+—+—>, (B.7)
¢ T\ o Apd o 8py o 32up)”

1 1
Veq:aONeq (1-}—%4—8—”8) (B8)
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Fer-converting-Finally, to convert a o found using tetal-dry-mass-biomass (1o tam) of+kg-to-thatof-dry-carbon-mass:-

1—-¢,
o = 21"%9 1 tam-

to one based on carbon mass, we use the formula:

o =27 o m (B.9)
B1 Closed Continous Form
assuming that biomass is twice the carbon mass.

Bl Closed Continuous Form

d ompe e R AW

flux, nggo. is equal to the seedling boundary condition, [, in equation (6):

1—a 4o a G
Z Z . —S
@ 1+ g0+ gz + g LMo

Veaniogo = 1=

D 4po 8ud 32u3

instaneethe-exaet-Substituting the total number density, V., equation (B.2), into the lefthand-side, and total growth, G, Eq.
(B.6), into the righthand-side, yields a solution for the equilibrium coverage, assuming s = 1 — veq:

@ Jgo 3 3 3
Neg= ) L N1 = veq) (14 -+ 2 + B.11
e (1—a>mo al Vq)( +4uo+8u3+32u8) ®1D

which simplifies:
11—«
Veq =1— ( > 3 o (B.12)
o« Jltgotgrtag
Using equation (B.8) we can write the total number density is-given-as:-at equilibrium in terms of veq:_

Veq 1
Neg=—| ———— B.13
eq ag <1+L+87>7 ( )

1 2
2p0 Ho

enables-the-caleulation-of-total-growth-to-Eg-This enables equation (B.6) )-as:to be rewritten:

3 3 3
~ Veq90 1+%+W+32Hg
Geq = T 1 (B.14)
ao 1+ o + 82
This equation in turn defines the total assimilate:
Veqdo 1
Geqpe = :Geq (B.15)

207 a(i-a) \ I=a |-
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and-the-biomass:Finally the total biomass can be written in closed form as:

141 .3 3 3
AL _ Veal™o ( T Tz TEE T o

eq — 1 1
a —_ —_
0 1"‘2#04‘8#(2)

(B.16)

B2 Continuous-Diserete-ConvergeneeDiscrete Steady-State

To solve for the discrete model equilibrium, we start from the flow equation from Eq.(4) with the term 0N /0t — 0:

Wit F=Fiy (B.17)

considering the population flux - equation (5), we find /V; in relation to the lower mass class, NV;_1:

Gi—1/(mi; —m;_1)

N; = N;_
' gi/(Mip1—m;) +

— N\ (B.18)

Assuming no population grows out of the top class, \; is given as:

PV [ S (B.19)
(mi —mi_1)y

\; can be simplified to depend only on by usin = (ymq/go) (equation (14)) and applying the mass scaling of growth

rates ¢; = go(m;/mo)?. We can show that \; and \; are:

- (mi—1/mo)®* mo/(m; —m;_1) A= (mi—1/mq)® mg (B.20)
(mi/mo)** mo /(M1 —m;) + po (mi —mi_1)po

An expression for the total stand density at equilibrium, N, can be derived. Using equation (B.18), we can represent any
opulation of mass class 7 in terms of the lowest mass class Ny:

N; = Ny H \j (B.21)

Jj=1

Therefore, when finding the total number of stands relative to Ny we get:

I 7
Neq=No |1+ > ]| = NoXn (B.22)
i=1j=1

where X describes the sum of the all mass classes as a proportion of Ng. We can describe the total class growth rate in

Gi=Nogi [ [\ (B.23)

j=1
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By using the allometric relationship (equation (2)):

m; ‘
.= Nogo [ 24 4 B.24
G 090 (mo) H)\] (B.24)

j=1

we describe the total class growth rate in relation to the lowest class growth rate, Nggg. Like N.,, we can show the total
rowths across all classes is therefore:

