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1 | INTRODUCTION

Abstract

Soil biogeochemical processes may present depth-dependent responses to climate
change, due to vertical environmental gradients (e.g., thermal and moisture regimes,
and the quantity and quality of soil organic matter) along soil profile. However, it is a
grand challenge to distinguish such depth dependence under field conditions. Here
we present an innovative, cost-effective and simple approach of field incubation of
intact soil cores to explore such depth dependence. The approach adopts field incu-
bation of two sets of intact soil cores: one incubated right-side up (i.e., non-inverted),
and another upside down (i.e., inverted). This inversion keeps soil intact but changes
the depth of the soil layer of same depth origin. Combining reciprocal translocation
experiments to generate natural climate shift, we applied this incubation approach
along a 2200 m elevational mountainous transect in southeast Tibetan Plateau. We
measured soil respiration (Rs) from non-inverted and inverted cores of 1 m deep, re-
spectively, which were exchanged among and incubated at different elevations. The
results indicated that Rs responds significantly (p <.05) to translocation-induced cli-
mate shifts, but this response is depth-independent. As the incubation proceeds, Rs
from both non-inverted and inverted cores become more sensitive to climate shifts,
indicating higher vulnerability of persistent soil organic matter (SOM) to climate
change than labile components, if labile substrates are assumed to be depleted with
the proceeding of incubation. These results show in situ evidence that whole-profile
SOM mineralization is sensitive to climate change regardless of the depth location.
Together with measurements of vertical physiochemical conditions, the inversion ex-
periment can serve as an experimental platform to elucidate the depth dependence of

the response of soil biogeochemical processes to climate change.

KEYWORDS
decomposition, depth dependency, soil nutrient cycling, soil organic matter, temperature
sensitivity, whole-soil

(Batjes, 2014; Jobbagy & Jackson, 2000). The turnover of this organic

matter pool (the rate at which it enters and leaves the soil) regulates

Soil is the largest terrestrial reservoir of organic matter (Friedlingstein soil fertility, plant growth, and the climate. In an era of fighting against

et al., 2020), two-thirds of which store in the soil below 0.2 m climate change, given the central role of soil organic matter (SOM)
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dynamics in connecting the exchanges of elements between terrestrial
and atmospheric pools, advanced understanding of whether and how
whole-soil SOM cycling responds to climate change is vital for sustain-
able land management and effective climate actions. Soil biogeochem-
ical cycling occurs in a three-dimensional, heterogeneous environment.
It is crucial to distinguish potential depth-specific response of soil bio-
geochemical processes to climate change due to vertical environmental
gradients (e.g., soil hydrothermal regimes, oxygen and substrate avail-
ability) through soil profile, and to elucidate underlying mechanisms.

Apparent vertical gradients exist through soil profile in terms of
soil physical (e.g., thermal and moisture regimes), chemical (e.g., soil
nutrient availability), and biological properties (e.g., microbial function-
ality and activity). As such, different controls/mechanisms may be in-
volved in SOM turnover and persistence across soil depths (Lehmann
& Kleber, 2015; Schmidt et al., 2011). For example, subsoil SOM has
been found to be more persistent to decomposition than topsoil SOM
due to greater aggregate protection and mineral adsorption than
topsoil SOM (Qin et al., 2019). One of the suggested reasons is that
topsoil SOM is dominated by substrates derived from plant materials,
while most subsoil SOM is originated from microbial necromass which
is more strongly protected against mineralization (Ni et al., 2020).
In addition, both microbial community and soil organo-mineral in-
teractions present vertical gradients through soil profile (Rumpel &
Kogel-Knabner, 2011). These differences in SOM composition and
protection processes across depths may result in distinct responses of
SOM decomposition to climate change (Davidson & Janssens, 2006).

Depth-resolved assessment on soil biogeochemical processes as
impacted by climate change is usually conducted in ideal laboratory
conditions under artificial climate. For the elemental cycling of soil car-
bon, for example, with increasing soil depth, decreased, neutral, and
increased temperature sensitivity had been found depending on soil
and incubation conditions (Li et al., 2020; Qin et al., 2019; Vaughn
& Torn, 2019). A reason for this inconsistence would be that such
incubations are usually destructive, destroying micro-environmental
gradient along soil profile and physiochemical protections of SOM.
Field warming experiments provide a complementary, and have an ad-
vantage of reducing soil disturbance. Nevertheless, only few studies
extend warming to deep whole-soil profile and assess depth-specific
biogeochemical cycling (Hicks Pries et al., 2017). In addition, most
existing field experiments with climate change treatments only focus
on one or several climate variables (e.g., mean annual temperature
and precipitation), ignoring that real climate change is an integrated
phenomenon of changes of various climate variables such as the fre-
qguency and intensity of climate extremes. It is also very expensive
to set up and maintain this kind of field manipulative experiments.
Overall, we need novel approaches/technologies to conduct in situ
depth-resolved quantification of soil biogeochemical responses to cli-
mate change, and overcome the challenges of intact sampling and/or
monitoring in soil depths (Maier & Schack-Kirchner, 2014).

