We would like to thank both reviewers for their careful reading of our manuscript which we are
confident will lead to an improved paper. Our responses are provided in blue below and a manuscript
with tracked changes is appended to the end of this file.

Responses to Reviewer 1

This paper analyzes turnover of forest carbon simulated by six TBMs (terrestrial biophere models)
using a common simulation protocol “to assess their current capability to accurately estimate biomass
carbon turnover times in forests and how these times are anticipated to change in the future.”
(abstract). The concentration on turnover is motivated by referring to studies that according to the
authors have shown that turnover time has “comparable or even larger importance than NPP when
assessing the response of C,eg to environmental change” (lines 69/70). The analysis proceeds by first
setting up a list of potential mechanisms that might modify turnover time upon environmntal change
(table 5). Then, splitting the turnover fluxes obtained in the different simulations into components
arising from different mechanisms (phenology, mortality), the analysis of the simulation data is
condensed into a set of hypotheses on the controls for the behaviour of turnover time seen in the
different models. The main result of this analysis is that in the different models the dominant
mechanisms controlling turnover are different so that more research is needed. To direct such
research the authors discuss for their hypotheses on the diverse controls how the scientific
community could proceed by making use of existing data and what the challenges are in achieving
progress.

Overall, I really don’t know what to make out of this paper. The result from the analysis of the different
turnover fluxes that in the different models the overall turnover is caused differently is not much
surprising since this diversity is “strongly linked to model assumptions concerning plant functional
type distributions and their controls” (lines 47/48), which are different across models.

>> Indeed, differences in simulated turnover fluxes among models are related to model assumptions.
Here we go to some length to identify both how the model assumptions differ and the implications of
these differences for estimates of turnover fluxes.

Making at all something out of this mess by coming up with a list of hypotheses on the different
controls in the various models (summarized in the paper title somewhat overstated as “understanding
the uncertainty”), is a rather heroic act, demonstrating the author’s solid knowledge on ecological
processes and their implementation into models. But then selling this mess by coming up with
recommendations for the community on how to proceed makes the whole paper resembling an
(extended) introduction for an application for funding rather than being a text informing the
interested comunity on advances in understanding. | do not deny that this type of reasearch must be
done to advance —and | appreciate the author’s sophistication in their analysis — but it seems to me
research that needs to be done before performing the true research because it is “only” formulating
qguestions and setting up the research program. Accordingly, | am not convinced that such type of
research that stops where it starts to get interesting is of sufficient interest for a larger community to
be published in a reviewed journal instead of simply staying a paper in the grey literature.

>> TBMs are complex and widely-applied models, whose results underlie major scientific and policy-
relevant efforts, such as assessing the current and future strength of the terrestrial carbon sink (Ciais
et al., 2013; Friedlingstein et al., 2019; Huntingford et al., 2013; Jones et al., 2013). Virtually every
study raises new questions for further research and in some cases the effort required to identify those
guestions can be substantial. The aim here is to go beyond an intercomparison that simply reports
differences, to identifying why those differences occur, including comparisons with observational
data. Understanding the nature and origin of the differences is important to further provide future



robust projections beyond the “black box” of carbon/climate models. The discussion is intended as a
perspective on how some of the uncertainty we identify could be reduced in future work.

We therefore contend that identifying why the models differ so widely in their turnover responses
and what can be done to reduce these uncertainties is an important and non-trivial scientific effort.
We hope that our study is indeed useful to the scientific community, particularly the wide community
that develops and applies TBMs and makes use of their outputs.

Otherwise the paper is well readable, although the structure of the paper, outlined in the first
paragraph above, could be emphasized stronger within the main text of the paper to keep the reader
aware of the purpose of the different sections within the overall construction of the paper so that the
‘red line’ is better visible; e.g. only later | realized that the aim of section 3 (Results) is to identify the
hypotheses listed in table 5 that subsequently, in the discussion part (section 4), are further discussed.

>> We agree with this good suggestion and have added the following text at the end of the
introduction to make the structure clear.

"We first analyse historical vegetation carbon turnover time estimates from the models, comparing
the models with available large-scale observations and identifying implicit or explicit model-based
hypotheses that may explain why the estimates diverge (Section 3.1). We then identify hypotheses
behind differing future turnover time estimates under an exemplary climate change scenario (Section
3.2). Finally, we discuss how these hypotheses can be tested to advance understanding of turnover
times, building on available data sources where possible (Section 4)."

One other general issue concerns the specification of author contributions (Lines 605- 7): Looking
through the list, 3-4 authors remain that only commented on the manuscript without indication of
any significant contribution to it. According to good scientific practice, this is not sufficient to justify
authorship (otherwise | as reviewer should also be listed as author): The European Code of Conduct
for Research Integrity [1] specifies “...authorship ...is based on a significant contribution to the design
of the research, relevant data collection, or the analysis or interpretation of the results.”. Hence for
this paper authorship should be reconsidered. (And btw: who is “KZ"?)

>> Thank you for catching that we have left some authors out of the contribution section. We have
remedied this. It now reads.

"TAMP conceived the analysis. TAMP, JB, BB, VH, AH, JH, KN, AR and HS contributed model simulations.
TAMP, TR, SLS, and JS carried out the data analysis and all authors contributed to data interpretation.
TAMP, AA, SH, MK, BQ, TR, SLS, BS, KT and TH wrote the manuscript. All authors commented on the
manuscript.”

KZ should have read KN

(1) Underlying this study is the general picture that vegetation carbon is growing due to NPP and
diminishing due to “turnover” fluxes called collectively Fym. This is embodied in the first part of eq. 1,
the rate equation dC/dt = NPP — Fum. During the analysis presented in the paper, Fum is further
subdivided into fluxes arising from different processes. Hence underlying this analysis is also a formula
like Fiun=F1+ F2 + F3 + .. .. Moreover, for each such partial turnover flux a separate characteristic time
is defined by a formula like T := Cyeg/Fi. All this structure is not made explicit and transpires only while
reading. | think for a better readability it would be helpful to make this structure explicit right at the
beginning, maybe directly in connection with eq. 1. This would also be the right place to explain in



detail the processes underlying all the partial turnover fluxes distinguished in this study, because these
explanations are scattered across the paper (what is eg. “Background” in Fig. 6?).

>>We agree with this point, which was also raised by Reviewer 2. We have added additional equations
to the introduction:

"Turnover time of existing biomass can thus be calculated as,
T= Cveg/Fturn (Eq 2)/

Fwrn is the total loss flux of live biomass due to the transfer of plant tissue to dead pools of litter and
soil, to harvest products and residues, or to the atmosphere via burning. It can be decomposed into its
major components,

Fturn = Fmort + F/eaf + Ffineroot + Frepro (Eq 3)/

where Frort is the carbon turnover flux due to plant mortality or woody carbon 10ss, Fieas and Ffineroor that
due to leaf and fine root senescence respectively, and Fr.pro turnover due to reproductive processes (e.g.
flowers, fruits)."

We have also expanded the description in section 2.1:

"Turnover times can also be defined relative to particular turnover fluxes, such as those outlined in Eq.
3. In this case the turnover time is calculated respective to the appropriate biomass pool, i.e. turnover
time of vegetation biomass due to mortality, Tmort is defined as Cveq/Fmort, and turnover time of fine root
biomass, Tfineroot, s defined as Cpineroot/ Ffineroot, Where Cpineroot is the fine root biomass. Fmor: can also be
decomposed further into fluxes resulting from particular mortality processes, for instance, following
the conceptual groupings in Table 3,

Fmort = Fmort,vitality + Fmort,disturbance + Fmort,background + Fmort,heat + Fmort,other (Eq 4)/

Accordingly, a turnover time can also be defined for C.eq relative to each mortality process, e.g.
Tmortvitality = Cvea/Fmortvitality. TUrNOVer rates are the inverse of turnover time, i.e. 1/t."

We do not think it practical to represent the hypotheses directly in these turnover equations. The
hypotheses relate to how individual turnover fluxes are simulated in the TBMs, each of which has very
different formulations (e.g. Table 3). We have modified the caption of Figure 6 to reference Table 3 (it
was previously erroneously linked to Table 2) and to explicitly list all the 5 groupings.

(2) Furthermore, for the analysis framework it is important to note that all partial timescales are
defined with reference to the same carbon mass Cyg. By this common reference the flux
decomposition can also be written as Fum = Cveg (T1F + T2 1 + 1271 +...) so that the rates 1/t indicate the
size of the relative contributions of the different turnover processes to the total turnover flux. Since
it is hardly believable that for all the different turnover processes the fluxes are proportional to the
total biomass Cyeg, the meaning of those time scales T is only diagnostic and may have nothing to do
with the actual time scales underlying the various processes causing turnover. An example is fires that
depend on the amount of fuel (litter or crown biomass) but not on stem biomass that contains the
majority of vegetation biomass. This poses a serious question mark on the overall approach taken in
this study by putting time scales into the center of the analysis. — Nevertheless, ratios of the diagnostic
time scales stay well interpretable as ratios between turnover fluxes because in this framework t 2/t

= Fturn /Fturn-



>> We did not previously clarify how the partial timescales are calculated (please see response to
point above). We have corrected this oversight and included additional text for clarification. However,
the general concern raised here is one of scaling, i.e. at what level is it appropriate to conceptualise
the turnover time. We agree that there is more than one possible solution. We employ the common
definition of turnover time at the whole plant scale, i.e. relating to Cyeg, fOr Tturn, Tnee aNd Tmort. As the
reviewer states, these summarise over several sub-processes, but provide a useful summary of the
net effect of these sub-processes and are readily comparable to other studies in the literature. In
diagnosing the causes behind whole plant turnover time we calculate turnover times or rates for the
sub-processes based on the mass of the component upon which they act. For instance, for fine roots,
we calculate relative to the biomass of fine roots. Please note that we report in all cases turnover
fluxes, and thus turnover times, of live vegetation. For instance, in the case of fires, we report
mortality due to fires, not the carbon combusted by fires. This is consistent with the other mortality
processes for which we report the carbon in trees that die, not the timescale over which it
decomposes.

(3) For the analysis done in this paper the authors hop between comparing fluxes F; (e.g. Figs. 6 and
7d) characteristic times T (Table 4, Fig. 7), rates ! (Figs. S11-S15), and the additional time scale twep
:= Cyveg/NPP (Fig. 1). It would be good to have a discussion on the advantages of using the one or other
quantity. Anyway it should be made transparent why F;, T, T2, or tee are chosen in the different parts
of the analysis and why not the respective others.

>> Generally, we consider turnover times to be the most intuitive metric to interpret the results
herein. For certain components of the analysis (e.g. Figs. 4, 6, 7d) it is more appropriate to work with
the fluxes themselves as we are addressing how the fluxes used to calculate turnover time are
constituted. We present rates for the decomposition by mortality process in Figs. S11-16 because we
find the turnover time concept to become increasingly abstract at these partial breakdowns. In the
revised Section 2.1 we have made explicit how each of these metrics relate to each other. We have
only included twee for comparison with satellite-derived estimates - this is explained in Section 2.1.

(4) The descriptions in the main text heavily draw on plots in the supplement and there seems to be
no systematics in putting plots here or there. E.g. for all the many claims on p. 11 the reader is referred
to plots in the supplement which is in my opinion a good reason to move those plots — maybe in
aggregated form — into the main text. And if the authors stick to their decision to have Fig. S9 in the
supplement, then also the description on how to arrive at that figure (lines 221-229) should be shifted
to the supplement. In conclusion, it seems to me that the readability of the paper could be improved
by reconsidering the division of plots between main text and supplement.

>> Thank you for this point. We have tried to include figures in the main text that underline important
results relating directly to the derivation of the hypotheses. We agree that Figure S9 would fit well in
the main text. We also reflect that Figure 8 is not crucial to the main points in the text and can be
moved to the supplement. We agree that page 11 references Figs. S11-S16 several times and that it
would be helpful to have a summary in the main text. We have chosen needleleaf evergreen and
tropical broadleaf forest types as exemplars and included plots for these forest types in the main text
in additional to the supplementary plots.

(5) As already mentioned above, the study is motivated by the claim that T has “comparable or even
larger importance than NPP when assessing the response of Ce; to environmental change” (Lines 69-
73). Because this is the major justification of this study, the authors should be more precise here. E.g.
Ahlstrom et al. (2015a) demonstrate that for stationary conditions turnover has only about 2/3 the
importance of NPP (l.c. Fig. 3c), and should (to my understanding) be even less important for the non-



stationary conditions of environmental change one is actually interested in. Even better would be to
add further plots to this study demonstrating explicitly the author’s claim by separating contributions
to the biomass changes from NPP and turnover; an analysis in the spirit done by Friend et al. (2014)
applied to the transient simulations in the paper would do it. To add: Simple reference to that Friend
et al. paper will not be sufficient because their main message is so cryptically formulated that it is
inconceivable (they write: “The variance in final C.eg caused by differences in fitted residence time
relationships between models was found to be 30% higher than that caused by differences in the
fitted NPP responses when all models were considered.” (p. 3283). What 'variance’ is meant here, and
why only “when all models are considered”?)

>>We seek here to understand the reasons behind different estimates of turnover time, not attribute
its relative importance compared to other drivers of Cye. The attribution of Friend et al. (2014) clearly
demonstrates the greater influence of differences in turnover time than NPP on modelled C,eg in 2100.
It is not our place to clarify their meaning in the quote above, but the following sentence from their
paper is quite unambiguous, "In other words, for the non-HYBRID4 models, differences in residence
time relationships with climate between the models are responsible for more than twice the variation
in modeled global C..q change to 2100 than are differences in NPP relationships with temperature and
CO,."

Ahlstrom et al. (2015) found that variations in T were a major driver in the variations in Cye caused by
different environmental forcing. Thurner et al. (2017) did not make a formal decomposition of the
relative importance of NPP and turnover time but found modelled NPP to usually be close to the
observation-based estimates, whereas biomass usually was not, indicating the role of turnover time.
Galbraith et al. (2013) show a very wide variation in estimates of woody biomass turnover time by
TBMs for the tropics. Johnson et al. (2016) show a clear relationship of Cyeg with stem mortality rates,
but not with NPP. We thus stand by our statement as written.

