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Abstract.

Anthropogenic land-use and land-cover change activities play a critical role in Earth system dynamics through significant
alterations to biogeophysical and biogeochemical properties at local to global scales. To quantify the magnitude of these
impacts, climate models need consistent land-cover change time-series at a global scale, based on land-use information from
observations or dedicated land-use change models. However, a specific land-use change cannot be unambiguously mapped to
a specific land-cover change. Here, varieus-nine translation rules are evaluated based on assumptions about the way land-use
change could potentially impact land-cover. Utilizing the Global Land use Model 2 (GLM2), the model underlying the latest
Land Use Harmonization dataset (LUH2), the land-cover dynamics resulting from land-use change were simulated based on
multiple alternative translation rules from 850 to 2015 globally. For each rule, the resulting forest cover, carbon density, and
carbon emissions were compared with independent estimates from remote sensing observations, U.N. Food and Agricultural

Organization reports, and other studies. The translation rule previously suggested by the authors of the HYDE 3.2 dataset, that

underlies LUH?2, is consistent with the results of our eExaminations—at-global—ecountry—and grid-seales—indicate—thatthe
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n-the1950s-Examinations at global, country, and grid scales. This rule recommends that for CMIP6 simulations, models

should 1) completely clear vegetation in land-use changes from primary and secondary land (including both forested and non-

forested) to cropland, urban land, and managed pasture; 2) completely clear vegetation in land-use changes from primary forest

and/or secondary forest to rangeland: 3) keep vegetation in land-use changes from primary non-forest and/or secondary non-

forest to rangeland. Our analysis shows that this rule is indicate-that-threeone of ninethree (out of nine) rules produce

comparable estimates of forest cover, vegetation carbon and emissions to independent estimates, and also mitigate the

anomalously high carbon emissions from land-use change observed in previous studies in the 1950s. According to the three

translation rules, contemporary global forest area is estimated to be 37.42 10° km? within the range derived from remote sensing

products. Likewise, the estimated carbon stock is in close agreement with reference biomass datasets, particularly over regions

with 50% forest cover.

1 Introduction

Historical land-use activities have been significantly affecting the global carbon budget in both direct and indirect ways, and
changing Earth’s climate through altering land surface properties (e.g. surface albedo, surface aerodynamic roughness, and
forest cover) (Betts, 2007; Bonan, 2008; Brovkin et al., 2006; Claussen et al., 2001; Feddema et al., 2005; Guo and Gifford,
2002; Pongratz et al., 2010; Post and Kwon, 2000). It has been estimated that, during the past 300 years, >50% of the land
surface has been affected by human land-use activities, >25% of forest has been permanently cleared, and 10-44 10° km? of
land are recovering from previous human land-use disturbances (Hurtt et al., 2006). Impacts on the carbon cycle result from
several processes among others: deforestation removes natural forest and its corresponding carbon biomass is used for wood
products, burning, or decay by microbial decomposition (DeFries et al., 2002). Afforestation/reforestation, in contrast, recovers
forest which accumulates carbon but sequestration potential are constrained by water and nutrient availability (Smith and Torn,
2013). Wood harvesting is one of the largest source contributing gross carbon emission by modifying the litter input into
various soil pools, stand age, and biomass of secondary forest (Dewar, 1991; Hurtt et al., 2011; Nave et al., 2010)-.
Cumulatively, models estimate that land-use and land-use change have contributed to a net flux 196205 + 75-60 Pg C to the
atmosphere during +8761850-2047-2018 (Friedlingstein et al., 2019){e-Quéré-et-al2048). While emissions from land-use

and land-use change only account for 10% of current anthropogenic carbon emissions, they were a dominant contributor to

increasing the atmospheric CO2 above pre-industrial levels before 1920 (Ciais et al., 2014).

