Response to comments

Paper #: bg-2017-291
Title: Gross changes in forest area shape the future carbon balance of tropical forests
Journal: Biogeosciences

Reviewer #1:

General Comments:

Comment #1

This is an interesting study, pointing out the importance of using gross instead of net land use
transitions, distinguish between clearing of primary vs. secondary forest and to define a specific and
reasonable time horizon when making land-based mitigation policies. Three main steps were taken: 1)
the comparison between different response curves, 2) calculating different theoretical scenarios with a
bookkeeping model to show the importance of considering gross forest area change and finding
critical and 3) applying the ratio to real net land cover transitions from satellite data. Thereby, step 2
clearly takes the highest priority and consideration.

Response #1

We thank the reviewer for the comments and suggestions. Please see the detailed point-by-point
responses below.

Comment #2

Still, some revision is needed: the abstract is very long which makes it partly difficult to get the main
message of the study. Also, the gap in current research is not carved out very well (page 2, In 16 ff,
says that other models have already implemented gross transitions) and the objectives should become
clearer. In the introduction a two-fold purpose of the study is mentioned, what about the 3rd step?
What was its objective? The 3rd point cannot be found in the method section, it is just roughly
described in the results. Thereby some steps remain unclear: e.g. the model considers LC transition to
take place at time = t0, but the satellite covers a time series of 12 years. Are all the transitions during
these years threatened as if they took place at one time t=0 and then the results for the different time
horizons of 20, 50 and 100 years are calculated based on that? Or is the exact time of each transition
considered and the time horizons starts to be calculated after the last transition took place? Or do the
gross transitions in this case refer not to time (i.e. shift of one LC to another LC and back) but instead
refer to transitions within the calculated gridcells of 0.5° resolution, as the satellite data was
mentioned to have a 30 m resolution?

Response #2
We will shorten the abstract in the revised manuscript (reproduced in Response #4).

We will add sentences on P2L21 to make the research gap and objectives more clear: “However,
uncertainties in the simulated Epyicc by grid-based DGVMs arise from the translation of the original
LULCC datasets into plant functional type (PFT) maps and different processes comprised in different
models (Arneth et al., 2017; Li et al., 2017). Although DGVMs are spatially and temporally explicit
and include detailed physiological processes, the simulations using these models are time consuming
and require long spin-up simulations, small time step calculations of biophysical effects and carbon
fluxes, including processes less relevant to Epyrcc. Thus, DGVMs are not appropriate to perform, for
instance, sensitivity tests for the assessment of LULCC carbon fluxes.”

As suggested in Comment #3, we will include the 3" step in the objectives in Introduction and also
mention it in the Methods.

We will add sentences in the Methods to explain how we processed the 30 m forest cover data from
Hansen et al. (2013): “Forest cover data from Hansen et al. (2013) comprise three layers at 30 m



resolution: tree cover fraction (0-100% in each pixel) in year 2000, forest area loss (each pixel labeled
with a loss year) during 2000-2012, and forest gain during 2000-2012 (not specifying the gain year).
Attributing the forest gain to a specific year is challenging because of the difficulty in detecting young
forests from satellite reflectance measurements (Hansen et al., 2013). In this study, we used the forest
loss and forest gain layers to calculate the ratios of gross-to-net area changes (yai") at a 0.5° x 0.5°
resolution, and y.i" represents the average values during 2000-2012 rather than for a single year
since the year of forest gain is not reported. The gross changes at the 0.5° level were calculated by
summing the absolute areas of forest loss and gain at the 30 m level during 2000-2012 in each 0.5°
grid cell, while the net changes were the sum of gross forest loss (negative) and gross forest gain

(positive).”

Comment #3

One possibility to handle the dominance of point 2 would be to make it to the only objective, and shift
point 1 to the method section — the comparison seems to be anyhow just a plot of the different curves
that justifies the usage of response curves based on Poorter instead of those from Houghton and
Hansis. Another possibility would be to include 3 in the method section and give point 1 and 3 more
weight - e.g. by calculating the critical gross to net ratios based on the Houghton and Hansis functions,
applying it to the same grid cells and comparing it then with the results based on the Poorter function.
This would be interesting outcome and extend the first objective of comparing the different response
curves to more than just a simple plot of the different curves in the same graph. Further, it would be
very interesting to not only know whether each gridcell was a sink or source but also to quantify the
ELUC and sum it to total number — one if everything was primary forest at the first transition, and one
as if all was secondary, and the same if the other response curves were used.

Response #3
We will include the 3™ step in the method section as suggested.

We calculated the critical ratios based on the exponential response curves from Hansis et al. (2015)
(see Figure R1 below) and compared the number of grid cells above the critical ratios with that using
curves from Poorter et al. (2016) (see Table R1 below). We didn’t show the results from Houghton
(1999) because the parameters of the exponential functions from Hansis et al. (2015) were already
calibrated from the linear function of Houghton (7999).

As show in Figure 1, the equilibrium of secondary forest vegetation density with the recovery curve
of Hansis et al. (2015) is higher than with Poorter et al. (2016) and we assumed that the same density
of primal'y forest for bOth, and thus LHansis,primary(t) = LPoorter,primary(t)a LHansis,secondary(t) > LPoorler,secondary(t)
and Gpansis(©) > Gpoorter(20). Note that a positive value of carbon flux indicates carbon emission to the

atmosphere. Combined with Eq (7) in the manuscript, y/7°% = igg;—iig,

states of secondary forest vegetation can explain the differences of critical ratios over time between
Hansis et al. (2015) and Poorter et al. (2016) in Figure R1. Accordingly, a higher critical ratio leads
to smaller number of 0.5° x 0.5° grid cells with yai™ beyond the critical ratio (Table R1).

the different equilibrium



Agross

Figure R1 The critical value of yai.~ at which ZE[urcc gross 1S Zero, going from a net source to a net
sink with different time horizons, using the biomass recovery response curves from Poorter et al.
(2016) (solid, same as Figure 4c¢) and from Hansis et al. (2015) (dashed). Values larger than this
critical value indicate that the initial forest area change has the net cumulative effect to emit CO, at a
given time-horizon on the x-axis. Note the different y-axis scale. The lower critical ratio values in the
case of primary forest initial loss is because primary forests have a larger biomass, so that a small
gross-to-net initial change in forest area will legate a source at a given horizon than if secondary
forests are initially lost.
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Table R1 Number of 0.5° x 0.5° grid cells with y;i™ above the critical ratio for which the system is a
net cumulative source of CO,; to the atmosphere, for different time horizons. The calculation was done
using the biomass recovery response curves from Hansis et al. (2015) and Poorter et al. (2016) in
Latin America. The values of y.i" were calculated based on high-resolution net and gross forest area
change data from Hansen et al. (2013) during 2000-2012. Secondary-to-secondary represents a net
forest gain with gross secondary forest loss by assuming that all lost forests were secondary, and
primary-to-secondary represents a net forest gain with gross primary forest loss by assuming that all

lost forests were primary.

20 yr 50 yr 100 yr

Critical Grid cell Critical Grid cell Critical Grid cell

ratio number ratio number ratio number
secondary-to-  Poorter etal. 7.2 102 22.5 42 - -
secondary Hansis etal. 4.2 143 15.3 57 97.4 9
primary-to- Poorteretal. 2.4 199 3.1 175 3.7 155
secondary Hansisetal. 2.5 198 4.1 147 5.0 126

As suggested, we also calculated the total amount of XE i cc of the grid cells beyond the critical
ratios with different time horizons in Figure 5. The numbers are given in the Table R2 below and we
will incorporate it in the revised manuscript.

Taking C1 secondary-to-secondary at 20 yr horizon for example, using net transitions results in a
carbon sink of 12 Tg C but using gross transitions results in a carbon emission of 21 Tg C in the grid
cells with yina™> 7.2 (Figure 5).

Table R2 Cumulative carbon flux (Tg C) using gross transitions (ZELurccgross) and net transitions
(ZELuLcene) in the grid cells with yai”beyond the critical ratios at different time horizons. The gross



and net forest area changes are based on the data from Hansen et al. (2013). Positive value of carbon
flux indicates carbon emission to the atmosphere. Secondary-to-secondary represents a net forest gain
with gross secondary forest loss (C1) by assuming that all lost forests were secondary, and primary-
to-secondary represents a net forest gain with gross primary forest loss (C2) by assuming that all lost
forests were primary.

TgC C1: secondary-to-secondary C2: primary-to-secondary
Time horizon Critical ratio ZELULCC oT08S ZELULCC net Critical ratio ZELULCC oT0SS ZELULCC net
20 yr 7.2 21 -12 2.4 162 -38
50 yr 22.5 3 -2 3.1 125 -39
100 yr - - - 3.7 99 -36

We will add these new analyses suggested by the reviewer in the revised manuscript.

Specific Comments:
Comment #4

Abstract: The abstract should be shortened to better focus on the findings, which would make it easier
to read and understand. E.g. is the 3rd sentence really relevant for the findings of this study?
Especially also from line 19 to 27 there might be possibilities to shorten, summarize and simplify.
Where shapes of the three different curves relevant for the finding? The finding here is difficult to
understand, the sentences a bit complicated and several sentences basically say the same: You found
and show critical values of gross to net forest area change above which ELUC of a net a net forest
area gain switches from CO, sink to source.

Response #4

As suggested, we will shorten the Abstract (160 words less) as follows: “

Bookkeeping models are used to estimate land-use and land-cover change (LULCC) carbon fluxes
(ErurLcc). The uncertainty of bookkeeping models partly arises from data used to define response
curves (usually from local data) and their representativeness for application to large regions. Here, we
compare biomass recovery curves derived from a recent synthesis of secondary forest plots in Latin
America by Poorter et al. (2016) with the curves used previously in bookkeeping models from
Houghton (1999) and Hansis et al. (2015). We find that the two latter models overestimate the long-
term (100 years) biomass carbon density of secondary forest by about 25%. We also use idealized
LULCC scenarios combined with these three different response curves to demonstrate the importance
of considering gross forest area changes instead of net forest area changes for estimating regional
Erurce. In the illustrative case of a net gain in forest area composed of a large gross loss and a large
gross gain occurring during a single year, the initial gross loss has an important legacy effect on
EruLcc so that the system can be a net source of CO, to the atmosphere long after the initial forest area
change. We show the existence of critical values of the ratio of gross area change over net area
change (y3:™) above which cumulative E;yrccis a net CO, source rather than a sink for a given time
horizon after the initial perturbation. These theoretical critical ratio values derived from simulations of
a bookkeeping model are compared with real-world observations from the 30 m resolution Landsat
TM data of gross and net forest area change in the Amazon. This allows us to diagnose arecas where
current forest gains with a large land turnover will still legate LULCC carbon emissions in 20, 50 and
100 years.

ER]

Comment #5

Introduction: Page 2, In 8: that is for DGVMs the sub-grid transitions that sum up to net changes, here
a reference to e.g. Bayer et al. 2017: doi:10.5194/esd-8-91-2017 could be nice, who focused on the
problematic of sub-grid transitions.

Response #5

We will add this reference in the revised manuscript.

Comment #6



3.4 Page 7, In 14: “we pose the question whether such ratios can be observed in the real world” — but
this is not what you are answering with your approach. As far as I understood you just calculate using
your rates, whether the regions are a sink or a source.

Response #6

This sentence on P7L14 will be revised as: “...we further combined such ratios with the land use and
land cover change datasets to determine whether a region is a carbon sink or source at a given time
horizon.”

Comment #7

Page 9, In 22: “With a too high rotation rate of forests, i.e. a large gross to net area change ratio, a net
forest gain could still legate a net carbon source over a long period in the future.” I don’t agree, as |
think long rotation secondary forests should have other response curves than short rotation forest, as
short rotation forest don’t store as much carbon that can be lost afterwards.

