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Tibetan barley (Hordeum vulgare) accounts for over 70% of the total food

productioninthe Tibetan Plateau. However, continuous cropping of

Tibetan barley causes soil degradation, reduces soil quality and causes yield
decline. Here we explore the benefits of crop rotation with wheat and rape
toimprove crop yield and soil quality. We conducted 39 field experiments
onthe Tibetan Plateau, comparing short-term (<5 years), 5-10 years and
long-term (=10 years) continuous cropping with rotation of Tibetan barley
with wheat or rape. Results showed that Tibetan barley-wheat and Tibetan
barley-rape rotations increased yields by 17% and 12%, respectively, while
improving the soil quality index by 11% and 21%, compared with long-term

continuous cropping. Both Tibetan barley rotations with wheat and rape
improved soil quality and consequently yield, mainly by increasing soil
microbial biomass nitrogen and microbial biomass carbon and decreasing
pH. By contrast, long-term continuous cropping led to decreased soil
organic matter, lower microbial biomass nitrogen and increased pH,
contributing to yield decline. The benefits of rotations on crop yield and soil
quality increased over time. Implementing crop rotation with wheat or rape
thus offers a sustainable agricultural strategy for improving food security on
the Tibetan Plateau.

The Tibetan Plateau provides water for about 40% of the global popula-
tion'. Its ecological stability is crucial for the sustainable development
ofagriculture and animal husbandry in Asia. As the highest plateauin
theworld, the Tibetan Plateau faces challenges for crop growth due to
itslow average annual temperature and low oxygen levels. Soil degra-
dation in the Tibetan Plateau region under the influence of multiple
factorsisaserious threat tosoil erosionand food security®*. One of the
crucial drivers of thisimpending problem is soil degradation caused by
conventional agriculture*’. Among conventional agriculture practices,
continuous cropping (continuous monoculture) commonly leads to

nutrientimbalance and land degradation, which limit soil quality and
cause environmental damage® negatively affecting key functions of the
soil. Continuous monoculture of wheat and green bean will cause soil
degradation thereby reducing crop yield”®. The response of soil qual-
ity and crop yield to continuous cropping was different for different
cropsandregions®. Insouthern Denmark, 36 years of continuous barley
croppingreducedyields by about 50%’. The results of a 6 year Tibetan
barley cropping experiment onthe Tibetan Plateau showed a54% and
36% reduction in soil available nitrogen and yield, respectively'*".
Currently, the main research direction of Tibetan barley continuous
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Fig.1| Average yield of Tibetan barley with long-term continuous and
rotational cropping. Orange for CC, green for CW, purpleforCR.n=8,n=>5,
n=6,n=5n=3,n=3,n=6,n=3in CC5 CW5,CR5, CC10,CWI10, CR10, CC10+,
CWI10+, respectively. Biological replicates were used for each treatment. Data

CC10

Cw10 CR10 CC10+ CW10+

are presented as mean + standard deviation. Different letters indicate significant
differences among Tibetan barley yields as calculated by Duncan multiple
comparative analysis. No correction for multiple testing was applied. The results
of Duncan multiple comparative analysis are shown in Supplementary Table 6.

cropping (CC) onthe Tibetan Plateau focuses on the changes of certain
elementsinindividual experiments and lacks comprehensive evalua-
tion of their soil quality and yield.

Croprotations canincrease environmental sustainability, agroeco-
system diversity and soil quality’* . Four-year rotation (spring wheat-
turnip rape-barley-pea) improved soil fertility and crop yield and
reduced wheat diseases compared with wheat monocultures™. InIndia,
29 years of continuous wheat crop significantly reduced cropyield, soil
organic matter (SOM), total nitrogen (TN) contents and earthworm
population compared with wheat-rice rotation”. The barley-vetch
rotation increased yields by 45% over the barley continuous cropping
after 4 years'. Currently, crop rotation on the Tibetan Plateau mainly
focuses on pasture research for animal husbandry, with large gaps in
agriculture. Toimprove the ecological stability of the Tibetan Plateau, a
comprehensive study of the effects of crop rotation of major food crops
on soil quality and yield on the Tibetan Plateau is necessary. The soil
quality index (SQI) provides a simple metric that evaluates the overall
function of soil by aggregating multiple variables into a single value',
allowing for consideration of trade-offs between ecosystem functions®.