Quantification of historical Land-Use and Land-Cover Change (LULCC) is important because it serves as the basis for

examining the role of human activities in the global carbon budget and the resulting impacts to Earth’s climate system. For



10

15

20

25

30

this purpose, LULCC reconstructions enter Earth System Models (ESMs) (Lawrence et al., 2016), Dynamic Global Vegetation
Models (DGVMs) (Friedlingstein et al., 2019) d=e-Quéré-et-al52648)and bookkeeping models (Hansis et al., 2015) to quantify

biogeochemical and biophysical impacts of historical land-use change as part of historical simulates (DECK and CMIP6
historical simulations), future projections (scenarioMIP), impacts studies (ISIMIP), paleoclimate studies (PMIP), land-use
specific simulations (LUMIP), and biodiversity studies (IPBES). Considerable efforts have been devoted to modelling
historical land-use states (Goldewijk et al., 2017; Kaplan et al., 2009; Pongratz et al., 2008; Ramankutty and Foley, 1999) and
land-use transitions (Houghton, 1999; Hurtt et al., 2006, 2011). In particular, the recent Land-Use Harmonization 2 (LUH2)
dataset (Hurtt et al., 2017) has been developed to provide global gridded land-use states and transitions in a consistent format
for use in ESMs as part of CMIP6 experiments. However, large uncertainties still exist in the carbon/climate studies based on
many of the above LULCC products (Chini et al., 2012; Houghton et al., 2012; Pongratz et al., 2014). For example, the Global
Carbon Budget reports the spread of cumulative LULCC carbon emission during +8701850-2647-2018 estimated by DGVMs
is as large as 75-60 Pg C though all models are forced by the LUH2- (Friedlingstein et al., 2019)d-e- Quéréetal2048). LULCC

carbon emissions in CMIP5 have an anomalous spike during the years 1950-1960. These anomalous emission estimates by
ESMs (hereinafter referred to as the “pasture anomaly”) are caused by an implausible high conversion rate of natural and
secondary vegetation to pasture, with the 1950s having double the conversion rate of the 40’s or 60’s. Because of this, the

simulated terrestrial land flux has a two decade delay in the switch from a land carbon source to a land carbon sink compared

to observations (Shevliakova et al., 2013).
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Standardization of LULCC data is critical for CMIP6 to simplify inter-comparison of the ESMs and facilitate model analysis.

The CMIP6 requires the LUH? as standard land-use input for all ESMs, however, the data standardization could be undermined

if models implement the LUH2 differently such as applying different rules to translate the LUH2 into land-cover change,

which is essential for models. Identifying the consistent rules between models for the LUH2 use is critical for two reasons.

First, although land-use changes are generally associated with a change in land-cover and carbon stocks (see Figure 1 in

(Pongratz et al., 2018)), these two changes are not always equivalent, and the degree of land-cover alteration varies with the

types of land-use changes and the location where a-land-use changes happens. An inconsistent land-cover translation from the

same land-use products will potentially produce variance in land-cover dynamics across models, and in turn impact the land

surface biophysical and biochemical processes. Second, the HYDE 3.2 underlying LUH?2 has redefined former pasture

category used in CMIP5 into the two sub-categories of “managed pasture” and “rangeland” (with the total being termed

“grazing land”). This redefinition intends to mitigate the pasture anomaly by suggesting different treatments of vegetation and

carbon removal in models for these two types of land-use changes (Goldewijk et al., 2017). However, explicit suggestions are

not vet provided for land-cover resulting from these newly defined land-use types. Therefore, a consistent rule across models

for the LUH2 translation is needed with potential to reduce impacts of LUH2 use inconsistency on studying land-use effects

through CMIP6.

To recommend a a-glebal-translation rule for translating historical land-use changes_from the LUH2 for CMIP6 models, this
study investigates the impacts of land-use change on land-cover by proposing several alternative sets of translation rules, which
are then integrated into the Global Land use Model 2 (GLM2) model (Hurtt et al., 2017, 2019) to simulate the forest cover and
carbon dynamics. These simulations are then evaluated against estimates of contemporary forest cover and carbon density

from remote sensing observations, and the resulting cumulative LULCC carbon emissions are compared with a range of

independent estimates.

