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a b s t r a c t

During the early to middle Holocene, the Sahara received enhanced precipitation and was covered by
steppe-like vegetation with a large-scale hydrographic network of lakes, wetlands and fans, which is
known as the Green Sahara (GS). However, most coupled land-atmosphere models underestimate the
precipitation and vegetation cover, suggesting that critical atmospheric or land surface processes are
lacking in those models. Climate-induced vegetation cover change can modify soil texture and physical
properties over the long term, which in turn have feedbacks on vegetation. In this study, we examine five
plausible soil-vegetation processes in a land surface model, which are expected to increase soil moisture
for plants and possibly sustain equilibrium vegetation for a lower rainfall level. The annual precipitation
required during the GS epoch to match the modelled vegetation distribution with paleorecords is
inferred. Results demonstrate that these soil-vegetation processes have strong positive impacts on
vegetation and soil moisture, especially the increase of soil evaporative resistance. After including all soil
feedbacks on vegetation, the model requires only a mean precipitation of ~400 mm/yr to reproduce the
pollen-inferred GS vegetation, instead of ~600 mm/yr when no soil feedback is included. From the mid-
Holocene to pre-industrial period, we infer that terrestrial carbon stocks decrease by ~58 PgC due to the
removal of carbon in vegetation, soil and litter pools of the GS. This work highlights the importance of
soil-vegetation interactions for simulating dry-region vegetation coverage in models, and the impacts of
natural land cover change on carbon budgets in the geological past.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

During the early and mid-Holocene (11-5 ka), the Sahara
received more rainfall than today and supported sparse vegetation,
lakes and early human populations, which is referred to as Green
Sahara (GS). This is confirmed by multiple paleorecords, including
pollen-based reconstructions (Bartlein et al., 2010; Harrison, 2017),
paleolake evidence (L�ezine et al., 2011; Quade et al., 2018), leaf wax
biomarkers preserved inmarine sediment cores (Egerer et al., 2018;
Tierney et al., 2017) and archaeological evidence (Brierley et al.,
Zhu), huangcj@cug.edu.cn
2018; Drake et al., 2011). However, most state-of-the-art coupled
climate-land models appear to underestimate the precipitation in
that region and have difficulties in reproducing the vegetation
cover of the mid-Holocene Sahara, suggesting missing critical
processes in these models (Harrison et al., 2015).

Precipitation changes in Sahara are generally thought to be
triggered by the orbital forcing, with the precession cycle as the
primary driver. Increased summertime insolation of the Northern
Hemisphere resulted in a northward migration of Intertropical
Convergence Zone and rain belt (Adam et al., 2019). But Paleo-
climateModeling Intercomparison Project 3 (PMIP3)mid-Holocene
(6 ka) simulations found that precession alone cannot explain the
magnitude of rainfall changes, indicating that there are multiple
positive amplifications (Harrison et al., 2015; Levis et al., 2004;
Tierney et al., 2017). By using a coupled climateevegetation model,
Rachmayani et al. (2015) demonstrated that vegetation enhanced
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the summer precipitation in the SaharaeSahel region by approxi-
mately 20%, which was still not enough to reproduce reconstructed
rainfall. A limited role of vegetationerainfall feedbacks was also
confirmed by other modeling studies (Braconnot et al., 2019;
Pausata et al., 2016). Marine sediment records from African coast
showed a large reduction in dust deposition during the mid-
Holocene period (Egerer et al., 2018; McGee et al., 2013). The Eu-
ropean Community Earth-System Model (EC-Earth) demonstrated
that such a dust reduction drove an intensification of the Saharan
heat low and enhanced the African monsoonal precipitation
(Gaetani et al., 2017; Messori et al., 2018; Pausata et al., 2016). But
Hopcroft and Valdes (2019) analyzed particle size range and
concluded that only a limited enhancement of precipitation could
be attributed to reduced dust during themid-Holocene. The African
rainfall response to dust aerosol effects is relatively low, and lower
than the response to vegetation forcing (Thompson et al., 2019).
Consequently, there must be omissions in models of known feed-
backs that determine the vegetation-rainfall equilibrium. In this
study, we argue that even though climate models may underesti-
mate rainfall during the mid-Holocene, land surface processes
alone can improve ecosystemwater use and reproduce observed GS
vegetation pattern with a lower rainfall requirement.