Friend et al. (2014) already demonstrated for a broadly comparable set of TBMs that differences in
turnover time had more influence on C,e; than did NPP and we see little to gain from repeating that
analysis here.

"Parazoo et al. (2018)" was a miscitation and has been removed.

Line 64: Here you introduce as key term the word ‘residence time’, nowhere else used in the paper,
and the term "turnover time’ used throughout the paper, is only introduced in brackets. It’'s better to
drop ‘residence time’ because its meaning is anyway ambiguous (see Sierra et al. 2017).

>> We have dropped the term as suggested.

Lines 75/76: For stationary states | agree that there are only these two causes, but for nonstationary
conditions another one appears: Once NPP is changing, the internal memory causes a mismatch
between NPP and Furm so that the turnover time twm, Which is only a diagnostic obtained from
Cveg/Frurn, changes in addition to the causes mentioned because the input NPP changes. | think the
authors are aware of this (see lines 141/42 where the difference between tpp and T is addressed),
but since one is ultimately interested in the nonstationary case of environmental change this should
not be overlooked.

>> Whilst changing NPP affects tner because the flux into the vegetation is no longer in balance with
Cueg, Trurn is Not affected because it simply defines the rate of loss of Cys. To demonstrate this, we
define a simple single-pool model of Cyeg in which NPP is the flux into Cyeg and Fiyrn=Cueg/Tactual defines
the flux out of the pool, i.e. there is a constant rate of loss defined by Tactual. We increment NPP for 500



years and then hold it constant thereafter (Fig. R1a). Actual turnover rate is held constant, i.e. Tactua=50
years throughout. Fym lags NPP during the period in which NPP is incremented due to the memory
effect. tnee Shows a moderate deviation from Tacual (Fig. R1c) as NPP and Fy,m become unbalanced.
However, Trum=Tactual throughout. Unless the change in NPP directly influences the turnover rate, Twum
is not affected by changes in NPP. This latter is a special case which does occur in some of the TBMs
here, but is broadly captured by the term, "response to environmental variation". We prefer not to
complicate this paragraph with a caveat on this point, but retain the text in Section 2.1 noting the
difference between Twm and twee.
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Figure R1. Results from a simple single-pool model of C,.; demonstrating the effect of changes in NPP
on twep and Teurn.

Throughout the paper the term “vitality” is used 28 times to refer to a certain group of processes. In
lines 95/96 two of them are named, but there is no explanation on the general notion of this term.
But such a general notion is needed to understand e.g. the claims in lines 97, 119, 295-298 etc. To me
a formulation like “vitality-related mortality” (lines 320/21) sounds a bit weird: Increased mortality
improves vitality? Without further help | have problems to make sense out of this vitality concept.

>> We have modified the text previously starting on line 95 to read as follows:

"Mortality is triggered in some models by a negative carbon balance or if tree vigour is low (for
instance, if growth efficiency, the ratio of NPP to leaf area, falls below a defined threshold; Smith et
al., 2001). In principle, such formulations should capture both environmental stress and competition
with neighbours, but in some TBMs such processes are supplemented or replaced by self-thinning rules
to represent this typical effect of size-dependent competition in densifying stands (e.g. Haverd et al.,
2014; Sitch et al., 2003). Here we refer to all such mechanisms related to carbon balance, vigour or
competition as "vitality-based".

| find it hard to memorize the meaning of your notation '"MI’, "MP’, ’"MS’. Maybe you indicate why you
choose these combimations of letters or switch to a more mnemonic notation.

>> These are intended to refer to mechanisms acting at the individual level (Ml), stand level (MS) and
population level (MP), with the M indicating "Mechanism" (to avoid confusion with other notation)
and the second letter indicating individual, stand or population. We have changed the sub-headings
in Table 1 to try and make this more intuitive, e.g. "Mechanisms at individual-level (PFT) (i.e. functional
composition unchanged) (MI)"

Table 1: It took me really a hard time to understand how columns 2-4 should be read, the caption is
in this respect rather unclear. Now | got that these are a pictorial representation of the assumptions
on the topics in the headline. To prevent that other readers also struggle with this, | suggest to have
another headline covering columns 2-4 eg. with title “assumptions on” and columns 5 and 6 with title
“consequences for”. Nevertheless, | still do not understand how to read column 2 “Resource capture
(NPP) and allocation to woody or soft tissue”: Has the combined length of the bars for “Soft” and
“Wood” any meaning in relation to some maximum length, e.g. the largest combined bar or the width



of the column? Or do you want to emphasize the relative lenghts of the bars “Soft” and “Wood”? Does
a “Wood” bar shorter than the associated “Soft” bar mean that the influence on the former is smaller?

>> We apologise for not making this clearer. We have implemented the nice idea to clarify the
meanings of columns 2-4 and 5-6 with additional headlines. We have added an explanation of the
mean of the length and shading of the bars to the column heading, "Level of NPP (bar length) and
allocation to woody or soft tissue (bar shading)".

Table 1: In some cases the consequences for biomass and T shown in columns 5 and 6 seem to me
rather speculative and do not follow directly from the information given in columns 1-4. Therfore this
table should be revised or at least discussed in detail somewhere. My concerns on the proposed
mechanisms are:

>> In the below, it appears that much of the confusion relates to the examples given. We wish to
emphasize that this figure is intended to breakdown the different mechanisms by which biomass and
T can change. In reality or in models, several of these processes may change at once for a given
perturbation. As such, the examples are only illustrative and not intended to suggest that the only
effect of that driver is through the mechanism itiis listed against. This has been clarified in the caption.
We have also added the following text to the introduction where Table 1 is introduced:

"Mechanisms within these groupings are distinguished in Table 1 so as to show how a particular
perturbation in NPP, allocation, or turnover rate of woody or soft tissues (e.g. leaves, fine roots and
fruits) would affect biomass or T. Because trees and ecosystems respond to environmental stimuli in a
coordinated fashion, it is likely that many of these mechanisms will occur in concert."

Milnep ez Upon rising NPP it is claimed that T remains unchanged. This is only true for very slow changes
in NPP so that the system essentially stays in equilibrium. For a faster increase of NPP the turnover
flux stays behind NPP because of the internal memory so that Twrm := Cveg/Fwum changes even though
only the input to the system changes. (See also comment on lines 75/76 above.)

>> We disagree here. Although F,m does lag NPP, the change in C.e also lags NPP, offsetting the lag
in Fwr. Please see our response to the previous comment, above.

Milga: A typical experience when experimenting with water stress in TBMs is that by increasing water
stress, in dry regions annual production may increase. The reason is that the resulting reduced NPP
flux leads to water savings so that the growth period is lengthened, to the consequence that the
annual production (accumulated NPP) rises. For your table entry this would mean that you can as well
reverse the direction of your biomass arrow. What the consequences for T are would be hard to say.

>> Our intention here is to show the effect of a change in the relative fraction of resources allocated
to wood vs soft tissues, not the wider effects of a water stress event per se. We have modified the
example column to be more specific.

Milst: The same remark on the counter-intuitive reaction on increased water stress applies also here
so that biomass may increase. On the other hand: By increasing exudates it would also be plausible
that biomass would decrease.

>> As above, we attempt to give an example of what might cause a change isolated in the left four
columns. Here we agree, however, that exudation is not the clearest example, which we have instead
changed to increased levels of herbivory.



MPwr: For the example driver “Reduced defensive investment” the consequences could be indeed as
you describe if the investment was optimal or sub-optimal before. But in case of super-optimal
investment in defense, biomass could as well rise so that also the converse behaviour of biomass and
turnover rate is conceivable. And, just to note, it doesn’t matter whether the reduced investment in
defense arises from a shift in functional composition or not.

>> As above, this is just intended to be one example of why a different species mix might have higher
turnover rates from mortality.

MPyep: | do not understand what is meant by “intrisic NPP” and in what respect the example driver is
assumed to be “conservative”.

>> We meant a change in NPP due to a change in species. On reflection, we agree "intrinsic" is
confusing and have removed it. We have changed the example to make it clearer, "New species mix
has different respiratory costs, e.g. for defense". We also make this change to further indicate that a
particular driver may act on several mechanisms.

MPga: | do not see why a shift to species with reduced wood density may necessarily decrease the
characteristic turnover time: This is — as far as | see — only true when those species with reduced wood
density have themselves lower than average turnover time. If not, turnover time may as well increase.

>> Reduced wood density could allow the same height and volume of tree for lower construction cost.
We agree that the well-established association of wood density with mortality risk makes this example
confusing. We have replaced it with, "Lower specific leaf area in new functional mixture".

MPsr: In the table you claim that upon an increased phenological turnover rate due to a shift in
functional composition biomass stays unchanged. This seems to me rather unintuitive: This assumes
that all species have the same productivity per leaf or root area (“effectivity”), which is typically not
the case. Therefore, if the composition is shifted to more effective species the overall LAl or root area
may decrease but the total productivity and therefore biomass may increase. And also the other
direction is conceivable.

>> We are claiming that a shift in phenological carbon turnover rate alone would not substantially
affect biomass (there would be a small shift in leaf biomass; we explicitly exclude this in the revised
version by referring to woody biomass). Other changes associated with a change in phenological
turnover may affect biomass, e.g. a shift towards a deciduous phenology may increase phenological
carbon turnover, but be associated with a change in allocation (MPga) towards soft tissues to fund
this, or with a reduction in LAl leading to a lower NPP (MPypp).

Lines 186-189: It is unclear why this logic for identifying the forest mask was chosen. What goes wrong
when one of the conditions (e.g. the condition on boreal PFT) would be omitted?

>> The logic comes from Hickler et al. (2006) and Smith et al. (2014). These studies were referenced
here, but we have adjusted the phrasing to make it clearer that we follow their logic.

Line 235: Wilkoxan - Wilkoxon.
>> Corrected.

All figures: Put units at color scale.



>> We have added units to the figures themselves as requested, except where values are
dimensionless (Fig. S5, S6).

Figure 2: According to the caption the figure shows “density kernels”. In the caption you explain
“density”, but the term “density kernel” is nowhere explained. | guess that you show the global
relative abundance of twee values. Please consider a renaming or explain the term “density kernel”
somewhere.

>> “Density kernel” is synonymous with probability density distribution here. We changed the
references in the text and caption to use this more common expression.

Line 260: Here you claim that your findings are summarized in the alternative hypotheses Hla and
H1b listed in table 5. But in the table entry you link the allocation fraction of NPP to soft tissues or
wood to Tmort, but in the text leading to your claim you argue with the turnover fluxes and neither NPP
nor Tmort are mentioned, so that the link between text and hypotheses is missing. Moreover, | do not
understand why there should be such a close link between the allocation fraction and tmert as you
claim in either of the two variants of the hypotheses H1 in the table text, it is easily imaginable that
allocation fraction and tmort are completely unlinked.

>> We have substantially revised the text here to make the link explicit. We had placed the sentence
equating Fwm to NPP at the start of the next paragraph, but have now brought it forward to this
paragraph to improve the logical flow of the text.

"Consistent with the logic that Fy,,- = NPP (Section 2.1), the partitioning of Fw.m among tissue types
is approximately equal to the allocation of NPP between those tissue types. For no change in overall
structure, a fraction of Fwm resulting from leaf, fine root or reproductive turnover implies the same
fraction of NPP must be invested in the corresponding tissues. Therefore, to maintain a given biomass
for a given NPP, the results in Fig. 3 reflect two distinct hypotheses linking allocation of NPP to Tmort.
Either a large fraction of NPP is invested into wood, resulting in Fmort being a large fraction of Fum and
thus implying a relatively low tmor, or a relatively low fraction of NPP is invested into wood, resulting
in Fmort being a relatively small fraction of Fwm and thus requiring a higher tmor in order to maintain the
same biomass (Table 5: Hla and H1b)."

Lines 260/61, 314/15 and Fig. 4: At those lines you make clonclusions from Fig. 4 on the relative
contributions of Fphen and Fmort to the variability of Fum. | doubt that such conclusions can indeed be
drawn from that figue. Such conclusions could be drawn if the fluxes Fphen and Fmorr Would be
uncorrelated, but because Fghen + Fmort = Frun @ large phenological flux leaves not much room for
variation in the mortality flux and conversely. Therefore those two fluxes should be strongly (inversely)
correlated and the condition of vanishing correlation to draw your conclusions is not met. Accordingly,
| think this analysis should be discarded.

>> There is no limit on the sum of Fnort Or Fphen, @s such a high value of one does not imply a lower
value of the other. The two fluxes are positively correlated in all models here. However, in order to tie
in more closely with H2, we have replaced Fig. 4 with a new calculation that explicitly assesses the
effect of the local deviation in Fmort ON the local value of T and then summarises these effects on t
across all grid cells (Fig. R2). The results lead to exactly the same conclusions as our previous Fig. 4a.

The new method is described as follows:
Contribution of turnover fluxes to spatial variation in t: Following Eqs. 2 and 3, Twm = Cueg/(Fmort +
Fphen), Where, Fonen = Fieaf + Ffineroot + Frepro. Teurn Was calculated for each grid cell with at least 10% forest



cover. Twumfixmort WAs then calculated in the same way except for replacing the local value of Fmort with
its mean across all grid cells. The difference between Ty and Tium fixmort provides the difference in tium
due to the local deviation in Fmort. The results were summarised at the global level by taking the mean
absolute deviation of Tium - Teumn,fixmort across all grid cells. The same procedure was carried out to assess
deviation due to Fphen.
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Figure R2. Mean absolute deviation in twm across all grid cells with at least 10% forest cover as a result
of using global mean values of mortality (Fmort) or phenology (Fphen = Fieaf + Ffineroot + Frepro) turnover fluxes
in the calculation of Fwm in Eq. 2 (see Methods). Larger values indicate a greater contribution of Fmort
(blue) or Furen (green) to spatial variability in twm. Calculated over the period 1985-2014 from the CRU-
NCEP-forced simulation.

We have removed Fig. 4b after reflecting that the relevant point in the text is made more effectively
using Fig. 7d.

Line 265: Where did you already follow “the same logic”?