Response #7

This sentence on P9L22 will be revised as: “With a large gross to net area change ratio, a net forest
gain could still legate a net carbon source over a long period in the future.”

Comment #8

4. Discussion: You state that the response curves used in bookkeeping models from Houghton (1999)
and Hansis et al. (2015) overestimate carbon density — that implies that Porters values are true, while
Houghton and Hansis are wrong. But also Houghton and Hansis are based on measurements, right?
Maybe just not in the right region? It would be helpful to mention in the discussion where the
measurements for Houghton and Hansis models were located.

Response #8

We showed the differences in biomass recovery curves between Poorter et al. (20/6) and Houghton
(1999) and Hansis et al. (2015), but we didn’t say that it implies “Porters values are true, while
Houghton and Hansis are wrong.”. We only argued that it may bias in this particular region where
Poorter et al.’s field survey covers. The reasons for these differences could be the assumptions made
for secondary forest by Houghton et al. (1983), the number of field sites and the different locations
where field measurements were conducted, as the reviewer said.

We will add some sentences on P8L9 to clarify it: “The biomass recovery curves of Neotropical
secondary forests from Poorter et al. (2016) are lower 20 years after the initial perturbation than those
used in the bookkeeping models of Houghton (1999) and Hansis et al. (2015), implying that these
models simulate different LULCC carbon fluxes in Latin America from those using the recovery
curves of Poorter et al. (2016). The carbon density in undisturbed forests in the bookkeeping models
of Houghton (1999) and Hansis et al. (2015) were essentially based on Whittaker and Likens (1973),
multiplied by a factor of 0.75 to approximate the lower carbon density of secondary forests (Houghton
et al., 1983). The carbon density data from Whittaker and Likens (1973) are subject to two sources of
uncertainty. First, these values represent biomass in the 1950s (Woodwell et al., 1978) rather than
present days, and second, they were compiled from very limited field measurements for tropical
forests. In fact, Whittaker and Likens (1973) claimed in their study that data “for tropical
communities are very meager” and the mean biomass density is “a subjectively chosen intermediate
value based on very few measurements” to avoid extreme values.”
Reference
Houghton, R. A., Hobbie, J. E., Melillo, J. M., Moore, B., Peterson, B. J., Shaver, G. R. and Woodwell, G. M.: Changes in
the Carbon Content of Terrestrial Biota and Soils between 1860 and 1980: A Net Release of CO" 2 to the
Atmosphere, Ecol. Monogr., 53(3), 235-262, doi:10.2307/1942531, 1983.
Whittaker, R. H. and Likens, G. E.: Carbon in the biota., in Brookhaven symposia in biology, pp. 281-302., 1973.

Woodwell, G. M., Whittaker, R. H., Reiners, W. a, Likens, G. E., Delwiche, C. C. and Botkin, D. B.: The biota and the world
carbon budget, Science, 199(4325), 141-146, doi:10.1126/science.199.4325.141, 1978.

Comment #9



Is the extent to which gross versus net transitions affect ELUC comparable what other studies
investigating gross versus net transitions studied? You mention several studies about this issue which
were performed with carbon models — they should also appear in the discussion, showing how your
results compare with what they found.

Response #9

We will add some discussion about the impacts of gross and net transitions on Ejyrcc on P8L13:
“Some DGVMs (Shevliakova et al., 2009; Stocker et al., 2014; Wilkenskjeld et al., 2014; Yue et al.,
2017; Bayer et al., 2017) as well as a bookkeeping model (Hansis et al., 2015) have implemented
gross land use and land cover transitions, and thus simulated a higher E; ycc than using net transitions.
Arneth et al. (2017) reviewed the “missing processes” in LULCC modeling by DGVMs and found
that ignoring gross LULCC could underestimate the global cumulative E;yrcc by 36 Pg C on average
over the historical period (1901-2014).”. However, the E;yLcc from land carbon models cannot be
directly compared with E yrcc from bookkeeping models, because of the different processes in
models and the different definitions of Ejyrcc. In addition, our study focused on the ratios of gross-to-
net changes rather than the estimates of Epyrcc, and thus it is difficult and not necessary to compare
with E;yrcc from land carbon models.

Comment #10
Technical corrections

General: In all figures and the text, it might be useful to replace the term “biomass carbon density” by
“vegetation carbon density”, as biomass is less well defined and includes in some disciplines also
dead biomass and soil microbial biomass which would count here to the soil pool.

Response #10

We will revise it accordingly.

Comment #11
Page 1, In 26: “critical value” should be plural

Response #11
We will revise it accordingly.

Comment #12

Page 2, Ln 10: “Gross LUC occurs in tropical regions with shifting cultivation (Hurtt et al., 2011) but
also everywhere forests are cut and new plantations created at the same time” Is here a “where” after
“everywhere” missing?

Response #12

This sentence on P2L10 will be revised as: “Gross LULCC occurs in tropical regions with shifting
cultivation (Hurtt et al., 2011) and also in other regions where forests are cut and new plantations
created at the same time.”

Comment #13

Table 1: The table caption uses gamma gross to net but in the table heading and the text gamma
Agross to Anet is used.

Response #13
We will revise it accordingly.

Comment #14

Fig 1: biomass from primary forest: reference missing; Legend for a) and b) shows biomass, which
can only be found in plot ¢) that has an own legend.

Response #14
We will add the reference in the legend and remove biomass from the legend in (a) and (b).




Fig 3: include dashed and solid line in legend. In figure description logarithmic asymptotic should be
removed or referred to both — solid and dashed, so it becomes more clear that there is no difference in
the response curve between solid and dashed, but just which systems are transformed.

Response #15

We will add it in the legend and revise the caption.

Comment #15

Fig 4 is a bit difficult to understand. The difference between plot a) and b) is hidden in the middle of
the figure description in the end of a sentence. Would be better to have it in the description directly
following a) resp. b), whereas “net forest gain at t=0" which is true for both plots should either be in
the end or before the separation in a) and b). Or/additionally it could be mentioned as title in each plot
whether it is primary to secondary or secondary to secondary. The axis title is only in plot a) but not
in b) whereas the legend can be found in both plots. Please add the axis title to b) or remove the
legend from a) or do both and set the legend a bit aside, which would also help the reader to not
confuse it with a second y-axis title at a first glance.

Please extend “Exponential carbon loss curve from (Hansis et al., 2015) and logarithmic gain curve
from (Poorter et al., 2016) are used in this example” to something like “Exponential curve from
Hansis et al., (2015) for carbon loss in all pools and gain in soil pool and logarithmic curve from
Poorter et al., (2016) for gain in biomass pool are used in this example, which corresponds to the
combinations C1 and C2 from Table 2 for a) and b) respectively.”

Response #16
As suggested, we will revise the caption and re-plot the figure (reproduced below).

Figure 4 Time evolution of cumulative carbon flux (XErurcc.gross) after an initial forest area change
involving gross forest area changes followed by no forest area change. The three panels show results
of our bookkeeping model for three case studies (a) a net forest gain at t = 0 with initial secondary
forest loss followed by secondary forest regrowth (secondary-to-secondary, C1 in Table 2), (b) the
same net area gain at t = 0 with initial primary forest loss followed by secondary forest regrowth
(primary-to-secondary C2 in Table 2), and (c) the critical value of Y35~ at which 2EvruLcc gross 1S Zero,
going from a net source to a net sink for different time horizon in the x-axis. The colored curves in (a)
and (b) have the same net area change (A, = +1 ha) at t = 0 but variable values of the initial gross-to-
net area change ratios (Yasw: ). The red line in (a) and (b) is the zero line, defining the time after initial
forest area change at which the system reaches a neutral carbon balance. The light and dark green
lines in (c) represent the critical ratios for a net initial forest gain scenario with secondary-to-
secondary (a) and primary-to-secondary (b) gross forest area change, respectively. Values larger than
this critical value indicate that the initial forest area change has the net effect to emit CO, for a given
time horizon in the x-axis. Exponential curve from Hansis et al. (2015) for carbon loss in all pools and
gain in soil pool and logarithmic curve from Poorter et al. (2016) for gain in biomass pool are used in

this example.
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Reviewer #2:

General Comments:
Comment #1

I read this manuscript with much interest, and found it to have novel elements which provide new and
useful information. However, it could benefit from some revisions.
Response #1

We thank the reviewer for the comments and suggestions. Please see the detailed point-by-point
responses below.

Comment #2

The first part of the paper is about land use changes, from forest to agriculture. However changes
from primary and secondary forest to plantations are also discussed (and the abbreviation LUC is
used). Harvesting in rotation is not generally considered land use change (but a land cover change), so
this abbreviation might be better changed to Land cover change (LCC) which would encompass both
the forest gain scenario and land use change (loss of forest to agriculture). The paper uses land cover
data (Hansen), which further confuses the reader, when land use is mainly used. The authors could
check the consistency of these terms (land use and land cover) in the paper.

Response #2

We agree that the satellite data from Hansen et al. (201/3) we used in the case study is land cover
change rather than land use change, and the idealized scenarios are more land use change although
also a land cover change, as described on P3L12 “The land-use changes considered in this study are
forest loss (tropical moist forest transformed to cropland) and forest gain (cropland abandonment to
secondary tropical moist forest) in Latin America.”. We will change the term into “land-use and land-
cover change (LULCC)” throughout in the text to be consistent.

Comment #3

One of the concerns in the paper is the methods, which could be expanded to clarify some points. The
analysis of the Hansen data, for example is not included. For example, what forest cover threshold did
you use in the analysis? Did you for example mask out those pixels with loss or gain but with <10%,
or another appropriate canopy cover threshold for the region? Or is it exactly following the Poorters
map? How was the change of grid cell to 0.50 done? For example, pixels only partially within the area
of interest are included or not? I wonder if the choice of grid cell size would impact the results? Was
0.50 chosen for a specific reason?

Response #3

We will add some sentences to clarify the forest cover change data from Hansen et al. (2073) in the
revised manuscript: “Forest cover data from Hansen et al. (2013) comprise three layers at 30 m
resolution: tree cover fraction (0-100% in each pixel) in year 2000, forest area loss (each pixel labeled
with a loss year) during 2000-2012, and forest gain during 2000-2012 (not specifying the gain year).
Attributing the forest gain to a specific year is challenging because of the difficulty in detecting young
forests from satellite reflectance measurements (Hansen et al., 2013).In this study, we used the forest

Agross

loss and forest gain layers to calculate the ratios of gross-to-net area changes (Y ) at a 0.5° x 0.5°
resolution, and y.i" represents the average values during 2000-2012 rather than for a single year
since the year of forest gain is not reported. The gross changes at the 0.5° level were calculated by
summing the absolute areas of forest loss and gain at the 30 m level during 2000-2012 in each 0.5°
grid cell, while the net changes were the sum of gross forest loss (negative) and gross forest gain
(positive).” Thus, we didn’t use the tree cover fraction threshold because we didn’t use the tree

fraction data.

It is not necessary to be exactly the same region of the Poorter et al.’s map because the biomass
recovery estimates from Poorter et al. (20/6) are based on forest sites and forest plots and thus
represent a rough (not precise) Latin America region. Thus there is no such issue of partially



overlapped pixels. We gave the latitudes and longitudes of the region we used from the map of
Hansen et al. (2013) in Figure 5.

The gross changes compared to net changes essentially is a matter of resolution. For example, if the
source data is at 30 m spatial resolution and all the models are run at 30 m resolution, there would be
no difference between gross and net changes. The differences between gross and net changes only
emerge when aggregating high-resolution data into a coarser resolution. The reason for choosing the
0.5° resolution was described on P7L18: “The spatial resolution of 0.5° is a typical resolution of
DGVMs when they simulate global E;yrcc.” Because the 30 m spatial resolution from Hansen et al.’s
data is relatively high, using other grid cell size like 0.1° or 1° would be expected to give similar
patterns as using 0.5° in Figure 5.