Here we propose an innovative approach of field incubation of
intact soil cores to explore the depth dependence of the responses
of soil biogeochemical processes to climate change. This approach
was illustrated in a 2200 m elevational transect in southeast Tibetan

Plateau to test two topical hypotheses relating to whole-soil biogeo-
chemical cycles. That is, depth-associated soil profile environmental
gradients influence not only soil carbon mineralization (H1) but also
its sensitivity to climate change (H2). The approach can be applied
to address other questions by measuring variables of interest, de-
signing incubation treatments, or conducting additional experiments

using soil samples harvested from the incubated soil cores.

2 | MATERIALS AND METHODS
2.1 | The field incubation approach

The approach relies on natural climate shifts across sites to generate
a natural climate gradient. Intact soil cores are extracted at sites with
different climate, and then reciprocally translocated (i.e., exchanged
among sites) and incubated at the sites under different ambient cli-
matic condition. This design has been adopted to study the response
of soil biogeochemical responses to climate change (Hu et al., 2016;
Ni et al., 2021; Nottingham et al., 2019; Zimmermann et al., 2009).

Together with the reciprocal translocation, a soil core inversion
treatment is designed to change the depth location of soil layer
of same depth origin (Figure 1). That is, the sampled soil cores are
divided into two groups: one group is incubated right-side up (i.e.,
non-inverted), and another upside down (i.e., inverted). This inver-
sion keeps soil core intact but, depending on the choice of the depth
of soil cores, creates contrasting environmental conditions for the
soil layer of same depth origin, enabling in situ assessment of the
depth dependence of soil biogeochemical processes as well as their
responses to climate change. Figure 1 diagrams this approach using
an elevational transect to generate climate shifts. The approach can
be applied to any climate transects if logistics is not an issue, and
the inversion treatment can be also combined with other treatments
of global change factors (e.g., manipulation of carbon/nutrient input
and soil disturbance) to evaluate other questions relating to soil bio-
geochemical cycle-global change feedbacks.

Here we summarize some vertical gradients which could be al-

tered by the inversion treatment (Figure 2):

1. Soil hydrothermal regimes. Soil moisture and thermal environ-
ment are more stable in deeper depths. The inversion would
reverse the hydrothermal fluctuations in the original surface and
bottom soil layers. In addition, topsoil usually has higher SOM
content than subsoil. As SOM-rich soils have higher porosity
and water holding capacity, the inversion change the vertical
profile of soil moisture dynamics. Since air and water share
the pore space of soil, changes in moisture regime would also
alter O, availability through soil profile.

2. O, availability. There is a higher probability of higher O, avail-
ability in topsoil than in subsoil (Ebrahimi & Or, 2016). Most bio-
geochemically active elements concentrate in the surface layer
where O, is not or less limited. When this original surface layer
is flipped down to deeper depths, O,—as a critical and strong
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FIGURE 1 Anexample to demonstrate
the field incubation experiment. Soil cores
from three elevations are reciprocally
translocated and incubated in ambient
climatic condition. This design allows in
situ quantification of soil biogeochemical
processes in response to climate change
induced by elevation shift. Together with
the translocation, a soil core inversion
treatment is designed to change the
depth location of soil of the same depth
origin, enabling in situ assessment of the
depth dependence of soil biogeochemical
responses to climate change. [Colour
figure can be viewed at wileyonlinelibrary.
com]
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FIGURE 2 A schematic diagram shows the effects of inversion on vertical gradients of soil environment and processes. This inversion
places the soil of the same depth origin into different soil depths, resulting in changes in, but not limited to, soil moisture and thermal
regimes (1), O, availability (), root growth (e.g., the depth distribution of root biomass, (3)), the quantity and quality of vertically
transported soil organic matter and nutrients (), and microbial community composition, activity, and functionality ((5)). The blue and gray
triangles on the left illustrate two types (i.e., decrease vs. increase with soil depth, respectively) of vertical gradients of soil physiochemical
properties and biogeochemical processes in non-inverted soil cores. The gradient pattern is inverted in inverted soil cores as shown on
the right. The inversion treatment provides a convenient way to explore how these processes and their interconnections control soil
biogeochemical processes. [Colour figure can be viewed at wileyonlinelibrary.com]
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oxidizing agent in upland soils—would become deficit or limited
because of increased requirement for SOM oxidization, root res-
piration (see the discussion below on Plant root growth) as well as
oxidation-reduction of elements.

3. Substrate vertical movement. Another important gradient change re-
lates to the movement of substrates (e.g., dissolved carbon) and nu-
trients (e.g., active nitrogen) driven by vertical water flow through soil
profile (Ahrens et al., 2015). The direction of those movements will be
reversed by the inversion treatment. When deep soil is lifted to the
surface, for example, it will loss rather than receive dissolved carbon
and nutrients. This may substantially change the interactions between
SOM pools via such as the priming effect (Luo et al., 2020).