>> This logic was explained in Section 2.1 where the definition of tnee was given. We have added a
reference to this section to the statement.

Line 295: What is the reason to start the sentence with “However”?

>> Because the previous sentence refers to a wide range of approaches used to represent mortality
in models, whilst this sentence indicates that despite this, there are similarities in the general
categories of processes. We have changed the beginning of the sentence to, "Despite this diversity,
there are similarities in the broad categories of processes included. All models..."

Fig. 6: What is “Background”? In the caption: “vertical axis” = “vertical side bar”

>> "Background" has been clarified in the caption, "'Background' covers mortality based on a fixed
rate or tree age." A reference to Table 3 has also been included. We have changed the labelling for
the side bar as suggested.

Fig. 7: 1 am not sure what you really show in subfigure d: In the caption you write that you show the
“Fraction of total turnover due to mortality” but all curves start at zero so that some change is shown.
Maybe you show the relative change in Fmort/Fturn = Tturn/Tmort? If SO it would be more clear to write
down this formula. | also don’t know how to understand the in-figure text “A Fraction as mort.” —why
“as"?

>> We have added the formula to the caption as suggested and relabelled panel d as suggested. We
have also added the clarification, "All plots show relative changes compared to a 1985-2014 baseline."



When distinguishing between PFTs it remains unclear whether characteristic times (Figs. 2, 5) and
rates (Figs. $11-S15) are calculated with reference to total C,e; obtained for the whole mix of PFTs in
a grid cell, or with reference to the C,eg of the individual PFTs in a grid cell. This difference has e.g. a
large impact on whether changes displayed in Fig. 8 can be interpreted on the basis of Figs. $11-515,
as doneon p. 11.

>> For Figure 2 and 5 we applied the forest type classification to determine the dominant PFT, used
the entire Cyeg for the grid cell, but weighted NPP by the fraction of forest cover in each grid cell (as
described in Section 2.4). A core purpose of Figure 2 is to compare TBMs to the remotely-sensed data,
which does only give us a value for the entire grid cell C.e, SO using the entire grid cell Cye is most
consistent for the purpose of comparison. The purpose of Figure 5 is to compare total mortality
derived turnover times across TBMs for grid cells classified as one specific forest type, thus is makes
sense to use the total biomass and mortality flux for each grid cell. To clarify this, we have added the
following sentences to the two captions, respectively:

“For the models, tner was derived from entire grid cell C..q and forested area-weighted NPP, as for the
satellite-based product (see Section 2.4). “

“Tmort was derived from entire grid cell C,eq and forested area-weighted NPP, as for the satellite-based
product (see Section 2.4) and grid cell were classified according to dominant PFT.”

Figs. S11-S15 are based on total C,e for the whole mixture of PFTs in the grid cell. Please note that all
of these figures are based on forest type maps, please see the description of forest type classification
in Section 2.4. We have added clarifications to the caption of each figure.

Lines 339-41 and hypothesis H5/H6 in table 5: To me the description in lines 339-41 is inconsistent
with the resulting formulation of hypotheses H5 and H6. In line 340 it is said that LPJmL’s “increased
mortality of established trees” is the reason for the shift in PFT composition —hence LPJmL cannot fall
under H5, where “changes in turnover rate of individual PFTs” is explicitly excluded as cause, and the
latter exclusion covers the former. Since LPJ-GUESS is listed to fall under H5 and H6 (which | do not
understand) | guess that there is some insufficient distinctness in the formulations of the text and the
hypotheses that make it impossible to follow what is meant here.

Lines 347/48: Here it is claimed that JULES “implicitly” falls under hypothesis H5. But why is it then
not listed in table 5 under H5?

>> We were attempting to capture a subtlety between changes in turnover time in the long term
resulting from compositional change (which also apply to LPJmL) versus sustained reductions in
turnover time of an existing PFT. However, we accept that this was not clear and is in fact hard to
define with the results here. The subtlety we were originally aiming to show is now mentioned in
Section 4.5 of the discussion. We have reformulated H5, splitting it into two sub-hypotheses and
subsuming H6 within it.

H5a: Environmental change leads to large changes in the mortality rates of associated with
PFTs, which dominate the change in Tt over the 21 century.

H5b: Shifts in forest functional composition, rather than changes in the turnover rate
associated with PFTs, dominate the response of t to environmental change over the 21%

century.

LPJmL is assigned to H5a, LPJ-GUESS and JULES to H5b.



Lines 383-386: | guess “(1)” refers to Ml and MS in table 1, while “(2)” refers to MP in that table. Its a
bit irritating that you claim to have “identified” (line 383) these two groups “(1)” and “(2)” — in table
1 it were three groups and they were not “identified” but postulated. How did you “identify” these
two goups?

>> As the reviewer rightly points out, these responses were postulated in Table 1. They are then
identified throughout the results in Section 3.2, as indicated in the numerous references to these
mechanisms in that section. We have made some small changes to the wording in the text referred to
here:

"As postulated in Table 1, two contrasting modes of simulated turnover response to changing
environmental conditions were identified in the simulations: (1) individual or stand-level responses
where internal physiology influences turnover in response to temperature, atmospheric CO;
concentration, or other extrinsic drivers (Ml, MS mechanisms); and (2) population responses where
shifts in species composition, age distribution, etc. influenced forest composition or demography, with
concomitant changes to turnover (MP mechanisms)."

Lines 389-391: | have a problem to understand this sentence: What is meant by “These differences”?
Differences because Mlsr and MPypp don’t show up? “These” cannot refer to differences in the process
diversity implemented into the models, because such differences were not addressed before. Hence
you mean differences between implemented processes and “emergent response”? This makes no
sense. | am lost.

>> This sentence was not well formulated. We have changed it to:

"The diversity in both the processes that are included in models and the simulated emergent response
in turnover time, arise largely because the key ecosystem states and fluxes, and their relationships to
environmental drivers, are under-constrained by observations at regional and global scales."

And what means “have been under-constrained”? So they are constrained now?

>> There is now potential to constrain many of them, as we outline in the discussion. Nonetheless, we
have changed this to, "are under-constrained".

Lines 403-405: Wrong grammar: “. . . however . .. which is usually absent ... "?

>> Corrected.

Line 458: “that is key” > “is key”?

>>We have removed the first "that".

Lines 563/64: The construction of the sentence is a bit weird. Maybe better:

“. .. conditions (H1, Section 4.1), it is perhaps not surprising that the TBMs show different responses

of allocation to increased productivity following mechanisms Mlnpp,r Or Mlnpps.”.

>> Changed as suggested



Responses to Reviewer 2

In “Understanding the uncertainty in global forest carbon turnover” Pugh et al use remote-sensing
based turnover estimates to evaluate the performance of six TBM. Based on this evaluation the
authors propose eight hypothesis which are then discussed. The study is well structured, the
discussion is insightful and the hypotheses are supported by the analyses. It is clear that a lot of
thinking went into this analysis which by itself is a sufficient reason to support publication of this
manuscript.

In my opinion the discussion lacks one section, i.e., a critical assessment of the concept of biomass
turnover and whether it is key benchmark for model evaluation or an observation that should only be
used if more process-specific observations become available. Given that several model groups are
replacing their turnover parameter by an explicit representation of the different mortality events,
what is the future of these remote-sensing based turnover estimates?

>> This is an interesting point. Biomass turnover is a metric that captures high-level dynamics of forest
carbon cycling, but we agree that the processes that drive carbon turnover are much more nuanced.
Accurately simulating the response of biomass turnover to different environmental conditions likely
requires breaking down the underlying processes, such as we pick apart herein. However, any
constraint on overall biomass turnover is also an important constraint on models. As the manuscript
is already quite long, we prefer not to add a whole section on this, but we have added the following
sentences to the start and end of the conclusion:

"Biomass carbon turnover time is a high-level metric that integrates over a wide variety of underlying
processes."

"This benchmarking must go beyond the emergent property of turnover time, to the underlying
processes, facilitating model improvement as well as evaluation.”

From a scientific point of view the manuscript could be accepted as it is. Nevertheless, the current
manuscript is very dense. The manuscript could become easier to read and digest (and would
therefore become more likely to make an impact) by: (1) Rewriting/expanding the equations
(especially eq 2). The study does a good job in disentangling the major processes that contribute to
the turnover time of biomass carbon but the equations fall short of reflecting this complexity. Either
the introduction or section 2.1 could be used to refine and better formalize the definition of turnover.
Ideally each of the hypothesis should be reflected in one of the terms shown in the final equation.

>> We presume that the reviewer is referring to T = Cyeg / Fwurn as given in the first line of section 2.1.
Reviewer 1 also commented on this point and we agree that it would be clearer to expand the
equations to split Fwr up into its constituent components. We have added additional equations to the
introduction:

"Turnover time of existing biomass can thus be calculated as,

T= Cveg/Ftum (Eq 2)/

Fwrn is the total loss flux of live biomass due to the transfer of plant tissue to dead pools of litter and

soil, to harvest products and residues, or to the atmosphere via burning. It can be decomposed into its
major components,

Ftum = Fmort + F/eaf + Ffineroot + Frepro (Eq 3)/



where Frort is the carbon turnover flux due to plant mortality or woody carbon 10ss, Fieas and Ffineroor that
due to leaf and fine root senescence respectively, and Fr.pro turnover due to reproductive processes (e.g.
flowers, fruits)."

We have also expanded the description in section 2.1:

"Turnover times can also be defined relative to particular turnover fluxes, such as those outlined in Eq.
3. In this case the turnover time is calculated respective to the appropriate biomass pool. l.e. Turnover
time of vegetation biomass due to mortality, Tmort is defined as Cieq/Fmor, and turnover time of fine root
biomass, Tfineroot, IS defined as Cpineroot/ Ffineroot, Where Cpineroot is the fine root biomass. Fmor: can also be
decomposed further into fluxes resulting from particular mortality processes, for instance, following
the conceptual groupings in Table 3,

Fmort = Fmort,vitality + Fmort,disturbance + Fmort,backgmund + Fmort,heat + Fmort,other (Eq 4);

Accordingly, a turnover time can also be defined for C.eq relative to each mortality process, e.g.
Tmortvitality = Cveg/ Fmort vitality. TUrNover rates are the inverse of turnover time, i.e. 1/t."

We do not think it practical to represent the hypotheses directly in these turnover equations. The
hypotheses relate to how individual turnover fluxes are simulated in the TBMs, each of which has very
different formulations (e.g. Table 3).

(2) Rethink fig 1. | don’t get the meaning/purpose of figure 1. | think it is related to my point above,
i.e., showing the diversity of processes contained in the remote-sensing based turnover observations
but it did not help me. Turning this figure into a table may help. After reading the entire manuscript, |
think | would have benefited more from a description of each of the terms with an example rather
than the bars and arrows.

>> We think that the reviewer is referring to Table 1? This table is aimed at showing how different
processes can contribute to changes in turnover and biomass both in models and the real world. It is
not aimed especially at remote sensing-based estimates. We have made several modifications to the
table following the comments of Reviewer 2 in order to make the examples more intuitive and better
explain the meaning of the bars. We have also added the following explanation to the introduction:

"Mechanisms within these groupings are distinguished in Table 1 so as to show how a particular
perturbation in NPP, allocation, or turnover rate of woody or soft tissues (e.g. leaves, fine roots and
fruits) would affect biomass or T. Because trees and ecosystems respond to environmental stimuli in a
coordinated fashion, it is likely that many of these mechanisms will occur in concert."

(3) Thinning the results section. In my opinion the model comparison is the least developed part of
the manuscript and | even doubt whether it is essential. If the definition gets better developed, it
might be possible to derive the hypothesis from the definition and then discuss these hypothesis in
the light of scientific literature. This would change the type of study but it could increase the impact
of this study. If you decide to keep the model comparison, please, better justify the model experiment.

>> Our study is predicated on understanding why TBMs differ in their estimates of turnover time.
Although Friend et al. (2014) identified divergence in turnover time projections for the 21st century,
we are not aware of a global synthesis of baseline carbon turnover times nor a thorough assessment
of the reasons for their divergence (as described in the second paragraph of the introduction). As such
we consider the model intercomparison to be a fundamental component of the study. It is consistent
with the Model-Data Synthesis approach advocated by Medlyn et al. (2015), that TBMs can be used



to identify hypotheses for further testing by observations. Although all of the hypotheses could have
been formulated without the model intercomparison we would have had no indication of their
importance for driving differences in turnover time estimates. We have revised paragraph 2 of the
introduction to include the following sentences:

"Relatively little attention has focused on the representation of T and its drivers in current vegetation
models, with some but not all relevant dependencies represented in different models."

"The divergence that can be traced to TBM structure and parameterisation (Nishina et al., 2015) has
not been closely analysed in terms of the contributions of specific underlying processes, interactions
and driver dependencies, or their basis in knowledge from real world ecosystems."

(and add revision numbers for each of the models).
>> We will add revision or version numbers for each of the models to Table 2.

It would have been much easier to compare the models if a run with a prescribed PFT distribution was
used as well.

>> Prescribed PFT distributions are only possible for a subset of models here (listed as average-
individual in Table 2). Cohort- and individual-based models compete PFTs directly against each other
within the same stand both in terms of vertical competition for light and horizontal competition for
water and, in some models, nutrients. As such, their PFT distributions are emergent outcomes of the
model simulation and cannot be fixed without fundamentally altering simulated stand structure.

How can you justify the comparison of data with management to simulations without management?
How meaningful is this given that management is a major driver of both the growth and the mortality
components of turnover?

>> Our study concentrates on comparing between TBMs (please see below), which made simulations
using a consistent protocol. We have made comparison to satellite-based turnover times as an
independent comparison, recognising that they also include management (line 243).

Including management in the simulations would have broadened the scope of the study from the topic
of natural vegetation dynamics and greatly complicated the interpretation of an already complex
response. We agree that management is an important driver of forest biomass turnover, however, to
keep the task to a manageable level of complexity we explicitly exclude management from the scope
of the study (please see lines 131-133).

Given the complexity of the processes described by turnover but the simplicity of the observations
(i.e. a single number), the model comparison remains superficial in the sense that it is hardly possible
to label some of the model behavior as “very unlikely”. In the end this section takes up a lot of space
for very little information (although I liked Fig 2 a lot. It is an informative way to show both models
and data — note that this is the only figure that shows the observations).

