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Abstract

Quantification of soil stocks and ecosystem services (ES) under changing climate need time
series of climate and soil data. Here, we propose a new approach combining process-based soil
and climate simulations to obtain such time series, and apply it onto a recent interglacial, Marine
Isotope Stage (MIS) 5e.

We combined the LOVECLIM climate model and the SoilGen2 soil evolution model to
simulate soil development under two scenarios: dust addition plus erosion and erosion-only
(both with five erosion rates corresponding to low, natural erosion rates: 0, 0.5, 1.0, 1.5 and 2.0
Mg hat y1). We quantified five target variables: two soil stocks, Exchangeable Bases (EB) and
Soil Organic Carbon (SOC), and three ES: Carbon Sequestration Capacity (CSC), Water Yield
(WY) and the ratio of actual over potential evapotranspiration (Q) at four sites on an aridity
gradient on the Chinese Loess Plateau (CLP). We used the obtained time series of these target
variables to estimate Soil Loss Tolerance (SLT) threshold values over the full extent of MIS 5e
(22 ka).

Under increased erosion, EB increases while SOC always declines in both scenarios.

In both scenarios, the simulated CSC increases with erosion; contrastingly, the WY decreases
with increasing erosion rates. Both CSC, WY and Q gradually decrease towards the northwest
CLP (semi-arid region). For EB and SOC, the determined SLT thresholds are relatively higher
in the dust addition than in the erosion-only scenarios, and strictly follow the climate gradient
in the CLP. Combined performance index for (1-CSC), WY and Q, showed that soil ES
performance is worse above 1.0 Mg ha! y*. This implies that benchmark levels must be chosen
carefully.

Our research highlights the potential of using SoilGen2 with LOVECLIM for quantifying soil-
based ES and SLT.

Key words: Chinese loess plateau; exchangeable bases; soil organic carbon; carbon

sequestration capacity; water yield; Last Interglacial
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1. Introduction

Soil is an important non-renewable natural resource and is recognized essential to sustainable
development as it renders vast benefits to living beings (Bouma, 2014). These benefits, known
as ecosystem services (ES), are classified into four groups: (i) provisioning services (e.g. food,
fiber, fuel and fresh water for living beings), (ii) regulating services (e.g. regulating carbon
sequestration, erosion control, water purification), (iii) cultural services (e.g. spiritual, religious,
educational, recreation and tourism) and (iv) supporting services (e.g. nutrient cycling, habitat
reservoir) (Costanza et al., 1997; DeGroot et al., 2002; MEA, 2005).

Dominati et al. (2010) defined the complex relationship between soil and ES by adopting the
concept of natural capital. The soil natural capital represents soil stocks (= soil properties
expressed on a mass basis) and constitutes the basis for providing soil-based ecosystem goods
and services. Soil natural capital is characterized by both inherent (naturally inborn) and
manageable properties. Inherent soil properties (e.g. soil depth, slope, texture) are stable
properties that are unlikely to change at short-term (but likely at long-term) while manageable
soil properties (e.g. soil organic matter, exchangeable bases) are changeable and can be
modified through management practices. At long term, we define soil depth as a dynamic soil
property, as a variable measure, that is influenced by soil formation factors and environmental
conditions. For example, soil erosion decreases soil depth by topsoil removal and, consequently,

topsoil organic matter stocks decline.

Soil formation (positive contribution) and degradation (negative contribution) processes
underpin the soil natural capital, which subsequently affects the beneficial flows of soil stocks,
i.e. the soil-based ES. Many authors have highlighted and agreed that the four groups of ES
largely rely on soil (e.g. Bouma, 2014; Daily et al., 1997; Dominati et al., 2014, 2010) and many
different soil-based methodologies and frameworks have been initiated (e.g. Calzolari et al.,
2016; Fossey et al., 2020; Hewitt et al., 2015; Rutgers et al., 2012). Adhikari and Hartemink

(2016) reviewed extensive literature on the transfer of key soil properties to ES.

Additionally, authors (e.g. Dominati et al., 2010; Greiner et al., 2017) suggest that soil
properties are not comprehensively studied in soil-related ES assessments. On the other hand,
handling temporal variations of ES must involve dynamically changing soil properties instead
of using fixed values (ex: concentration, measurement) collected at one time point.
Furthermore, most of the ecosystem studies depend on soil databases, measurements and

covering only few years or decades and long-term evolution of ecosystem services and soil
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stocks is hardly known due to paucity of legacy data. To better quantify soil-based ES in long-
term ES assessments, mathematical modeling of soil development comes as a potential
promising alternative (to inventories of soil stocks). It furthermore offers a robust approach to
study future ES changes and trends under climate change and human population induced land
use and land management change. Process-based, dynamic soil models were highlighted as
essential tools in assessing ES (Greiner et al., 2017). Several examples of soil modeling studies
have been reported for quantifying ES (see table 2 in Vereecken et al., 2016) and by Lu et al.
(2015).

The Chinese Loess Plateau (CLP) is one of the most erodible areas in the world. Our selections
were based on ES studies, which describe ecological constraints in the CLP. In the topsoil, loss
of soil nutrients and Soil Organic Carbon (SOC) have been widely discussed in response to
water erosion (Cai, 2001; Li et al., 2016; Liu et al., 2011). These soil nutrients (=exchangeable
bases), which are commonly regarded and evaluated for understanding the nutrient provision
potential for plants in the ES frameworks (DeGroot et al., 2002; MEA, 2005), are included as
a soil stock. Carbon Sequestration Capacity (CSC) (together with SOC stocks) and Water Yield
(WY) have been intensively assessed in various aspects through different methodologies by
various researches in numerous case studies at local, regional and watershed scales, as they are
conceived as very important ES in this region vulnerable to water erosion (Feng et al., 2020;
Lang etal., 2017; Lu et al., 2015; Su et al., 2018, 2012; Yin et al., 2020).