Soil properties are important factors impacting vegetation dis-
tribution and soil water turnover with respect to runoff and
evapotranspiration losses. Soil water was found to be a dominant
driver of ecosystem changes in present-day African drylands (Wei
et al., 2019). During the Green Sahara period, the presence of
steppe and woodland vegetation produced organic matter in soil
and likely modified soil texture. Sedimentological records from
Lake Yoa in northern Chad showed that the mid-Holocene soil
contained larger soil organic carbon (SOC) and less sand percentage
than today (Kropelin et al., 2008). SOC and plant roots significantly
modify soil hydraulic properties and consequently modify pro-
ductivity, water use and vegetation structure (Lawrence and Slater,
2007; Morris et al., 2015). For example, Tafasca et al. (2019) found
that medium soil textures give the highest evapotranspiration and
lowest total runoff rates by prescribing different texture maps in
the ORCHIDEE (Organizing Carbon and Hydrology In Dynamic
Ecosystems) land surface model. In addition, plant roots promi-
nently increase the soil water conductivity by increasing infiltration
under vegetation by a factor of up to four compared to bare soil
(Lyford and Qashu, 1969), and improve plant water use. Besides,
many studies have revealed the overestimate of bare soil evapo-
ration and the underestimated proportion of transpiration in cur-
rent land surface models (Oleson et al., 2008), which may partially
explain a failure of these models to reproduce the GS (Braconnot
et al., 2019; Hopcroft and Valdes, 2019). Thus, a better formula-
tion of soil hydraulic processes (e.g. soil hydric stress, bare soil
evaporation and plant root induced infiltration changes) is essential
in dynamic global vegetation models (DGVMs) for simulating the
vegetation which was prevailed during the GS epoch.

Here we address the question of precipitation and equilibrium
vegetation reconstruction in the mid-Holocene GS. This question is
tackled using a new land surface model with a dynamic vegetation
module and a more complete representation of soil-hydraulic
processes than previous models applied for the GS-enigma. The
land surface model tool used is ORCHIDEE-MICT (ORganizing Car-
bon and Hydrology in Dynamic EcosystEms-aMeliorated In-
teractions between Carbon and Temperature) (Guimberteau et al.,
2018), a version of the ORCHIDEE land surface model that in-
cludes the following important processes in dry regions: positive
dependence of water holding capacity on soil carbon, improved
formulation of soil evaporation resistance, dynamic water uptake
by roots in the soil profile, and a calibrated dynamic vegetation
model. In details, the aim of this work is to determine the annual
precipitation required to sustain a vegetation distribution consis-
tent with available paleo-evidence when including key soil-
vegetation feedbacks in the ORCHIDEE-MICT model, and compare
this precipitation estimate to the value required without feedbacks.
Furthermore, wewant to explore the impact of each soil process on
vegetation dynamics and terrestrial water budgets. With a better
vegetation reconstruction in the DGVM model, it is possible to es-
timate the terrestrial carbon stocks in the GS.

2. Materials and methods

2.1. ORCHIDEE-MICT land surface model

The ORCHIDEE-MICT is a process-based dynamic global vege-
tation model (DGVM) that simulates carbon, water and energy
fluxes with the atmosphere and carbon and water pools dynamics
within ecosystems (Guimberteau et al., 2018). The vegetation dy-
namics module of the model mainly follows on Krinner et al.
(2005). The model defines vegetation types as 13 plant functional
types (PFTs) based on morphology, leaf type, phenology, photo-
synthetic pathway and climatic regions. PFTs go through the same
suite of processes (photosynthesis, phenology, allocation of carbon
assimilates to plant biomass compartments, carbon flow from
living biomass to litter pools after senescence and/or mortality,
from litter to soil carbon pools, and heterotrophic respiration), but
with PFT-specific parameter values. The vegetation distribution is
simulated dynamically through bioclimatic limits, competition
between grasses and trees based on the maximum space occupied
by trees, and climate dependent tree and grass mortality processes
(Zhu et al., 2015). The process-based fire module SPITFIRE (SPread
and InTensity of FIRE) (Thonicke et al., 2010; Yue et al., 2014) was
included in all simulations because fire interactions with vegeta-
tion in tropical dry-lands is non-negligible (Chen et al., 2019a; Pugh
et al., 2019).

Five different soil hydrological model settings are tested in this
study. First, we tested the effect of a finer texture, assuming that
vegetation during the long period of GS transformed the soils to a
finer texture than the current sandy soils of Sahara. Finer soil
texture has a higher field capacity and wilting point but a lower
hydraulic conductivity (Text S1). Second, the presence of SOC
significantly increases soil porosity and therefore available water
capacity (Guimberteau et al., 2018; Lawrence and Slater, 2007).
Third, the parameterization of optimal water utilization by plant
roots along the soil profile (Beer et al., 2007), called Droot for dy-
namic root uptake, should enhance productivity and vegetation
coverage in dry-lands. Fourth, a higher vegetation cover increases
root density, which in turn increases soil water infiltration and
possibly allowsmorewater in deep soil layer for plants, called Kroot
process (d’Orgeval et al., 2008). Fifth, the presence of vegetation
and litter on the ground increases the soil resistance to reduce bare
soil evaporation, a flux which is generally overestimated in current
land surface model (Oleson et al., 2008; Sellers et al., 1992). The
model test with a higher soil resistance is called Rsoil. Related hy-
draulic equations and parameters from Van Genuchten (1980) are
descried in Text S1. Separately or combined, ignoring these pro-
cesses possibly leads to underestimate the productivity and
coverage of vegetation during the GS period, a common source of
bias of land models and land-atmosphere models (Braconnot et al.,
2019).