>> Figures 1 and 2 both show the satellite-based method for estimating turnover time, although we
would hesitate to call these data observations, as satellite-based NPP products derive NPP using a
modelling approach and large-scale biomass products rely on empirical modelling approaches to
extrapolate in space. We have included observations or alternative approaches where possible, but
note that large-scale observational constraints on biomass turnover time are extremely limited. It is
this lack of observations which has led to such a diversity of approaches and outcomes in TBMs. As
new products become available in the future it should indeed become possible to identify unlikely
model behaviour. In the absence of these products, we have focused on decomposing the reasons



behind the model responses (encapsulated in the hypotheses) and outlining how uncertainty might
be reduced in the future.

Maybe the bulk of the comparison could be moved to the supplementary materials?

>> Much of the comparison is already shown in the supplementary materials. We prefer to keep most
of the existing figures in the main text as they each underline important results relating directly to the
derivation of the hypotheses. We have modified the selection of figures in the main text slightly,
following suggestions of Reviewer 1.

Additional changes

We have carefully rechecked the text for clarity, making some minor changes to wording. These are
all clearly marked in the tracked changes version of the main text below.
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Abstract. The length of time that carbon remains in forest biomass is one of the largest uncertainties in the global carbon
cycle, with both recent-historical baselines and future responses to environmental change poorly constrained by available
observations. In the absence of large-scale observations, models used for global assessments tend to fall back on simplified
assumptions of the turnover rates of biomass and soil carbon pools, In this study, the biomass carbon turnover times calculated ( Deleted: to make global assessments )

by an ensemble of contemporary terrestrial biosphere models (TBMs) are analysed to assess their current capability to

accurately estimate biomass carbon turnover times in forests and how these times are anticipated to change in the future.
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Modelled baseline 1985-2014 global average forest biomass turnover times vary from 12.2 to 23.5 years between /| BMs. TBM
differences in phenological processes, which control allocation to, and turnover rate of, leaves and fine roots, are as important
as tree mortality with regard to explaining the variation in total turnover among TBMs. The different governing mechanisms
exhibited by each TBM result in a wide range of plausible turnover time projections for the end of the century. Based on these

simulations, it is not possible to draw robust conclusions regarding likely future changes in turnover time, and thus biomass

change. for different regions. Both spatial and temporal uncertainty in turnover time are strongly linked to model assumptions

concerning plant functional type distributions and their controls. I hirteen model-based hypotheses of controls on turnover time

are identified, along with recommendations for pragmatic steps to test them using existing and novel observations, Efforts to

resolve uncertainty in turnover time, and thus its impacts on the future evolution of biomass carbon stocks across the world’s

forests, will need to address both mortality and establishment components of forest demography, as well as allocation of carbon

to woody versus non-woody biomass growth.

1 Introduction

Large uncertainties persist in the magnitude and direction of the response of the terrestrial carbon cycle to changes in climate,
atmospheric CO2 concentration, and nutrient availability (Ciais et al., 2013; Friedlingstein et al., 2014), which prevent

definitive statements on carbon cycle-climate feedbacks (Arneth et al., 2010; Ciais et al., 2013). Carbon uptake and turnover

by forests is a very large component in the global carbon cycle on the scale of decades to centuries (Carvalhais et al., 2014;
Jones et al., 2013; Pugh et al., 2019a). The gain or loss of carbon in terrestrial ecosystems is a function of net carbon input to
the system, via net primary productivity (NPP), and the rate of carbon turnover (loss) in the system. For vegetation this can be

formalised as:

dCyeg/dt = NPP - Fum = NPP - Cueg/t (Eq. 1),

where Cve is the stock of carbon in live biomass and t the mean furnover, time of that live biomass, i.c. the mean time that

carbon remains in living vegetation. Turnover time of existing biomass can thus be calculated as,

T = Cueg/Frum (Eq. 2),
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where Fuor is the carbon turnover flux due to plant mortality or woody carbon 10ss, Fiear and Fiineroot that due to leaf and fine

root senescence respectively, and Frepro turnover due to reproductive processes (e.g. flowers, fruits). Neither NPP nor t are

constant but are affected by many factors including climate, physiological stress, disturbances, species, functional group or

ecosystem type. Relatively little attention has focused on the representation of T and, its drivers jn current vegetation models,
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Thurner et al., 2017), with large divergence in TBM projections of t over the 21 century depending on forcing (Ahlstrom et
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to represent the landscape across hundreds or thousands of square kilometres. At this scale, not only individual plant behaviour,
but also changes in the functional species composition, affect . Under environmental change, there are several mechanisms
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processes nor interactions of multiple stresses are represented in great detail in current TBMs, although some aspects of the
hydraulic and carbohydrate system, and coupled carbon- and water-related physiology, may be linked to mortality in these
models. As reviewed in McDowell et al. (2011) and Adams et al. (2013) (see also Section 2.2 herein), TBMs often prescribe

bioclimatic limits for establishment and survival, or threshold temperatures combined with how often the threshold is exceeded

(Deleted: also commonly

(Deleted: prescribed to occur linked
CDeleted: to

Deleted: Vitality-based processes, such as maintenance of a
positive carbon balance or a minimum threshold of growth efficiency
(ratio of productivity to leaf area), may also result in tree mortality.

to determine mortality. Mortality isfriggered,in some models by,a negative carbon balance or if tree vigour is low (for instance, /

if growth efficiency, the ratio of NPP to leaf area, falls below a defined threshold; Smith et al., 2001), In principle, such

formulations should capture both environmental stress and competition with neighbours, but jn some TBMs.such processes .

are supplemented or replaced by self-thinning rules to represent this typical effect of size-dependent competition in densifying

(Deleted:
CDeleted: N
(Deleted: vitality-based

stands (e.g. Haverd et al., 2014; Sitch et al., 2003). Here we refer toall such mechanisms related to carbon balance, vigour or

(r' d:e
( Deleted:

competition as, "vitality-based", Mortality in association with disturbance, such as storms or insect outbreaks, are captured in

some TBMs by a set “background” mortality, the likelihood of which may be size or age related (e.g. Smith et al., 2014).

Wildfires are nowjncluded as a dynamic process in many TBMs; however the representation of the impact of fire on,vegetation

(Deleted: re broadly termed

Deleted: , in that they directly or indirectly relate to the vital status
of the tree

structure is still immature (Hantson et al., 2016). Ultimately, the effect of a change in mortality rate on T may be either direct
(Table 1, MImr), or indirect, via shifts in tree functional composition (possibly mediated by MImr) that change the mean

behaviour of the tree population at the landscape scale (MP).

As for wood, turnover rates of soft tissues due to phenological cycles also lack strong constraints, with fine root turnover being

challenging to measure (Lukac, 2012) and, reproductive investment differing widely yvith species and life stage (Wenk and -

,CDeleted: between
" (Field Code Changed

Falster, 2015), Leaf cover dynamics argreadily observed, e.g. from satellite data, but turnover rates,can be difficult to ascertain,

Detted: ¢
(Deleted: represented
(Deleted: s
CDeleted:
CDeleted: s

the

(Formatted: German

particularly in evergreen trees, and can vary due to plant-external factors such as herbivory, Although the carbon stock in soft -

tissues may be relatively small compared to wood, these phenological turnover rates influence the amount of carbon that trees

must allocate to maintain a given leaf area or root network, affecting how much carbon is left over to produce wood. In this

‘(Formatted: German

way. uncertainties in phenological turnover rates will influence overall biomass T in TBMs, Allocation patterns within a given

plant or plant type may also change as a function of environmental conditions (MIra), for instance based on a "functional ;

balance" principle in which resources are allocated to,alleviate the most limiting constraint(s) at a given point in time (Franklin

Deleted: and very little data on root exudation rates available for
any ecosystem (Pugh et al., 2016)

(Formatted: German

(Formatted: German

(Formatted: German

(Formatted: German

(Deleted: Even leaf turnover

et al., 2012; Sitch et al., 2003). Models in which vegetation composition is able to evolve, with climate often include effective

allocation shifts at the population level in calculations of T (MPra). Overall, changes in phenological turnover rates, either at

the individual level (MIsr), or through vegetation composition shifts (MPsr) may have profound influences on 1.

Changes in productivity affect biomass accumulation (MInep,r, MPxpp) but do not affect t directly. However, they may

accelerate the self-thinning process (MScomp) and also change mortality rate through the link to tree vitality, Furthermore, if

changes in productivity are accompanied by an allocation response, for instance a reduced allocation to leaves and stems in

CDeleted: rate

(Deleted: suffers from uncertainty over leaf longevity
CDeleted: rates

(Deleted: u

EDeleted: , as they affect the amount of carbon available for

allocation to wood

(Deleted: try to
(Deleted: Studies that include how

favour of roots as soil resources become limiting (MInep,rs), then T will be impacted.

4

jc=s

(Deleted: (Bugmann and Bigler, 2011)
CDeleted: by the plant

A AAAA . AN A A A A A A AN A A A AN A A NN A




295

300

05

310

PIS

320

B25

Here, an ensemble of six representative current TBMs (Table 2) was analysed to compare the mechanisms they encapsulate

governing vegetation carbon turnover and jts impacts on modelled carbon pools and fluxes (Table 3). Expanding on previous

CDeleted: assumed

work (e.g. Friend et al., 2014), the aims were to:
1) assess the baseline variation in t within and between TBMs and identify the reasons for these variations;
2) evaluate the simulated T and its components against existing observations where available;
3) diagnose why projections of future t diverge between models;
4) identify model-based hypotheses for the spatial and temporal variation in 7 to guide future research to, quantify and
predict terrestrial carbon cycling.

We first analyse historical vegetation carbon turnover time estimates from the models, comparing the models with available

large-scale observations and identifying implicit or explicit model-based hypotheses that may explain why the estimates

diverge (Section 3.1). We then identify hypotheses behind differing future turnover time estimates under an exemplary climate

change scenario (Section 3.2). Finally, we discuss how these hypotheses can be tested to advance understanding of turnover

times, building on available data sources where possible (Section 4). Our analysis is restricted to forests, which contain the

vast majority of vegetation carbon (Carvalhais et al., 2014). Land-use change and management has profoundly changed
biomass turnover rates over the last centuries (Erb et al., 2016), but is disregarded here in order to focus attention on the
intrinsic dynamics of forests. Dynamic changes in vegetation composition driven by dispersal and migration are included, but

only within the area currently defined as forest.

2. Methods

2.1 Definition of T
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The concept,of T adopted, in this study is that presented in Eq. 2. henceforth referred to zwm, However, T is often approximated

by Cvee/NPP (henceforth tnep) (Erb et al., 2016; Thurner et al., 2017), based on the assumption that the system is in pseudo-
equilibrium, and therefore Fum = NPP in the multiannual mean. Even in a system under transient forcing, at the global level

e is likely a close approximation of Tum (see results in Table 4). Generally. our analysis focuses on, Tum, because it directly
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Fiort = Fmortvitatity + Fmort disturbance + Fiort background + Fmortheat + Fiort.other Eq. 4

Accordingly. a turnover time can also be defined for Cyeg relative to each mortality process, €.g. Tmortvitality = Cveg/Fmor,vitality.

Turnover rates are the inverse of turnover time, i.e. 1/1.

2.2 Model descriptions

The TBMs in this study (Table 2) have been widely applied in studies of the regional and global terrestrial biosphere and used
in major international assessments (Jones et al., 2013; Le Quéré et al., 2018; Sitch et al., 2008). They simulate the fluxes of
carbon between the land surface and the atmosphere, and the cycling of carbon through vegetation and soils. All models
simulate the stocks of, and fluxes to and from, wood, leaves and fine roots. A representative range of alternate modelling
approaches are encapsulated in this ensemble. Three of the models adopt area-based. average-individual approaches to
vegetation representations (LPJmL3.5, ORCHIDEE, JULES), two a cohort-based approach (LPJ-GUESS, CABLE-POP), and
one an individual-based approach (SEIB-DGVM). LPJ-GUESS includes a coupled carbon-nitrogen cycle, while all except
CABLE-POP include dynamic changes in plant functional type (PFT) composition in response to environmental conditions.

The number and type of PFTs vary between the models and are summarised in Table S1. As a group, these models encapsulate,

many of the mortality process representations currently found in different TBMs, (Table 3). Parameters relating to phenological

P
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turnover rate are summarised in Table S2.

2.3 Model experiments

Two simulations were completed by each TBM: a historical 1901-2014 simulation, driven by the CRU-NCEP v5 observation-
based climate product and observed atmospheric CO2 mixing ratios (Le Quéré et al., 2015); and a historical-to-future 1901-
2099 simulation driven by climate output fields from the IPSL-CMS5A-LR climate model under an RCP 8.5 future scenariq,
bias-corrected against the observation-based WATCH dataset, as described in Hempel et al. (2013). Deposition of reactive
nitrogen species (LPJ-GUESS only) was forced by data from Lamarque et al. (2013). Simulations were of potential natural

vegetation (i.e. no anthropogenic land-use was applied), with the exception of CABLE-POP which,uses prescribed vegetation
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the CRU-NCEP v7 data set for the historical climate run, Model-standard methods for spin-up were applied, with spin-up CO2

mixing ratio and nitrogen deposition fixed at 1901 values. All simulations were performed at 0.5° x 0.5° grid resolution, with

the exception of JULES, which used an 1.875° x 1.25° grid cell size.

In addition to commonly used variables such as NPP, leaf area index (LAI) and Cyeg for wood, leaves and fine roots, all TBMs

also outputted separately the fluxes of carbon turnover from leaf and fine root turnover, and from each individual mortality
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process within the model (with the exception of ORCHIDEE, which provided all mortality-driven turnover as a single value).

For display purposes, these processes were grouped as described in Table 3. For those models that include a loss of carbon due

to reproduction, this was either output directly, or calculated in postprocessing as 10% of NPP, consistent with the given

model’s assumptions. Unless otherwise stated, results are presented as statistics over a 30-year period, which is 1985-2014 in

the baseline case.