4. Plant root growth. If plant growth is permitted in the incubated
cores, plants would allocate more carbon into deeper depths in
inverted cores to acquire water and nutrients therein as the SOM
and nutrient-rich surface soil layer has been flipped down. This
change of the depth allocation of belowground carbon can help
understand how carbon storage in different soil depths associates
with carbon inputs therein, and assess carbon pool interactions
under different environmental conditions.

5. Microbial community shift. Microbial community composition,
function and activity present a vertical gradient due to the close
association of microbial physiological and metabolic properties
with edaphic properties. For example, inversion would induce
changes in carbon inputs in terms of both quantity and quality to
the soil layer of same depth origin via processes discussed above,
and thus results in shifts in microbial composition, activity, me-

tabolism and interspecific relationships (Sokol et al., 2022).

Depending on soil properties such as texture and physical structure
(e.g., aggregates), these vertical gradients may vary substantially among
soils. The inversion treatment provides a good opportunity to test
whether and how various processes regulate whole-soil biogeochemical
processes, accompanying with depth-specific measurements and long-
term monitoring. Especially, we suggest that soil cores can be harvested
after a period of incubation. These harvested soils can be separated
into layers of same depth origin with the measurement of biological and
physicochemical properties, and then compared between inverted and
non-inverted cores. The harvested soils also provide an excellent source
for laboratory incubation to address how changes in carbon pool compo-
sition and microbial community and their interactions influence the re-
sponse of soil biogeochemical processes to treatments of global change

factors (e.g., warming, substrate quantity and quality, nutrient addition).

2.2 | Statistical metrics for assessing the effects of
soil core inversion

We suggest a simple metric to test hypotheses relating to whether and
how depth-induced environmental gradients influence soil biogeochemi-
cal processes (H1). For a typical variable (V), a log response ratio (RR) using
V measured for the soil layer of same depth origin from inverted and non-
inverted cores incubated at the same site can be calculated as:

A
RRH1=In<v>, (1)

where V;* and V; are the measurements of a typical variable in the it soil
layer from inverted and non-inverted soil cores, respectively.

To test hypotheses relating to how depth-induced environmen-
tal gradients influence the response of V to climate shifts (or other
global change factors, H2), the log response ratio for inverted and

non-inverted cores can be calculated, respectively, as:

V.
RRH2 _ |I"I< idest ), (2)
i,orig
A
RR* —In i,dest >’ (3)
H ( vi,orig

where V4 and V,,,, are the V, from non-inverted soil cores trans-

,0rig
located to other climate destination and reinstalled at the origin
climate, respectively; V[”‘dest and V[”‘orig are the V; from inverted soil
cores translocated to other climate destinations and reinstalled
at the origin climate, respectively. Then, RRy, and RR:,2 can be sta-
tistically compared. Regression analyses can also be conducted
to assess the relationship of RRy;, RRy, and RR;, with climate
shifts. If different soils have been treated, regression analyses
can also be used to assess how soil physiochemical properties

impact the response.

2.3 | Case study sites

To demonstrate the field incubation approach, three sites were se-
lected along a 2200m elevational transect ranging from 2400 to
4600m at Mount Segrila in southeast Tibet. The elevations of the
three sites are ~2400, ~3500, and ~4600 m with a mean annual tem-
perature of 11.1, 3.4, and-1.3°C, respectively, and mean annual
precipitation of 844, 985, and 1057 mm, respectively. The soil is a
dark-brown Cambisols. The 4600 m site is a natural alpine meadow
with Polygonum macrophyllum D. Don, Rhodiola fastigiate S.H. Fu and
Potentilla peduncularis D. Don as the dominant plant species. The
3500m site is a grazed pasture dominated by Iris bulleyana Dykes,
Veronica polita Fries, Primula alpicola Stapf and Carex haematostoma
Nees. The 2400 m site is an alpine barley cropland with a long history
of cultivation. The different land use has an advantage of testing the
importance of soil heterogeneity. More detailed descriptions of the

study sites and soil properties have been presented in Table 1.

2.4 | Soil sampling and measurements

In early September 2020, at each site, soil samples with five repli-
cates (n = 5) from five depth intervals/layers (i.e., 0-10, 10-20, 20-
30, 30-50, and 50-100cm) were extracted and sieved to 2mm to
remove stones and roots and divided into two subsamples: one was
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TABLE 1 Depth-specific soil properties (mean+SE, n = 5)

Elevation

2400m

3500m

Variable

pH

Total nitrogen (%)

Carbon:nitrogen

NH,*-N (mg kg™

NO,™-N (mgkg™)

DOC (mgkg™)

DON (mgkg™)

POC (gkg™)

MOC (gkg™)

Fe and Al Oxides_d
(mgkg™)

Fe and Al Oxides_o
(mgkg™)

Silt (%)

Clay (%)

Bulk density (gm™)

MBC (mgkg™)

MBC:MBN

Fungi (nmolg™)

Bacteria (nmolg™)

Aerobes (nmolg’l)

Anaerobes (nmolg™)

Aerobes:anaerobes

pH

Total nitrogen (%)

Carbon:nitrogen

NH,*-N (mgkg™)

NO,™-N (mgkg™)

DOC (mgkg™)

DON (mgkg™)

POC (gkg™)

MOC (gkg™)

Fe and Al Oxides_d
(mgkg™)

Fe and Al Oxides_o
(mgkg™)

Silt (%)

Clay (%)

Bulk density (gm™2)

MBC (mgkg™)

MBC:MBN

Fungi (nmolg™)

Bacteria (nmolg™)

Aerobes (nmolg’l)

Anaerobes (nmolg™?)