Comment #4

Figure 5 is also not clear to me, for example (if I understand correctly), those pixels in blue reached
the threshold for the secondary forest clearing (and also the primary forest clearing) and those in
green reached the threshold for the primary forest clearing only? This would be useful information to
include in the caption.

Response #4

Yes, that is correct. We will add it in the caption as suggested: “The blue grid cells represent a
cumulative carbon emission in 20 years no matter whether the lost forest is primary or secondary. The
green ones represent a cumulative carbon emission only if the cleared forests are primary forests.”

Comment #5

The results for the soil carbon change are also interesting and useful to include, but I find the
discussion about this lacking. Indeed, there is a huge amount of uncertainty related to changes in soil
carbon (see for example Don et al. 2011 Impact of tropical land-use change on soil organic carbon
stocks — a meta-analysis). Incorporating some aspect of uncertainties related to this could have been
helpful, and indeed, uncertainties are missing in all findings of the paper.

Response #5

We will revise the sentences on P8L9: “Differences may also exist for soil carbon dynamics after
LULCC. There are a great number of meta-analyses or reviews (e.g. Davidson & Ackerman, 1993;
Post & Kwon, 2000; Conant et al., 2001; Paul et al., 2002; Davis & Condron, 2002; Guo & Gifford,
2002; Murty et al., 2002; West et al., 2004; Laganiére et al., 2010; Poeplau et al., 2011; Powers et al.,
2011; Don et al., 2011; Li et al., 2012; Marin-Spiotta & Sharma, 2013; Wei et al., 2014; Kurganova et
al., 2014) on the soil carbon change after LULCC based on field measurement data (mostly paired
sites and chronosequences). These studies may generally agree with the directions of soil carbon
change after LULCC (e.g. soil carbon loss after forest clearing for cropland), but the magnitudes and
temporal dynamics of soil carbon changes remain highly uncertain because, among other things, of
the limited site number and the diversity of soil properties. Field measurements at site level may be
unrepresentative of the whole region because the distribution of biophysical conditions like soil
texture, precipitation and temperature may not match the distribution of the whole set of such factors
in the LULCC areas in a given region (Powers et al., 2011).”

Specific Comments:
Comment #6

Page 7, line 14-16. There are a number of datasets which you could use, and the data also do not limit
the work to small scale analysis, so this sentence seems not to be useful.

Response #6

This sentence will be deleted.

Comment #7

10



Page 3 line 29/30. I would include here or somewhere appropriate, some numbers related to the total
biomass used in the paper from Poorter.

Response #7

The number related to the ratio of aboveground to total biomass is only mentioned in the supporting
information in Poorter et al. (2016). The ratio Poorter et al. (2016) used is from FAO FRA, which is
0.82, basically the same as we used (0.81). We will revise the sentence about on P3L30: “For both
response curves, a ratio of 0.81 (Liu et al., 2015; Peacock et al., 2007; Saatchi et al., 2011) was used
to convert aboveground biomass reported by Poorter et al. (2016) to total biomass, and this ratio is
consistent with the one (0.82) that Poorter et al. (2016) used based on FAO FRA (2010).”

Comment #8

Page 9 line 9 — the “new planted forest in rotation practice”- it is not clear what you mean, and do you
have a reference for this?

Response #8

We will revise this sentence as: “Forest management practices like wood harvest and thinning extract
carbon from the ecosystem and release it to the atmosphere (Houghton et al., 2012), while recovering
secondary forest from past deforestation and logging (Pan et al., 2011) and even old-growth forests
(Luyssaert et al., 2008) can act as carbon sinks.”

Reference

Luyssaert, S., Schulze, E.-D., Borner, A., Knohl, A., Hessenmoller, D., Law, B. E., Ciais, P. and Grace, J.: Old-growth
forests as global carbon sinks, Nature, 455(7210), 213-215, doi:10.1038/nature07276, 2008.

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A., Phillips, O. L., Shvidenko, A., Lewis, S. L.,
Canadell, J. G., Ciais, P., Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao, S., Rautiainen, A., Sitch, S. and
Hayes, D.: A large and persistent carbon sink in the world’s forests., Science, 333(6045), 988-993,
doi:10.1126/science. 1201609, 2011.

Comment #9
You refer to “idealized scenarios”. I am not sure about the choice of term here. Ideal for what?
Response #9

We think this is a matter of English here. “idealized” refers to “conceptual” while “ideal” is more like
“optimal”. Because we want to demonstrate the difference between gross and net changes on Epyrcc
and determine the critical gross-to-net change ratio, we used these idealized scenarios that are simple
and representative, and may not the case in reality.

Page 1 line 28. “compared against” could be changed to “compared to”. Landsat is more commonly
referred to as medium resolution (rather than high resolution), although the global maps are termed
high resolution global maps. I would remove the term or would specify the resolution in m.

Response #10

We will revise it accordingly.

Comment #10

Page 2 line 7. Why “so-called”?
Response #11

We will delete it accordingly.

Comment #11
Page 8 line 5. could be rephrased: ”are lower 20 years after the initial LULCC” or in another way.
Response #12

We will revise it accordingly.

11



Comment #12

Page 7 Line 24. Is it necessary to describe a map as ‘spatial’?
Response #13

We will delete it accordingly.

Comment #13
Page 7 line 14. Instead of “real world”, “in a case study” or similar?

Response #14

This sentence on P7L14 will be revised as: “...we further combined such ratios with the land use and
land cover change datasets to determine whether a region is a carbon sink or source at a given time
horizon.”

12
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Abstract. Bookkeeping models are used to estimate land-use and land-cover change (LULCC) carbon fluxes (Ejyicc). The

uncertainty of bookkeeping models partly arises from data used to define response curves (usually from local data) and their

representativeness for application to large regions. Here, we compare biomass recovery curves derived from a recent synthesis

of secondary forest plots in Latin America by Poorter et al. (2016) with the curves used previously in bookkeeping models

from Houghton (1999) and Hansis et al. (2015). We find that the two latter models overestimate the long-term (100 years)

vegetation carbon density of secondary forest by about 25%. We also use idealized LULCC scenarios combined with these

three different response curves to demonstrate the importance of considering gross forest area changes instead of net forest
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i| change (LUC) carbon fluxes (Eruc). These models combine time

series of areas subject to different LUC types with response curves
of carbon pools in ecosystems and harvested products after a unit
change of land use. The level of detail of bookkeeping models
depends on the number of response curves used for different regions,
the carbon pools they represent, and the diversity of LUC types
idered. The uncertainty of bookkeeping models arises from data

area changes for estimating regional E; y;cc. In the illustrative case of a net gain in forest area composed of a large gross loss

and a large gross gain occurring during a single year, the initial gross loss has an important legacy effect on E; yrcc so that the

system can be a net source of CO, to the atmosphere long after the initial forest area change. We show the existence of critical

values of the ratio of gross area change over net area change (yis: ™), above which cumulative E;yycc is a net CO, source rather

than a sink for a given time horizon after the initial perturbation. These theoretical critical ratio values derived from simulations

of a bookkeeping model are compared with real-world observations from the 30 m resolution Landsat TM data of gross and

net forest area change in the Amazon. This allows us to diagnose areas where current forest gains with a large land turnover

will still legate LULCC carbon emissions in 20, 50 and 100 years.

used to define response curves (usually local data) and their
representativeness of large regions. Here, we compare biomass
recovery curves derived from a recent synthesis of secondary forest
plots data by Poorter et al. (2016) with the curves used in
bookkeeping models from Houghton (1999) and Hansis et al. (2015)
in Latin America. We find that both Houghton (1999) and Hansis et
al. (2015) overestimate the long-term (100 years) biomass carbon
density of secondary forest, by about 25%. We also show the
importance of considering gross forest area change in addition to the
net forest area change for estimating regional E_yc. To do so,
simulations are constructed with a bookkeeping model calibrated
with three different sets of response curves (linear, exponential and
logarithmic) to study E_yc created by a pulse of net forest area
change, with different gross-to-net forest area change ratios
(yAgross Anet). Following the initial pulse of forest area change,
ELuc is subsequently calculated over 100 years. Considering a region
subject to a net gain in forest area during one year, different values
of gross forest area changes that sum up to this initial net gain can
change the magnitude and even the sign of E_yc with a given time
horizon after the initial forest area change. In other words, in the
case of a net gain in forest area composed of a large gross loss and a
large gross gain, the initial gross loss has an important legacy effect
that the system can be a net source of CO, to the atmosphere. We
show the existence of a critical value of yAgross Anet above which
Epuc switches from CO, sink to source with a given time horizon
after the initial forest area change. This critical ratio derived from
the structure of the bookkeeping model is compared against real-
world high resolution Landsat TM observations of gross forest area
change in the Amazon to distinguish areas where current forest land
turnover will legate LUC carbon emissions or sinks in 20 years, 50
years and 100 years in the future. .
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1 Introduction

The global carbon flux from land-use and land-cover change (ELyLcc) represents a net source of carbon to the atmosphere of

0.9+05GtC yr'1 during the last decade (Ciais et al., 2013; Le Quéré et al., 2015). Eg yicc is usually estimated by bookkeeping .-

models (Hansis et al., 2015; Houghton, 2003), dynamic global vegetation models (DGVMs) (Le Quéré et al., 2015; Sitch et
al., 2015) or compact earth system models (Gasser et al., 2017). Most DGVMs (e.g. in the TRENDY project, Sitch et al., 2015)

estimate emissions due only to net area changes between different land-use / land-cover types in a grid cell. At the moment,

efforts are being made to incorporate gross land-use and land-cover change (LULCC) in these models, that is for DGVMs the

- { Deleted

sub-grid transitions that sum up to net changes_(Bayer et al., 2017). The bookkeeping model of Houghton (1999) includes

emissions from both net area changes and gross LULCC from shifting cultivation, previously at the scale of large regions .-

so-called

(Houghton, 2003), and more recently for each country (Houghton and Nassikas, 2017). Gross LULCC occurs in tropical

regions with shifting cultivation (Hurtt et al., 2011) and also in other regions where forests are cut and new plantations created

at the same time. For example, consider a region with co-existing forest and crops where 20% of the land is converted from .

{ Deleted
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primary forest to crops while 20% sees crop abandonment to forest in the same period. The net change corresponds to a stable
forest area, but the large carbon loss from primary forest is not compensated by the small carbon gain of the new plantations.

In this example, the region will be a net source of CO, during several years. Because of the non-symmetrical dynamics of CO,

fluxes between forest loss and gain, Ey y.cc differs between net and gross area changes. Arneth et al. (2017) recently reviewed .-

Gross LUC occurs in tropical regions with shifting

cultivation (Hurtt et al., 2011) but also everywhere forests are cut
and new plantations created at the same time.
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this issue using DGVMs and concluded that considering gross LULCC significantly increased the simulated Ey yicc at global

{ Deletea

scale. Gross land-use area transition datasets including e.g. shifting cultivation practice (Hurtt et al., 2011) and reconstructions
using empirical ratios between gross and net transitions (Fuchs et al., 2015) are now available and have been implemented in

a bookkeeping model (Hansis et al., 2015) as well as in some DGV Ms to improve the estimate of E; y cc (Fuchs et al., 2016;

{ Deleted:
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Shevliakova et al., 2009; Stocker et al., 2014; Wilkenskjeld et al., 2014; Yue et al., 2017). However, uncertainties in the

land carbon models
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(PFT) maps and different processes comprised in different models (Arneth et al., 2017; Li et al., 2017). Although DGVMs are

spatially and temporally explicit and include detailed physiological processes, the simulations using these models are time

consuming and require long spin-up simulations, small time step calculations of biophysical effects and carbon fluxes.

including processes less relevant to Ej i cc. Thus, DGVMs are not appropriate to perform, for instance, sensitivity tests for the .-

assessment of LULCC carbon fluxes.