2.4 Analysis

Forest masking: A mask defining forest was developed for each TBM and used for subsequent analyses. For maps of TBM
output, values were displayed if (1) the TBM simulated forest for a grid cell and (2) observations for the year 2000 showed the
grid cell to contain at least 10% cover of closed-canopy forested area. For calculating regional sums and statistics of TBM
output, the second step was implemented by multiplying the TBM output for a grid cell by the observed closed-canopy forested
area in that grid cell before calculating statistics. This process results in sums and statistics for each model being calculated
over a slightly different area but avoids turnover statistics for forest being skewed e.2. where a TBM erroneously simulates
grassland where satellite observations indicate forest. Forest distribution maps for simulations and observations and their

discrepancies are shown in Fig. S1.

The masks identifying grid cells where each TBM simulated forest were based on simulated PFT maximum annual LAI values

modified by PFT cover fraction for each grid cell. Following Hickler et al. (2006) and Smith et al. (2014), a grid cell was

defined as “forest’ in a given year if (a) the maximum annual LAI value summed for all simulated tree PFTs was > 2.5 or (b)

the maximum annual LAT value summed for all simulated tree PFTs was > 0.5 and the PFT with the maximum LAI for the
grid cell was a boreal tree PFT (i.c., boreal needleleaved evergreen, boreal needleleaved deciduous, or boreal broadleaved

deciduous), For JULES and CABLE-POP, which did not break out PFTs into boreal and temperate categories, needleleaved

evergreen, needleleaved deciduous, and broadleaved deciduous tree PFTs were considered potential boreal PFTs for step (b).

Lither condition (a) or (b)nceded to be satisfied for at least 10 years during the period 1985-2014 for the grid cell to be assigned

as forest.

JLo only consider recent-historical forest areas, forest masks were further constrained based on year 2000 satellite remote-
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Percentage closed-canopy forest coverage was then calculated for each 0.5° x 0.5° grid cell (each 1.875° x 1.25° grid cell for
JULES). Grid cells with less than 10% closed-canopy forest cover by this definition are not displayed on the maps, but data

from these grid cells are included in the global and regional sums and statistics for the TBMs.
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Observation-based forest type classification: Forest type was defined as in Pugh et al. (2019b) based on the latest landcover
product from the European Space Agency (ESA, 2017). The mapping of ESA landcover classes to the forest types is

summarised in Table S3 and the resulting forest-type distribution is shown in Fig. S2.

Model forest type classification: To facilitate analysis of changes in forest composition, PFTs were classified into seven
forest types (Table S1) based on phenological traits. LAT (1985-2014, 30-year mean) for all the PFTs within each forest type
was summed, and the grid cell was assigned a forest type according to the grouping with the highest LAI sum. This process
produced a forest-type mask for each model (Fig. S1). The unification of forest types across models means that each forest

type may be composed of 1-3 PFTs.

Satellite-based estimates of Tnep: Satellite-derived biomass and NPP products allow tnep to be estimated as described in
Section 2.1. Here, estimates were made for all grid cells with at least 10% closed-canopy forest cover. A contemporary product
of total (above- and below-ground) vegetation carbon as prepared by Carvalhais et al. (2014), based on Saatchi et al. (2011)
and Thurner et al. (2014), was used. In order to be comparable with the TBM simulations, this observational biomass product
was corrected for landcover by dividing the biomass values by closed-canopy forest area, making the assumption that biomass
outside closed-canopy forests is negligible. NPP for the same period was_estimated by averaging the MODIS NPP (Zhao and
Running, 2010) and BETHY/DLR (Tum et al., 2016; WiBkirchen et al., 2013) products over the period 2000 to 2012 as per

Thurner et al. (2017), making the assumption that NPP was uniform across gach grid cell.

Tropical tmor evaluation: For South America, plot-level observations of above ground biomass (AGB) and turnover rate of
AGB due to mortality were taken from Brienen et al. (2014, 2015). Mean values of AGB and AGB turnover rate were
calculated across all census intervals at each of 274 plots. These data were summarised into a plot-mean Tmor, Weighting each
census equally and assuming that Tmer of AGB and total biomass are equivalent. For Africa and Asia/Australia, plot data were
taken from Galbraith et al. (2013). For each plot, the modelled value of tmor Was extracted for the grid cell in which the plot
was located, creating a vector of modelled tmor with the same spatial weighting as in the observations. Modelled tmon for each
plot was a mean over the years between the beginning of the first census and end of the last census at that plot for the South
American data, and over 1985-2014 for the other data, for which census interval information was not provided. Equivalent

compilations for temperate and boreal zones were not available.

Drought-mortality evaluation: Very limited information on large-scale tree mortality due to extreme events is currently
available for evaluating model simulations. Here, the TBMs forced by CRU-NCEP were compared to drought-related tree
mortality observed at a number of sites (Allen et al., 2010, as summarised by Steinkamp and Hickler, 2015). The fraction of

sites for which each TBM simulated a significantjncrease in mortality in the 5 years following the observed drought-mortality
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event, relative to the whole simulation, was calculated with a Wilcoxon Rank Test on mortality fluxes using a 5% significance

level. This fraction was compared against a likelihood of 10 randomly selected 5-year intervals seeing significantly enhanced
mortality. For each TBM, only observed data from sites where the TBM simulated forest (as defined by the forest mask for

each TBM) were considered.

Contribution of turnover fluxes to spatial variation in t: Following Egs. 2 and 3, Tum = Cveg/(Fmort + Fphen), Where, Fphen =

Fleat + Ffineroot T Frepro. Trum Was calculated for each grid cell with at least 10% forest cover. Trum.fixmorr Was then calculated in the
. SN "1 repro.

same way except for replacing the local value of Fmor with its mean across all grid cells. The difference between Twm and

Twm.fixmort_ provides the difference in twm due to the local deviation in Fmor. The results were summarised at the global level by
taking the mean absolute deviation of Twm - Twm.fixmor_across all grid cells. The same procedure was carried out to assess

deviation due to Fyhen.

3. Results
3.1 Recent-historical Cveg and T

Simulated total Cveg in global closed-canopy forests ranges from 284 to 432 Pg C among models, with two distinct clusters
around the extremes of this range (Table 4). Satellite-based Cvez over the same area is consistent with the upper end of the
range at 450 Pg C, although the satellite-based estimate includes management effects not explicitly included in the model

simulations here. There is large variation in the global jotal of forest NPP between models (Table 4), but consistency in the

relative global pattern (Fig. S3). Modelled global mean t~pp for forest vegetation varies from 11.9 to 22.6 years, which may

be compared, to the satellite-based estimate of 19.3 years. although the latter implicitly includes the effects of management.

Regional variations can be even more pronounced, for instance t~ee varies from ca. 10 to 25 years for parts of the Amazon
region, and ca. 5 to 30 years for parts of the boreal forest, depending on the model (Fig. 1). Particularly marked is a lack of
agreement in the relative differences between regions, with four models (CABLE-POP, JULES, LPJ-GUESS, LPJmL)
simulating T~ee to be longer in tropical forests than in extratropical forests, whereas ORCHIDEE and SEIB-DGVM show a

much more mixed pattern (Fig. 1). The satellite-based estimate also finds tnep to be Jonger in the tropics than the extratropics.

Notably, the global frequency distribution of tvep from the satellite-based estimate is unimodal with a strong left-skew and a
wide range of t~ep found across all forest types (Fig. 2). In contrast, tnep distributions modelled by the TBMs are often
multimodal, and in many cases characterised by distributions for individual forest types that only span a fraction of the global

range in tnep. Relative abundance of forest types also varies substantially between models (Fig. 2, Fig. S7).

Overall, mortality is responsible for 37 to 81% of Fum, but is less than 50% of Fum for four of the six models (Fig. 3). Much

of this variation comes from fine roots, for which the fraction of Fum varies from 6 to 37% depending on the model, whilst the
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fraction of Fum due to leaf phenology varies from 13 to 26% (Fig. 3). Consistent with the logic that ., =~ NPP (Section 2.1),

the partitioning of Fium among tissue types is approximately equal to the allocation of NPP between those tissue types. For no
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substantially different shapes of the probability density distribution for each TBM for tmor compared to t~ep (Fig. 2 vs. Fig. 5) CDeleted: CABLE-POP, LPJ-GUESS, LPJmL, and ORCHIDEE
further jllustrate the extent to which phenological processes influence Fum among models. CDeleted: 4
‘ (Deleted: kernels
‘CDeleted: display
There are large disparities between the TBMs in terms of the turnover rates assigned to fine roots. For instance, JULES assumes Beleted

fine root longevities 2-3 times Jonger than,the other models (Table S2), resulting in a global mean fine root carbon turnover

time (Tfineroot) O 5.0 years (Table 4), consistent with the very small fraction of Fum realised via fine roots. In contrast, Tfincroot
for CABLE-POP is just 0.6 years. Leaf carbon turnover times for evergreen PFTs also differ notably between TBMs (Table
S2). Although the models typically reflect the empirical trade-off of leaf longevity with specific leaf area (Reich et al., 1997),
the relationship is not proportional, with substantially more carbon required to maintain a canopy with leaves of one-year
longevity compared to two years (Fig. S4). Large differences between the models in leaf cost for a given longevity are also
apparent. Finally, the models differ in the amount of biomass required in each tissue type, for instance in the assumed ratio of

leaf area to sapwood cross-sectional area (LA:SA). For the models considered here, with clearly defined LA:SA (Table S4),

the choice of LA:SA influences the maximum LAI simulated. For instance, LPJ-GUESS almost uniformly simulates lower
LAI than LPImL (Fig. S5), in line with the lower LA:SA used. Consistent with these differences in PFT-level parameters,
spatial variation in the fraction of turnover due to phenology closely follows forest-type distribution (cf. Fig. S6 and Fig. S7)

and spatial variability in phenological turnover flux was higher across than within forest types for five of the models (Fig. S8).

Whilst the phenological turnover flux is crucial for allocation of NPP, much larger carbon stocks are held in wood than in soft
tissues. Across five of the models here, the fraction of turnover due to mortality is higher in the tropics than at higher latitudes
(Fig. S6; LPImL shows the opposite behaviour), indicating a greater relative allocation to wood compared to soft tissues in
this region. However, mean turnover times due to mortality (Tmor) are much less consistent between models. The tropical
broadleaved evergreen forest type is simulated to have the highest mean tmort by LPJmL, whilst CABLE-POP and LPJ-GUESS
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simulate highest mean Tmor for needleleaved evergreen forest, JULES for boreal broadleaved deciduous forest and ORCHIDEE

in LPJmL).

percentage of observed events captured is very low, not exceeding 27%.

3.2 Future changes in T under climate change

for temperate broadleaved evergreen forest (Fig. 5). Greater allocation to wood, higher Tmor, or a combination of both gould {Deleted: are consistent with }
help account for high tropical forest biomass, and the models reflect these alternative hypotheses (Table 5: H3). Comparison
of modelled tmorr With observations from tropical forest plots suggests that most of the TBMs here may substantially
underestimate Tmor in this region (Fig. 6), suggesting that allocation of carbon to wood in the tropics might be overestimated. ( Deleted: s9 )
As for phenological turnover, spatial variation in mortality furnover flux is closely linked to forest-type distribution (Fig. S8), {Deleted: Tmort j\
reflecting PFT-specific mortality thresholds or likelihood functions, or even PFT-specific mortality processes (e.g. heat stress
The wide spread in Tmon across models (Table 4) and forest types (Fig. 5) reflects the range of approaches used to represent
mortality. Despite this diversity, there are similarities in the broad categories of processes included, All models include a { Deleted: However, a )
mortality process based on low vitality and five of the models include some kind of mortality from physical disturbance (for
instance, fire or a generic random disturbance intended to represent, e.g., wind-throw and biotic disturbance; Table 3).
Classifying the models according to the relative importance of conceptually distinct mortality processes reveals markedly
different hypotheses as to whether vitality or a physical disturbance is the primary cause of carbon turnover from mortality
across global forests (Fig. 7) (Table 5: H4). Latitudinal variation in the dominant mortality process is limited (Fig. 7). ( Deleted: 6 )
The mortality processes included in the TBMs have a limited ability to capture observed tree mortality attributed to drought.
For drought-induced mortality, three of the six models (CABLE-POP, JULES, LPJmL) exhibit a substantially greater
occurrence of mortality events at times and locations where such events have been reported in the literature, compared to a set
of 10 randomly chosen times at each location (Table S5). All models showed some success in capturing dieback events using
representations of processes that are conceptually consistent with drought-induced mortality (Table S5). However, the total

. o - o . . { Deleted: 7 )
The TBMs considered in this study show substantial increases in biomass but divergent responses in T over 2000-2099 under ( Deleted: findings ‘
projected climate change (Fig. &), which agrees with the ensemble of Friend et al. (2014), Both negative and positive changes - (Deleted: using an ensemble of simulations )
in Tmont are seen among the simulations (Fig. &), but only ORCHIDEE projects an overall global increase in Tmor over the ( Deleted: Simulated )
scenario period. LPJ-GUESS also stands out, displaying a strong decrease in tmon, despite the strong increase in overall t. ~( Deleted: both positive and negative )
These changes in turnover time show high variability among regions and forest types (Fig. 8), and in several cases clearly (Deleted: 7 ‘

Deleted: In all the models, temporal variation in t is predominantly

follow forest type shifts (Fig. S10). However, the particular mechanisms driving the changes in turnover differ greatly between

the models and gncompass most of those outlined in Table 1.
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Substantial changes in mortality rates (MImr) over 2000-2085 are apparent for at least some forest types in five models (Figs.

9. 10, S9, S11-S16). For example, in temperate broadleaved and needleleaved forests three of the models show increases in

vitality-related mortality (JULES, LPJ-GUESS, LPJmL) and one model shows a decrease followed by an increase (CABLE-
POP). As described below, the reasons behind these changes differ among models.