2 Methodology

In this study, two key land-cover properties (i.e. forest cover and vegetation carbon) are simulated by combining historical
land-use change with translation rules. The historical land-use change information is specified by the LUH2 dataset (v2h,

available at http://doi.org/10.22033/ESGF/input4MIPs.1127) which serves as the forcing data for a new generation of

advanced ESMs as part of CMIP6. Section 2.1 describes the details of land-use change characterization, and section 2.2 defines
each translation rule. The resulting forest cover and vegetation carbon is tracked at each grid cell (0.25%0.25°) for the year 850

to 2015 using methods described in section 2.3 and 2.4. The simulated forest cover and vegetation carbon are then compared



10

15

20

25

30

with multiple published datasets of land-cover-, carbon stock, and estimates of land-use change emission (see details in section

2.5).

2.1 Land-use change characterization

The LUH2 dataset was generated with the GLM2 (Hurtt et al., 2017, 2019), which like its predecessors (Hurtt et al., 2006,
2011), estimates annual sub-grid-cell land-use states and transitions by including multiple constraints such as gridded patterns
of historical land-use from the HYDE database (Goldewijk et al., 2017), historical national wood harvest reconstructions,
potential biomass and recovery rates, and others. Building upon previous work from CMIPS, for which the original LUH1
dataset was used, LUH2 has extended the timespan to 850-2100 and increased spatial resolution to 0.25x0.25°. In addition,
LUH2 includes 12 different land-use types (i.e. forested and non-forested primary and secondary land, cropland of C3 annual,
C3 perennial, C4 annual, C4 perennial and C3 nitrogen-fixing, urban, managed pasture and rangeland) and includes transitions

between all combinations of these categories.

In LUH2, “primary” refers to land previously undisturbed by any human activities since 850AD, while “secondary” refers to
land undergoing a transition or recovering from previous human activities. Global secondary land area was specified as zero
in 850. Note that primary and secondary lands are further sub-divided into forested and non-forested grids using a definition

based on the potential aboveground biomass density (forested land requiring an aboveground biomass density >2 kg C/m?).

2.2 Translation rules

Nine translation rules are proposed (Table 1) to analyse the effects of land-use change on land-cover dynamics, whereby each
rule differs in treatment of vegetation cover and vegetation carbon stock during land-use changes. Rules 1-4 all assume
complete clearance of vegetation for cropland and vary on vegetation clearance for managed pasture and rangeland. The rules
5-9 are added for analytical purposes, rather than as realistic possibilities. For example, Rule 3 presumes all land-use changes
alter land-cover and reduce carbon stock, and this rule would produce the least global forest cover and carbon stock. Rule 1
and 3 differ in treatment of vegetation in non-forested land when converted to rangeland, and the resulting difference between
their carbon stocks indicate the impact of rangeland expansion on non-forests, and also tests whether the disaggregation of
grazing land into managed pasture and rangeland will address the pasture anomaly issue in 1950-1960. Rule 1 (clearance of
all vegetation for cropland and managed pasture, and only forest clearance for rangeland) is in fact the rule suggested in the
underlying HYDE dataset and its distinction between pasture and rangeland (Goldewijk et al., 2017). For simplicity, we do
not consider partial removal of vegetation in this study; vegetation is either fully removed or fully remains as these land-cover
transitions represent the maximum and minimum bounds for land-cover alteration. In this study, the translation rules are
applied to all regions and are constant across the whole simulation period. Although the impacts of land-use change on land-
cover may vary in different regions, the discussion of region-varied and time-varied translation rules is beyond the scope of

this study.
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It is important to note that these nine rules are not equally realistic, and the purpose of including Rules 5-9 is to investigate
individual or joint contributions of cropland, managed pasture and rangeland expansion on forest and carbon. For example,

forest and carbon dynamic resulting from Rule 6 could suggest individual impact of cropland expansion.