Bookkeeping models use response curves for biomass and soil carbon stocks consecutive to LULCC disturbance and time- .-
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series of LULCC areas to estimate E; y; cc (Hansis et al., 2015; Houghton, 1999). Response curves can be linear (Houghton,
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1999, 2003), exponential (Hansis et al., 2015) or of other types. The carbon densities of different land-use types are derived
from field measurements (Houghton et al., 1983). Even though carbon densities have a high spatial variability in the real world,
the same response curve measured at one location is often applied in bookkeeping models over large regions. A recent study

of the biomass resilience of secondary forests in the Neotropics provides new biomass recovery curves from 45 secondary

Luc

{ Deleted:

LuC




20

25

30

forest sites (Poorter et al., 2016). These new data are valuable to revisit the response curves for the regrowth of secondary

forest in the Amazon area, an important region with a large Eg yicc.

Jn this study, we first aim to compare the recent biomass regrowth curves from Poorter et al. (2016) with the ones used in two

bookkeeping models (Hansis et al., 2015; Houghton, 1999) for their implications in Egyicc. Second, we demonstrate that )

because of the asymmetry between carbon loss from deforestation and carbon gains from regrowth, even when the net forest

area change is positive, a large initial gross forest area change can still cause Ey yicc to be a source of CO, to the atmosphere

on multi-decadal horizons. Last, we apply our conceptual calculation to the satellite forest data to diagnose areas with net

forest gains but cumulative LULCC carbon emissions.

Based on Ey ycc calculated using a bookkeeping approach and several idealized scenarios constructed to have different gross -

forest area changes but with the same net area change (Section 3.2), we show the existence of a critical ratio of gross-to-net

forest area change above which cumulative Ey y;cc remains a net source after initial LULCC, because carbon losses from

deforestation are not compensated by carbon gains from secondary forest growth (Section 3.3). The theoretical value of this
ratio derived from the idealized scenarios is then compared with actual estimates of gross-to-net forest area change over the

Amazon derived from high-resolution (30 m) Landsat satellite imagery over the period of 2000-2012 (Hansen et al., 2013).

This allows us,to identify sensitive regions where the current turnover of forest is too large, and may result in an emission .-

source of CO, to the atmosphere over different time horizons in the future.

2 Methods

The land-use_and land-cover changes considered in this study are forest loss (tropical moist forest transformed to cropland)

and forest gain (cropland abandonment to secondary tropical moist forest) in Latin America. We construct,a bookkeeping .-~

model to simulate the carbon balance of simultaneous forest loss and gain in the same region. This model is similar to those
developed by Houghton (1999) and Hansis et al. (2015) for global applications. After forest area loss, carbon density changes
are calculated for biomass, two soil organic carbon pools (rapid and slow) and two products pools with turnover times of 1
and 10 years respectively. After the establishment of a secondary forest, carbon density changes in biomass and soil pools are
considered. Only one slow soil pool is used in the regrowth of secondary forest, similar to Houghton (1999) and Hansis et al.
(2015).

Both the linear response curves from Houghton (1999) and the exponential ones from Hansis et al. (2015) are used to simulate

the dynamics of each carbon pool consecutive to initial LULCC (Figure 1). For re-growing secondary forest, we also used two -

curves for biomass recovery based on a collection of field measurements by Poorter et al. (2016). The first one is a logarithmic
equation describing aboveground biomass carbon as a function of stand age from Poorter et al. (2016), the parameters of which
are derived using the average aboveground biomass recovery from multiple stands after 20 years. It should be noted that with
a logarithmic curve, no asymptotic value is reached even after an infinite time, which is not realistic for estimating long-term

budgets, as it would mean permanent carbon gains. To overcome this problem of the logarithmic curve, we define a fixed time
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horizon of 100 years after LULCC at which biomass becomes constant. The second biomass carbon gain curve is an {r leted: LUC

exponential curve obtained by fitting the data from Poorter et al. (2016) with a saturating exponential function like in Hansis

et al. (2015). This equation avoids the infinite increase of biomass after LULCC in the logarithmic curve. For both response { Deleted: LUC

curves, a ratio of 0.81 (Liu et al., 2015; Peacock et al., 2007; Saatchi et al., 2011) js used to convert aboveground biomass { Deleted: was

reported by Poorter et al. (2016) to total biomass, and this ratio is consistent with the one (0.82) that Poorter et al. (2016) used
based on FAO FRA report (FAO, 2010).

To model the sensitivity of the carbon balance of a typical region in Latin America to different ratios of gross-to-net forest
area change during initial pulse of forest area change followed by no-change in forest area, we construct five idealized scenarios
(Table 1). These scenarios are: SO with no net but gross area changes; S1 with a net forest area loss being the sum of small

gross area changes; S2 with the same net forest area loss as S1, but being a sum of large gross area changes; and S3 and S4,

similar to S1 and S2 but with a net forest area gain, instead of a net loss. An example of small vgrsus large gross area changes { Deleted: s

with the same net area change is illustrated in Figure 2. { Deleted: .

In each scenario, LULCC is applied as a pulse of forest area change at time t = 0, and we evaluate carbon changes over the { Deleted: LUC
following 100 years. The parameter y;%" is the ratio of gross forest change area (Aoss) to net forest change area (A,e) applied

att=0.

Vit = o)

where:

Agross = |Aoss| + Again @

Aper = Aoss + Again 3)

By convention, Ao (<0) and Ay, (>0) are the gross forest loss and gain areas applied at t = 0. A positive value of A, is an

increase in forest area. For instance, the illustrative scenario S3 described in Table 1 explores the effects of a large positive

value of yaie™ on Eguice. Eguicc is then simulated for contrasting Ayss and A, transitions with the bookkeeping model as the ! { Deleted: ¢ }
sum of changes in all carbon pools over the area that was disturbed at t = 0. ZEy i cc net is the cumulative LULCC carbon flux { Deleted: }
up to a time horizon t, calculated using only net area changes (A,.) and ignoring gross area changes. XEy urcc gross i { Deleted: .. }
cumulative carbon flux using gross forest area change, which has two component fluxes: the cumulative emissions % z::::::: ‘Luljc %
(ZEguLcc loss) from gross forest loss and the carbon sink (ZEy uicc gain) from secondary forest regrowth. This is given by: { Deleted: |, }
Y Eryc.gross = L ELucioss + X Evuc,gain “ " { Deteted: 1. )
Y ELucioss = —AlossXL(t) (5)

Y Erycgain = AgainXG(t) (6)

where L(t) and G(t) stand for the cumulative carbon density change in all carbon pools up to time t. Positive values of carbon
fluxes indicate a loss of land carbon to the atmosphere.
For each scenario in Table 1, we test different loss and gain response curves in our bookkeeping model, namely, linear or

exponential carbon loss and linear, logarithmic or exponential increase for forest gain. In the case of gross forest area loss, we

4
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considered two options, either a primary forest (primary-to-secondary) or a secondary forest (secondary-to-secondary) being

cleared (Table 2, also see an illustration in Figure 2). This gives a total of eight combinations (C1 to C8 in Table 2) to calculate

legacy Ey uicc after a forest area disturbance. Note that one basic principle of bookkeeping models is that the same equilibrium .-

wegetation carbon density is assumed between a secondary forest being lost and a secondary forest having fully recovered. .-

Luc

{ el

Therefore, the equilibrium biomass density of secondary forest being lost at t=0 in C1, C3 and C5 is set to be the same as that
of the fully recovered (100 years) secondary forest in Poorter et al. (2016).

We use Global Forest Change data from Hansen et al. (2013) to apply our conceptual calculation to the real-world gross and

net forest changes. Forest cover data from Hansen et al. (2013) comprise three layers at 30 m resolution: tree cover fraction

(0-100% in each pixel) in year 2000, forest area loss (each pixel labeled with a loss year) during 2000-2012, and forest gain

during 2000-2012 (not specifying the gain year). As noted in Hansen et al. (2013), attributing the forest gain to a specific year

is challenging because of the difficulty in detecting young forests from satellite reflectance measurements. In this study, we

Agross

use the forest loss and forest gain layers to calculate the ratios of gross-to-net area changes (yin ) ata 0.5° x_0.5° resolution, .-

and fhus y:™ represents the average values during 2000-2012 rather than for a single year since the year of forest gain is not

reported. The gross changes at the 0.5° level are calculated by summing the absolute areas of forest loss and gain at the 30 m

d: biomass
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level during 2000-2012 in each 0.5° x 0.5° grid cell, while the net changes are the sum of gross forest loss (negative) and

gross forest gain (positive).

3 Results
3.1 Response curves and comparison with field measurements

The response curves of tropical moist forest from bookkeeping models of Houghton (1999) and Hansis et al. (2015) and from

Poorter et al. (2016) for Latin America used in this study (Section 2) are displayed in Figure 1. The gurves of Houghton (1999) .

(el

(linear) and Hansis et al. (2015) (exponential) are similar (Figure 1) because the parameters of the exponential function were
calibrated from the linear one (Hansis et al., 2015). Due to the higher carbon density of primary compared to secondary forest
and the identical time at which both loss curves reach zero in Houghton (1999) and Hansis et al. (2015), the loss curves for a
cleared primary forest are steeper than those for a cleared secondary forest (Figure 1a, b). This implies that clearing a primary
forest instead of a secondary one leads to larger legacy emissions. The fast decay of the rapid soil carbon pool in Figure la
and 1b is due to the fact that a fraction of the initial biomass is assigned to this pool after forest clearing (Hansis et al., 2015;
Houghton, 1999).

The logarithmic recovery curve (lime dashed lines in Figure 1¢) from Poorter et al. (2016) has an initial faster biomass growth
rate up to 20 years than in the curves used in previous bookkeeping models. After 20 or 30 years, however, the recovery curves
of Houghton (1999) and Hansis et al. (2015) surpass the one of Poorter et al. (2016), leading to a higher equilibrium biomass
of mature secondary forests (Figure 1c). More precisely, the 100-year biomass of a secondary forest in Houghton (1999) and
Hansis et al. (2015) is = 25% higher than in Poorter et al. (2016). The median time to recover 90% of the maximum biomass

5
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is 66 years in Poorter et al. (2016), compared to only 44 years in Houghton (1999) and 55 years in Hansis et al. (2015) (Figure
1c). The exponential recovery curve fit to the data from Poorter et al. (2016) (lime dash-dotted line in Figure 1c¢) has lower
biomass than the logarithmic curve in the first 40 years but reaches a similar density after 100 years (by construction). The
exponential curve from Poorter et al. (2016) agrees well with the linear curve of Houghton (1999) during the first 20 years

(Figure Ic).

3.2 Temporal change of cumulative carbon fluxes in different LULCC scenarios { Deleted: LUC

We calculated cumulative carbon fluxes for the five idealized forest area change scenarios (Table 1) with the eight
combinations of response curves (Table 2), giving an ensemble of 40 simulations. Results for each simulation are shown in
Figure S1. We compare here the response curve combination C1 (exponential secondary forest loss and logarithmic biomass
recovery) and C2 (exponential primary forest loss and logarithmic biomass recovery) as examples in Figure 3 (see annual

fluxes in Figure S2) to illustrate the effect of different gross forest area change with the same net area change on cumulative

Agross

carbon flux, i.e., the impact of yir:” on the Eg yp.cc. Other combinations provide similar conclusions as C1 and C2. For example, ..