2.2. Climate forcing and simulations design

The monthly climate forcing variables were extracted from
Institut Pierre-Simon Laplace Coupled Ocean-Atmosphere General
Circulation Model simulation for the fifth IPCC report
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(IPSL_CM5A_LR) at a spatial resolution of 1.875� � 3.75� (Kageyama
et al., 2013). General circulation models have inevitable precipita-
tion and temperature bias in their simulations (Aloysius et al.,
2016), including ancient climate (Harrison et al., 2015). This bias
may cause an incorrect vegetation distribution to be simulated by
land surface models. Hence, the climate bias correction from O’Ishi
and Abe-Ouchi (2013) was applied to derive six-hourly mid-Holo-
cene climate. In details, the monthly difference between the mid-
Holocene and pre-industrial experiments by IPSL_CM5A_LR was
added to the pre-industrial CRUNCEP v5 (Climatic Research Unit-
National Centers for Environmental Prediction) observation-based
gridded climate fields (Wei et al., 2014). The six-hourly CRUNCEP
data between 1901 and 1910 were taken as the pre-industrial
climate forcing for the ORCHIDEE-MICT. Because available IPSL_C-
M5A_LR outputs were monthly, we used the bias corrected six-
hourly mid-Holocene climate to drive ORCHIDEE-MICT which re-
quires high frequency forcing.

In those bias corrected mid-Holocene climate forcing fields,
precipitation (P0) over the Sahara is less than 50 mm/yr, coarsely
underestimated compared to paleo-evidence (Bartlein et al., 2010;
Wu et al., 2007). Thus, we tested an increasing range of precipita-
tion level by adding 200 mm/yr (P200), 400 mm/yr (P400) or
600 mm/yr (P600) to P0 (Fig. 1). To do so, the six-hourly
Fig. 1. Mean annual precipitation (MAP) and temperature (MAT) in the mid-Holocene North
in the Sahara region, (b) MAT from the IPSL_CM5A_LR simulation, and (c) latitudinal precipit
proxy or models (Bartlein et al., 2010; Egerer et al., 2018; Lu et al., 2018; Pausata et al., 201
precipitation at the 12�N latitudinal band in P0 was selected, and
each rainfall event of each grid cell was multiplied by a scaling
factor to reach the MAP level targeted (Fig. S1). This six-hourly
forcing was then added over all the grid cells in the Sahara lati-
tude band between 18�N and 32�N. Because P0 has a very low rain
frequency over Sahara, it would be unreasonable to add
200e600mmdirectly to this forcing, as it would result in all annual
rain falling in few days a year. This is the reason why we assumed
the seasonality of the band 12�N to prevail over the whole Sahara
during the Mid-Holocene.

The ORCHIDEE-MICT simulations were forced with a fixed at-
mospheric CO2 concentration of 264 ppm (Elsig et al., 2009) in the
mid-Holocene runs. To decouple the effect of the five soil settings,
seven sensitivity experiments were performed for each of the four
precipitation forcings (Table 1). In the reference simulation
(Exp_CTL), input soil texture map is set as present-day observation
(Fig. 2) from ISRIC (International Soil Reference and Information
Centre) soil products (Hengl et al., 2017). In Exp_TEX, we hypoth-
esized that soil texture was loamier in the mid-Holocene Sahara
and similar to present Sahel vegetated area where silt loam dom-
inates. Silt loam was thus prescribed through replacing sand in
ISRIC map. The five other experiments activate each single process,
SOC (Exp_SOC), Droot (Exp_DRT), Kroot (Exp_KRT), Rsoil (Exp_RSL)
Africa. (a) MAP from the IPSL_CM5A_LR simulation with 400 mm/yr additional rainfall
ation comparison between pre-industrial period (PI), previous reconstructions based on
6) and precipitation tested in this study.



Table 1
Summary of the experiments used in this study.

Name Soil texture SOC Droot Kroot Rsoil

Exp_CTL Sand Off Off Off Off
Exp_TEX Silt Loam Off Off Off Off
Exp_SOC Sand On Off Off Off
Exp_DRT Sand Off On Off Off
Exp_KRT Sand Off Off On Off
Exp_RSL Sand Off Off Off On
Exp_ALL Silt Loam On On On On

The seven sensitivity experiments were performed for each of the four precipitation
forcings, P0, P200, P400 and P600. “Sand” means using soil texture input as today
(Fig. 2). “Silt Loam” means changing sand in the soil map to silt loam.

Fig. 2. Present soil texture classes in the studied regions. (a) Soil texture map from
ISRIC soil products (Hengl et al., 2017), and (b) soil texture triangle of the 12 textural
classes as defined by the United States Department of Agriculture (USDA).