In LPJmL, heat stress results in a substantial die-off at the boreal forest southern margin (Table 5: H5a), triggering large,
lagged increases in mortality rate due to self-thinning (also a vitality-based mechanism; Table 3) as the young forest regrows
(Fig._9d, Sl4e-h). The heat-stress mortality rate declines with time as the PFT composition shifts towards temperate
broadleaved deciduous trees, which in LPJmL are not subject to heat stress mortality. The substantial changes in mortality
rates are thus characteristic of a large-scale dieback and recovery, but are unlikely to be representative of the long-term rates
locally once the forest has recovered (see also Sitch et al., 2008). Mortality rates following full recovery from the transition
are likely to differ from the pre-transition rates because mortality rates for some processes in LPJmL are PFT specific (MPur).

st

but heat stress mortality remains elevated throughout the 21% century (Fig. S14e-h).

Increases in vitality-induced mortality in LPJ-GUESS (Fig. 9c. S13e-h) show how demographic shifts can result in a change
in the mortality rate of a PFT, without any increased likelihood of individual tree death. As the climate warms, the needleleaved

PFTs begin to experience establishment failure, and the consequent shift of the age distribution towards larger tree sizes is

manifested as an increase in the rate of background mortality of that PFT (likelihood of background mortality is a function of
tree age in LPJ-GUESS). As larger trees die, the resulting space is colonised by the shade-intolerant broadleaved deciduous
PFT, which is more vulnerable to vitality-induced mortality. Hence, much of the increase in vitality-based mortality is the
outcome of, rather than the trigger for, a PFT shift towards a different forest type and an earlier successional stage (MPwmr).

Thus, in LPJ-GUESS, PFT shifts lead to substantial changes in T through MP mechanisms (Table 5: H5b), but without the

same kind of dramatic dieback simulated by LPJmL,

In JULES, increases in vitality-based mortality (Fig. 9b, S12e-h) are the result of ongoing PFT shifts under changing
environmental conditions. The growth and loss of carbon due to competition is represented in one equation within JULES,
with the most productive PFT being favoured. Changes in mortality rates are thus associated with shifts in forest type, but
there are no processes to realise a long-term shift in mortality rates following MI-type mechanisms. Long-term mortality rate
shifts can only be realised through MP-type mechanisms (Clark et al., 2011). Thus, JULES implicitly includes a version of
hypothesis HSb (Table 5) in that the mortality rate under equilibrium with environmental conditions is independent of those

conditions, except to the extent it changes functional composition.
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CABLE-POP was run without dynamic vegetation, providing a clear demonstration of processes underlying the MImr
mechanism. The model displays a transient reduction in temperate and needleleaved forest mortality rate in the first half of the

21% century (Fig. 9a. S11e-h) due to increasing NPP, which reduces vitality-induced mortality (Table 5: Hob). The increase in

mortality rate towards the end of the 21* century appears to reflect strong warming reducing growth efficiency, possibly related
to a temperature-induced reduction in carbon-use efficiency. The self-thinning component of vitality-based mortality increases
throughout the simulation (not shown), as enhanced NPP leads to greater increments in crown size each year, following
mechanism MScomp (Table 5: HGa).

In contrast to mortality rate changes in temperate forests, none of the models show large increases in mortality rates across
tropical forests, and both LPJmL and ORCHIDEE show substantial decreases in mortality rates in these regions (Fig. S9). For

LPJmL (for which the process breakdown is available; Fig. 10d. S14a-c), this mortality rate decrease appears to be a result of

increased NPP reducing the likelihood of growth-efficiency mortality being triggered (Table 5: Hob). However, as all of the

models have similar formulations of vitality-based mortality (with the exception of JULES), it is notable that JULES, LPJ-
GUESS and SEIB-DGVM show small increases in vitality-induced mortality rates (Figs. 10, S12. S13, S16), alongside strong
increases in NPP (Fig. S17). We interpret these results to be further examples of increased mortality through accelerated

resource competition between trees (i.e. self-thinning; MScomp, HG2); i.e., although the likelihood of death of the largest trees

by vitality-based processes due to environmental extremes may be reduced, turnover rates at the stand level may be maintained

or increase as faster growth accelerates competition.

Although the mortality (MImr) and forest-type-shift (MP) mechanisms are important drivers of changes in t in the TBMs,
other mechanisms are also relevant in explaining the simulated responses of T to environmental change. For instance, LPJ-
GUESS displays behaviour following MInep.rs (Fig. 8d); as NPP increases, a larger fraction of it is invested in wood (Fig. 3b),
increasing T despite decreases in Tmor (Fig. 8b,c). Mechanism MInpers occurs in all models except ORCHIDEE to varying

degrees (Fig. 3b. 8d) (Table 5: H7a), but CABLE-POP and ORCHIDEE tend more towards MInpp,r, which increases biomass

with no influence on t (Table 5: H7b). LPJ-GUESS and LPJmL reduce their fraction of turnover due to roots more than the

fraction of turnover due to leaves (Fig. 3b). This appears to be a response of the functional-balance allocation approach (Sitch
et al., 2003; Smith et al., 2014) to increased water-use efficiency under elevated atmospheric CO2 concentrations (MIra). In
contrast, despite encoding a functional-balance approach in which allocation is sensitive to moisture (Krinner et al., 2005), the
allocation scheme in ORCHIDEE results in a small increase in the fraction of carbon turnover through roots, perhaps driven

by forest-type shifts, and therefore corresponding to MPra.
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4. Discussion and recommendations

A wide range of estimates of recent-historical and projected future carbon turnover time emerge from the TBM ensemble. As

postulated in Table 1. fwo contrasting modes of simulated turnover response to changing environmental conditions were (Deleted: T )
identified in the simulations: (1) individual or stand-level responses where internal physiology or interactions with neighbours
influences turnover in response to temperature, atmospheric CO: concentration, or other extrinsic drivers (MI, MS
mechanisms); and (2) population responses where shifts in species composition jnfluenced forest demography, with (l‘ leted: , age distribution, etc. )
concomitant changes to turnover (MP mechanisms). The yelative importance of individual, stand and population responses (Deleted: composition or )
varied across TBMs, as did the processes producing these responses. Of the possible mechanisms governing changes in future (Deleted: magnitude )
7 and biomass stocks outlined in Table 1, only MIst and MPnpe could not be clearly identified in the TBM ensemble here. The, (Deleted: se )
diversity in both the processes that are included in models (Table 3) and the simulated gmergent responses in turnover time, (" leted: difference D
arise_largely because the key ecosystem states and fluxes, and their relationships to environmental drivers, are under- (Deleted: modelled processes )
constrained by observations at regional and global scales. (Deleted: )
CDeleted: have been )
Based on the TBM ensemble, several emergent hypotheses (H1-H7) relating to both recent-historical and future carbon (Deleted: 8 )
turnover rates were identified (Table 5). Resolving the uncertainty around fhese large-scale carbon turnover rates will require (Deleted: recent-historical and projected future )
additional observational data, model development, and further festing of the individual hypotheses for different biomes, stand (Deleted: exploration )
types and environments. In the following discussion, the state of science relating to each hypothesis is briefly reviewed and (Deleted: se )
possible pathways for testing the hypothesis, advancing understanding of turnover times, and reducing TBM uncertainty are
suggested. (Deleted: described )
4.1 The partitioning of turnover flux between soft and woody tissues (H1)
Even given firm constraints on biomass and NPP, both forms of hypothesis H1 (Hla and H1b, Table 5) would be possible,
necessitating direct constraints on either allocation or turnover rates for soft tissues. Plant trait databases provide numerous
observations of leaf longevity and specific leaf area (Kattge et al., 2011). Conversion of this information to typical values at
the PFT level should now be possible using species abundance information (e.g. Bruelheide et al., 2018) to appropriately
weight species-level data. However, plasticity in plant behaviour, such as leaf shedding during drought or adjustments in (Deleted: P )
specific leaf area under elevated atmospheric COz concentrations (Medlyn et al., 2015), requires further investigation, as does (Deleted: changing )
the influence of herbivory on leaf turnover, which is usually not considered in TBMgs, Using observations to constrain (Deleted: » however <
reproductive turnover is more challenging to address; observed investment in reproduction varies between species by up to gz::::::: bsent )
several tens of percent of NPP, and changes over a tree’s life-cycle (Wenk and Falster, 2015). Yet the huge amount of (D eleted: wdics 3
information on seed production (Diaz et al., 2016) is not matched by similar information on fruit and flower production and, (r leted: mass )
flowering frequency. Systematic sampling and data compilation efforts to populate knowledge gaps (Wenk and Falster, 2015) (Deleted: mass )
‘ CDeleted: intervals between )
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will likely be needed to confidently move beyond assumptions such as the fixed 10% allocation of NPP to reproduction by all

vegetation in the LPJ model family, (Sitch et al., 2003),

The most striking disparity between models, is in the fraction of carbon turned over by fine roots (Fig. 3a). Although some

studies have reported turnover times of many years (Matamala and Gonza, 2003), turnover times of around one year or less
are supported by meta-analyses for boreal, temperate and tropical forests (Brunner et al., 2013; Finér et al., 2011; Yuan and
Chen, 2010), but high methodological uncertainties persist due to inconsistent definitions of fine roots and difficulties in
measuring changes in below-ground tissues (Brunner et al., 2013; Finér et al., 2011). In addition, as for leaves, scaling

observations across large areas jiceds to take account of relative species abundances, assuming turnover rates are related to

species. Assuming a turnover time of circa one year, fine root production has been estimated to total a third of NPP (Jackson

etal., 1997), a larger value than simulated by most of the TBMs included in this study,

Exudates may alsoise up a substantial percentage of NPP in some ecosystems (Grayston et al., 1996). Conceptually, in TBMs,

they may currently be considered as implicit within either fine root allocation or root respiration. Given short turnover times,
either assumption is probably adequate as a first approximation, especially when combined with allocation schemes that can
capture environmentally driven changes (e.g. functional balance). On-going research, for instance at the current generation of

forest free-air CO2 experiments (FACE; Phillips et al., 2011), should provide improved understanding of response functions,

allowing better constraints of such responses (e.g. De Kauwe et al., 2014). Yet with below-ground turnover ranging from 6 to

37% of NPP among models in the baseline simulations of the present study, addressing uncertainty yelated to variation in root

exudates under environmental change is likely to remain a lower priority for modellers (Fig. 3).

4.2 The role of phenology versus mortality in driving spatial variation in T (H2)

Much discussion has recently been devoted to potential changes in tree mortality rates and the resultant carbon cycle
implications (e.g. Adams et al., 2010; Anderegg et al., 2012; Bennett et al., 2015; McDowell et al., 2018). Whilst the results
of this study support the importance of mortality rates on determining t, they also demonstrate that different strategies in
allocation to soft tissues are behind much of the spatial variation in t in contemporary TBMs. In TBMs, phenological (and
often mortality) turnover rates are strongly tied to PFTs (e.g. Table S2), reflecting different functional strategies, making

simulation of the correct PFT distribution crucial to accurately determine t.

Furthermore, it is not clear whether the prevailing PFT paradigm, based largely on leaf phenology and type, appropriately
captures the wider range of plant life-history strategies, which affect allocation of NPP and vulnerability to mortality, in trees

in any given forest type (Reich, 2014; Salguero-Gémez et al., 2016). However, some TBMs, including LPJ-GUESS and SEIB-

DGVM in the present study, do explicitly represent PFTs with contrasting life-history strategies, which may coexist in a stand
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and affect the development of that stand (e.g. Hickler et al., 2004). Large trait databases (e.g. TRY; Kattge et al., 2011) and

inventory datasets (Brienen et al., 2015; Hember et al., 2016; Ruiz-Benito et al., 2016) are being leveraged to better inform the

range of plant strategies employed (e.g. Christoffersen et al., 2016; Diaz et al., 2016; Liu et al., 2019; Mencuccini et al., 2019)

( Deleted:

can be

( Deleted:

test this

and diversification of the strategies represented in TBMs, either through additional PFTs or flexible trait approaches (Langan

et al., 2017; Pavlick et al., 2013; Sakschewski et al., 2015; Scheiter et al., 2013), may be necessary.

New cross-walking techniques (Poulter et al., 2015) help to resolve the inconsistency between satellite landcover

are lacking (Asner and Martin, 2016).

4.3 Woody biomass: Long turnover times or high C allocation? (H3)

(Field Code Changed

classifications (e.g. ESA CCI; ESA, 2017) and PFTs simulated by TBMs, facilitating a standardised benchmarking process, for {Deleted: es )

PFT distributions. However, global tree, and thus PFT, distribution is an amalgamation of natural dynamics and forest

management activities. As large-scale forest management information is lacking, TBMs often simulate only the effect of

natural dynamics on forest properties. Accurately representing the effect of forest management across the globe, such as

recently developed for Europe (McGrath et al., 2015), will be crucial to simulating current PFT distributions and other forest

properties for the right reasons. Combining satellite landcover with inventory data will better capture forest management

practices along with finer details of PFT distributions that elude current landcover classifications (Schelhaas et al., 2018).