Modeled climate time series data are essentially required as input in soil models. As climate
plays a dominant role in soil natural capital formation, a clear understanding of how soil-based
ES relate to climate dynamics is needed, and this research gap remains to be filled. Climate
change likely influences ES, either positively (by developing soil stocks) or negatively (by
degrading soil stocks). To our knowledge, no comprehensive long-term (millennium time scale)
study has been conducted in a natural ecosystem with an advanced soil genesis model in

combination with a climate model.

Nonetheless, the major external-inputs (e.g. soil erosion and deposition) are equally important
to consider. Aeolian dust deposition in the CLP can increase the nutrient content and thickness
of the existing surface soils. Deposition of thin layers of dust may contribute positively to the
soil stocks by mixing with the existing soils (Kemp, 2001). Soil erosion is input as external-

input during the study.
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Regarding soil erosion, to distinguish human-caused accelerated erosion (i.e. rates exceeding
soil formation rate) from natural erosion rates in terms of consequences for soil performance,
terms like “permissible rates of soil erosion”, “natural erosion levels”, and “Soil Loss Tolerance

(SLT)” have been employed (Boardman and Poesen, 2006; Li et al., 2009; Nearing et al., 2017).

Specifically, Verheijen et al. (2009) proposed to define SLT with reference to soil functions.
According to the authors, SLT is “any actual soil erosion rate at which a deterioration or loss
of one or more soil functions does not occur”— actual soil erosion being “the total amount of
soil lost by all recognized erosion types”. Furthermore, the concept of SLT has been
extensively applied not only for these on-site impacts but also to prevent off-site consequences
by water erosion (e.g. sediment deposition and composition, flood control, water quality) and
is being implemented in sustainable soil conservation strategies (Bazzoffi, 2009; DiStefano and
Ferro, 2016; Li et al., 2009). In this study, in a natural context and using a pedon-scale model,
erosion is considered as an external-input and therefore common erosion models are not used,

which are particularly employed for erosion assessment on arable lands.

Usually, both SLT and ES are studied from an anthropocentric perspective (Bouma, 2014) to
evaluate how they fulfill human needs in a sustainable way. However, there are good reasons
for evaluating ES and SLT in natural ecosystems with zero human influence: (i) to be set as a
benchmark for anthropocentric study in the future use, while (ii) checking if a sensitivity of ES-
performance to varying natural erosion rates exists, taking into account climate variability. The
above considerations motivated us to study long-term evolution of the soil natural capital in a
natural ecosystem by modeling both climate dynamics and soil development under various low

(natural) rates of erosion to answer the following questions:

Q) What are natural fluctuations in the soil stocks and ES?

(i) How are these related to natural (low) soil erosion rates?

If soil functioning would be found to have a marked change at certain low erosion rates, then a

next question would be:
(iii)  What are SLT values for particular soil functions in natural ecosystems?

To answer the above questions, we combine a mechanistic soil development model, SoilGen2
(Finke, 2012; Finke and Hutson, 2008) with a climate model of intermediate complexity,
LOVECLIM (Goosse et al., 2010) to estimate how soil stocks and ES fluctuated in one of the
warmest Quaternary interglacials, MIS 5e.
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148  This leads to the following objectives:

149 1. To quantify two soil stocks: soil organic carbon (Mg/ha) and exchangeable bases
150 (kmol+/ha) and three ES: water yield (mm), the ratio actual/potential evapotranspiration
151 (Q) and carbon sequestration capacity (Mg/ha).

152 2. To assess the effect of various natural (low) erosion rates on soil stocks and ES and thus
153 identify SLT via modeling.

154 3. To assess the effect of a geographic climate gradient on soil stocks, ES and SLT.

155  In this study, we focus on the CLP, because soils dating back to past interglacials are well-
156  preserved there, and at present, major erosion problems occur (Feng et al., 2016; Shi and Shao,
157  2000) that motivate research including the definition of baseline levels of erosion and SLT-
158  estimates. The underlying assumption is that studies based on modeling are an alternative to the
159  more common inventory-based studies on soil natural capital and ES and can additionally be

160  used for prediction and for identification of SLT threshold levels.
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2. Material and Methods
2.1 Study area

The study area is the loess plateau (30°—40°N, 105°-115°E) in the north-central part of China.
The loess there contains complete loess-soil alternations dating back to the early Miocene (Guo
et al., 2002). During the Quaternary, more than 30 paleosols have formed during interglacials
in the loess and were buried below loess added during glacial periods (Ding et al., 2002; Kukila,
1987; Liu, 1985). These paleosols explicitly show the paleo-environmental changes, mostly
resulting from long-term variations in the East Asian Monsoon (EAM) (An et al., 1990; Liu,
1985). On the CLP, loess is an Aeolian dust material originating from northern and
northwestern deserts and piled up during glacial periods, associated with the East Asian Winter
Monsoon (EAWM). During interglacials, the intensified East Asian Summer Monsoon
(EASM) brought moisture and heat to the loess plateau under continued but lower dust addition
levels. Pedogenesis occurs during these more humid and warmer conditions (Guo et al., 2000).
In glacial periods, pedogenesis slows down and dust deposition increases, which leads to buried
soils, the so-called paleosols. Soils at the surface of the loess plateau are denoted by SO, the
Holocene soil layer, which is underlain by a massive and yellowish loess unit L1 (Malan loess)
deposited during last glacial period. Below L1, the S1 paleosol unit was formed during the last
interglacial (An et al., 1991; Liu, 1985). These loess and paleosol layers have been well
documented by numerous studies on various soil properties, such as mineralogical (e.g. Jeong
et al., 2011), magnetic properties (e.g. An et al., 1991; Hao and Guo, 2005; Maher and
Thompson, 1991), geochemical properties (e.g. Han et al., 1998; Jun et al., 1998; Xiong et al.,
2010), grain size (e.g. Ding et al., 2002; Yang and Ding, 2008) and isotopic properties (e.g.
Yang et al., 2012).