( )
FguLcc for C5 and C6 using linear curves for forest loss are very similar to C1 and C2 in Figure S1. { Deleted: ¢ }
In the scenario SO with initial secondary forests and no net forest area change, XEy y.cc net 18 zero when calculated based onnet { Deleted: ¢ }
area change (Figure 3a) but the gross carbon flux (ZEgyicceross) is distinct from zero. In the variant of the SO scenario with { Deleted: ¢ }
initial primary forest (C2), due to the lower equilibrium carbon density of the secondary forest, ZF; yi.cc gross 1S @ large source { Deleted: . }
after 100 years (red dashed lines in Figure 3a). In the secondary forest loss and gain case (C1), ZEgurcc gross 1S @ carbon source { Deleted: ¢ }
in the initial period and gradually becomes carbon neutral with the compensation effects of secondary forest regrowth (red
solid lines in Figure 3a).
Both S1 and S2 scenarios have the same net forest area loss (A = -1 ha) but different gross forest area changes (v = -1.2
and 3" =-201 for S1 and S2 respectively, Table 1). In S1 with a small gross area change (Agoss = 1.2 ha), ZEy 11 ¢ gross 18 Close { Deleted: ¢ }
to ZEgurcene (Figure 3b), starting with either primary and secondary initial forests. By contrast, the difference between { Deleted: ¢ }
oss ad Ey urcepe in S2 is large and positive, indicating a cumulative carbon loss much higher than S1 due to its. ( ]
large gross area change (Figure 3c). { Luc }
The scenarios S3 versus,S4 with a net forest gain (A, = +1 ha) but different ratios of gross-to-net area changes (yyi,") present { Deleted: s. }
a similar behavior as S1 versus,S2. However, the sign of XE; y1cc gross 1S reversed, from a sink in S3 (red lines in Figure 3d) to ! { Deleted: s. }
a source in S4 (red lines in Figure 3e). Especially for the gross primary forest loss, ZEy ur.cc.gaross €Xhibits a large source even { Deleted: 1y }
after 100 years (red dashed lines in Figure 3d,e). This implies that despite the net initial forest gain, the rate of gross area {Deleted Le }
change determines the sign of XE, y cc over a certain time horizon after the pulse of forest area change. More generally, this { Deleted: ¢ }

shows that, while long term cumulative land use change emissions are determined only by the net land use area change (e.g.

Gasser and Ciais, 2013), short term cumulative emissions are determined by the gross area change.
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3.3 Change of ZE y1.ccgross With the same net forest gain but different gross area changes

LUC

Agross

The comparison of XEy yrcc gross (Figure 3) for the idealized scenarios (Table 1) illustrates the fact that different values of yin:

time for XEy

have a large impact on the magnitude and the sign of cumulative LULCC emissions depending on the time elapsed after the .- leted: LUC
initial pulse of forest area change. We thus calculated the difference between E; yr.cc gross a1d ZE; uiccne by varying yai™ in leted: ¢
a systematic manner in a net forest gain scenario (Figure 4). eleted: .
When yai™ is increased, i.e., with more forest land turnover at t = 0 for the same initial net forest area gain (A, = +1 ha), the

oy “| Deleted: ¢
the cumulative LULCC carbon flux is still a source of CO, to the atmosphere after 100 years, even in simulations where the .| peleted: LUC
net forest area was increased at t = 0 (Figure 4b). This highlights that the different initial carbon density of primary forest from | Deleted: densitie:

secondary forest can lead to very long-term legacy emissions.

Agross

The critical value of yir.” that reverses the sign of E; yr.cc gross from carbon source to sink increases as a function of the time-

horizon considered after the initial forest area change (Figure 4c). The two cases with initial secondary and primary forest loss

Agross

show a different trajectory of this ratio along time. In the former, yi." increases slowly in the beginning and then sharply,

Agross

while in the latter yin~ increases quickly at the initial stage and then at a smaller rate. In fact, if ZEq y;cc gross Can reach zero .

Deleted: between
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(the point of sign changed, let XE; y1.cc gross = 0), combining with equations (1) to (6), the critical value of yin:~ can be expressed .-

as:
Agross _ L()=G(t)
Anet T L(5)+G(t) M

This critical value of yA%™ is independent of the initial forest area but determined by the carbon density changes at a given

time consecutive to a change of forest area. Thus, for a secondary forest loss and gain at t = 0, the long-term L(t) + G(t) tends

Agross

to zero and ya goes to infinite. For a primary forest loss and secondary forest gain at t = 0, the long-term L(t) + G(t) is the

Agross

difference in the equilibrium carbon densities between primary and secondary forest, and therefore yim.™ approaches a constant

Agross.

value at t = infinite. Furthermore, it should be noted that our approach of analyzing the critical value of yin:” is not limited to

Agross

net forest gain scenarios or to LULCC transitions between forest and cropland. The framework of yin~ can also be extended .-

to other LULCC scenarios, including lower, higher, and equal equilibrium biomass density between two land-use types. For .-

example, if a re-growing forest can achieve a higher equilibrium carbon density than the initial one, there is also a critical y
Ao for the net forest loss scenario, for which the gross carbon emission becomes a sink at a certain time after initial forest
area change. This situation may happen in reality, if the deforested forests are replaced by more productive species or under
active management like fertilization and irrigation. Even in the field measurements by Poorter et al. (2016), some Neotropical
secondary forests show very high biomass resilience, i.e., reaching to a higher biomass than pre-deforestation.

We also calculated the critical ratios over time based on the exponential biomass response curves from Hansis et al. (2015) in

comparison with the response curves from Poorter et al. (2016) (Figure S3). As show in Figure 1, the equilibrium of secondary

forest vegetation density with the recovery curve of Hansis et al. (2015) is higher than with Poorter et al. (2016) and we

assumed that the same density of primary forest for both, and thus Lynsisprimary(t) = Lpoorter.primary(t)s Litansis secondary(t) >
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Lpoorterse () and Guansis(©) > Gpoorer(©). Note that a positive value of carbon flux indicates carbon emission to the

atmosphere. Combined with Eq (7), the different equilibrium states of secondary forest vegetation can explain the differences

of critical ratios over time between Hansis et al. (2015) and Poorter et al. (2016) in Figure S3.

3.4 Ratios in Latin America from satellite imagery

Agross

Based on the theoretical evidence for the existence of a critical value of the gross-to-net forest area change ratio (Yan: '), which

determines the sign and magnitude of £E; 11 cc gross @t @ given time after an initial net forest area change, we further combined -

1 dq
D LuC

such ratios with the land-cover change dataset to determine whether a region is a carbon sink or source at a given time horizon, .-

Deleted: we pose the question whether such ratios can be observed

Wsing the 30 m resolution forest area change data of Hansen et al. (2013) between 2000 and 2012, we calculated the ratios (y

%) at a spatial resolution of 0.5° x 0.5° in the same region of Latin America as Poorter et al. (2016). The spatial resolution

0f 0.5° x 0.5° is a typical resolution of DGVMs when they simulate global Eyycc. We set a future time horizon of 20 years as

in the real world.

data from satellites (Hansen et al., 2013) makes it possible to
calculate these ratios for a small region of the neo-tropics, where
both gross forest loss and gain are going on.

that is close to the targeted year in the Nationally Determined Contributions (NDCs) (Grassi et al., 2017). From Figure 4c, the
critical values of ya5:™ at 20 years after an initial change in forest area are 7.2 and 2.4 respectively for secondary-to-secondary
and primary-to-secondary initial transitions. For a longer time horizon of 50 years, the critical values are 22.5 and 3.1,
respectively. After 100 years of the initial forest area change, while the critical value of y\%™” for secondary-to-secondary

transition goes to infinite, it approaches a constant value of 3.7 for primary-to-secondary forest change (Figure 4c).

Theymap of yiin” diagnosed from the 30 m Landsat forest cover data in grid cells of 0.5° x 0.5° is shown in Figure 5. Note that
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here we focus only on the grid cells with a net forest gain. The number of 0.5° x 0.5° grid cells where yyi™ > 7.2, that is grid
cells where current forest area change will lead to a source of CO, over a 20-year horizon, is 102 in our domain (Figure 5a),

which accounts for 35% of the total number of grid cells where a net forest gain is observed between 2000 and 2012. In these

102 grid cells, the XEg y1.cc gross 1S simulated to be a cumulative carbon emission in 20 years, no matter whether the lost forest

Agross

is primary or secondary. If primary forests are cleared in grid cells with 2.4 < yia™ < 7.2 (33% of the total forest gain grid

cells, Figure 5a), the 20-year XFy yrcc gross 1S @ls0 a carbon source rather than a sink. We note that it is not possible to separate .-

 Deleted: . ]

the primary and secondary forest in the forest cover data of Hansen et al. (2013), so we cannot say whether these grid cells .-

with 2.4 < yA%® < 7.2 are carbon source or sink in the real world. For a time horizon of 50 years, the fractions of grid cells

with yA5%™ > 22.5 and with 3.1 <y < 22.5 in total net forest gain grid cells are 14% and 46% respectively (Figure 5c). The

Agross

100-year XF; urcc eross in grid cells with yin™ > 3.7 (53% of total) is also possible to be a carbon source if lost forest is primary

Agross

in these grid cells (Figure 5d). The grid cells with yin.™~ greater than the critical values are mainly distributed in Southeast
Brazil (Figure 5b,c,d).

By comparison, we also calculated the number of grid cells with y3%™ above the critical ratio for the biomass response curves

Agross

from Hansis et al. (2015) (Table S1). Because of the differences in the critical values of y3i:™ over time (Figure S3) between

curves from Poorter et al. (2016) and Hansis et al. (2015), a higher critical ratio leads to smaller number of 0.5° x 0.5° grid

Agross

cells with yi5™ beyond the critical ratio (Table S1).
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In addition to the number of grid cells with yii" above the critical ratio, we further showed the differences between the

cumulative carbon flux using gross transitions (XE;uicc.aoss) and net transitions (Zgpurceane) in these grid cells (Table S2).

Taking C1 (secondary-to-secondary) at 20 yr horizon for example, using net transitions results in a carbon sink of 12 Tg C but

using gross transitions results in a carbon emission of 21 Tg C (Table S2) in the grid cells with yi&™ > 7.2 (Figure 5b).

4 Discussion

The biomass recovery curves of Neotropical secondary forests from Poorter et al. (2016) are lower 20 years after the initial

perturbation than those used in the bookkeeping models of Houghton (1999) and Hansis et al. (2015), implying that these

models simulate different LULCC carbon fluxes in Latin America from those using the recovery curves of Poorter et al. (2016).

The carbon density in undisturbed forests in the bookkeeping models of Houghton (1999) and Hansis et al. (2015) were

essentially based on Whittaker and Likens, (1973), multiplied by a factor of 0.75 to approximate the lower carbon density of

secondary forests (Houghton et al., 1983). The carbon density data from Whittaker and Likens (1973) are subject to two sources )
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they were compiled from very limited field measurements for tropical forests. In fact, Whittaker and Likens (1973) claimed in

their study that data “for tropical communities are very meager” and the mean biomass density is “a subjectively chosen

intermediate value based on very few measurements” to avoid extreme values.
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Differences may also exist for soil carbon dynamics after LULCC. There are a great number of meta-analyses or reviews .-~

Deleted: The biomass recovery curves of Neotropical secondary

(Conant et al., 2001; Davidson and Ackerman, 1993; Davis and Condron, 2002; Don et al., 2011; Guo and Gifford, 2002;
Kurganova et al., 2014; Laganiére et al., 2010; Li et al., 2012; Marin-Spiotta and Sharma, 2013; Murty et al., 2002; Paul et al.,
2002; Poeplau et al., 2011; Post and Kwon, 2000; Powers et al., 2011; Wei et al., 2014; West et al., 2004) on the soil carbon

change after LULCC based on field measurement data (mostly paired sites and chronosequences). These studies may generally

agree with the directions of soil carbon change after LULCC (e.g. soil carbon loss after forest clearing for cropland), but the

magnitudes and temporal dynamics of soil carbon changes remain highly uncertain because, among other things, of the limited

site number and the diversity of soil properties. Field measurements at site level may be unrepresentative of the whole region

because the distribution of biophysical conditions like soil texture, precipitation and temperature may not match the distribution

of the whole set of such factors in the LULCC areas in a given region (Powers et al., 2011),

forests from Poorter et al. (2016) are lower after 20 years since the
initial LUC than those used in the bookkeeping models of Houghton
(1999) and Hansis et al. (2015), implying that these models may bias
the temporal changes of LUC carbon fluxes in Latin America. The
biomass recovery curves of the bookkeeping models were based on
estimates of global or regional vegetation biomass from a synthesis
of field measurements and based on prescribed recovery time
depending on vegetation types and regions (Houghton, 1999).