2.3 Simulation of land-cover change

In this study, land-cover change is simulated by performing a modified GLM2 simulation in which the computed land-use
transition rates (using the same methodology as LUH2) are supplemented with a set of translation rules (Table 1) to track forest

cover change and carbon dynamics at 0.25° spatial resolution. Note that the modified GLM2 still generate and track the exact

same land-use transitions of the LUH2 and has additional function to track associated land-cover change in terms of forest

cover and vegetation carbon. GLM2 uses a statistical model to estimate ecosystem stocks and fluxes with temperature and

precipitation as inputs (see (Hurtt et al., 2002) for details). The annual temperature and precipitation maps from MSTMIP were

averaged over 1901 and 2000 to generate the spatially varied and temporally static climatological temperature and

precipitation, which was then used to spin up the GLM2 globally at 0.25x0. 25° resolution for 500 years. Ehmatelogieal

B e e e e e L e e et
GEM2-globally-at-025x0:25"resolutionfor 500-years—The climatology stays as constant over the spin up period, and other

environmental factors were not taken into consideration such as COz fertilization, nitrogen limitation and climate variability.

When land is converted to cropland, managed pasture, and/or rangeland, each translation rule indicates that vegetation in
primary and secondary may be cleared or remain intact as the result of land-use changes. For example, for a given land-use
transition rate from forest to pasture, if the applied translation rule indicates to clear the vegetation completely, then the
resulting grid cell vegetation fraction in forest land-use type is reduced equal to the amount of pasture gained. If the rule
indicates not to clear vegetation, then only the land-use type will be changed to pasture and the vegetation area will be
unchanged, but the vegetation will be influenced by the management in terms of stand age/biomass, which are assumed to
cease growing due to pressure from subsequent human management. If this pasture land is further converted to other non-
primary and non-secondary land (e.g. cropland, rangeland or urban), the vegetation remaining from previous forest-pasture
conversion then will be totally cleared. Therefore, the vegetation fraction existing within the cropland, managed pasture,

rangeland and urban of each grid-cell can be tracked via the following equation:

fQ,t+1) = f(i,t) + fo%ned(j ) — flost(j,t),(i = 5,6,7,8) , (1)

Where f (i, t) is the fraction of grid-cell that is vegetated in land-use type i (i.e. classes 5-8: cropland, managed pasture,
rangeland, urban) at time ¢, f9%"¢4(j, t) and f'°5t(i, t) are gained and lost vegetation fractions respectively. The vegetation
fraction could only be gained in land-use change from primary and secondary land (both forested and non-forested), and be

lost in land-use change to any other land use types except forested and non-forested primary land.
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FOtt) = FE0BE i, (0 = 5,678k = 3,4,-,8) , 3)

The possible values of i, j and k are 1, 2, ... , 8 representing primary forested land, primary non-forested land, secondary
forested land, secondary non-forested land, cropland, managed pasture, rangeland and urban respectively. a;; is the land-use
transition fraction estimate by LUH2 from land-use type j (i.e. primary forested land, primary non-forested land, secondary
forested land, secondary non-forested land) to land-use type i, y;; represents the translator factor to convert land-use change
to land-cover change, it equals to 1 if the translation rule in Table 1 indicates an ‘X’ or ‘F’ for this land-use change. For
example, y;; is 1 for land-use change from primary land (forested, non-forested grids) to cropland in Rules 1 and 2, but 0 for
the same type of change in Rules 8 and 9. This translator factor is 1 for all types of land-use change in Rule 3 since all vegetation
is cleared during all land-use changes. (i, t) is the land-use fraction estimate by LUH2 for type i at time ¢, and this fraction is

larger than or equal to its vegetation fraction f (i, t).

Vegetation in primary and secondary land can remain or be lost in land-use changes to cropland, pasture or rangeland
depending on translation rules. According to the definition of primary land in the LUH2, its transition to other land-use types
is unidirectional, thus primary land could not gain vegetation from any land-use changes. Wood harvest on primary land will
result in vegetation loss and a change of land-use type to secondary land, but harvest on secondary land will not change the
land-use type. Furthermore, vegetation in secondary land could be gained from harvest on primary land and may be gained
through the process of abandonment of cropland, pasture or rangeland depending on translation rules. Note that reforestation
but not afforestation is also considered in this study. The former is to re-establish forest on the land which has been forested
before, while the latter is an anthropogenic activity to establish forests on land which has never been forested. Thus, the