Aerobes:anaerobes

0-10cm

6.26 +0.01
0.131 +£0.002
10.93 +0.11
1.11+.03
1.53+£0.16
184.89 +12.4
7.80 £1.13
29.60 +£3.43
27.00 +£3.21
7.43 +0.02

2.86 +0.33

22.92 +0.25
270 £0.16
0.83 +0.03
383.97 +13.9
6.11 +£0.06
1.09 +£0.05
11.42 +0.56
1.88 +0.11
0.71 +0.04
2.66 +0.01
6.02 +0.03
0.471 +0.006
11.40 £0.06
2.04 +0.11
2.39 +£0.21
229.40 +20.9
12.64 +1.48
58.68 +10.97
20.48 +1.39
26.83 +0.19

6.40 +0.09

59.62 +6.41
4.86 +0.63
0.93 +£0.01
920.97 +9.96
11.8 +0.10
3.20 +0.60
24.31 +4.20
512 +3.15
2.15+0.45
2.39 +0.02

10-20cm

6.36+0.01
0.098+0.004
10.76 +0.04
0.90+0.16
1.60+0.20
119.96+17.3
6.83+0.86
9.08+1.66
18.99+0.99
6.93+0.09

1.01+0.03

23.12+2.20
2.80+0.28
0.93+0.03
292.16+16.4
5.68+0.11

5.97+0.04
0.262+0.010
11.93+0.24
1.65+0.12
2.16+0.16
93.44+12.8
7.38+0.07
22.21+1.30
19.86+0.27
34.0+0.21

8.03+0.06

50.56+14.86
4.11+1.04
1.03+0.02
532.78+5.32
9.68+0.16

20-30cm

6.58+0.01
0.068+0.002
10.63+0.22
0.83+0.16
0.98+0.22
84.49+18.8
543+0.23
3.133+0.62
8.50+1.64
6.85+0.05

1.14+0.05

22.22+1.23
2.74+0.21
0.98+0.04
193.13+13.3
6.34+0.06

5.91+0.01
0.134+0.007
16.81+0.72
1.75+0.10
1.74+0.29
32.46+714
5.20+1.18
13.23+1.55
13.80+1.22
32.57+0.30

7.00+0.30

62.02+8.88
6.53+0.45
1.01+0.03
372.65+2.58
8.28+0.14

30-50cm

6.66+0.02
0.052+0.003
9.87+0.14
0.69+0.13
0.26 +0.09
54.71+£6.23
5.69+0.39
1.65+0.42
5.04+0.90
5.94+0.10

1.18+0.07

20.99+2.08
2.46+0.18
1.18
142.50+2.9
4.44+0.02

5.95+0.05
0.073+0.004
14.29+0.68
1.49+.23
0.63+0.12
19.14+3.08
2.99+0.61
7.28+0.98
7.90+0.67
22.33+0.18

4.43+0.35

43.47+13.34
6.12+1.62
1.43+0.03
219.22+1.09
6.56+0.04

913
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50-100cm

6.68 +0.01
0.034 +0.003
15.63 +0.77
0.56 +.11
0.10 £0.03
39.19 +4.51
5.25+0.34
1.40 £0.66
293+0.71
518 +0.21

1.50+0.12

24.82 +1.63
3.06 +0.45
1.29

98.30 +0.88
4.25 +0.06
0.21 +0.01
3.61+0.17
0.31 +0.02
0.11 +0.01
2.81+0.13
6.54 +0.01
0.022 +0.001
13.39 +0.84
0.77 +0.08
0.08 +0.03
10.85 +0.85
1.97 +£0.22
2.35+0.34
3.64 +0.08
16.22 +0.58

1.61+0.11

37.92 +£5.06
6.68 +0.37
1.56

96.54 +5.72
4.84 +0.19
0.35+0.20
4.08 +1.61
0.47 +£0.33
0.19 +0.16
2.18 +£0.001

(Continues)
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TABLE 1 (Continued)