The present climate of the loess plateau is also monsoon-dominated with a clear climate
gradient ranging from the warm-humid climate of the southeast to the cold-dry climate in the
northwest. Mean annual temperature varies from 8°C in the northwest to 14°C in the southeast.
Mean annual precipitation is around 300 mm in the northwest and increases to nearly 700 mm
towards the southeast (Jiang et al., 2014), and is concentrated in the summer months July,
August and September. The large precipitation gradient gives rise to a change in vegetation.
There are five vegetation zones; from the northwest to the southeast, these are desert, desert-

steppe, steppe, forest-steppe and forest (YYamanaka et al., 2014).
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We focus on four paleosol sections— from northwest to southeast — Jingyuan, Xifeng, Luochuan
and Chang’an (Fig. 1).

115 5

-

C _T.v%uan Loess Plateau ﬁ
gHe 35

E .X'feng @ Luochls

Chang'an

115:’E

Figure. 1. Single column fitting image

Fig. 1. Geographic locations, from southeast to northwest Chang’an (34.17° N, 108.95° E),
Luochuan (35.70° N, 109.40° E), Xifeng (35.70° N, 107.60° E), and Jingyuan (36.38° N,
104.62°E) in the CLP. Modified after Hao and Guo (2005).

2.2 Study period

We evaluate the effect of soil erosion in a “natural environment”. Therefore, the last
interglacial, MIS 5e (133-111 ka BP), was selected because it is one of the warmest interglacials
during the Quaternary and is considered to some degree as an analogue to the future climate
(Yin and Berger, 2012). Furthermore, for MIS 5e no assumptions about the (history of) land
use have to be made since only natural vegetations occurred.

2.3 Climate model

LOVECLIM (Goosse et al., 2010), a three-dimensional Earth system model of intermediate
complexity, was used to simulate the paleoclimate of the sites. Time series of monthly mean
temperature (T), precipitation (P) and potential evapotranspiration (Ep) were input in the
SoilGen2 (see details in supplementary material). LOVECLIM has been used in many studies

for past and future climate. It has been used to simulate the EASM during MIS 13 (Yin et al.,
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2009) and its results were confirmed by more complex climate models like HadCM3 (Muri et
al., 2013). It has also been used to simulate the climate of the last nine interglacials of over the
last 800 ka (Yin and Berger, 2015, 2012).

2.4 Soil model

In order to calculate the soil stocks and ES, the long-term (22 ka) evolution of soil chemical,
physical and biological properties and processes were simulated with the SoilGen2 model
(Finke, 2012; Finke and Hutson, 2008). SoilGen2 simulates multiple soil processes and their
interrelations concomitantly and is thus a suitable tool for our study. It depicts major processes
and time steps for individual soil processes inside the model ranging from seconds to a year.
Evolution of more than 80 soil properties is output for every simulated year per compartment.
Essentially, the pedogenetic model calculates the development of a large number of soil
properties and stocks by quantitative process descriptions driven by both initial and time-variant
boundary conditions. These boundary conditions reflect the soil formation factors (“CLORPT”;
Jenny, 1941). The initial and boundary soil conditions that were used in this study are presented
in the supplementary information. An in-depth description of the SoilGen2 model and its model

concept, components and processes is in the user manual for SoilGen 2.26 (Finke, 2020).

The model was verified against measurements in various other sites for different soil processes
(Finke et al., 2021, 2015; Keyvanshokouhi et al., 2016; Sauer et al., 2012; Yu et al., 2013;
Zwertvaegher et al., 2013) and performance was satisfactory. Recently, Finke et al. (2018)
compared uncertainty due to model inaccuracies to uncertainty due to soil spatial variability,
and it was concluded that both sources were equally important and of low magnitude. Highly
relevant to the current study, Finke et al. (2017) modeled soil development in MIS 5e and MIS
13 at eight sites along a climate gradient with documented paleosols in the Chinese loess under

a LOVECLIM- simulated interglacial climate.

2.5 Soil stocks, ES and scenario

Two major scenarios were applied: one with dust addition combined with soil erosion and the
other with only soil erosion (no dust addition). Dust addition rates are based on reconstructions
for MIS 5e by (Lu and Sun, 2000) and are between 10-50 mm/ka in Southeast and Northwest

CLP respectively. Twenty runs were simulated for each scenario: five soil erosion rates for four
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sites for assessing Soil Loss Tolerance (SLT). Supplementary material of this article provides
a comprehensive methodology for how dust addition and water erosion are (table S2) used as

model external-inputs.

2.5.1 Soil organic carbon

SoilGen2 simulates the mass of organic carbon (Mg/ha) per five-cm compartment, for each year
over the total period. This output is aggregated over the top 30 cm. The topsoil organic carbon
stock (SOC) then follows from [1]

6

SOC(Mg/ha) = Z(SOCC) [1]

c=1

Where SOC. indicates simulated mass of Soil Organic Carbon (Mg/ha) per depth of five cm.

2.5.2 Exchangeable bases

The exchangeable bases (EB) is defined as the sum of the macronutrients calcium (Ca),
magnesium (Mg), potassium (K) and sodium (Na) on the exchange complex. It thus represents
that part of the Cation Exchange Capacity (CEC) occupied by exchangeable bases. The CEC is
in SoilGen2 a variable of the clay and organic matter content. SoilGen2 aggregates the

exchangeable bases for each year over 30 cm as in [2]:

kmol +
ha

6
) = Z(XCaC+XMgC+XKC+XNaC) X pe X 0.5 2]

c=1

Where EB represents the summation of major exchangeable basic cations, XCac, XMgc, XKc,

EB (

and XNac in mmol+/kg soil in compartment ¢ (5 cm), pc is the bulk density (kg/dm?®) in this
compartment and 0.5 is the conversion factor from mmol+/kg to kmol+/ha, accounting for
compartment thickness. The soil bulk density varies in the soil compartment over time, however

the model assumes constant volume in each soil compartment during simulations.

2.5.3 Carbon Sequestration Capacity

Concerning the carbon sequestration capacity (CSC), as stated by many authors (Angers et al.,
2011; Feng et al., 2013; Six et al., 2002; Stewart et al., 2007), the capacity to sequester

additional SOC in soils is the difference between the maximum “theoretical” capacity and

10
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current SOC level in the soil’s fine particles. Following this view, we use the Hassink (1997)
approach to define the maximum carbon-saturation in the simulated soils, and the difference
between the amount SOC already present and the maximum in the upper 30 cm in soil was used

for CSC estimation.