Fig. 3. Algorithm to convert the modelled PFT into mega-biomes in North Africa.
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or all the five factors together (Exp_ALL). Each experiment was run
for a 100-year spin-up to reach quasi-equilibrium for vegetation
productivity and cover, followed by 20,000-year soil carbon sub-
model simulation and 30-year full model simulation again. The
vegetation dynamic module and fire disturbance were activated to
let different vegetation types grow to equilibrium from bare soil,
using the DGVM calibration for tropical regions described by Chen
et al. (2019a). Then, the average results from the last ten simulation
years were analyzed. In the PI simulation, input soil texture map
was prescribed as today and other four soil factors were activated
and atmospheric CO2 concentration was fixed at 285 ppm.

2.3. Converting vegetation types into mega-biomes

The Global Palaeovegetation Mapping Project (BIOME 6000)
reconstructed a global map of biomes at 6 ka (Prentice et al., 1996),
which is here compared with the modelled vegetation distribution
through the ORCHIDEE-MICT. The BIOME 6000 data have been
widely used for evaluation of model experiments (Dallmeyer et al.,
2019; Lu et al., 2019). The BIOME 6000 reconstructions regrouped
34 types of reconstructed ecosystems based on palaeoecological
(pollen and plant macrofossil) records into nine mega-biomes on
the basis of their structure and functioning (Harrison, 2017;
Harrison et al., 2015). In North Africa, there are 5 types of mega-
biomes: tropical forest, warm-temperate forest, savannah and dry
woodland, grassland and dry shrubland, and desert. The northern
limit of tree line (i.e. savannah and dry woodland) from the BIOME
6000 data is 15�N both at 0 ka and 6 ka. It is different from previous
studies showing that tree line in the mid-Holocene North Africa
shifted northward to 20�N (Egerer et al., 2018; H�ely et al., 2014;
Kropelin et al., 2008; Larrasoana et al., 2013). Therefore, we revised
the mega-biome regrouping method by assigning the biome
“xerophytic woods/scrub” to savannah and dry woodland mega-
biome rather than grassland and dry shrubland.

In this study, the DGVM simulates vegetation distributionwith a
maximum of 11 types of natural PFTs. But three boreal types of
these 11 PFTs do not exist in the study area because of the warm
climate. The modelled PFTs were regrouped into five mega-biomes
using the algorithm described by Prentice et al. (2011). The
assignment method depends on modelled total foliage projective
cover and tree height to distinguish desert, grassland, savannah and
forest (Fig. 3). And the dominant woody PFT (i.e. tropical tree PFT or
temperate tree PFT) was used to identify forest type.

2.4. Water stress and water use indicators

We analyzed themodel output of net primary production (NPP),
evaporation, transpiration, soil moisture (SM), surface runoff (Qs),
deep drainage (Qd), soil relative humidity (RH) and rain-use effi-
ciency (RUE). The RH and RUE are indicators that represent water
constraints on vegetation. The soil RH is defined as:

RH¼ q� qw
qc � qw

(1)

where q, qc and qw are simulated volumetric water content (m3/m3)
for the surface 2-m soil, water content (m3/m3) at field capacity and
wilting point for vegetation, respectively. RH is directly used in the
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model (for each soil layer) to parameterize water stress on stomatal
conductance and photosynthetic rates, when RH goes below a PFT
specific threshold during a model time step (Krinner et al., 2005).
The RUE quantifies an ecosystem’s ability to use rainfall, which is
defined following Kaptue et al. (2015):

RUE¼ NPP
MAP

(2)

where NPP and MAP are averaged over the last ten simulation
years.

3. Results

3.1. Model evaluation

The performance of the ORCHIDEE-MICT model has been
extensively evaluated under present climate, mostly in the north-
ern hemisphere (Guimberteau et al., 2018). The model was applied
in paleoecology studies to reconstruct global vegetation distribu-
tion under Last Glacial Maximum climate (~21 ka) (Chen et al.,
2019a; Zhu et al., 2018). Here we evaluate the performance of the
model to simulate the vegetation and productivity during the pre-
industrial period (PI) in the North Africa.

The modelled mega-biome distribution in PI climate is
Fig. 4. Modelled mega-biome compared with pollen records. (a) PI simulation, with BIOME
under (b) P0 and (c) P400 forcing. (d) Mid-Holocene simulation with all the considered soil
(bed). The effect of 400 mm rainfall is seen from the difference between panels (c) and (b).
compared against BIOME 6000 dataset, which mapped vegetation
patterns using fossil pollen and plant-macrofossil data from indi-
vidual sites at 0 ka (Harrison, 2017; Harrison et al., 2015). The
pollen-inferred vegetation distribution for the PI period is generally
well captured by the model in the North Africa (Fig. 4a). The
vegetation extension is zonal, corresponding to the precipitation
pattern. Specifically, records and simulations consistently show the
northern boundaries of forest, woodland and grassland at 12�N,
16�N and 20 �N, respectively. And the northern coast of Africa is
dominated bywarm-temperate forest and grassland. But the model
could not reproduce the warm-temperate forest in the eastern
Africa equatorial region where multiple biomes coexist, likely
because of the low spatial resolution of the forcing or inaccurate
correspondence between PFTs and mega-biomes. The spatial pat-
terns of present-day soil texture and biome type exhibit a good
correspondence (Figs. 2 and 4), implying strong interactions be-
tween soil texture and vegetation.