Elevation Variable 0-10cm 10-20cm 20-30cm 30-50cm 50-100cm

4600m pH 5.15+0.01 5.30+0.02 5.40+0.02 5.42+0.09 5.58 +0.01
Total nitrogen (%) 0.369 £0.005 0.271+0.003 0.164+0.018 0.074+0.010 0.039 +0.000
Carbon:nitrogen 14.22 +0.06 15.07+0.14 13.64+0.79 9.87+0.95 13.47 +£0.31
NH,*-N (mg kg™ 4.68 +0.32 4.85+0.63 3.33+0.43 2.39+.33 1.38+£0.18
NO,™-N (mgkg™) 3.01+0.34 1.95+0.28 1.26+0.32 0.66+0.10 0.44 +0.02
DOC (mg kg'i) 72.52 +4.72 43.40+6.46 29.50+9.71 18.64+3.90 8.27 +1.74
DON (mgkg™) 16.62 +£2.23 9.79+1.63 6.93+2.30 6.67+0.66 5.63+£1.26
POC (g kg'l) 45.49 +7.38 24.54+3.40 13.61+0.02 797 +1.34 418 +1.83
MOC (gkg™) 21.87 £0.71 15.16+2.72 13.30+1.82 9.33+1.11 6.06 +1.39
Fe and Al Oxides_d 26.77 £0.04 33.32+0.32 31.76+0.28 28.02+0.12 2419 +0.39

(mgkg™)
Fe and Al Oxides_o 10.1 +£0.32 13.07+0.64 12.99+0.87 8.84+0.66 6.86 +0.17
(mgkg™)

Silt (%) 4492 £4.77 59.29 +8.49 52.42+4.58 48.90+4.44 37.85+10.14
Clay (%) 5.48 +0.56 4.86+0.75 5.03+0.79 4.93+0.52 4.64 +0.41
Bulk density (gm™) 1.44 +0.11 1.48+0.06 1.50+0.16 1.47+0.03 1.48
MBC (mg kgfi) 1020.2 +29.5 656.46+21.7 345.8+11.07 207.9+12.41 179.82 +2.41
MBC:MBN 9.35+0.01 9.18+0.02 6.87+0.14 6.09+0.00 6.78 +0.04
Fungi (nmolg™) 2.30+0.10 - - - 0.12 +0.01
Bacteria (nmolg™) 18.86 +0.56 — — — 1.94 +0.19
Aerobes (nmolg’l) 3.70+0.14 — — — 0.08 +0.01
Anaerobes (nmolg™) 1.84 +0.04 — — — 0.02 +0.01
Aerobes:anaerobes 2.01 +0.03 - - - 3.79 £0.87

Note: DOC and DON are the dissolved organic carbon and nitrogen, respectively; POC and MOC are the particulate and mineral-associated organic
carbon, respectively; Oxides_d and Oxides_o are the free and amorphous Fe and Al oxides, respectively; MBC and MBN are the microbial biomass

carbon and nitrogen, respectively.

air-dried for determining soil physicochemical properties, and the
other was stored at —20°C for later measurement of inorganic nitro-
gen (NH4+-N and NO,"-N) and microbial properties. At the time of
soil sampling, temperature data loggers (iButton; model DS1921G,
Dallas Semiconductor, TX, USA) were placed in the middle depth
of each layer to automatically monitor and record soil temperature
every 4h for 1year at the sampling sites (Figure 3).

Using the air-dried samples, soil organic C and total nitrogen (N)
were analysed using an elemental analyser (Elementar, Germany).
Dissolved organic C and N was determined by measuring C and N con-
centration in the 0.5mol L™ K,SO, extract solution (soil: solution = 1:4)
after filtering through a membrane filter with 0.45-pm pores using
Multi 3100N/C TOC analyser (Analytik Jena, Germany). Soil pH was
measured using a pH electrode (soil-water suspension in a 1:2.5 (w: v),
Mettler-161 Toledo, Switzerland). Soil texture was determined using a
laser particle size analyser (LS-CWM, OMEC, China). Particulate (POC)
and mineral-associated organic carbon (MOC) were determined using
soil samples fractionated by size (53um) after full soil dispersion fol-
lowing the procedure described by Cotrufo et al. (2019). The free ox-
ides (i.e., Fe,, Al,) and amorphous oxides (Fe_, Al ) were extracted with
dithionite-citrate-bicarbonate solution and ammonium-oxalate solution,
respectively, and then analyzed by inductively coupled plasma optical

emission spectroscopy (Optima 2000, PerkinElmer Co.). Chemical com-
position of soil organic C was determined via 13C CPMAS NMR in
solid-state (AVANCE NEO 600 MHz, Bruker-Biospin, Switzerland). The
recorded 13C spectra were quantified in the following chemical shift
regions: alkyl C (0-45ppm), O-alkyl C (45-110ppm), aromatic C (110-
160ppm), and carbonyl/carboxyl C (160-220 ppm). The ratio of alkyl C
to O-alkyl C was calculated to describe the degree of C decomposition,
the ratio of hydrophobic (alkyl C+aromatic C) to hydrophilic C (O-alkyl
C+carbonyl/carboxyl C) to describe soil C stability due to aggregation
protection, and the ratio of aromatic C to the sum of C in the region of
0-160ppm to describe the complexity of organic molecular structure
(Baldock et al., 1997). We should note that, due to the high cost of 3¢
CPMAS NMR, the five replicates were mixed to a composite sample
(i.e., no replicates) for the measurement of chemical composition.
Using fresh samples, NH,*-N and NO, -N were analysed calo-
rimetrically by a continuous flow analyser (SEAL AA3, Norderstedt,
Germany). Microbial biomass C and N (i.e., MBC and MBN)
were measured using the fumigation extraction method (Vance
et al., 1987). MBC and MBN were calculated as the difference in
extractable C and N before and after fumigation using a conversion
factor of 0.45 and 0.54, respectively. Microbial community struc-
ture was assessed by analysing the composition of extractable
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FIGURE 3 Soil temperature records in different depths of the nearby soil of incubated cores at three elevations. [Colour figure can be