Hyperspectral remote sensing may also help provide greater fidelity in identifying different PFTs where reliable inventories

Observations from tropical forest plots point towards tmon being underestimated in the TBMs of this study, (Fig. 6) and suggest ( Deleted: all )

that an over-allocation to wood in the tropics might be, to varying degrees, a common feature of TBMs. Because the carbon ( Deleted: hercin )

allocated to wood in TBMs is a trade-off with respiration and soft-tissue demands, this indicates that the latter might be ( Deleted: 59 :

underestimated. However, since increases in JLAl or fine root (density provide a diminishing return in terms of resource ‘kz::::::z f::::::?ndcx :

acquisition,understanding allocation to reproduction and defence ynay be the, key to balancing tree carbon budgets. Efforts ] (Deleted: mass per unit ground area ‘

described in Section 4.1 will greatly assist in closing this knowledge gap regarding allocation, However, H3 can be directly (Deleted: it may be )

tested by strongly constraining tmon across all forests. The necessary information exists in forest inventory and research plot ( Deleted: that )

data for all major forest types (Brienen et al., 2015; Carnicer et al., 2011; Hember et al., 2016; Holzwarth et al., 2013; Lines ( Deleted: that )

et al., 2010; van Mantgem et al., 2009; Peng et al., 2011; Phillips et al., 2010), but this information needs to be collated and { Deleted: is ‘

standardised such that consistent comparisons across regions can be made. A comprehensive database based on such data ‘Kz:::::h :
NG . J

could be used to benchmark TBMs by biomass turnover and, for individual or cohort models, stem turnover. Where possible,
branch turnover flux, currently ignored in most TBMs, should also be assessed. If recently reported fluxes approaching 50%
of woody turnover (Marvin and Asner, 2016) are widespread and broadly supported, the implications would propagate through

the simulation of allocation and forest structure.
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4.4 Processes causing tree mortality (H4)

N

NN AN

Tosupport accurate predictions in the context of global environmental change, mortality representations in models must reflect (Deleted: have

confirmed mechanisms and responses, resolving the very different hypotheses regarding the dominant form of tree death (Fig. (Deleted: be simulated for the right reasons
7). Fundamental to this effort will be including process information at a level of complexity appropriate for the scale to be (Deleted: 6

simulated, and supportable by available data across biomes, stand types, and environments globally. For instance, it may not

be possible to simulate explicitly the dynamics of a particular pest known tq, cause, tree death in the absence of sufficient (l‘ leted: necessary
quantitative data. But if the resulting mortality is closely associated with trees” ability to defend themselves in a given resource (Deleted: that
environment, a simplified or aggregate parameterisation linked to a metric of tree vitality such as ‘growth efficiency’ may (Deleted: S

provide an adequate substitute. The TBMs considered in this study combine a variety of mortality processes, which often bear gze:e:e:f :ee Tlimmy

a clear conceptual relation to observed drivers of tree death (e.g. low vitality, large-scale disturbance, maximum age/height). i

That they yield such different projections (Figs. 8. S9) is a result of challenges in both model parameterisation and (Deleted: 7,8
conceptualisation. Forest inventories and research plots may not provide insight into the proximate cause of death, but, (Deleted: give

assuming that woody growth is a good proxy for vitality (as in e.g. Schumacher et al., 2006), many inventory protocols give

enough information to constrain the vitality and background processes outlined in Table 3. A first step is thus for modellers to

further leverage the available, data to adapt and better constrain existing approaches to simulating tree mortality. (Deleted: se

Fully resolving H4 is likely to require inclusion of additional processes in TBMs, particularly the explicit representation of (Deleted: however,

large disturbances and plant hydraulic failure. Whilst tree mortality from fire is explicitly included in many current TBMs (e.g.

Table 3), tree mortality from ephemeral insect and pathogen outbreaks, which, at least in some regions, might be similar in

magnitude to tree mortality from fire (Kautz et al., 2018) and liable to intensify with global warming (Seidl et al., 2017), is not

Jo our knowledge part of any operational global model. Stand-replacing windthrow events, which are the main natural (" leted: explicitly simulated

disturbance in parts of temperate and tropical forests (Negron-Juarez et al., 2018; Seidl et al., 2014). are another example of a

(Deleted:

Neither are s

key process missing in current models (but see Chen et al., 2018). Accounting for such disturbances through a process-oriented

modelling approach (Chen et al., 2018; Dietze and Matthes, 2014; Huang et al., 2019; Landry et al., 2016), remains highly

challenging in the absence of sufficient quantitative data on cause and effect. However, using prescribed, spatially, and where

possible temporally, explicit disturbance fraction maps based on observations will help to improve simulations of carbon
turnover dynamics in current forests (Kautz et al., 2018; Pugh et al., 2019a). A first such map now exists for biotic disturbance
for the northern hemisphere (Kautz et al., 2017), but the underlying data are scarce in many regions. For windthrow, probability
maps do not currently exist at the global scale, but new generations of remote sensing products, building on the forest loss
maps of Hansen et al. (2013), offer hope that this information will gradually become available in the coming years (e.g. Curtis
et al., 2018; McDowell et al., 2015). Maximising the benefit from including such disturbances will, however, require TBMs
to explicitly track forest stand age, and indeed tree ages or sizes. TBMs which lump age/size classes will miss lagged sources

or sinks resulting from how temporal changes in disturbances rates affect forest demography (Pugh et al., 2019b).
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Lastly, much recent research has centred on the cause of death during drought, whether this is hydraulic failure, carbon
starvation, phloem transport failure, or secondary biotic attack as a shortage of carbohydrate reduces the ability of the tree to
defend itself (Hartmann, 2015; Hartmann et al., 2018; McDowell et al., 2008; McDowell, 2011; Sevanto et al., 2014). Whilst

witality could provide an adequate proxy for most of these factors, hydraulic failure of the xylem transport system is

conceptually distinct and the latest evidence suggests that it plays a major role in many ecosystems (Anderegg et al., 2015,
2016, Hartmann, 2015; Liu et al., 2017; Rowland et al., 2015). It is especially relevant to tmon because hydraulic failure appears
more likely to occur in larger trees (Bennett et al., 2015; Rowland et al., 2015; Ryan et al., 2006), which hold a disproportionate

share, of biomass carbon stocks, and whose death will create large canopy gaps for regeneration. There is currently no

representation of hydraulic failure incorporated within the TBMs of this study;, however, several efforts to achieve this are on-

going within the community (e.¢. Eller et al., 2019; Kennedy et al., 2019; Xu et al., 2016). Large-scale evaluation of these

(Deleted: the latter three can all to some extent be related to
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representations will benefit from compilations of drought mortality events with increased event meta-data on cause of death,
scale of the event and mortality rates (e.g. Greenwood et al., 2017), alongside exact locations and site characteristics such as

slope and soil type. Such meta-data will help to minimise scale mismatches and better resolve contributory factors.

4.5 Resp of T to envir tal change: PFT establishment rates (HS)

Changes in T over the 21" century will result from a combination of changes jn mortality rates of existing trees, and, from a
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gradual establishment-driven shift in functional composition, towards plants with different characteristic mortality or

(Deleted: primarily

phenological turnover rates fthat better suit the new environment (Salguero-Gomez et al., 2016). Such compositional shifts

have been detected in the Amazon region (Esquivel-Muelbert et al., 2019) and in other taxa in Europe (Bowler et al., 2017).

The TBMs used here display both behaviours. A shift in mortality rate of existing trees may also accelerate a compositional

shift, seen here clearly in LPJmL for the boreal region, leading to a compound effect on turnover time, or it may leave functional
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composition largely unchanged. Better understanding of tree mortality processes and thresholds (see Section 4.4) will help

identify the likelihood of alterations in mortality rate and the extent to which changes in jnortality rates can occur without

triggering a shift in vegetation composition, However, accurately simulating establishment js clearly fundamental to ass

the long-term response. Establishment in TBMs is generally based either on NPP or the abundance of mature trees, often within

defined bioclimatic limits (Krinner et al., 2005; Sato et al., 2007; Sitch et al., 2003). These representations may be too simple
because they exclude three important factors. First, existing climatic relationships for establishment may not hold under
elevated atmospheric COz concentrations because of alterations in seedling assimilation rates (Hattenschwiler and Korner,
2000, Wiirth et al., 1998). This situation may require additional experimental work in chambers or plots with perturbed
conditions such as FACE (e.g. Norby et al., 2016) to determine whether a change in seedling assimilation rates is likely to lead

to a vegetation composition shift, thus affecting T via MP mechanisms. Second,, recruitment of new tree cohorts, is strongly

ing

affected by the light and moisture environment at the forest floor (Muscolo et al., 2014; Poorter et al., 2019), Changing
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mortality rates and driving mechanisms will affect canopy gap sizes, gap formation rates, and the intensity of the gap-forming
disturbance (i.e. is the understory also lost?) (Beckage et al., 2008), influencing the ratio of early successional to late
successional trees, which is highly likely to affect Tmorr (MP mechanisms in Table 1). Thus, representations of forest
demography and canopy gap dynamics may be necessary in order to prognostically simulate establishment under changing
environmental conditions. Third, seed dispersal limits the speed at which species composition changes in response to changing

environmental conditions, with many plant species poorly predisposed to keep up with climate change (Corlett and Westcott,

2013) and some already lagging behind the spatial shift in their climatic niche (e.g. Zhu et al., 2012). Furthermore, not all
species have the same dispersal abilities, with early successional species having on average higher dispersal abilities than mid-
and late-successional species (Meier et al., 2012). Considering these three factors may substantially increase TBM complexity,
therefore exploratory work is needed to more thoroughly assess their potential importance and to further develop parsimonious
and scale-appropriate algorithms which focus on the most influential components of these processes. Some such developments

are ongoing, e.g. in LPJ-GUESS (Lehsten et al., 2019).

4.6 Impact of elevated atmospheric CO2 concentration on mortality (H6)

Reduced rates of mortality due to elevated atmospheric CO2 concentration (H6b) are conceptually included in five of the TBMs

through the growth efficiency concept (Table 3) and is evident in the overall response for two of them (Table 5). Increased

plant production under elevated CO» follows well-established leaf-level responses of photosynthesis and water-use efficiency

to atmospheric CO2 concentration, and is supported by detailed stand-level modelling (Liu et al., 2017), but is hard to verify
with observations in mature trees (Jiang et al., 2020; Walker et al., 2019). If trees expend their extra NPP on growing
proportionally larger, thereby increasing their respiration demands, then the positive effect of enhanced NPP could be offset.
Increased water-use efficiency under elevated CO> could also reduce mortality due to hydraulic failure (Liu et al., 2017), but

none of the models considered in this study yepresent that interaction (Section 4.4).

Increases in NPP are also linked to mortality through competition (Table 1; MScomp). Higher growth rates will increase the rate
of vitality-induced mortality in forest stands (Pretzsch et al., 2014), thus acting to reduce tmor. These relationships of tree size
to stand density are very well established (Coomes and Allen, 2007; Enquist et al., 2009; Pretzsch, 2006; Westoby, 1984) and

the process is included either directly, or via growth efficiency, in all of the TBMs considered (Table 3). This “self-thinning”

process does not put a firm limit on stand biomass, as tree allometry means that large trees can hold more biomass than a larger
number of smaller trees covering the same arca. However, it means that reductions in tree mortality rates during drought
extremes due to increased vitality resulting from increased atmospheric CO> concentrations will be at least partially offset by
increased mortality rates through stand dynamics if extra NPP is invested in growth. Where the balance lies will depend on the
frequency and severity of drought events, the level of competition between individual trees for resources and the slope of the

density versus size relationship, which is known to vary across different forest fypes and with stand age,(Enquist et al., 2009;
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Pillet et al., 2018; Pretzsch, 2006). More extensive use of information from plot networks (e.g. Crowther et al., 2015; Liang et
al., 2016; Brienen et al., 2015) could provide a relatively tight constraint on baseline mortality rates resulting from competition.
Further, such data can be used for routine benchmarking of stand-level stem density vs biomass relationships in cohort and

individual-based TBMs (Wolfetal., 2011).

4.7 Allocation of extra resources: Wood or elsewhere? (H7) (Deleted: 8 )
Given the lack of constraint regarding allocation fractions under current conditions (H1, Section 4.1), it is perhaps not

surprising that the TBMs show, differentresponses of allocation to increased productivity following MInep.ror MInpprs. Both (l‘ leted: that )
hypotheses H7a and H7p are eminently plausible. If light and water/nutrient capture are already maximised then there is little (Deleted: ces

advantage in further investment in leaves or fine roots, suggesting that allocation to these tissues should reach an effective (Deleted: in the

limit. But, as with H3, whether the additional carbon is allocated preferentially to wood growth, or to rapid turnover items such
as defence compounds, reproduction or exudates is unclear. Careful tracking of carbon in CO> enrichment experiments such
as FACE will give answers for some ecosystems (Jiang et al., 2020; Norby et al., 2016) and can be used to set initial bounds
on behaviour. Model parameterisation across a broader range of ecosystems may require setting these experimental outcomes
in the context of how productivity and allocation vary in observations of individual tree species across resource gradients (e.g.
Tomlinson et al., 2012), or relating allocation strategies to genetic drivers (Blumstein et al., 2018). This is an extremely
challenging aspect of TBM behaviour to constrain, but the assumption made has a substantial influence on g7 and biomass

stocks in future climate simulations and should at least be clearly stated.

5 Conclusion

Biomass carbon turnover time is a high-level metric that integrates over a wide variety of underlying processes. Baseline

Jfurnover times at the global scale are highly uncertain and this uncertainty is caused not just by mortality, but also by a range

of mechanisms that affect allocation to, and turnover rates of, soft tissues. A focus primarily on Tmor, on the grounds that most

models displaying behaviour following both
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of the biomass is held within the wood of trees, is necessarily a static view of forests. In reality, forests are dynamic, their (Deleted: and in TBMs, )
species composition and the allocation of carbon between different biomass compartments responding to changes in their
environment, as reflected by TBM structures. Thus, constraining the current large uncertainty in overall woody carbon turnover (Deleted: . )
rates is crucial, but so too is accurately assessing the conditions which favour establishment of individual tree types following
mortality events, and quantifying for these individual tree types the characteristic mortality, allocation between wood and soft (Deleted: and )
tissues, the turnover rates of these soft tissues. and how all of this varies among biomes. stand types and with the y (Deleted: : J
microenvironment of the tree, %ze:e:e:: Cl;anges %
eleted: o

(Deleted: regions )
It was not possible here to draw robust conclusions from the TBM simulations regarding likely yariations in, t in different (D eleted: time periods N
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20




030

035

40

045

50

plausible given the state of current knowledge. Testing the identified model-based hypotheses will help to reduce both spatial
and temporal uncertainty in t. Although testing some of these hypotheses will be challenging and require new pbservations,
significant progress can be made using existing knowledge and data, particularly for H2, H3, H4 and HGa (Table 5). Key to
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this effort will be ensuring a smooth interface between TBMs and observations. This task requires efforts both to (1) compile
and analyse observational data in ways that directly inform TBMs and (2) design or modify TBMs to ensure that they are
structurally capable of using those data. For instance, accurately representing forest demography in TBMs is clearly central to
simulating many of the important processes highlighted above, but it also allows the TBM simulations to be directly compared
to, and constrained by, inventory data (Fisher et al., 2018; Smith et al., 2014). In some cases, confidence in TBMs may increase
if they can simulate properties that are widely observed and can be used for constraining model simulations, such as satellite
reflectance values. It will be important to incorporate observational data compilations into standardised benchmarking methods

(e.g. Schaphoff et al., 2018), This benchmarking must go beyond the emergent property of turnover time, to the underlying

processes, facilitating model improvement as well as evaluation. Rather than painting a dispiriting picture, the divergence of

TBM estimates of T reflects the ingenuity of scientists in the relatively data-poor world in which most TBM vegetation
dynamics schemes were first developed. With the enormous increase in observational data over the last two decades, there is

great potential for jimprovements.