vegetation of primary and secondary land is tracked by the following equation:

fQ,t+1) = f(i,t) — flo5t(i, t) + f9%ned (i, t), (i = 1,2,3,4) , 4)
flost(l- t) _ { Z?=5 Qjiv5e + bi: (i = 1'2;j = 5,6,7,8) (5)
’ =5 GiVii ,(i=34;j=56,7,8)
gained (; —ys8 [k i — i =
f (ll t) Zk:S 1(k,t) Ak + b]! (l 3’4;] 1;2, k 5,6,7,8) (6)

Where f (i, t) is fraction of vegetation at land-use category i (primary forested land, primary non-forested land, secondary
forested land, secondary non-forested land) at time #. a;; is land-use transition fraction from primary and secondary land to

cropland, managed pasture, rangeland and urban in LUH2.;

use-changes-b; or b; is wood harvest fraction from primary or secondary (forested or non-forested) land. f (k, t) and I(k, t)
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are vegetation fraction and land-use fraction in land-use type & (i.e. cropland, managed pasture, rangeland, urban), and a;; is

land-use transition due to land-use abandonment.

2.4 Simulation of vegetation carbon dynamics

Vegetation carbon stocks fluctuate through releasing and accumulating carbon in response to natural growing conditions,
disturbances, and anthropogenic land-use changes, which can vary widely in terms of their carbon impacts. For land-use
changes associated with clearing or harvesting vegetation, the forest biomass is either released immediately (e.g. burning) or
stored in soil pools or as timber products (both of which eventually decay over decades). However, when managed land is
abandoned and allowed to recover, the vegetation takes up CO:2 from the atmosphere through photosynthesis, resulting in
increasing carbon stocks in vegetation and possibly soils. The magnitude of each of these bi-directional carbon flows ultimately
determine if the land is a net carbon sink or carbon source. In this study, the temporal dynamics of carbon fluxes after land-
use change are simplified, with all biomass (above- and below-ground) being released instantaneously to the atmosphere. Note
that the biomass stock change is a rough proxy of actual net land-use change fluxes, for which delayed emissions from litter
and soil carbon and product pools needed to be accounted for as well as instantaneous emissions from burning biomass.
Changes in soil carbon associated with loss of vegetation biomass are usually associated with carbon losses, but are likely less

important than biomass changes, as are net fluxes from product pool changes (Erb et al., 2018).

Similar to land-cover change simulation in section 2.3, if translation rules indicate vegetation clearing at expansion of cropland,
managed pasture, rangeland or urban land, vegetation biomass is totally released as a carbon emission, and its age is set as
zero. If vegetation is not cleared based on translation rules, the biomass remains but ceases to increase, and the age of this
vegetation also remains unaffected, because the age is used in this model only for the calculation of biomass density. Keeping
age fixed corresponds to keeping biomass from further growing, which represents the influences of management. If the land
is abandoned and converted back to secondary land, a mean age are-is calculated over all vegetation with different ages, then
the mean age increases year by year and biomass regrows towards equilibrium. Thus, the biomass density in secondary

vegetation at time ¢ is calculated for each grid cell using its mean age, potential biomass, and potential NPP:
B(t) = Bo(l _ e—NPPOXG(t)/BO) , (7

Where B(t) is the aboveground biomass density of vegetation at secondary land at time ¢, and B, is the potential aboveground
biomass density from the GLM2 model and varied by grid location, and NPP; is the potential NPP of the wood fraction that
is allocated to cumulate stem and branch biomass annually, and G (t) is the mean age of secondary vegetation. Note that B,

and NPP, is-arc estimated by a statistical model in GLM2 using climatological temperature and precipitation and are spatially

varied but temporally constant over simulation period frem-of 850 to 2015. Above- to below-ground biomass ratio is assumed

as 3:1 when converting aboveground biomass to total biomass (above- and belowground), and biomass density is converted to

carbon by a ratio of 0.5.