viewed at wileyonlinelibrary.com]

ester-linked phospholipid fatty acids (PLFAs) (Bossio & Scow, 1998).
Concentrations of individual PLFAs were calculated based on 19:0
internal standard concentrations. PLFAs indicators were used to
classify microbial functional types. Fungi community was repre-
sented by PLFAs 18:1w9c, 18:206¢, 18:3w6c; bacterial community
was represented by PLFAs 14:0, a14:0, i14:0, 15:0, a15:0,i15:0, 16:0,
al6:0, i16:0, 17:0, a17:0, i17:0, 18:0, i18:0, i19:0, 14:1w5c, 14:10%c,
15:1w5¢c, 15:1w7c, 15:4w3c, 16:1w5c, 16:1n7c, 16:109c, 16:3wbe,
cy17:0, 17:108c, 18:1w5c, 18:1w7c, cy19:0, 19:1w8c, and 19:3wbcC.
Aerobic bacteria were also identified using PLFAs 16:1w7c and
18:1w9c; and anaerobic bacteria using PLFAs cy17:0 and cy19:0.

2.5 | Field incubation

At the time of soil sampling (September 2020), at each elevation, 60
cores (1 m deep) of intact mineral soil in the sampling quadrats were
extracted over the complete 1 m soil profile using a mechanized auger
(Rhino S1, USA), with an inside diameter of 3.7 cm of the PVC tubes.
Twenty cores were retained at the same elevation, and the other 40
cores were translocated to other two elevations. At each elevation,
half of the 20 cores from the same elevation (i.e., n = 10) were rein-
stalled at their original vertical direction (i.e., non-inverted); and the
other half was reinstalled inversely (i.e., inverted, Figure 1).

The 1 m deep soil cores with the PVC tubes were incubated in
the field under ambient climate condition. At the start of incuba-
tion, all plants and visible plant litter in all soil cores were removed.
After 1 month of the reinstallation and allowing the incubated soil
cores to stabilize, soil CO, efflux (Rs, pmol CO, m2 s7Y) from the
soil cores was measured at seasonal interval from October in 2020
to October in 2021 (i.e., a total of five measurements, except April
2021 at the 4600 m elevation due to storm and deep snow) using an
automated soil chamber CO, flux system (LI-8100A, Li-Cor Inc.). As
the diameter of the chamber (20cm) is larger than the diameter of
the incubated soil cores (3.7 cm), a plastic liner is used which only al-
lows CO, efflux from the incubated cores go to the chamber. Visible

living plants and plant litter in the core were removed 1 day ahead of
the CO, efflux measurements to limit plant autotrophic respiration.
Measurements were made during 9:00a.m. to 16:00p.m. on each

scheduled day (Figure 3).

2.6 | Statistical analyses

To test Hypothesis 1, that is, depth-induced environmental gradients
influence soil respiration Rs, a log response ratio (RR,;) was calcu-
lated using Equation (1). A non-parametric bootstrap approach of 200
bootstrapping samples was used to estimate RR,;; and its uncertainty.
For each bootstrapping sample, 10 Rs" and Rs values were randomly
drawn from the 10 replicates of Rs measurements of inverted and non-
inverted cores, respectively, with replacement. Then, based on the 200
bootstrapping estimates, the average of RR,,; was estimated and its
95% confidence intervals (Cl) were calculated as their 2.5% and 97.5%
quantiles. A one-sample bootstrap t-test (Efron & Tibshirani, 1993)
was conducted to assess whether RR,,, is significantly different from O
(i.e., soil core inversion has significant effect on Rs).

To test Hypothesis 2, that is, depth-induced environmental gra-
dients influence the response of soil C decomposition to climate
shifts, the log response ratio for inverted (RR},,) and non-inverted
cores (RRy,) were calculated using equations (2) and (3), respectively.
Similar to RR,;;, 200 bootstrapping estimates were used to estimate
the mean and 95% Cl for RRy, and RR;,,. A two-sample bootstrap t-
test was conducted to assess whether RR;, and RR;,, are significantly
different. A linear regression was also conducted to assess the rela-
tionship of RRy, and RR;,, with elevation shifts. All calculations and
statistical analyses were performed in R 4.0.3 (R Core Team, 2022).

3 | RESULTS AND DISCUSSION

The core of this study is to introduce the field incubation approach using
a soil core inversion treatment. This approach non-destructively changes
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the depth location of soil from the same depth origin, resulting in distinct
environmental conditions for the soil of same depth origin (Figure 2).
Together with translocation experiments among climate-distinct sites,
it thus has the potential to separate depth location-induced effects of
the responses of soil biogeochemical processes to climate shift. Here we
report the results of the response of soil respiration as a case study, and

discuss the limitations and potential implications.