Deleted: Differences may also exist for soil carbon dynamics after

Some DGVMs (Bayer et al., 2017; Shevliakova et al., 2009; Stocker et al., 2014; Wilkenskjeld et al., 2014; Yue et al., 2017) :

as well as a bookkeeping model Hansis et al. (2015) have implemented gross land use and land cover transitions, and thus .

simulated a higher Ej yicc_th

an_using net transitions. Arneth et al. (2017) reviewed the “missing processes” in LULCC

LUC, because the distribution of biophysical conditions like soil
texture, precipitation and temperature from the sites that are
measured may not match the distribution of the whole set of such
factors in the LUC areas in a given region (Powers et al., 2011).
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modeling by DGVMs and found that ignoring gross LULCC could underestimate the global XE; yicc by 36 Pg C on average
over the historical period (1901-2014). In this study, we used a bookkeeping method to quantify the difference in LULCC

emissions calculated using net versus gross forest area transitions, and to show the existence of critical ratios of gross-to-net

forest area changes above which land use action will cause a reversed sign of cumulative carbon flux. Evidently, the choice of
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a time horizon to assess the carbon balance of a system after an initial pulse of forest area change influences the value of the
critical ratio yi”. The desirable target time lengths could be different depending on specific mitigation projects or land-use
reduction policies, and thus critical values of the gross-to-net forest area change ratio are different (Figure 4c). On the other
hand, because of the temporal evolution of legacy carbon fluxes after initial land disturbance, it is important to define a specific
and reasonable time horizon when making land-based mitigation policies.

As a conceptual analysis, the assumptions we made raise uncertainties. First, the logarithmic biomass recovery curve adopted

in Poorter et al. (2016) does not seem to be appropriate for LULCC emission modelling because it does not reach an equilibrium .

Deleted: LUC

state. We thus fitted the data from Poorter et al. (2016) with an exponential saturating curve to avoid this issue. Second, we
used a median biomass recovery rate for the whole tropical moist forest region in Latin America. In reality, however, due to

the different climate, soils and other ecosystem conditions, recovery rates vary, and thus spatially explicit recovery rates should

better depict regional patterns of secondary forest regrowth and net LULCC emissions. In the dry tropics, the critical ratio ...~

values may be smaller because of the slower biomass recovery rates. Third, the biomass and soil carbon densities in initial

vegetation and the equilibrium vegetation after LULCC are also spatially different in the real world. The distinction between .-~

Deleted: LUC

primary and secondary forest being lost at t = 0 is a typical example of how different initial carbon density impacts the legacy

LULCC carbon flux and thus the determined critical gross-to-net ratio values. In fact, a large spatial gradient of biomass exists ...

Deleted: LUC

from Northeast to Southwest Amazon region (Saatchi et al., 2007, 2011). One possible approach to account for the spatial
variations of both biomass recovery rate and biomass density would be to reconstruct spatially explicit biomass—age curves
using relationship between regrowth rates and climate (Poorter et al., 2016) and to combine with observation-based biomass
densities (Baccini et al., 2012; Saatchi et al., 2011) and satellite-based forest cover change (Hansen et al., 2013). However,
uncertainties arise in the up-scaling of biomass recovery rates and lack of information on annually resolved forest gain from

Hansen et al. (2013). In addition, spatially explicit soil carbon density maps are also uncertain.

The effect of gross-versus-net forest area change on legacy LULCC emissions certainly differs across forest ecosystems and .-

other LULCC transition types (e.g. transitions between grassland and cropland). The concept of critical ratios of gross-to-net .-

LULCC affecting legacy carbon balance can be extended in other regions where forest management practice is critical (e.g.

North America and Europe). Forest management practices like wood harvest and thinning extract carbon from the ecosystem

and release it to the atmosphere (Houghton et al., 2012), while recovering secondary forest from past deforestation and logging .-

A(Pan et al.,, 2011) and even old-growth forests (Luyssaert et al., 2012) can act as carbon sinks, In theory, likewise, a critical

ratio value should exist to balance the bi-directional carbon fluxes in forest management practices. An advantage of this concept
of critical ratio is that it can be directly measured with satellite observations, which provides a quick guide for local land use
management  practice through near-real-time forest cover change data (e.g. Global Forest Watch

http://www.globalforestwatch.org/).

Accurate estimates of LULCC carbon fluxes in the Neotropical forests are increasingly important for climate mitigation policy .-
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with the progressive implementation of Reducing Emissions from Deforestation and forest Degradation (REDD+) programs

under the United Nations Framework Convention on Climate Change (UNCCC) (Angelsen et al., 2009; Magnago et al., 2015).
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Furthermore, forest-based climate mitigation has been taken as a key option in the Nationally Determined Contributions
(NDCs) proposed by some countries to the Paris Climate Agreement, accounting for about one-fourth of total intended
emission reductions from a pre-defined baseline (Grassi et al., 2017). Brazil contributes about one-third of the global forest-
based emission reduction in the NDCs (Grassi et al., 2017). Based on the results of this study, we argue that it will be important
to carefully distinguish the amount of gross vs. net forest changes and clearing of primary vs. secondary forest when assessing

national forest-based mitigation pledges. With a large gross to net area change ratio, a net forest gain could still legate a net

Del q

carbon source over a long period in the future,Our work has the potential to be extended to country-level and other LULCC .-

types as long as information on vegetation and soil carbon densities changes after LULCC is available, and a critical value of

Agross

Yana can be estimated as a guideline to evaluate land-based mitigation policies for each region. More observation-based data
on land-use area change and carbon loss and gain curves will definitely help to extend the range of applications of the critical

gross-to-net area ratio concept.

5 Conclusions

Using only net LULCC transitions instead of gross values can bias the magnitude of estimated LULCC carbon fluxes, to the

\

1

With a too high rotation rate of forests, i.e. a large gross

to net area change ratio, a net forest gain could still legate a net
carbon source over a long period in the future.

point of estimating a sink instead of a source in reality if high gross forest area change occurs. We used idealized scenarios to

Agross

demonstrate different aspects of the discrepancy between net and gross forest changes, defining the yin." metric as the ratio of

gross area change to net area change. Our SO experiment shows even that there is no net forest change, LULCC may actually -

a

lead to a carbon source, depending on the gross forest change area. S1 and S2 show that with the same net forest loss, different

Agross

ratios of gross-to-net forest change (yan ) alter the magnitude of differences between net and gross cumulative carbon fluxes.

Agross

Similarly, S3 and S4 show that with the same amount of net forest gain area, different yi;." can even change the directions of
carbon fluxes, i.e. from a gross carbon sink to source even that net forest area increases. We further determined the critical

Agross

ratios in net forest gain grid cells (yixe~ = 7.2 and 2.4 respectively for secondary and primary forest clearing), above which the

gross cumulative carbon fluxes show a reversed sign than the net ones at 20 years after LULCC occurred. These analyses .-

reveal the importance of using gross LULCC transitions rather than net LULCC transitions in both bookkeeping models and

DGVMs. The concept of critical ratio can be also implemented in other LULCC ftransitions in other regions and used as a

guide for carbon balance estimation in forest management.

Acknowledgements

W.L, P.C, T.G. and S.P. acknowledge support from the European Research Council through Synergy grant ERC-2013-SyG-
610028 “IMBALANCE-P”. W.L. and C.Y. are supported by the European Commission-funded project LUC4C (No. 603542).

(
1
[
{

{ Deleted: LUC }
Deleted: LUC }
Deleted: LUC }
Deleted: LUC }

| d: LUC }
Deleted: LUC )
Deleted: LUC }

| Deleted: LUC }

"| Deleted: LUC }




20

25

30

References

Angelsen, A., Brown, S., Loisel, C., Peskett, L., Streck, C. and Zarin, D.: Reducing Emissions from Deforestation and Forest
Degradation (REDD): An Options Assessment Report., 2009.

Arneth, A, Sitch, S., Pongratz, J., Stocker, B. D., Ciais, P., Poulter, B., Bayer, A. D., Bondeau, A., Calle, L., Chini, L. P.,
Gasser, T., Fader, M., Friedlingstein, P., Kato, E., Li, W., Lindeskog, M., Nabel, J. E. M. S., Pugh, T. A. M., Robertson, E.,
Viovy, N., Yue, C. and Zachle, S.: Historical carbon dioxide emissions caused by land-use changes are possibly larger than
assumed, Nat. Geosci., 10(2), 79-84, doi:10.1038/nge02882, 2017.

Baccini, A., Goetz, S. J., Walker, W. S., Laporte, N. T., Sun, M., Sulla-Menashe, D., Hackler, J., Beck, P. S. A., Dubayah, R.,
Friedl, M. A., Samanta, S. and Houghton, R. A.: Estimated carbon dioxide emissions from tropical deforestation improved by
carbon-density maps, Nat. Clim. Chang., 2(3), 182-185, doi:10.1038/nclimate1354, 2012.

Bayer, A. D., Lindeskog, M., Pugh, T. A. M., Anthoni, P. M., Fuchs, R. and Arneth, A.: Uncertainties in the land-use flux
resulting from land-use change reconstructions and gross land transitions, Earth Syst. Dyn., 8(1), 91-111, doi:10.5194/esd-8-
91-2017, 2017.

Ciais, P., Sabine, C., Bala, G., Bopp, L., Brovkin, V., Canadell, J., Chhabra, A., DeFries, R., Galloway, J., Heimann, M., Jones,
C., Quér¢, C. Le, Myneni, R. B., Piao, S., Thornton, P., France, P. C., Willem, J., Friedlingstein, P. and Munhoven, G.: 2013:
Carbon and Other Biogeochemical Cycles, Clim. Chang. 2013 Phys. Sci. Basis. Contrib. Work. Gr. I to Fifth Assess. Rep.
Intergov. Panel Clim. Chang., 465-570, doi:10.1017/CB09781107415324.015, 2013.

Conant, R. T., Paustian, K. and Elliott, E. T.: Grassland management and conversion into grassland: Effects on soil carbon,
Ecol. Appl., 11(2), 343-355, doi:10.2307/3060893, 2001.

Davidson, E. A. and Ackerman, I. L.: Changes in soil carbon inventories following cultivation of previously untilled soils,
Biogeochemistry, 20(3), 161-193, doi:10.1007/BF00000786, 1993.

Davis, M. R. and Condron, L. M.: Impact of grassland afforestation on soil carbon in New Zealand: A review of paired-site
studies, Aust. J. Soil Res., 40(4), 675-690, doi:10.1071/SR01074, 2002.

Don, A., Schumacher, J. and Freibauer, A.: Impact of tropical land-use change on soil organic carbon stocks - a meta-analysis,
Global Chang. Biol., 17(4), 1658-1670, doi:10.1111/j.1365-2486.2010.02336.x, 2011.

FAO: Global Forest Resources Assessment 2010, 2010.