The maximum carbon storage in a soil is defined here by the carbon saturation level (Csat, g/kg
soil). Csat is calculated in each simulation year by using the protocol that has been derived by
Hassink (1997):

Cout (1%) — 4.09 + 0.37 x (% particles < 20um) [3]
Equation [3] describes the total carbon in soil associated with soil particles less than 20 um,
thus the clay and part of the silt fractions, which change due to soil development processes.
Then, CSC (Mg/ha) is estimated as follows for the upper 30 cm of soil:

6
CSC(Mg/ha) = z ((Coat, X pe x 0.5) = 50C) [4]

c=1
Where, p is the bulk density (kg/dm?), which is also a variable. 0.5 is used as unit conversion
to Mg/ha per compartment (c) of 0.05 m. SOC. (Mg/ha) is the soil organic carbon stock in a
particular year. CSC (Mg/ha) is calculated through the difference between Csat and SOC in that

year.

2.5.4 Water yield

In the evaluation of ES, water can perform functions such as either water regulation (e.g. control
floods) or water supply (e.g. plant available water content) (Dominati et al., 2010) and these are
very strongly linked. Here we consider water yield (WY) the loss of water below the root zone,
and the ratio actual/potential evapotranspiration (Q) to indicate plant water stress. We estimate
how much water leaves the soil profile (=drainage), after plant water uptake, surface
evaporation and interception evaporation associated with vegetation type. We take as root zone
the upper 1m of soil depth, corresponding to the deepest root zone of the possible vegetation
types (i.e. that of deciduous forest). We calculated overland flow by considering all non-
infiltrating water to be runoff and assumed that both overland flow and drainage below the root

zone contribute to basins, rivers and ground water recharge. However, since SoilGen2 is a 1-D

11



296
297

298
299
300
301
302
303

304
305

306
307

308

309
310
311
312
313
314
315
316
317
318
319
320
321
322

Accepted Manuscript in Global and Planetary Change

model we did not simulate the flowpaths of water lost from the soil profile, as in landscape-

scale studies.

Model runs showed that the long-term average surface runoff was less than 1% of the net
precipitation for both scenarios (dust+erosion and only erosion) for both the most arid and the
least arid plots. The low surface runoff was due to the high (natural) vegetation cover and flat
terrain position in the simulated plots as well as the high infiltration capacity of the loess soils
relative to the rainfall intensity. Then, annual water yield (=drainage) can simply be calculated

as follows:

365 20

WY(mm)zP—ZZEatC [5]

t=0c=1
Where P stands for the annual precipitation (mm), (site level precipitation) and Eax is the actual
evapotranspiration (mm), which is summed over 20 compartments ¢ 1m) and per day t.

Then, to estimate how much water is available for plants (Q) we use the potential

evapotranspiration (Ep) from LOVECLIM on an annual basis, thus we obtain:

365 }120
Q(-) = Y20 Xe=1Ear Ep [6]

2.5.5 Assessing the soil loss tolerance

Various definitions of SLT have been adopted in the past (Alewell et al., 2015; Boardman and
Poesen, 2006; Duan et al., 2017; Li et al., 2009; Sparovek and De Maria, 2003; Wischmeier
and Smith, 1979). Given the natural setting in our study, the most appropriate legacy definition
of SLT is the soil erosion rate that equals more or less the soil formation rate. Thus, SLTs are
usually derived through soil formation rates from bedrock material. However, for specific
environments such as loess deposits, parent material for interglacial soil, estimating SLT value
is very tricky, because it has no relation to the underlying bedrock. Therefore, we refine this
definition by setting the SLT at that rate of erosion above which a deterioration of soil stocks
and ES performance occurs. An erosion rate of 2.0 Mg ha! y! is considered the upper limit of
natural erosion rates in the CLP where plateau landscape is assumed and simulated and include
5 erosion rates: no erosion, 0.5, 1.0, 1.5 and 2.0 Mg ha* y1. The selected erosion rates are very
small (insignificant) compared to accelerated soil erosion rates. Human-induced accelerated
erosion did not occur during MIS 5e, which motivates our choice of erosion rates and our

selections accord with natural and geologic erosion rates as reported by Granger et al. (1996),

12
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Wilkinson and McElroy (2007), Nearing et al. (2017, in there table 1). Moreover, we assume
that these minimum natural erosion rates gradually continue over a very long period (22 ka)
(although the model does this pulsewise by removing soil compartments).

We obtain SLT by evaluating how much the stock, over MIS 5e, responds to various erosion
rates, and identifying at what erosion rate a marked change occurs (this was identified based on
cumulative amount). A marked change is visually identified when the difference of a stock
between two adjacent erosion rates is clearly larger than the difference between two other
adjacent erosion rates, e.g. the difference between rates 1.5-2.0 is larger than that between 1.0
and 1.5 Mg ha! y*. Potentially, each individual soil stock and ecosystem service may lead to a
different SLT. Therefore, we propose to combine performance indicator based on the three

quantified ES as follows:

1. ForeachES (CSC, WY, Q), calculated using eq. 4, 5 or 6, we obtain a performance indicator
PI for each erosion rate e at a site s in one of both scenarios by dividing the calculated ES
by the maximum ES over the 5 erosion rates for this site:

ES
PIES,e,S(_) = s max Es [7]

2. A combined performance indicator CPI for each erosion rate, site and scenario is calculated
by multiplication:

CPIe,s(_) = PI(l—CSC),e,s * ley,e,s * PIQ,e,s [8]

13
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3. Results
3.1. Spatio-temporal trends in simulated climate and vegetation

Downscaled climate data (P and T) representative for the four sites are given in Fig. 2. In Fig.
2, year zero is the start of the precession cycle (SPC), the astronomical starting point of an

interglacial, 22 ka indicates the end of the interglacial.
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Figure. 2. Single column fitting image

Fig. 2. A 1000-year moving average applied to the simulated climatic data for the MIS 5e at
the four locations: annual mean (&) precipitation (mm) and (b) temperature ('C). Green

dotted line indicates the summer insolation during MIS 5e.