Site-level observational vegetation productivity has a strong
positive relationship with MAP across different biomes (Kaptue
et al., 2015; Michaletz et al., 2014). We performed a simulation
PI385, with PI climate conditions and all soil settings activated but
CO2 prescribed as 385 ppm instead of 285 ppm (Fig. 5). The PI385
simulation is designed to evaluate modelled NPP and RUE against
current observations affected by present-levels of CO2 (Liu et al.,
6000 mega-biome records at 0 ka shown in circles. Mid-Holocene control simulations
feedbacks on vegetation. BIOME 6000 mega-biome records at 6 ka are shown in panels
The effect of new soil processes is seen from the difference between panels (d) and (c).



Fig. 5. Modelled vegetation productivity as a function of MAP. For simulated data, rain-use efficiency (gC/m2/mm) is calculated from a linear fit across the study region with 95%
confidence bounds. Last panel is a comparison between present-day observational aboveground NPP (ANPP) (Huxman et al., 2004) and PI385, which is a simulation in PI climate
with all soil factors activated while CO2 is set as 385 ppm.
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2019), excluding human land use impacts. Within theMAP gradient
between 0 and 1000 mm/yr, modelled aboveground NPP (ANPP) in
the PI385 simulation increases with MAP and this relationship
follows the present-day ANPP-MAP curve derived by Huxman et al.
(2004) from long-term ecological measurements. In the mid-
Holocene simulation with all soil settings being activated, the
RUE is of 0.48 ± 0.02 gC/m2/mm. But in the CTL simulation or any
simulation with a single soil setting modified, RUE is under-
estimated, ranging from 0.15 to 0.43 gC/m2/mm. This result in-
dicates that it is essential to consider soil processes to simulate
vegetation productivity as a function of MAP correctly.

3.2. Vegetation distribution in the mid-Holocene North Africa

In the mid-Holocene, the impacts of precipitation and soil pro-
cesses on vegetation cover are further analyzed by seven sensitivity
experiments for four precipitation levels described above (Table 1).
Themodelledmid-Holocene vegetation distribution in North Africa
is compared with BIOME 6000 reconstruction at 6 ka in Fig. 4.
Increased precipitation by 400 mm/yr in the Sahara leads to a land
cover shift from desert to grassland between 20�N and 30�N
(Fig. 4b and c). Further, including all soil processes makes the
savannah and dry woodland extend northward and replace grass-
lands between 12�N and 20�N (Fig. 4c and d). With enhanced
precipitation by 400 mm/yr and all soil processes (i.e. P400_ALL),
the modelled woody extension at 20�N is comparable to BIOME
6000 dataset and previous reconstructions based on pollen fossil
sample at 6 ka (H�ely et al., 2014; Kropelin et al., 2008; Larrasoana
et al., 2013), as shown in Fig. 4d. The inclusion of soil feedbacks
transforms the grassland and dry shrubland to warm-temperate
forest in Morocco and the Mediterranean region, consistent with
paleorecords. In contrast, P200_ALL still produces an area of desert
while P600_ALL overestimates the coverage of savannah (Fig. 6).
Regionally, a MAP of 400e500 mm/yr at 28�N in P400_ALL simu-
lation produces patches of Savannah, where grassland is suggested
from pollen data, indicating a slight overestimate. Thus, a MAP of
~400 mm/yr over 18�N-32�N is sufficient for the ORCHIDEE-MICT
model to reproduce the GS biome distribution if all soil processes
are included.

These soil processes differ in their impact on vegetation distri-
bution (Fig. 6). Finer soil texture (Exp_TEX) leads to more desert in
Sahara but a slight expansion of woody biomes in the semi-humid



Fig. 6. Spatial patterns of modelled biome distributions for the 28 sensitivity experiments. The letters P0, P200, P400 and P600 denote the different annual precipitation levels. The
letters CTL, TEX, SOC, DRT, KRT, RSL and ALL indicate the used soil configuration of Table 1. The blue line in each panel represents a scale of 1000 km in the map. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web version of this article.)
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region at ~15�N, compared with the reference simulations that has
sandy soils in Sahara (Exp_CTL). In contrast, the increase of soil
evaporative resistance (Rsoil) exerts a strong positive effect on
vegetation in dry regions through transforming grassland to
woodland. Similarly, the inclusion of dynamic root water uptake
along the soil profile (Droot) replaces grassland by woodland in
semi-humid region. But the SOC impact on soil water holding ca-
pacity (SOC effect) and the root enhanced water conductivity
(Kroot) have limited impact on the modelled biome distribution.