Fuchs, R., Herold, M., Verburg, P. H., Clevers, J. G. P. W. and Eberle, J.: Gross changes in reconstructions of historic land
cover/use for Europe between 1900 and 2010, Global Chang. Biol., 21(1), 299-313, doi:10.1111/gcb.12714, 2015.

Fuchs, R., Schulp, C.J. E., Hengeveld, G. M., Verburg, P. H., Clevers, J. G. P. W., Schelhaas, M.-J. and Herold, M.: Assessing
the influence of historic net and gross land changes on the carbon fluxes of Europe, Global Chang. Biol., 22(7), 2526-2539,
doi:10.1111/gcb.13191, 2016.

Gasser, T. and Ciais, P.: A theoretical framework for the net land-to-atmosphere CO2 flux and its implications in the definition

of “emissions from land-use change,” Earth Syst. Dyn., 4(1), 171-186, doi:10.5194/esd-4-171-2013, 2013.

12



20

25

30

Gasser, T., Ciais, P., Boucher, O., Quilcaille, Y., Tortora, M., Bopp, L. and Hauglustaine, D.: The compact Earth system model
OSCAR v2.2: description and first results, Geosci. Model Dev., 10(1), 271-319, doi:10.5194/gmd-10-271-2017, 2017.
Grassi, G., House, J., Dentener, F., Federici, S., den Elzen, M. and Penman, J.: The key role of forests in meeting climate
targets requires science for credible mitigation, Nat. Clim. Chang., 7(3), 220-226, 2017.

Guo, L. B. and Gifford, R. M.: Soil carbon stocks and land use change: A meta analysis, Global Chang. Biol., 8(4), 345-360,
doi:10.1046/.1354-1013.2002.00486.x, 2002.

Hansen, M. C., Potapov, P. V, Moore, R., Hancher, M., Turubanova, S. a, Tyukavina, a, Thau, D., Stehman, S. V, Goetz, S.
J., Loveland, T. R., Kommareddy, a, Egorov, a, Chini, L., Justice, C. O. and Townshend, J. R. G.: High-resolution global
maps of 21st-century forest cover change., Science, 342(6160), 8503, doi:10.1126/science.1244693, 2013.

Hansis, E., Davis, S. J. and Pongratz, J.: Relevance of methodological choices for accounting of land use change carbon fluxes,
Global Biogeochem. Cycles, 29(8), 1230-1246, doi:10.1002/2014GB004997, 2015.

Houghton, R. A.: The annual net flux of carbon to the atmosphere from changes in land use 1850-1990, Tellus B, 51(2), 298—
313, doi:10.1034/j.1600-0889.1999.00013.x, 1999.

Houghton, R. A.: Revised estimates of the annual net flux of carbon to the atmosphere from changes in land use and land
management 1850-2000, Tellus Ser. B-Chemical Phys. Meteorol., 55(2), 378-390, doi:10.1034/j.1600-0889.2003.01450.x,
2003.

Houghton, R. A., Hobbie, J. E., Melillo, J. M., Moore, B., Peterson, B. J., Shaver, G. R. and Woodwell, G. M.: Changes in the
Carbon Content of Terrestrial Biota and Soils between 1860 and 1980: A Net Release of CO" 2 to the Atmosphere, Ecol.
Monogr., 53(3), 235-262, doi:10.2307/1942531, 1983.

Houghton, R. a., House, J. 1., Pongratz, J., Van Der Werf, G. R., Defries, R. S., Hansen, M. C., Le Quéré, C. and Ramankutty,
N.: Carbon emissions from land use and land-cover change, Biogeosciences, 9(12), 5125-5142, doi:10.5194/bg-9-5125-2012,
2012.

Houghton, R. A. and Nassikas, A. A.: Global and regional fluxes of carbon from land use and land cover change 1850-2015,
Global Biogeochem. Cycles, 31(3), 456-472, doi:10.1002/2016GB005546, 2017.

Hurtt, G. C., Chini, L. P, Frolking, S., Betts, R. A., Feddema, J., Fischer, G., Fisk, J. P., Hibbard, K., Houghton, R. A., Janetos,
A., Jones, C. D., Kindermann, G., Kinoshita, T., Klein Goldewijk, K., Riahi, K., Shevliakova, E., Smith, S., Stehfest, E.,
Thomson, A., Thornton, P., van Vuuren, D. P. and Wang, Y. P.: Harmonization of land-use scenarios for the period 1500—
2100: 600 years of global gridded annual land-use transitions, wood harvest, and resulting secondary lands, Clim. Change,
109(1-2), 117-161, doi:10.1007/s10584-011-0153-2, 2011.

Kurganova, 1., Lopes de Gerenyu, V., Six, J. and Kuzyakov, Y.: Carbon cost of collective farming collapse in Russia, Global
Chang. Biol., 20(3), 938-947, doi:10.1111/gcb.12379, 2014.

Laganiere, J., Angers, D. A. and Paré, D.: Carbon accumulation in agricultural soils after afforestation: A meta-analysis, Global
Chang. Biol., 16(1), 439453, doi:10.1111/j.1365-2486.2009.01930.x, 2010.

Li, D., Niu, S. and Luo, Y.: Global patterns of the dynamics of soil carbon and nitrogen stocks following afforestation: A meta-

13



20

25

30

analysis, New Phytol., 195, 172—181, doi:10.1111/7.1469-8137.2012.04150.x, 2012.

Li, W., Ciais, P., Peng, S., Yue, C., Wang, Y., Thurner, M., Saatchi, S. S., Arneth, A., Avitabile, V., Carvalhais, N., Harper,
A.B., Kato, E., Koven, C., Liu, Y. Y., Nabel, J. E. M. S, Pan, Y., Pongratz, J., Poulter, B., Pugh, T. A. M., Santoro, M., Sitch,
S., Stocker, B. D., Viovy, N., Wiltshire, A., Yousefpour, R. and Zachle, S.: Land-use and land-cover change carbon emissions
between 1901 and 2012 constrained by biomass observations, Biogeosciences Discuss., 1-25, doi:10.5194/bg-2017-186, 2017.
Liu, Y. Y., van Dijk, A. I. J. M., de Jeu, R. A. M., Canadell, J. G., McCabe, M. F., Evans, J. P. and Wang, G.: Recent reversal
in loss of global terrestrial biomass, Nat. Clim. Chang., 5(5), 470-474, doi:10.1038/nclimate2581, 2015.

Luyssaert, S., Abril, G., Andres, R., Bastviken, D., Bellassen, V., Bergamaschi, P., Bousquet, P., Chevallier, F., Ciais, P.,
Corazza, M., Dechow, R., Erb, K.-H., Etiope, G., Fortems-Cheiney, A., Grassi, G., Hartmann, J., Jung, M., Lathiére, J., Lohila,
A., Mayorga, E., Moosdorf, N., Njakou, D. S., Otto, J., Papale, D., Peters, W., Peylin, P., Raymond, P., Rédenbeck, C., Saarnio,
S., Schulze, E.-D., Szopa, S., Thompson, R., Verkerk, P. J., Vuichard, N., Wang, R., Wattenbach, M. and Zachle, S.: The
European land and inland water CO,, CO, CH4 and N,O balance between 2001 and 2005, Biogeosciences, 9(8), 3357-3380,
doi:10.5194/bg-9-3357-2012, 2012.

Magnago, L. F. S., Magrach, A., Laurance, W. F., Martins, S. V., Meira-Neto, J. A. A., Simonelli, M. and Edwards, D. P.:
Would protecting tropical forest fragments provide carbon and biodiversity cobenefits under REDD+?, Global Chang. Biol.,
21(9), 3455-3468, doi:10.1111/gcb.12937, 2015.

Marin-Spiotta, E. and Sharma, S.: Carbon storage in successional and plantation forest soils: A tropical analysis, Global Ecol.
Biogeogr., 22(1), 105-117, doi:10.1111/j.1466-8238.2012.00788.x, 2013.

Murty, D., Kirschbaum, M. U. F., McMurtrie, R. E. and McGilvray, H.: Does conversion of forest to agricultural land change
soil carbon and nitrogen? a review of the literature, Global Chang. Biol.,, 8(2), 105-123, doi:10.1046/j.1354-
1013.2001.00459.x, 2002.

Pan, Y., Birdsey, R. A., Fang, J., Houghton, R., Kauppi, P. E., Kurz, W. A, Phillips, O. L., Shvidenko, A., Lewis, S. L.,
Canadell, J. G., Ciais, P., Jackson, R. B., Pacala, S. W., McGuire, A. D., Piao, S., Rautiainen, A., Sitch, S. and Hayes, D.: A
large and persistent carbon sink in the world’s forests., Science, 333(6045), 988-993, doi:10.1126/science.1201609, 2011.
Paul, K. L., Polglase, P. J., Nyakuengama, J. G. and Khanna, P. K.: Change in soil carbon following afforestation, Forest Ecol.
Manag., 168(1-3), 241-257, doi:10.1016/S0378-1127(01)00740-X, 2002.

Peacock, J., Baker, T. R., Lewis, S. L., Lopez-Gonzalez, G. and Phillips, O. L.: The RAINFOR database: monitoring forest
biomass and dynamics, J. Veg. Sci., 18(4), 535-542, doi:10.1111/j.1654-1103.2007.tb02568.x, 2007.

Poeplau, C., Don, A., Vesterdal, L., Leifeld, J., Van Wesemael, B., Schumacher, J. and Gensior, A.: Temporal dynamics of
soil organic carbon after land-use change in the temperate zone - carbon response functions as a model approach, Global
Chang. Biol., 17(7), 2415-2427, doi:10.1111/j.1365-2486.2011.02408.x, 2011.

Poorter, L., Bongers, F., Aide, T. M., Almeyda Zambrano, A. M., Balvanera, P., Becknell, J. M., Boukili, V., Brancalion, P.
H. S., Broadbent, E. N., Chazdon, R. L., Craven, D., de Almeida-Cortez, J. S., Cabral, G. A. L., de Jong, B. H. J., Denslow, J.
S., Dent, D. H., DeWalt, S. J., Dupuy, J. M., Duran, S. M., Espirito-Santo, M. M., Fandino, M. C., César, R. G., Hall, J. S.,

14



20

25

30

Hernandez-Stefanoni, J. L., Jakovac, C. C., Junqueira, A. B., Kennard, D., Letcher, S. G., Licona, J.-C., Lohbeck, M., Marin-
Spiotta, E., Martinez-Ramos, M., Massoca, P., Meave, J. A., Mesquita, R., Mora, F., Muiioz, R., Muscarella, R., Nunes, Y. R.
F., Ochoa-Gaona, S., de Oliveira, A. A., Orihuela-Belmonte, E., Pefia-Claros, M., Pérez-Garcia, E. A., Piotto, D., Powers, J.
S., Rodriguez-Velazquez, J., Romero-Pérez, 1. E., Ruiz, J., Saldarriaga, J. G., Sanchez-Azofeifa, A., Schwartz, N. B.,
Steininger, M. K., Swenson, N. G., Toledo, M., Uriarte, M., van Breugel, M., van der Wal, H., Veloso, M. D. M., Vester, H.
F. M., Vicentini, A., Vieira, I. C. G., Bentos, T. V., Williamson, G. B. and Rozendaal, D. M. A.: Biomass resilience of
Neotropical secondary forests., Nature, 530(7589), 211-214, doi:10.1038/nature16512, 2016.

Post, W. M. and Kwon, K. C.: Soil carbon sequestration and land-use change: Processes and potential, Global Chang. Biol.,
6(3), 317-327, doi:10.1046/j.1365-2486.2000.00308.x, 2000.

Powers, J. S., Corre, M. D., Twine, T. E. and Veldkamp, E.: Geographic bias of field observations of soil carbon stocks with
tropical land-use changes precludes spatial extrapolation., Proc. Natl. Acad. Sci. USA, 108(15), 6318-6322,
doi:10.1073/pnas.1016774108, 2011.