The simulated climatic data capture the climatic gradient that prevails on the plateau during the
entire Quaternary (Feng et al.,, 2004). Chang’an in the southeast receives the highest
precipitation (on average 915 mm) whereas northwest located Jingyuan is characterized by the

most strongly expressed semi-arid conditions, with the lowest precipitation (on average 330
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mm) (Fig.2a). All four sites show a much wetter first half of the interglacial and a dryer second
half. The variation of precipitation follows well the variation of the boreal summer insolation
which depends strongly on the climatic precession and is the main controlling factor of the East
Asian precipitation (Yin et al., 2009). The high precipitation in the first half of the simulation
period corresponds to a time of high summer insolation, and the low precipitation in the second
half of the simulation period corresponds to low summer insolation. The precipitation reaches
a minimum about 18,000 years after SPC and increases again after. This is because summer
insolation reaches a minimum about 18,000 years after SPC and increases after. This change in
climate forcing has been well captured in the climate model. The annual mean temperature
increases from Jingyuan to Chang’an, the 1000-year moving average ranging roughly from 6°C
to 14°C (Fig. 2b). The highest mean temperatures occur during the second half of the interglacial

at all sites.

Vegetation types (output at coarse scale of LOVECLIM) respond to the degree of aridity (Ep/P)
at each particular site, and thus regional scale vegetation types differ along the climatic transect
as well, both in space and time. During MIS 5e, deciduous forest is found in 96%, 85% and
61% of the years in Chang’an (wettest site), Luochuan, and Xifeng respectively. During the
drier periods at each of these sites, grass/scrub vegetation is found. Jingyuan (driest site) by
contrast predominantly has grass/scrub vegetation in 87% of the years, and deciduous forest in

the less frequently occurring wetter periods.

3.2 Soil stocks evolution and SLT
3.2.1 Exchangeable Bases (EB)

Fig.3 presents the evolution of the absolute amounts of EB. For all the sites in both scenarios,
the evolution of EB stock, for the duration of MIS 5e, can be explained by simulated soil profile
distributions of calcite and total exchangeable bases, which are similar. As the CLP soils
developed in calcite-rich loess parent material and calcite-rich added dust, the simulated EB
were dominated by calcium ions in the soils. Also the initial exchangeable Ca*?> dominated the
exchangeable bases (table S1). For all the sites in both scenarios, the calculated EB increases
with erosion at the end of the interglacial (rightmost). The evolution of EB fluctuated depending
on the total amount of base ions in the top soils, and a large decrease of bases can be related to
loss of calcite. When soil erosion depletes calcite in the soils, the EB decreases (whiter areas),

and if the top soil contains a calcite rich layer, the EB increases (darker areas).
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Figure. 3. Double (2) column fitting image

Fig. 3. Effect of natural erosion rates on EB evolution, in erosion-only (a, b, ¢, d) and dust
addition plus erosion scenario (e, f, g, h). X-axis is simulation year and y-axis is scaled to
1600 kmol+/ha. A blue dot at the y-axis represents initial EB value determined by the parent

material at the start of simulation. Colored lines denote different rates of erosion.
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In erosion only scenario (location-Chang’an in Fig.3a), an erosion rate of 0.5 Mg ha? y*
depletes the initial soils exchangeable bases because the litter layer is removed, which is a
source of basic cations, and thus the base cation nutrient pump by the vegetation is weakened.
The nutrient pump is not weakened at zero erosion. Simulated exchangeable bases (Fig.S2.a)
and calcite profile distributions (see also Fig.S2.b) show very low bases in the top soils early in
the time series (whiter areas in Figs.S2.a, b). At erosion rates above 0.5 Mg ha* y1, the calcite-
rich layer is exposed by erosion in Chang’an (for example at 2.0 Mg ha y* Figs.S2.c, d), and
this leads to higher EB (Fig.3a).

In Xifeng (Fig.3c), EB during part of the interglacial is less than that at zero erosion for rates
of 0.5 Mg haly?! (Figs.S3.a, b), and 1.5 Mg ha y* (Figs.S3.c, d). The weakened nutrient pump
(removal of litter layer containing cations) and the depths of removal and accumulation of
calcite are influencing the EB (Figs.S3), but not in a straightforward way because of interacting
processes. However, at the end of the interglacial (rightmost), the net effect is that increasing
erosion rates increase the EB, as in Chang’an, but values of EB at Xifeng are higher because
the drier climate leads to shallower calcite accumulation and thus easier exposure by erosion
(Figs.S3.e, f). In Jingyuan (Fig.3d), most of the EB are higher in the middle of the interglacial,
while the EB lowers at 2.0 Mg ha* y! due to erosion in the top soils (Figs.S4.a, b).

Similarly, in the dust addition plus erosion scenario, the EB and calcite distribution together
explain both the decrease and increase of EB in Xifeng at 2.0 Mg ha* y* (Fig.3g and Figs.S5.
a, b, ¢, d). As mentioned before, in Jingyuan (Fig.3h), EB increases due to reaching calcite rich
top soil layers at 1.5 and 2 Mg ha y! erosion at the end of the interglacial (Figs.S6.a, b). At
Jingyuan a little change of EB was observed over time and for different erosion rates in the first
20 ka (Fig.3h).

These findings suggest that depending on the initial amounts of bases, calcite contents in the
parent material and in the added dust and the intensity of calcite leaching and clay migration
processes in different locations together regulate exchangeable bases in the studied soils. The
EB decreases from Jingyuan to Chang’an by following the climate gradient in the CLP. In
general, the lowest EB was found at the moist Chang’an due to leaching of base cations from
the surface soil and the highest EB is found at Jingyuan because of less leaching and intense

loess accumulation.