Besides the impacts of precipitation and soil processes pre-
sented above, CO2 concentration and fire disturbance may also
make a difference in the simulated vegetation distribution over the
study area. We performed two additional simulations to isolate the
effect of CO2 concentration and fire disturbance on biome distri-
bution and tree cover (Fig. S2). Our results show limited changes of
biome distribution and tree cover when using the CO2 concentra-
tion of themid-Holocene level (264 ppm) instead of that of the pre-
industrial period (285 ppm). In contrast, switching-off fire distur-
bance in the model significantly increases tree cover by ~40% at
~16�N and leads to a northern migration of tropical forest by ~4�

under P400_ALL simulation configurations. Consequently, we
chose a more realistic configuration by fixing CO2 at 264 ppm and
activating fire disturbance in the mid-Holocene simulations for this
study.
3.3. Effect of individual soil process on carbon and water variables

Soil processes influence vegetation pattern through modifying
terrestrial water budgets and vegetation productivity. The NPP
change is a sign of vegetation transformation in the model. The
replacement of soil texture from sand to silt loam increases SM
dramatically by > 100mm (~150%) (Fig. 7). However, with silt loam,
NPP decreases in dry regions but increases in semi-humid regions.
Fig. 7. Modelled terrestrial carbon and hydrology fluxes and the changes in P400 simulation
and drainage at the soil bottom (Qd) in (a) P400_CTL simulation. Differences in these variable
The blue line in each panel represents a scale of 1000 km in the map. (For interpretation of t
this article.)
As an actual mid-Holocene soil map does not exist, a range of soil
textures are tested by reducing sand proportion from ~90% to ~30%
(Fig. 2), which shows similar but gradual change in carbon and
water variables (Fig. 8). Finer soil texture significantly increases
field capacity (Fig. 9) and therefore leads to higher SM. But higher
SM does not lead to higher NPP because much higher wilting point
and lower RH in silt loam restrict vegetation growth. It explains
why finer soil alone even leads to the desertification of dry Sahara
regions (Fig. 6). Spatially, finer soil still shows positive effect in
semi-humid regions at ~15�N, where RH shows no change, because
water conductivity and drainage are reduced and SM is much
higher (Fig. 8).

The inclusion of SOC effect on soil water holding capacity always
increases SM in wet regions (Fig. 7). In the model, pure organic soil
(0.92 m3/m3) has much larger saturated water content than sand
(0.43 m3/m3) or silt loam (0.45 m3/m3), because of the higher
porosity of soil organic matters (Table S1). Total soil water holding
capacity is the fractionweighted average of mineral soil and organic
soil. A higher SOC can give rise to positive feedbacks on vegetation
through increasing SM. But the effect is mainly found inwet regions
where SOC is sufficiently large to change the soil hydraulic
properties.

The inclusion of dynamic root effect (Droot) shows some posi-
tive influence on vegetation, especially at ~15�N (Fig. 7). For a
selected pixel period after a rainfall event, vegetation transpires
more water and results in higher NPP but lower SM when Droot is
activated (Fig. S3). With Droot effect, the water stress for vegetation
decreases so that vegetation uses soil water more efficiently even at
a lower SM. As a result, the Droot effect decreases SM but increases
NPP (Fig. 7).

The inclusion of root fracking induced increased infiltration
(Kroot) increases drainage (Qd) at the expense of surface runoff
(Qs) through modifying root enhanced water conductivity but
s. The NPP, evaporation (Ev), transpiration (Tr), soil moisture (SM), surface runoff (Qs)
s driven by each factor (bef) and all factors (g). Columns (bef) share the same color bar.
he references to color in this figure legend, the reader is referred to the Web version of



Fig. 8. Impacts of finer soil texture in the Sahara region on carbon and hydrology budgets in P400 simulations. (a) Simulation for sand soil texture. (bef) Spatial differences in
carbon and hydrology variables between loamy sand (LSa), sandy loam (SaL), sandy clay loam (SaCL), loam, silt loam (SiL) and sand. The blue line in each panel represents a scale of
1000 km in the map. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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exerts limited effect on NPP (Fig. 7 and S3). The saturated hydraulic
conductivity (Ks) is determined by soil texture (Ks_ref) and roots
(Kroot) in the model. Plant root fracking does not have a large
impact onwater infiltration in the model because Ks in sandy soil is
already very high. Realizing this interaction between Kroot and soil
texture, we found that Kroot effect leads to prominent increases in
NPP in semi-arid region at ~20�N if soil texture is prescribed as silt
loam (Ks_ref ¼ 1060.8 mm/d) rather than sand (Ks_ref ¼ 7128 mm/
d) (Fig. S5; Table S1).