I bg 1

m; i

Geq=Nogo |1+ <m0> [12] = NogoXe (B.25)
i=1 j=1

We can repeat the same process for coverage:

vi = Noa; [ [ A (B.26)
j=1

and using allometric relationship (equation (3)):

m; $a 1
v; = Noao (mo) H A (B.27)
j=1

This gives the total coverage, v, as:

I NCE
Veq = Noag |1+ <Z:O> [T = MoaoX. (B.28)
=1

j=1
Finally, for the total carbon mass within the class:

j=1
with the total carbon density equalling:

I i
Meq=Nomo |14 fni [T2 | = NomoXas (B.30)
0
J=1

i=1

In equilibrium, the rate of the recruitment of seedlings (equation (6)) must balance the rate of loss of plants due to total mortalit
O Neq):.

a  Geg

Y Neg = (B.31)

(1—a) mg
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Substituting in equation (B.22), Eq. (B.25) yields a balance equation for the k" PFT;
« XN
— | [1- = o —— B.32
(1a> ( ;cm> Ho X (B.32)

We can get the equilibrium fraction of a PFT, k, by rearranging the above equation, assuming ¢z = 1:

11—«
Veg,k =1 — <a> Ho<—— ) CriV (B.33)

5 Once the value of 1y has been derived in this manner, we can find [Vq by inversion of equation (B.28):

v
No=—L- B.34
Xy B.34)
Substituting equation (B.33) into Eq.(B.34) allows us to determine Ny and hence most other total densities in terms of purel
Ko and prescribed constants.

B3 Continuous-Discrete Convergence

10 Inevitably discretised models will not exactly reproduce exact continuum analytical solutions, as a result of numerical inaccuracies
that arise from using a finite number of mass classes. However, where exact analytical solutions exist they can be used to
benchmark numerical models and optimise discretisation schemes, which is what we set out to do in this appendix. We compare
the continuum analytical solution for the equilibrium coverage (equation B.12) to results from RED with differing numbers of
mass classes m; and a geometric mass class scaling, m; .1 = &m,;. Figure B2(a) shows how the relationship between v, varies

15 with pq for the exact continuum solution (black line) and variants of the numerical version of RED with different numbers of
mass classes (coloured lines). As hoped, results from the discretised model converge on the exact solution as the number of

mass classes increases.
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Figure B2. Comparison of the discretised model to the continuum analytical solution, showing convergence for higher numbers of mass

classes. This example uses parameters for Broadleaf Evergreen Tropical trees (BET-Tr PFT) with o« = 0.1: (a) equilibrium coverage v,

versus 1o for the exact continuum solution (black line) and discretisations of the mass dimension with varying numbers of mass classes and

mass class width scaling (£); (b) absolute error in the modelled value of v., against the number of mass classes using the optimum value of
for each case; (c) optimum & versus number of mass classes, with contours showing the absolute error in v.,. Panels (b) and (c) assume
= 0.25. The white dots in (c) have the same number of classes and scaling as the discrete lines in (a).

F—roo)-and-class-widths-goes-towardszero({—-1)—mass classes, as shown in panels (b) and (c) of Figure B2. Optimum
£ values reduce from about 2.3 for 10 mass classes to 1.1 for 100 mass classes. This variation results from a trade-off. For a
given number of mass classes, small values of £ give greater numerical accuracy, but explicitly model less of the mass range,
and the opposite is true of large € values. As a result, optimum values of £ an be defined for each number of mass classes as

outlined below.
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For geometric scaling any mass can be expressed in terms of my,

we find that our equilibrium form of ); is reduced to:
£(@g—1(i=1) £(@g—1)(i=1)

E@ D=1 "1 pole-1)

by writing m; =

A=

(B.35)

FromFigure-22-eFrom figure B2 (c), we see that there is aclearoptimum-ameunt-of-an optimum value for £, the geometric

scaling for a given number of classeswhich-minimise-, which minimises the difference between the continuous and discrete
forms. This can be found by taking the difference of the continuous and discrete coverages and differentiating with respect to
¢ to find the minima. It should be noted that the-as the continuous form is not dependent on £, we get:

0 0
aig [ch,continuous - ch} = 7875 [ch] - (B36)

Where-where e, corresponds with the discrete equilibrium (Equatien-equation (B.32), with veq = (1 — s)). Setting Eq. (B.36)

equal to zero we reduce the relationship to just-a-dependence-of-only a dependence on X and Xg:

9
o

Finding the partial derivative of X, using the geometric form of equation (B.18), we get:

1))

X
[N] = XeXyn—XLXN. (B.37)
Xa

and for Xq:
I ) 7
Xe=) lf”’g (H ) (mgé + Z )] (B.39)
j=1 =1 ’
Finding A, we get:
M=\ [(1 —i)(pg —1)ETT =\ (i(% —1)P72 ¢ uog(i—l)“—%))] (B.40)
and for Af+the top class, A:.
1-6HI -1 -1)-1
v << €N =1)(dy = 1) )A B
i £—1 z
To numerically solve for the minimum, we must differentiate Eq. (B.37), with respect to £. Through the product rule we get:
0% [Xn
— | =X XX — XX B.42
852 {XG] GAN N> ( )

Eq-Differentiating equation (B.38) differentiated simplifies-towards:-and simplifying gives:

:JZ: l(li[l)\> <Z: AH)] (B.43)
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and doing the same for Eq. (B.39) +gives:

I J J 9s1 ¢—1y1 "
, o 2 JVRSY,
=3 [0 | T | [one 200, -1+ 3 2o 20 .44
i=1 i=1 g

=1
"3 3 . .
Ay is given as-by:

/

(B.45)

For the double differential of \; we get:

PVEEDY (I-1)(¢p—1) X
N =2t Lo x - B.46
e (240
We now possess the identities needed to perform-anumerical-root-finding-algerithmfor-numerically find the optimum bin

scaling for a given —Ysi inei number of classes. In figure B2 (c), the optimum scalin
is shown as the solid black line.
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Appendix C: Sensitivity of Diagnosed Mortality Rates to Model Parameters

y Sensitivity
(a) Varying Coverage (b) Varying Carbon Assimilate
— FixedValue | | e +20.0%
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Figure C1. The sensitivity of the mortality rate to assumed input variables: coverage, veq (a), and carbon assimilate rate, Peq (b), and model

arameters; reseed fraction, o (¢) and boundary mass, mo (d). The solid black line indicates the fixed values with corresponding +20%
b,c,d) or 5% (a) variation (dotted black lines).

The diagnosed mortality rates in figure 6 are sensitive to variation in model inputs and parameters. The mortality rate, v, can
be found for the continuous solutions by rearranging the boundary condition equation (6), and substituting in Eq.(B.2) and
Eq.(B.13):_

P, 1—v, 1 1
- qao< Vq> {1+ n 2] (C.1)
mo Veq 2/’LO 8“0
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The key external inputs to this equation are the observed PFT fraction v,., and the net assimilate P.,. In addition, our estimates
of v are dependent on the internal model parameters, o and my.
The red lines in Figure C1 demonstrate how the estimate of v depends on these four inputs. The black dashed lines in Figure

C1 indicate how uncertainties in each input relate to uncertainties in ~y, for ‘true’ values typical of a tree PFT. We estimate

uncertainties in the observed PFT fraction (e.g. from remote-sensing) to be +-5%, and uncertainties in P (e.g. from JULES) to

be +£20%, leading to errors of =17% and £20% respectively. Likewise, £20% uncertainties in the internal parameters o and
mq lead to £12% and £20% uncertainties in . Combining these sources of uncertainty leads to an overall uncertainty in our
inferred estimate of -y of about +35%. with-it's di i i i i i tie-d

as the bﬁght d']f‘hed b ack Iiﬁe.
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