17



427
428
429
430
431
432
433
434

435

436

437
438
439
440

441

442
443
444
445
446

447
448
449
450

Accepted Manuscript in Global and Planetary Change

Overall, our findings suggest that increasing erosion rates have a positive effect on
exchangeable bases within the context of chosen natural erosion rates in the CLP soils. Table 1
represents rates of erosion with respect to EB, where major differences occur (increasing
/decreasing) along the climatic gradient for each case (=SLT). In general, at the three sites with
the most expressed summer monsoon (e.g. Chang’an, Luochuan and slightly in Xifeng), the
SLT indicates the erosion rate above which EB increases due to reaching calcite-rich soil layers
and at the most arid site (Jingyuan), the SLT indicates the erosion rate above which the EB

decreases (or no effect of erosion).

Table 1. SLT values for EB for four locations.

EB Chang’an  Luochuan Xifeng Jingyuan
soil loss tolerance values (Mg haly™)

Dust addition plus Erosion Above 1.0  Above 0.5  Above 0.5 No effect

Erosion only Above 0.5 Above 0 Above 1.0-1.5 Above 1.5

Table 1 and 2 data are based on cumulative stocks (see cumulative figures in supplementary
materials) because absolute EB and SOC stocks show huge variations, making assessment of
SLT difficult. As a conclusion, it can be stated that the temporal scale at which the SLT is

assessed is influencing the uncertainty of the assessment.
3.2.2 Soil Organic Carbon (SOC)

Fig.4. presents the evolution of the absolute amounts of SOC. These SOC indicate a decrease
of SOC at increasing erosion rate in the erosion-only (Fig.4.a, b, ¢ and d) and in the dust addition
plus erosion scenario (Fig.4.e, f, g and h), where the SOC-evolution pattern is ambiguous due
to combined effects of both erosion and dust deposition, where dust deposition gradually buries

the litter layer which then becomes incorporated in the soil.

The observed pulses in Fig.4 are due to both dust addition and soil erosion processes defined in
the model. At an annual scale, dust addition first leads to a lower OC in the new top layer and
buries the old top layer plus the litter layer below. Erosion removes the top layer and the litter

layer and thus depletes SOC. Depicted as a moving average, these pulses are somewhat
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dampened. The simulated patterns of the effect of dust deposition and erosion on OC are

presented in supplementary Fig.S7.

In addition, less SOC is a result of strong SOC decomposition at moist and warm locations such
as Chang’an and Luochuan. Therefore, considering the location effect, the calculated SOC is
minimal at Chang’an, due to high decomposition rates and the effect of the erosion rate is
minimal (table 2). A high amount of SOC was modeled at Jingyuan, because of low decay rates
in a cold and dry climate. However, on the other hand, precipitation is the variable that limits
plant biomass production in the semi-arid northwestern CLP (Xu et al., 2007) such as Jingyuan
in this study. Therefore, the simulated amounts of SOC in Jingyuan is probably high.
Differences in plant biomass production varied, according to the downscaled LOVECLIM-
simulations (see supplementary information), in Jingyuan (average 4.0 Mg ha* y, grass/scrub
vegetation) and Chang’an (average 7.0 Mg ha y!, forest vegetation) and these influence the

amount of SOC in the soil.

However, it is important to notice that the quantified Net Primary Production (NPP) varies with
the different vegetation types and climate gradient in the studied sites as mentioned in section
3.1. In both scenarios, the increase of SOC between nearly 12500 and 5000 years (Jingyuan)
and the last 7500 years of MIS 5e (Luochuan and Xifeng) is due to the dominance of grass/scrub

vegetation in this period.
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Figure. 4. Double (2) column fitting image

Fig. 4. Effect of natural erosion rates on SOC evolution, in erosion-only (a, b, ¢, d) and dust

addition plus erosion scenario (e, f, g, h). X-axis is simulation year and y-axis is scaled to

140 Mg/ha. Colored lines denote different rates of erosion.

The SLT levels obtained for SOC along the climatic gradient are given in table 2 (based on

cumulative SOC stocks). In the dust deposition plus erosion scenario erosion rates above 1.0
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Mg ha* y* lead to reduced SOC. On the other hand, every rate of erosion above 0 Mg hay*!
in the erosion-only scenario has a negative effect on SOC as all the lines are clearly below the

zero erosion rate (green line).

Table 2. SLT values for SOC for four locations.

SOC Chang’an Luochuan Xifeng Jingyuan
soil loss tolerance values (Mg haly?)

SOC decreases at

Dust addition plus Erosion Minimal effect Above 1.0 Above 1.0 No effect

Erosion only Above 0 Above 0 Above 0 Above 0

3.3 Soil ES evolution and SLT
3.3.1 Carbon Sequestration Capacity (CSC)

Fig.5. illustrates the evolution of the absolute amounts of CSC. In both scenarios, CSC increases
at increasing rates of erosion. It is reasonable because soil erosion removes soil organic matter
and provides the capacity to bind extra carbon in the remaining topsoil layers. The simulated
SOC variations combined with the texture changes (Fig.S10) will determine the CSC
fluctuations. Hence, the CSC graphs (Fig.5) resemble the SOC graphs (Fig.4).

The reason for higher CSC in Xifeng (Fig.5¢c) at 1.5 Mg ha* y* in the last 5000 years of MIS
5e is due to stronger decreasing SOC in the topsoils compared to 2.0 Mg ha* y* (see Fig.S8. a,
b). This may perhaps be due to textural variations, which also affect CSC calculations (eq.3).
In general, if the soil has high organic carbon content, CSC is low. Possibly, the dominance of
grass/scrub vegetation and high OC in topsoils in Jingyuan shows zero CSC nearly between
12500 and 5000 years (Fig.5.d, h) and in Xifeng nearly in the last 7500 years of MIS 5e (Fig.5.c,
g). It should be noted that our CSC only applies to the upper 30 cm and that the effect of off-
site burial of SOC is not considered. In both scenarios (Fig.5), the CSC is decreasing from

Chang’an, Luochuan, Xifeng to Jingyuan.