The increase of soil evaporative resistance (Rsoil) significantly
reduces evaporation by > 100 mm/yr (~50%) and consequently
increases NPP by > 0.1 kgC/m2/yr (~150%) in dry regions. This
recalibrated partition of evapotranspiration shows remarkable
positive impact on NPP especially in dry regions. The increased
Rsoil has the highest positive contribution to vegetation in the
Sahara among the studied five factors. In summary, the relative
importance of each factor contrasts between different climate
conditions because their different roles in changing soil water hy-
draulic properties or water stress for vegetation. More detailed
explanations and equations for the role of each process in the
model is given in Text S1.
4. Discussion

4.1. Importance of soil properties for simulating vegetation

Although many attempts have been made to estimate
precipitation in the mid-Holocene Sahara, there are still many
uncertainties (Harrison et al., 2015; Hopcroft et al., 2017; Tierney
et al., 2017). The importance of soil texture was previously shown
with the LPJ_GUESS DGVM (Lund-Potsdam-Jena Dynamic Global
Vegetation Model) by Lu et al. (2018), which quantified the influ-
ence of soil texture in the mid-Holocene Sahara simulations but did
not address other soil factors. Here, the impacts of five soil pro-
cesses are examined with an inverse modeling framework to
determine the MAP required for the ORCHIDEE-MICT land surface
model to produce a vegetation distribution consistent with paleo-
reconstructions. Our result suggests that ~400 mm/yr precipita-
tion is enough for our model to reproduce vegetation extension
after considering all the soil factors. This precipitation level is
higher than previous estimate of ~250 mm/yr using a climate
model by Egerer et al. (2018), in which there is still large desert in
themid-Holocene Sahara inconsistent with records. Our estimate is
more comparable to previous studies through EC-Earth climate
model (Pausata et al., 2016) and pollen-based reconstructions
(Bartlein et al., 2010; Peyron et al., 2006; Wu et al., 2007), which
suggested an additional rainfall of ~350 mm/yr in the mid-
Holocene Sahara (Fig. 1). There are uncertainties in some pollen-
based estimation of rainfall from simple vegetation models like
BIOME4 (Coupled bio-geography and bio-geochemistry model), in
which many important processes are not explicitly formulated. If
only taking a plausible change of soil texture from sand to silt loam
into consideration, ORCHIDE-MICTmodel would require more than
600 mm/yr to reproduce the observed GS (Fig. 6), similar to the



Fig. 9. Latitudinal differences in (a) NPP, (b) soil relative humidity (RH), (c) field ca-
pacity (qc) and (d) wilting point (qw) for P400 simulations. The curves denote the
differences between sensitivity experiments and the control simulation in P400 forcing
(P400_CTL).

Table 2
Simulated carbon (PgC) in vegetation, soil and litter pools in PI and MH (i.e.
P400_ALL) simulations in the Sahara region between 15�N and 32�N. Notice 1
PgC ¼ 1015 gC.

Carbon pool Vegetation Soil Litter Sum

PI 0.5 5.7 0.5 6.8
MH 4.6 55.0 4.7 64.3
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precipitation reconstruction of 500e800 mm/yr by other land
surface models (Hopcroft et al., 2017). It highlights the positive
feedbacks of soil factors on sustaining GS vegetation under a lower
precipitation threshold. We propose that future precipitation re-
constructions based on vegetationmodels should carefully take soil
feedbacks into consideration.

Soil moisture availability is a major constraint of productivity
rate in most biomes, especially in dry regions (Chen et al., 2019b;
Stocker et al., 2019). Each soil process considered in this study ex-
erts feedbacks on vegetation through modifying soil hydraulic
properties or soil stress for vegetation. Compared with present-day
Sahara, a loamier soil texture at 6 ka could be deduced from sedi-
ments records (Kropelin et al., 2008; Palchan and Torfstein, 2019;
Quade et al., 2018) and was adopted by some model studies (Levis
et al., 2004; Lu et al., 2018). Factorial simulations from Lu et al.
(2018) suggested that loamier soil during the GS period induces
substantial extension of high vegetation between 15�N and 20�N.
This is consistent with our result that finer soil is favorable to
savannah coverage and NPP in semi-humid regions (Figs. 6 and 7).
On the contrary, in dry Sahara, we found that a higher wilting point
with loamy soil results in a lower RH and therefore decreases NPP
(Fig. 9).
Among the studied five soil factors, the increase of soil evapo-
rative resistance (Rsoil) plays the most important role in increasing
vegetation cover in the mid-Holocene Sahara region. The impor-
tance of litter in effectively reducing soil evaporation in vegetated
dry region has been revealed by many field observations (Magliano
et al., 2017; Xiong et al., 2019). Litter manipulation experiments in a
dry grassland in China showed that SM and biomass decreased
because of the removal of plant litter (Xiong et al., 2019). Previous
attempts have been made to reduce simulated evaporation and
recalibrate evapotranspiration partition in land surface models, like
the CLM (Community Land Model) (Oleson et al., 2008) and The
CABLE (CSIRO Atmosphere Biosphere Land Exchange Model)
(Decker et al., 2017). In order to include this effect for modeling the
climate impact of no tilled crop residues in Europe, Davin et al.
(2014) increased soil resistance to empirically represent the resis-
tance to soil evaporation associated with the residue mulch.
Therefore, we added a soil resistance to reduce bare soil evapora-
tion, similar to Oleson et al. (2008), to mimic the maintenance of
SM because of vegetation and litterfall. We used a simulation PI385
to evaluate the performance to partition evapotranspiration. The
ratio of evaporation to total terrestrial evapotranspiration (Ev/ET)
in the vegetated area in North Africa from PI385 simulation is
0.49 ± 0.02 (Fig. S6), which is still overestimated like most Coupled
Model Intercomparison Project Phase 5 (CMIP5) Earth system
models (0.59 ± 0.11), compared to a recent global estimate of
0.38 ± 0.06 (Lian et al., 2018). Therefore, it is important to incor-
porate the plant litter effect on evaporation in order to better
simulate vegetation dynamics during the GS period.