3.1 | Vertical environmental gradients through
soil profile

The three soils present an apparent gradient of soil texture, with
less and greater clay content in deeper layers at 4600 and 3500 m
elevations, respectively (Table 1). At 2400m, clay content is gener-
ally similar across soil depths but only half of that at the 3500 and
4600m elevations (Table 1). SOC content shows distinct depth dis-
tributions at the three elevations (Figure 4a). At two higher eleva-
tions, SOC content decreases with depth, ranging from 5.37 +0.09%
(mean +one standard error) in the 0-10cm soil layer to 0.30+0.01%
in the 50-100cm soil layer. At the 2400m elevation, it is relatively
constant across soil depths with an average of ~1% (Figure 4a). In
terms of the chemical composition of SOC, the proportion of aryl
C, the ratio of aryl to O-alkyl C and the ratio of hydrophobic to hy-
drophilic C increase with soil depth (Figure 4b-d). The aromaticity
also varies across soil depths and elevations (Figure 4e). The pro-
portion of MOC to total SOC increases from 47.5+5.8, 26.9+3.6
and 33.4+4.4% in the 0-10cm soil layer to 70.7 +4.9%, 61.1+3.1%
and 62.0+4.7% in the 50-100cm soil at the 2400, 3500 and 4600 m
elevation, respectively (Table 1). The free (i.e., Fe,and Al ) and amor-
phous (i.e., Fe, and AIO) metal oxides decrease with depth and vary
across the three elevations (Table 1). The soil microbial PLFAs (i.e.,
fungi, bacteria, aerobes and anaerobes) in the topsoil (0-10cm) are
significantly higher than that in the subsoil (50-100cm, p <.05), and
the ratios of aerobes to anaerobes in both topsoil and subsoil lay-
ers are greater than 2 at all three elevations (Table 1). Overall, these
results demonstrate clear, but distinct, vertical gradients of SOC
chemical composition, physiochemical protection and microbial ac-

tivity through soil profiles at different sites.

3.2 | Soil core inversion-induced changes in soil
respiration

Lower Rs was generally observed from inverted cores (i.e., negative
RRy;, response), but this response was insignificant (p>.05) irrespec-
tive of elevation, climate shift, and measurement time (Figure 5a).
This result does not support the expectation that respiration from
inverted soil cores would be smaller than that from non-inverted
cores, due to original surface layers (where are usually rich in both
carbon substrates and other resources, Figure 4 and Table 1) are bur-
ied into deep depths where would suffer from more environmental
constraints. Oxygen availability has been suggested to be a such
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FIGURE 4 Selected chemical properties of soil organic carbon
in different soil depths at three elevations. Hydrophilic property
shows the ratio of the sum of alkyl C and aromatic C to the sum

of O-alkyl C and carbonyl/carboxyl C; aromaticity is estimated

as the ratio of aromatic C to the sum of C in the region of
0-160ppm. Error bars in (a) show one standard error (mean+SE,

n = 5). For other properties showed in (b-¢€), one composite sample
was measured due to high cost. [Colour figure can be viewed at
wileyonlinelibrary.com]

constraint in subsoil which would take effect in short term. This re-
sult implies that O, is likely to be still sufficient for carbon decompo-
sition even in the depth of 1m. There are two reasons. First, if O, is
limited in deeper depth, inverted soil cores would have much lower
respiration than non-inverted cores as there are much more carbon
in deeper depths in inverted soil cores (Figure 4a). Second, aerobic
microbes are dominant in both topsoil and subsoil (i.e., 0-10 and 50-
100cm) at all three elevations (Table 1). There is also evidence that
even O, level of 5% were sufficiently high for microbial decomposi-
tion (Salomé et al., 2010), and depth translocation has no or only
minor effects on microbial biomass, community structure and activ-
ity (Preusser et al., 2017). A process-based modelling also showed
that O, limitation on carbon decomposition was only occur when O,
diffusion rates in deeper layers are reduced by 1000 to 10,000 times
compared with the rate in topsoil (Kirschbaum et al., 2021).