Data and code availability

The model simulations described in this study can be accessed at https://zenodo.org/communities/vege-turnover-comp/. Code
for the analysis and figures in this study can be downloaded from https://github.com/pughtam/turnover_comp.git.
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Table 1. Concept of hani by which bi stock or T can be modified as a result of environmental change. Many
of these mechanisms may respond in concert to a given driver. Mechanisms are grouped by those related to the existing functional
composition of trees and those related to a change of tree functional ition. The change in woody bi and T due to a

change in NPP, resource allocation, mortality turnover rate or phenological turnover rate is illustrated. A dash indicates no change.
Examples are only illustrative; the same mechanism could result from many scenarios and the listed examples may also influence

other mechanisms. Further, the change for each hanism is P d in a particular direction, with the given

example, but could equally apply in reverse. For instance, MIyr could also be shown with a decreased mortality rate, leading to
increased biomass and . The groupings correspond to those ly used in TBMs, with “mortality” referring to turnover from
wood resulting from tree death, and “phenological” referring to turnover of “soft” tissues, which include leaves, fine roots and fruits.
For simplicity, rapidly turned-over components such as root exudates and biogenic volatile organic compound emissions, which are
rarely explicitly represented in TBMs, are lumped into the gories "soft" and "phenological" for allocation and turnover,
respectively, although it is noted that some TBM parameterisations may implicitly include the lost carbon in respiration fluxes.
Codes (e.g. MImg) are introduced and used in the main text to refer to the individual mechanisms.

A A

AN

Response to environmental change Consequences Example cause “« (Formatted Table
Level of NPP (bar length) and Mortality Phenologicall Woody T v (r leted: Resource capture (NPP)
allocation to woody or soft tissue turnover turnover | Biomass )
(bar shading) rate rate <D3|Et9d: Example driver
Mechanisms at individual-level (PEFT) fi.e. functional positi h d) (MI) <« (Formatted Table
MIyg. Changed ) r— More severe drought, (Deleted: PFT
mortality rate Wood Soft demographic shift CDeleted: response
Minpe . Changed -
NPP, fixed Wood Soft _ - ' - CO, fertilisation
allocation frac.
MInpprs. Changed o
NPP, fixed soft Wood Soft . . ' f COx fertilisation
allocation
. Water/Nutrient shortage
MIga. Shifted ) Wood Soft - _ ‘ ‘ leads to increased
resource allocation investment in fine roots, CI‘ leted: (more roots)
?llsr. Changed soft Wood Soft - - Jncrcascq I,CVC,IS of (r leted: Water/Nutrient shortage
urnover rate herbivory, Cr leted: (more exudates)
XU

Mechanisms at stand-level (with functional position hanged) (MS) Cr leted: S
MScomp. Changed CO, fertilisation ( Deleted: response
NPP, changed Wood Soft f [ ' ‘ accelerates self-
competition thinning
Mechanisms at population-level {(due to shift in functional position of species) (VIP) Cr leted: P

JLower overall
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MPyr. Different
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- Wood Soft defensive investment in )

mortality rate L new functional mixture, _ (Deleted. Reduced
MP Diff New functional mixture gDeleted: .

'~ep. Different, - s =] === == hashigher respirator Deleted: intrinsic
NPP g Sl ‘ costs, e.g. for defenc: .

costs, ¢.g. for defencg (Deleted: More conservative strateg

MPu. Diff ILower specific leaf area C.- leted: y

Rra- Different - in new functional
carbon allocation Wood Soft _— ‘ ‘ mixiure, ‘ (Deleted: Reduced wood density

CDeleted: .

w
)

A AN AN A




MPsr. Different soft - I'Shiﬁ towards deciduous | Deleted: Shift in phenology / exudate prod
turnover rate Sows Soft _— _— | leaf phenolo ( L ey proc.
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625  Table 2. Models included in this study.

Model Version Dynamic Vegetation Key reference
vegetation representation

CABLE-POP rev. 4601 No Cohort Haverd et al. (2018)
JULES rev. 6679 Yes Average-individual Clark et al. (2011)
LPJ-GUESS rev. 4619 Yes Cohort Smith et al. (2014)
LPJmL3.5 rev. 3018 Yes Average-individual Sitch et al. (2003),

Bondeau et al. (2007)

ORCHIDEE rev. 3085 Yes Average-individual Krinner et al. (2005)
SEIB-DGVM ver. 2.70 Yes Individual Sato et al. (2007)
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Table 3. Individual mortality processes included in the terrestrial biosphere models (TBMs) in this ensemble.

Conceptual Process Example formulation Included in model?
grouping (for actual model formulations see CABLE-  JULES LPJ- LPJmL  ORCHIDEE SEIB-
references in Table 2) PoP GUESS DGVM . (peleted: 1 )
Vitality Growth ~ k1 X X X X X -
efficiency moTtyrert = Ty k2(AC/LA)
where kI and k2 are coefficients, AC is
the annual biomass increment and L4 is
leaf area. morty.yis a fractional scalar,
where 1 =100% mortality.
Self- i Y e Appr > A, then mortality X X X X B ( Deleted: X )
thinning occurs to reduce Aprr, where Aprr is the
ground area covered by a particular PFT
and Ay is the maximum allowable area
coverage for all PFTs in a grid-cell.
Disturbance  Disturbance  Random likelihood of stand destruction in X X X
any given year with a globally defined
typical return time (e.g. 100 years)
Fire Thonicke et al. (2001) process-based fire X X X X
model
Background Max Trunk width exceeds maximum value, or X X
age/size increasing with age.
Fixed Fixed turnover time for wood biomass X X
turnover (applicable in models using average
individuals only)
Heat Heat Mortpeqr X2 X2 |
— max LZd max (Tq = Timore, 0)
Mpyu
where 7} is daily mean temperature, 7,01
is a base temperature for mortality, and
My, is a temperature sum for 100%
mortality. mortye is a fractional scalar,
where 1 =100% mortality.
Other Bioclimatic Multi-annual means of temperature fall X X X X
limits outside a PFT specific range.
Negative Biomass in any vegetation compartment X X
biomass becomes negative

(NPP is more negative than living
biomass)

# Only implemented for the boreal PFTs.

b The original formulation of SEIB-DGVM includes heat stress mortality, but this function is now commonly turned off, as it was in this

study.
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Table 4. 1985-2014 global closed-canopy forest totals based on the CRU-NCEP-forced simulations and satellite-based methods.

Model NPP Creg TNPP Tturn Tmort Tfineroot
(PgCal) (PgC) (years) (years) (years) (years)
CABLE-POP 18.4 414.0 22.6 23.5 49.9 0.6
JULES 24.0 284.1 11.9 12.2 15.1 5.0
LPJ-GUESS 23.0 288.7 12.5 13.2 36.0 1.4
LPJmL 229 429.2 18.8 19.8 47.5 1.8
ORCHIDEE 31.8 432.0 13.6 14.2 26.1 1.7
SEIB-DGVM 29.9 421.0 14.1 14.7 30.1 1.7
Satellite-based  23.3" 449.7° 19.3° N/A N/A N/A

2 NPP calculated over 2000-2012.

® Nominal base year in range 2000-2010.
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Table 5. Hypotheses resulting from the terrestrial biosphere models (TBMs) for controls on spatial and temporal variation in

turnover time.

Hypothesis Mechanisms Models exhibiting
response

Existing situation (baseline)

Hla Investment in soft tissues is a relatively small fraction of NPP, N/A JULES
implying relatively rapid turnover times for wood (Tmort).

H1b Investment in soft tissues is a relatively large fraction of NPP, N/A CABLE-POP, LPJ-
implying relatively long turnover times for wood (Tmort). GUESS, LPJmL,

ORCHIDEE, SEIB-
DGVM

H2 Variation in phenological turnover fluxes is as important as N/A CABLE-POP, LPJ-
variation in mortality turnover fluxes, in driving spatial GUESS, LPJmL,
variation in T. ORCHIDEE

H3a Carbon turnover times in tropical evergreen forests are much N/A CABLE-POP,
longer than for other forests, driven by long turnover times for LPJmL
wood.

H3b Carbon turnover times in tropical evergreen forests are much N/A CABLE-POP,
longer than for other forests, driven by greater relative JULES, LPJ-
allocation of NPP to wood. GUESS,

ORCHIDEE, SEIB-
DGVM

H4a The main driver of mortality carbon turnover fluxes in global N/A CABLE-POP, LPJ-
forests is physical disturbance. GUESS

H4b The main driver of mortality carbon turnover fluxes in global N/A JULES, LPJmL,
forests is low vitality. SEIB-DGVM

Under environmental change

HSa Environmental change leads to large changes in the mortality MImr, Mlga, LPJmL'
rates associated with PFTs, which dominate the change in t MIst
over the 21* century.

HSb Shifts in forest functional composition, rather than changes in MPwmr, MPra, LPJ-GUESS, CDeleted: M2c )
the turnover rates associated with PFTs, dominate the response ~ MPst, JULES! (Deleted: LPImL )
of t to environmental change over the 21% century. v e - - 3
. ( Deleted: vs. y,

Ho6a Elevated atmospheric CO: concentrations result in greater rates ~ MScomp CABLE-POP, (Deleted: MIur, MIra, Mlst )
of mortality due to vitality-based processes because of increased JULES, LPJ- (Deleted: Shifts in relative PFT establishment rates and thus forest W
competition for space as a result of increased NPP. GUESS, SEIB- functional composition, rather than changes in the turnover rate of

DGVM! individual PFTs, dominate the response of T to environmental change.

HGeb Elevated atmospheric CO: concentrations result in reduced rates  MIur LPJmL, CABLE- ( Deleted: H6 .. [31)
of mortality because vitality-based processes are triggered less POP! (Deleted: 7 3
with increased NPP.

H7a Increased forest productivity results in much higher relative MINPP.ES JULES, LPJ-  Deleted: Ml )
allocation to wood than soft tissue, partially compensating for, GUESS, LPJmL, ( Deleted: 7 )
or even outweighing, reductions in Tmor. SEIB-DGVM (Deleted: 8 )

H7b Increased forest productivity has very little effect on relative MINPP.E CABLE-POP, (Deleted: 8 ‘
allocation between wood and soft tissues. ORCHIDEE N <

! This hypothesis may hold in other TBMs here, although not positively identified in this study.
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655 Figure 1. Tnpp mean for the period 1985-2014 as forced by the CRU-NCEP climate (units of years). Colour scale is capped at 30
years. Maps show areas which are simulated as forest for each model and have at least 10% of the grid-cell covered by closed-canopy
forest based on Hansen et al. (2013) (see Methods).
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Figure 3. Fraction of global Fu, resulting from individual model processes. (a) For 1985-2014 in the CRU-NCEP-forced simulation.
(b) Change in fraction of Fu (percentage points) between 1985-2014 and 2070-2099 in the simulations forced by IPSL-CM5A-LR
680

RCP 8.5 bias-corrected climate data. Black is mortality, light blue is leaf phenological turnover, green is root phenological turnover,
and yellow is reproductive turnover.
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cells. Spatial variation may be overestimated in SEIB-DGVM
because of the large stochastic component to mortality that is not
damped by multiple replications at the grid-cell level.
Comparisons of absolute numbers from JULES with those of the
other TBMs should be avoided because of the different spatial
resolution used for JULES herein.
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dominant PET. Circles underneath distributions show the mean turnover time for each forest type.
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Figure 6. Comparison of Tmor: from observations at forest plots across the tropics against modelled values of Tmori 0btained for the

same sites. For each model, boxplots on the left show the observations and on the right the model results. Observations are shown

separately for each model because some sites were not simulated as forest by some of the models. The number of sites included in

the comparison is shown above the bars. Circles with dots show the median, with triangles identifying its 95% confidence limits.

Thick grey bars show the interquartile range, with thin grey bars extending to the 10™ and 90" percentiles. Outliers are marked
). The y-axis is truncated at 200 years.
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Figure 7, Dominant mortality process by carbon flux for the period 1985-2014 as forced by the CRU-NCEP climate. Bar insets

indicate the fraction of the global mortality-driven turnover flux due to each mechanism, whilst vertical side bars show the fraction

(osta

25 due to each mortality process across latitude bands. Processes are grouped conceptually following Table 3 and equations and
parameters used generally differ between models, "Dist." is mortality due to forest disturbance and may or may not conceptually

( Deleted: axes

CDeleted: , as outlined in Table 2

include fire, depending on whether the model has an explicit fire mechanism. ''Vitality'' groups processes such as growth efficiency,
self-thinning and more general competition._''Background' covers mortality based on a fixed rate or tree age. ""Heat" is heat stress

mortality. "Other" includes all processes that did not conceptually fit into one of the categories (Table 3). A breakdown of pr

(ostes

730  was not available for ORCHIDEE.
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Figure 9. Mortality rate (Fuur/Cyes) for the needleleaf evergreen forest type split by conceptual process grouping (Table 3) for the

45 period 1985-2099 in the simulation forced by IPSL-CM5A-LR RCP 8.5 bias-corrected climate data. Observational forest types were
used. 31-year running means are plotted for clarity and thus only 2000-2085 is shown. No process breakdown was available for
ORCHIDEE, hence all processes were designated as "background". Note y-scales differ between panels.
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750  Figure 10. Mortality rate Frurn/Cyeg) for the tropical broadleaf forest type split by conceptual process grouping (Table 3) for the
period 1985-2099 in the simulation forced by IPSL-CMSA-LR RCP 8.5 bias-corrected climate data. Observational forest types were
used. 31-vear running means are plotted for clarity and thus only 2000-2085 is shown. No process breakdown was available for
ORCHIDEE, hence all processes were designated as ""background". Note y-scales differ between panels.
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