CSC differs between scenarios: lines in the erosion-only scenario (Fig.5.a, b, c and d) are further
apart than in the dust addition+erosion scenario (Fig.5.e, f, g and h), indicating larger
fluctuations of the quantity of CSC. The dust particles bind soil organic carbon due to (i) their
fine texture (<20 um; Hassink,1997) and (ii) binding on metal surfaces (e.g. Fe-oxides; Doetterl
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et al., 2018) in the added dust. In the present study, only the effect of the texture of the dust is

included. Hence, in the dust+erosion scenario, the maximum carbon saturation value is changed

according to soil texture changes, due to erosion of soil compartments, physical weathering and

clay migration to deeper layers. Therefore, dust addition reduces the effect of erosion.
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Figure. 5. Double (2) column fitting image

22



508
509
510

511

512

513
514
515
516
517
518
519
520
521
522

523
524
525
526
527
528
529

530
531
532
533
534

Accepted Manuscript in Global and Planetary Change

Fig. 5. Effect of natural erosion rates on CSC evolution, in erosion-only (a, b, ¢, d) and dust
addition plus erosion scenario (e, f, g, h). X-axis is simulation year and y-axis is scaled to
100 Mg/ha. Colored lines denote different rates of erosion.

3.3.2 Water Yield (WY) and ratio actual/potential evapotranspiration (Q)

The most important effect of erosion on WY (Fig.6) is that every rate of erosion above zero
reduces the WY (=drainage) in both scenarios, and mostly relates to higher erosion rates: when
the zone of export in soil is removed by erosion, a Bt horizon (clay-rich) exposes (Fig.S1).
Therefore, we can assume that plant roots enter into the Bt horizon and enhance water uptake
from the Bt, where more plant available water is present due to the higher clay content. As a
result, there is less leaching of water and WY becomes low. In general, it should be noted that
WY lowers towards the semi-arid sites because of low precipitation, and there is no important
effect of different erosion rates on water yield at Jingyuan (Fig.6.d and h). Therefore,
precipitation will restrict the WY in more arid (Jingyuan) relative to the moist locations (e.g.

Chang’an) where soil properties (e.g. clay content) can play a role in determining the WY

The impact of erosion rates on WY-evolution is less pronounced in the dust addition+erosion
scenario (Fig.6.e, f, g and h) than in the erosion-only scenario (a strong reduction of water yield)
(Fig.6.a, b, c and d). This may be due to the addition of dust containing fine materials which
improves water retention, compensating topsoils removed by water erosion. Fig.6 shows
overlapping lines near the end of the simulated interglacial (rightmost); this is due to the lower
annual average precipitation simulated (Fig.2a). This suggests that the amount of precipitation
largely determines the WY at the different erosion rates studied.

The ratio of actual over potential evapotranspiration, , informs on how well water demand by
vegetation is supplied by available soil water, and thus indicates if biomass production is
stressed by soil water shortage. WY and € are not strictly inversely related, because not all soil
water in the rooted zone is available for plants, and zero WY does not necessarily mean that

plant water need is satisfied (see Fig.S9).
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Fig. 6. Effect of natural erosion rates on WY evolution, in erosion-only (a, b, ¢, d) and dust
addition plus erosion scenario (e, f, g, h). X-axis is simulation year and y-axis is scaled to

Figure. 6. Double (2) column fitting image

250 mm. Colored lines denote different rates of erosion.

3.3.3 Combining performance indices for ecosystem services
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The combined performance indices for ES were calculated for the two scenarios at the five
erosion rates by applying eq.7 for the ES: CSC, WY and Q and then multiplying these indices
using eq.8. The result in Fig.7 shows higher erosion rates (1.5 — 2.0 Mg ha* y!) influence the
studied ecosystem services negatively, while lower erosion rates (0.5 — 1.0 Mg ha* y) do not
show a large negative impact. Like identified for the ES: CSC and WY in preceding sections,
dust addition reduces the effect of erosion on ES at lower erosion rates. The ES performance is
approximately constant in the dust addition plus erosion scenario (Fig.7a), whereas it is much
more prominent in the erosion-only scenario (Fig.7b). For both scenarios, combined ES

performance indicator showed a negative performance above 1.0 Mg ha* y*.

Fig.7b shows that the combined index is higher in erosion-only scenario than in the dust
addition plus erosion scenario (Fig.7a) especially at lower erosion rates. The difference in the
combined index is mainly due to the individual effect of the evolution of CSC, WY and €,
which reflect the combined effect of soil forming factors, erosion and dust addition. For
example, surprisingly, Jingyuan, shows a high index in erosion-only scenario (Fig.7b), due to
its higher amount of SOC at lower erosion rates, compared to the other sites, while it is much
lower in the dust addition plus erosion scenario (Fig.7a). These differences are attributed to
simulated SOC and therefore CSC in soils. Erosion-only scenarios suggest a better soil ES
performance at more arid sites at low erosion rates than at the two moist sites. However,
focusing simply on erosion may overlook the relevance of knowing the correct plant biomass

productivity and the relation between aridity and dust deposition.

Considering the simulated soil development and climate change under this study, we propose
sites located near deserts would be considerably influenced by dust addition (e.g. Jingyuan)
relative to the moister sites. Therefore, we stress that dust deposition and its composition are

also important factors of SOC, CSC and SLT estimations.
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Figure. 7. Single column fitting image

Fig. 7. Combined performance indices for three simulated ecosystem services (1-CSC, WY
and Q per scenario) (a) dust+erosion and (b) erosion-only and per erosion rate for the

simulation locations.
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4. Discussion
(i) Concept of SLT under erosion/dust accumulation scenarios and semi-arid climate

Linking with the objectives, the variability in soil stocks and ES-performance was shown (Figs.
3, 4,5, 6, 7) and causes were identified (Figs. S1, S2, S3, S4, S5, S6, S7, S8, S9, S10). Our
simulation-based SLT and combined ES-performance indices confirm a difference between the
two scenarios, where the erosion-only scenario shows wider differences in the combined index
over lower erosion rates. In contrast, the differences are minor and approximately constant in
the dust addition plus erosion scenario. Because of dust addition, for soil stocks, dust addition
plus erosion scenario shows slightly higher SLT than erosion-only scenario. Our results show
a clear sensitivity of the soil model outputs to different climate evolutions along the aridity
transect, which allows for comparative scenario studies like we performed. Combined climate-
soil evolution modeling is key to enabling such analyses. Based on the concept of SLT, at the
low “natural” erosion rates under the semi-arid climate in this study, soil-based ES showed a
negative performance above 1.0 Mgha?'y?, even though some stocks (SOC) respond

negatively and (EB) respond positively above this rate.