4.2. Implications of improved vegetation modeling

The mid-Holocene green Sahara enigma is a window of oppor-
tunity for models to identify interactions and feedbacks between
climate and land processes. According to our simulations, the mid-
Holocene GS (~64.3 PgC) sustains ten times as much carbon as in PI
(~6.8 PgC) in soil, litter and vegetation carbon pools between 15�N
and 32�N (Table 2). It means the desertification of the Sahara
released considerable carbon (~58 PgC) from terrestrial carbon
pools. Our value is twice as much as an early estimate of ~30 PgC
loss based on a simple carbon cycle model (Indermühle et al., 1999).
Compared with terrestrial carbon budget estimate between 7-3 ka
by Stocker et al. (2017), a carbon loss of ~58 PgC equals to ~32% of
terrestrial non-peatland carbon source after the mid-Holocene. The
termination of the mid-Holocene GS thus was associated with a
substantial carbon transfer from land surface to atmosphere
through decomposition (Qiu et al., 2020) or to other regions
because of aeolian processes (Yang et al., 2008). The released car-
bon to atmosphere may have an impact on climate.

The important feedbacks of Saharan vegetation cover and dust
reduction on precipitation has been recognized recently (Messori
et al., 2018; Sun et al., 2019). Changes in land cover can influence
not only local climate (Groner et al., 2018) but also nonlocal land
monsoon precipitation (Sun et al., 2019). Nevertheless, the impor-
tance of soil processes on vegetation and climate has not been
revealed. Our analyses provide an insight in the soil-vegetation
interactions, which may play a role in water recycling in the mid-
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Holocene North Africa. Thus, we propose to further explore the
mid-Holocene precipitationwith coupled land-atmosphere models
after considering the soil processes explored in this study. In
addition, it is worth to map paleolake and wetland distribution
since water redistribution between upland and lowland influences
both vegetation and climate (Tian et al., 2017; Zhang et al., 2019).
And improved climate and land surface reconstructions of GS pe-
riods may have implications for the migration and evolution of
hominins (Drake et al., 2011; Larrasoana et al., 2013).

4.3. Limitations of the study

In general, the results demonstrate different feedbacks of soil
factors on vegetation. A few limitations in this work should be
considered. Firstly, our estimate of annual precipitation is a regional
average and does not provide insights on spatial details. Evidence
from leaf wax isotopes in marine sediments indicates a much
greater rainfall of 1280mm/yr at 31�N in the coastal region of north
Africa (Tierney et al., 2017), which is captured by our result and
most Earth System Models. And there is still uncertainty on
whether the vegetation coverage was more or less continuous or
confined to regions with local water availability (i.e. rivers, wet-
lands and fans). Secondly, we calculated a soil resistance to prevent
bare soil evaporation, but it is dependent on SM in litter zone like
many land surface models (Decker et al., 2017; Sellers et al., 1992). A
more physically based treatment of this soil resistance as a function
of litter content is favorable in future studies. Thirdly, we investi-
gated lots of soil texture and chose silt loam as a representative
because it dominates present-day Sahel region an analog to the
mid-Holocene Sahara. However, a robust map would be better for
quantitative analyses of carbon and hydrology budgets. Finally,
further attempts should be made to characterize precipitation
seasonality more than MAP, because rainfall timing can influence
competition between woody and herbaceous according to field
measurement (Brandt et al., 2019). However, it may rely on high-
resolution paleorecords and better climate models.

5. Conclusions

In this study, we examine feedbacks of soil processes on vege-
tation in the mid-Holocene North Africa by using the ORCHIDEE-
MICT land surface model. We separate five soil factors with seven
sensitivity experiments for four precipitation scenarios. Results
show that a reduced bare soil evaporation has the largest contri-
bution to NPP and vegetation cover increase in the Sahara region.
Compared with the control simulation, a finer soil texture increases
SM significantly but decreases Saharan NPP. Other factors also play
important roles in different conditions. SOC increases field capacity
and soil moisture, hence has positive impacts on vegetation only in
wet regions. A higher infiltration owing to the presence of root is
beneficial to vegetation NPP and SM when interacting with finer
soil type. Compound effect of these factors sustains the GS under a
lower precipitation threshold (~400 mm/yr) than previous model
estimates, highlighting the overall positive soil impacts on vege-
tation. Our result further reveals that the desertification of the
Sahara from the mid-Holocene to pre-industrial period produced a
large carbon source of ~58 PgC. Finally, we propose that it is
necessary to include soil feedbacks on vegetation and climate in
further studies with regard to Earth System Models. Our work
provides a possible analog of future vegetation transformation in
North Africa.
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