In our case study, we did not measure O, availability. The in-
significant response of soil respiration to the inversion treatment

(Figure 5a) does not invalidate the possibility that there is a trade-off
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between physicochemical and kinetic/thermodynamic carbon pro-
tection mechanisms under anaerobic conditions (Huang et al., 2020;
Keiluweit et al., 2017). Microbes may use different carbon substrates
under anaerobic and aerobic conditions, resulting in similar overall soil
carbon decomposition (Huang et al., 2020). However, this trade-off
may play minor roles due to similar neutral effects were observed in
all three soils (which experience distinct land uses and have distinct
soil properties, Table 1) and at all measurement times (Figure 5a).The
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insignificant response of the decomposition of whole-soil carbon to
soil core inversion may also imply that neither vertical substrate nor
nutrient transport significantly alter whole-profile decomposition, or
the 13-month incubation was too short to find a significant change in
those transport (i.e., the absolute amount of transport is too small to
take effect). Measurements of depth-specific O, availability and redis-
tribution of dissolved components will help elucidate and disentangle
their relative importance.
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3.3 | Soil core inversion-induced soil respiration
response to climate change

Depth relocation induced by soil core inversion also did not signifi-
cantly influence the response of Rs to climate change, indicated by
insignificant (p>.05) difference of slopes of the regression of Rs
responses against elevation shifts between in non-inverted and in
inverted soil cores (Figure 5b). It is intriguing to note that, at the first
three measurement times (i.e., after 1, 4, and 7 months of field incu-
bation), Rs did not significantly respond to elevation shifts (p>.05,
Figure 5b). However, significant response manifested after 10 and
13 months of incubation (p <.05, Figure 5b). This result suggests that
persistent SOC may be more sensitive to climate change (Davidson
& Janssens, 2006; Karhu et al., 2010). Temperature could not ex-
plain such distinct temporal responses as temperature difference
was consistently similar among the three elevations independent of
measurement time (Figure 3), which may be due to exhaustion of
labile SOC (Nottingham et al., 2019).

3.4 | Limitations and implications

An implicit assumption adopted by the inversion treatment is
that the soil of same depth origin will experience different micro-
environmental conditions when they are translocated to different soil
depths. Although this assumption would be largely valid due to intact
soil cores are incubated, we acknowledge that those soil properties
of interest should be directly measured and/or monitored (in our case
study, we did not separate Rs to different soil depths). In addition, the
effects would need a long time to manifest and vary widely depending
on edaphic properties of the incubated soil and climate conditions.
This will be a challenge for field work. For example, in our case study,
the 13-month incubation is still relatively short compared with the
turnover time of SOM, which may range from centuries to millennia
(Luo et al., 2019; Shi et al., 2020). As incubation proceeds, SOM may
show different responses to depth relocation and climate shifts if the
decomposer community adjusts its substrate utilization strategy and
efficiency with the change of the quantity and quality of remaining
SOM (Melillo et al., 2017). To allow multiple non-destructive sampling,
more soil cores would need to be extracted and incubated if the inter-
est is the long-term temporal dynamics.

SOM in deeper layers have slower turnover rates (or older ages)
than that in upper layers (Shi et al., 2020; Xiao et al., 2022). The
mechanism underpinning such phenomenon has been widely de-
bated. Our case study suggests that vertical gradients of environ-
mental conditions may play a minor role, at least for short-term
whole-core SOM mineralization, albeit we did not directly measure
depth-specific Rs. There must be some other profile gradients re-
sulting in the apparent gradient of SOM persistence. The vertical
distribution of the quantity and quality of carbon sources would be
a dominant one. Topsoil SOM is mostly plant-derived, while subsoil
SOM is microbial-derived (e.g., necromass, Ni et al., 2020) which is
relatively small in terms of particle size and can be more effectively

stabilized via physiochemical protection processes (He et al., 2021).
Indeed, the ratio of POC to MOC is significantly larger in the topsoil
than that in subsoil across the three elevations (Table 1). The alkyl C
is usually derived from microbial metabolites and plant biopolymers
and also increases with soil depth (Figure 4). In addition, microbial
decomposition of subsoil SOM is usually nutrient-sufficient relative
to decomposition in upper layers or in a nutrient-rich environment
due to nutrient leaching (particularly nitrogen) from upper layers, re-
sulting in energy limitation of subsoil SOM decomposition (Fontaine
et al.,, 2007). Our data also showed that microbial C:N ratio (i.e.,
MBC:MBN) decreased with soil depth, and inorganic nitrogen per
unit MBC increased with soil depth (Table 1), implying energy limita-
tion in deeper layers. It will be very useful to assess depth-specific
microbial community structure and activity as well as SOM compo-
sition as impacted by the inversion treatment when the incubation
is long enough to detect SOM pool changes at different soil depths.

We have presented an innovative field incubation approach
enabling non-destructive alteration of depth location of soil.
Combining with a field translocation experiment, our case study
provides in situ evidence that neither whole-soil SOM mineraliza-
tion nor its response to climate change is significantly affected
by the depth location of SOM, suggesting that depth-induced
environmental gradients may be secondary. However, tempo-
ral measurements suggest that persistent SOC is more sensitive
to climate change than labile SOC, implying that global subsoil
would be also sensitive to climate change (Mao et al., 2022; Qin
et al., 2019; Xu et al., 2021). Due to the neutral effect of profile
environmental gradients, we suggest that depth-specific nature of
carbon inputs and their microbial utilization and residues would
be the driving force of the apparent gradient of SOM persistence
through soil profile. Together with measurements/monitoring of
vertical physiochemical conditions, the inversion experiment can
provide an experimental initiating platform to elucidate the depth
dependence of the response of soil biogeochemical processes to
climate change and explore underlying mechanisms.
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