Off-site effects of erosion may negatively affect water bodies and also change soil depth at
accumulation locations. However, the studied erosion rates are low and would not produce a
lot of colluvium, and the 1-D soil model does not allow to calculate mass redistribution over a
landscape. For these reasons, we did not include erosion modeling nor discussed off-site
problems. The only way that we see to include off-site effects, is to add a separate series of
scenarios of colluviation, which would probably be an enrichment to the study but is also not
easily done. We did not include this, also because off-site effects are of impact under
agricultural land use but much less under natural vegetation as in MIS 5e.

(ii) Potential applications of the modeling approach for SLT

Understanding SLT in a managed land-use context is another important aspect. SLT would be
calculated for higher, man-induced erosion rates. An extension of this study towards higher
erosion rates might be useful to identify tipping points, erosion rates that will result in loss of
performance when exceeded. For future application of the present study in an Anthropocene
perspective, appropriate (shorter) time-scales need to be chosen, especially when simulations
are linked to field studies. The natural (e.g. climate, erosion, and deposition) and human
intervention (e.g. land-use types, agricultural practices: slash burn cultivation, tillage, irrigation,

fertilization) factors must be assessed in the modeling. Therefore, a future study should satisfy
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time series data needs in a managed land-use context. Besides that, model calibration is also an

important step.
(iii) Soil-climate modeling and SLT

Our results showed climate is an important driver in SLT quantifications. Therefore, time series
of climate data are required to understand the “soil change” for a given location. Understanding
“soil change” is vital in determining the soil status for supplying soil stocks and ES, which
change under different climatic conditions (precipitation, temperature). Therefore, it is
increasingly necessary to integrate soil changes with other components (hydrosphere,
lithosphere, atmosphere, and biosphere) of the earth system to obtain a better understanding of
soil processes, ES, and globally concerning matters such as SLT. Therefore, we propose that
soil-climate modeling approaches provide a better framework that can fully capture the role of
soils in a coupled system.

(iv) Limitations of this study

Some methodological flaws appear in the studied soil model-based ecosystem services
assessment. In this study, the CSC estimation is influenced by the SOC level in the simulated
soil. SOC and CSC are interlinked. In this study, the annual addition of organic carbon by plants
(site- and climate-specific) is an input parameter and estimated by mean annual temperature
and precipitation over four sites in the CLP. Even though a variety of factors naturally
influences root depths (e.g. soil, climate, vegetation), the current model simulates plant water
uptake and the fraction of roots (and root input organic matter) over the soil compartments per
year by employing a root density function (roots exponentially decrease with depths). We use
a maximum (100 cm) root depth for forests, which is the depth of the initial profile and hence
is the maximum value that can be given, and reasonably its half value of 50 cm is allocated for
grass/scrubs vegetation. When true maximum rooting depths would exceed 1 meter, the vast
majority of roots and associated water uptake would still be in the upper meter, so we expect
little impact on our results. Despite unavoidable uncertainties in data from paleoclimate
simulations, it is worth noting here we corrected for systematic biases (see supplementary
information). Reconstructing the climate using proxies would suffer from similar larger
uncertainties. Moreover, as we applied the 1-D model, erosion is considered a completely
independent external-input with no connection to the rainfall intensity in the area. The majority
of ES studies (e.g. Di etal., 2017; Su et al., 2018; Wang et al., 2011) in the loess plateau focus

on agricultural production purposes, considering climate change/gradients, land cover, land-use
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change and revegetation. However, we studied all the soil stocks and ES solely to evaluate how
those evolve under natural vegetations. Thus, evaluating soil quality based on these indices
from an agricultural productivity perspective is beyond the scope of this study, and it must be
noted as well that the study concerns MIS 5e. Finally, the SLT at various erosion rates are
estimated for a semi-arid, monsoon-type climate evolution. The found SLT are therefore bound

to these climates.
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5. Conclusions

In this paper, we test a new modeling approach for estimating selected soil stocks and ES and
assessing possible SLT in four locations on the CLP over 22 ka. We show the importance of
mechanistic soil modeling for quantifying ES as the initial step for assessing ES. We stress that
mathematical modeling is a better option for assessment of soil stocks (natural capital) and ES
than common inventory-based studies, for a number of reasons: (i) stocks and ES can be
quantified; (ii) past, present and future situations can be quantified; (iii) effects of scenarios of
the forcing factors (e.g. climate, erosion) can be studied; (iv) while extrapolation of data
inventory based assessments is risky, extrapolations using mechanistic instruments are less
risky. Because physical laws like the conservation of mass, potential-driven water and solute
flow constrain the results even when boundary conditions become extreme (e.g. high rainfall),

while empirical relations are risky to be applied outside their domain.
The main findings are:

Q) Two soil stocks, EB and SOC, respond differently to increased erosion. Whereas SOC
decreases when erosion occurs, usually EB increases with erosion in both scenarios, in
response to huge variations in calcium-rich horizons that become part of the topsoil over
the modeling period.

(i) Three ecosystem services, CSC, WY and Q respond differently to increased erosion.
SLT, as assessed by the combined ES performance indicator, showed a negative
performance above 1.0 Mg ha* y*. This SLT-threshold is bound to the studied (semi-
arid, monsoon) climate evolution.

(iii)  SLT benchmark levels should be chosen carefully based on analysis of the effect of
natural erosion rates.

(iv)  Dust deposition may obscure the effect of erosion in ES performance, however, it must
be studied further.
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