Le Quére¢, C., Moriarty, R., Andrew, R. M., Canadell, J. G, Sitch, S., Korsbakken, J. I, Friedlingstein, P., Peters, G. P., Andres,
R.J., Boden, T. A., Houghton, R. A., House, J. L., Keeling, R. F., Tans, P., Arneth, A., Bakker, D. C. E., Barbero, L., Bopp,
L., Chang, J., Chevallier, F., Chini, L. P., Ciais, P., Fader, M., Feely, R. A., Gkritzalis, T., Harris, 1., Hauck, J., Ilyina, T., Jain,
A. K., Kato, E., Kitidis, V., Klein Goldewijk, K., Koven, C., Landschiitzer, P., Lauvset, S. K., Lefevre, N., Lenton, A., Lima,
I. D., Metzl, N., Millero, F., Munro, D. R., Murata, A., Nabel, J. E. M. S., Nakaoka, S., Nojiri, Y., O’Brien, K., Olsen, A.,
Ono, T., Pérez, F. F., Pfeil, B., Pierrot, D., Poulter, B., Rehder, G., Rédenbeck, C., Saito, S., Schuster, U., Schwinger, J.,
Séférian, R., Steinhoff, T., Stocker, B. D., Sutton, A. J., Takahashi, T., Tilbrook, B., van der Laan-Luijkx, I. T., van der Werf,
G. R., van Heuven, S., Vandemark, D., Viovy, N., Wiltshire, A., Zachle, S. and Zeng, N.: Global Carbon Budget 2015, Earth
Syst. Sci. Data, 7(2), 349-396, doi:10.5194/essd-7-349-2015, 2015.

Saatchi, S., Houghton, R. A., Dos Santos Alvala, R. C., Soares, J. V. and Yu, Y.: Distribution of aboveground live biomass in
the Amazon basin, Global Chang. Biol., 13(4), 816-837, doi:10.1111/j.1365-2486.2007.01323.x, 2007.

Saatchi, S. S., Harris, N. L., Brown, S., Lefsky, M., Mitchard, E. T. A., Salas, W., Zutta, B. R., Buermann, W., Lewis, S. L.,
Hagen, S., Petrova, S., White, L., Silman, M. and Morel, A.: Benchmark map of forest carbon stocks in tropical regions across
three continents., Proc. Natl. Acad. Sci. USA, 108(24), 9899-904, doi:10.1073/pnas.1019576108, 2011.

Shevliakova, E., Pacala, S. W., Malyshev, S., Hurtt, G. C., Milly, P. C. D., Caspersen, J. P., Sentman, L. T., Fisk, J. P., Wirth,
C. and Crevoisier, C.: Carbon cycling under 300 years of land use change: Importance of the secondary vegetation sink, Global
Biogeochem. Cycles, 23(2), n/a-n/a, doi:10.1029/2007GB003176, 2009.

Sitch, S., Friedlingstein, P., Gruber, N., Jones, S. D., Murray-Tortarolo, G., Ahlstrom, A., Doney, S. C., Graven, H., Heinze,
C., Huntingford, C., Levis, S., Levy, P. E., Lomas, M., Poulter, B., Viovy, N., Zachle, S., Zeng, N., Arneth, A., Bonan, G.,
Bopp, L., Canadell, J. G., Chevallier, F., Ciais, P., Ellis, R., Gloor, M., Peylin, P., Piao, S. L., Le Quér¢, C., Smith, B., Zhu, Z.
and Myneni, R.: Recent trends and drivers of regional sources and sinks of carbon dioxide, Biogeosciences, 12(3), 653-679,

doi:10.5194/bg-12-653-2015, 2015.



Stocker, B., Feissli, F., Strassmann, K. and Physics, E.: Past and future carbon fluxes from land use change, shifting cultivation
and wood harvest, Tellus B, 1, 1-15, doi:10.3402/tellusb.v66.23188, 2014.

Wei, X., Shao, M., Gale, W. and Li, L.: Global pattern of soil carbon losses due to the conversion of forests to agricultural
land., Sci. Rep., 4, 4062, doi:10.1038/srep04062, 2014.

West, T. O., Marland, G., King, A. W., Post, W. M., Jain, A. K. and Andrasko, K.: Carbon Management Response curves:
estimates of temporal soil carbon dynamics., Environ. Manage., 33(4), 507-18, doi:10.1007/s00267-003-9108-3, 2004.
Whittaker, R. H. and Likens, G. E.: Carbon in the biota., in Brookhaven symposia in biology, pp. 281-302., 1973.
Wilkenskjeld, S., Kloster, S., Pongratz, J., Raddatz, T. and Reick, C. H.: Comparing the influence of net and gross
anthropogenic land-use and land-cover changes on the carbon cycle in the MPI-ESM, Biogeosciences, 11(17), 48174828,
doi:10.5194/bg-11-4817-2014, 2014.

Woodwell, G. M., Whittaker, R. H., Reiners, W. a, Likens, G. E., Delwiche, C. C. and Botkin, D. B.: The biota and the world
carbon budget, Science, 199(4325), 141-146, doi:10.1126/science.199.4325.141, 1978.

Yue, C., Ciais, P., Luyssaert, S., Li, W., McGrath, M., Chang, J. and Peng, S.: Representing anthropogenic gross land use
change, wood harvest and forest age dynamics in a global vegetation model ORCHIDEE-MICT (r4259), Geosci. Model Dev.
Discuss., 2017.



Table 1 Illustrative scenarios with different ratios of gross-to-net forest area changes impacting legacy LULCC emissions after .-

~{ Deleted: Luc

a pulse disturbance of forest area at t = 0. Apct, Agross, Alosss Again and Yaue are the applied net forest area change, gross forest { Deleted: g
area change, gross forest loss area, gross forest gain area and the ratio of Ao to Ape at t = 0. Positive value of an area change
is an increase of forest area.
Scenario Ya® Ape (ha) Agross (ha) Ajoss (ha) Again (ha)
) Y= 0 2 -1 1
Sl yi=-1.2 -1 1.2 -1.1 0.1
S2 v =-201 -1 201 -101 100
S3 =12 1 12 0.1 1.1
S4 v =201 1 201 -100 101
Table 2 Different combinations of response curves to calculate Eg yicc. { Deleted: ¢
Combination ~ Forest loss Forest gain
forest type response curve in all carbon forest type response curve for response curve for
pools biomass soil
Cl secondary exponential, Hansis secondary logarithmic, exponential,
Poorter Hansis
C2 primary exponential, Hansis secondary logarithmic, exponential,
Poorter Hansis
C3 secondary exponential, Hansis secondary exponential, exponential,
Poorter Hansis
C4 primary exponential, Hansis secondary exponential, exponential,
Poorter Hansis
Cs secondary linear, Houghton secondary logarithmic, exponential,
Poorter Hansis
C6 primary linear, Houghton secondary logarithmic, exponential,
Poorter Hansis
Cc7 secondary exponential, Hansis secondary exponential, exponential,
Hansis Hansis
C8 primary exponential, Hansis secondary exponential, exponential,
Hansis Hansis




Figure 1 Response curves for tropical moist forest in bookkeeping models and from a recent field study. Solid and dotted lines

indicate the linear (Houghton, 1999) and exponential (Hansis et al., 2015) curves, respectively. Lime dashed and dash-dotted

lines are the logarithmic and exponential curves from forest plots (Poorter et al., 2016). Vegetation carbon density in primary .

forest (Houghton, 1999) is also shown as a star in (c) for comparison.
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Figure 2 An illustration of different gross forest area changes with the same net area change. (a) Net forest gain with small

Agross

gross secondary forest area changes (secondary-to-secondary), thus low yu™. (b) Same net forest gain as (a) but with large

gross

gross secondary forest area changes (secondary-to-secondary), thus high yir:™. (c) Same as (a) but with gross primary forest

loss (primary-to-secondary) instead of gross secondary loss.
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Figure 3 Cumulative carbon flux (ZE_uLcc) after an initial forest area change at t = 0 followed by no change in forest area, for . { Deleted: ¢
the different scenarios SO to S4 in Table 1 with different net and gross initial forest area changes. The response curves used in
those bookkeeping model simulations are C1 in solid lines (Table 2) with a secondary-to-secondary forest change at t = 0,and { Deleted: ,

a logarithmic biomass recovery curve with an asymptote, and C2 in the dashed lines (primary-to-secondary forest change at t
=0 and a logarithmic biomass recovery curve with an asymptote). The dotted line is the zero line. Positive value of carbon

flux indicates carbon emission to the atmosphere.
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10

ross forest area

changes followed by no forest area change. The three panels show results of our bookkeeping model for three case studies (a)

a net forest gain at t = 0 with initial secondary forest loss followed by secondary forest regrowth (secondary-to-secondary, C1

in Table 2), (b) the same net area gain at t = 0 with initial primary forest loss followed by secondary forest regrowth (primary-

Agross

to-secondary C2 in Table 2), and (c) the critical value of yiie™ at which XE; y.ccgross 1S Z€r0, going from a net source to a net

sink for different time horizon in the x-axis. The colored curves in (a) and (b) have the same net area change (A, = +1 ha) at

t= 0 but variable values of the initial gross-to-net area change ratios (y4™). The red line in (a) and (b) is the zero line, defining

the time after initial forest area change at which the system reaches a neutral carbon balance. The light and dark green lines in

(c) represent the critical ratios for a net initial forest gain scenario with secondary-to-secondary (a) and primary-to-secondary

(b) gross forest area change, respectively. Values larger than this critical value indicate that the initial forest area change has

the net effect to emit CO, for a given time horizon in the x-axis. Exponential curve from Hansis et al. (2015) for carbon los:
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'| Deleted: Time evolution of cumulative carbon flux (ZEyuc gross)

net area change (A, = +1 ha) at t = 0 but variable values of the
initial gross-to-net area change ratios (yAgross Anet). The three
panels show results of our bookkeeping model for (a) a net forest
gain at t = 0 scenario with gross secondary forests (secondary-to-
secondary), (b) the same net area gain at t = 0 with gross primary
forest loss (primary-to-secondary), and (c) the critical value of

and logarithmic gain curve from (Poorter et al., 2016) are used in

respectively. .

after an initial forest area change involving gross forest area changes
followed by no forest area change. The colored curves have the same

yAgross Anet at which XE; yc gross i8 zero, going from a net source to
a net sink with different time horizon. Values larger than this critical
value indicate that the initial forest area change has the net effect to
emit CO,. Exponential carbon loss curve from (Hansis et al., 2015)

this example. The red line in (a) and (b) is the zero line, defining the
time after initial disturbance at which the system reaches a neutral
carbon balance. The light and dark green lines in (c) represent the
critical ratios for a net initial forest gain scenario with secondary-to-
secondary (a) and primary-to-secondary (b) gross forest area change,
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Figure 5 Ratios of gross-to-net forest area change (yan: ) in 0.5° % 0.5° grid cells in Latin America (same region as Poorter et .-

al,(2016)) calculated from the high-resolution forest cover change map (Hansen et al., 2013). Grid cells with yi5e® <2.4 are .

masked. (b) is the zoom-in area of 20-30° S and 40-60° W in (a) (red rectangle) and grid cells with yA%™ >7.2 and with 2.4 <

Agross

Vi < 7.2 are shown as blue and green respectively to indicate those beyond the critical ratios with a time horizon of 20 years.

(c) and (d) are similar to (b) but indicate a time horizon of 50 and 100 years respectively. The blue grid cells in (b) and (¢

represent a cumulative carbon emission in 20 years no matter whether the lost forest is primary or secondary. The green ones

in (b), (¢) and (d) represent a cumulative carbon emission only if the cleared forests are primary forests.
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