Tibetan barley has become the major food crop on the Tibetan
Plateau, accounting for more than half of the total crop yield* >, With
unsuitable climatic conditions and few crop options available, continu-
ous Tibetan barley cultivation has become an emergent problem in
the Tibetan Plateau region. Wheat and rape are the second and third
common crops on the Tibetan Plateau. Therefore, we studied the
changesin crop yield and soil quality of fields cultivated with Tibetan
barley continuously in short term (for less than or equal to 5 years),
5-10 years and long term (for 10 years), as well as cropping rotation
with wheat and rape in alternation for the corresponding years. The
objectives of this study were to explore the effects of different types
and durations of Tibetan barley rotations on soil quality and yield on
the Tibetan Plateau, identify the key factors influencing crop yield and
soil quality inthese rotations, and determine the most suitable rotation
planting pattern for Tibetan barley in this region.

Results

Effects of Tibetan barley rotation onyield

A total of 39 Tibetan barley fields were selected in the Tibetan Pla-
teau regions for soil chemical properties testing and yield statistics

(Supplementary Table 1). The yield of CC10 (5-10 years of CC) and
CC10+ (=10 years of CC) decreased by 10% and 23%, respectively, com-
pared with CC5 (<5 years of CC) (Fig. 1 and Supplementary Table 1).
The yields of CWS5 (<5 years of Tibetan barley-wheat rotation (CW)),
CWI10 (5-10 years of CW) and CW10+ (=10 years of CW) were 6%, 9%
and 17% higher than those of CC5, CC10 and CC10+, respectively. The
yield of CR5 (<5 years of Tibetan barley-rape rotation (CR)) and CR10
(5-10 years of CR) were 8% and 12% higher than that of CC5and CC10,
respectively.

Effects of continuous cropping on Tibetan barley soil

SOM and microbial biomass carbon (MBC) were examined to inves-
tigate the effect of different crop years on the soil carbon content of
Tibetanbarleyfields. The content of SOMin Tibetan barley significantly
decreased with increasing years of CC: 23.12 g kg™, 21.83 g kg and
18.94 g kg™in CC5,CC10 and CC10+, respectively (Extended DataFig. 1a
and Supplementary Table 2). Soil MBC of Tibetan barley fields CC5,
CC10 and CC10+were 72.65mg kg™, 64.83 mg kg™ and 63.28 mg kg™,
respectively (Extended DataFig. 1b). Soil MBC content was significantly
different between CC5 and CC10. However, there were no significant
differences between CC10 and CC10+. The highest microbial biomass
nitrogen (MBN) content 0f15.47 mg kg™ in Tibetan barley field soil was
obtained for CC10+ and the lowest MBN content of 14.71 mg kg™ for
CC10 (Extended Data Fig. If).

The soil TN content was significantly reduced by continuous
Tibetan barley cropping (Extended Data Fig. 1c). Soil TN content
of CC5 was 1.21 g kg™ and was reduced by 7% and 11% for CC10 and
CC10+, respectively. Ammoniacal nitrogen (NH,*-N) content of soils
planted with Tibetan barley in CC5, CC10 and CC10+was 4.08 mg kg™,
3.72mg kg™ and 3.29 mg kg, respectively (Extended Data Fig. 1d).
Nitrate nitrogen (NO5™-N) content of soils planted with Tibetan
barley in CC5, CC10 and CC10+ was 26.08 mg kg™, 25.73 mg kg™
and 23.93 mg kg™, respectively (Extended Data Fig. 1e). Soil NH,*-N
and NO;™-N contents were significantly different from CC10+
in CC10.

The soil total phosphorus (TP) content decreased as the number
of years of continuous Tibetan barley crop increased (Extended
Data Fig. 1g). Soil TP content was 0.53 g kg™ for CC10 and was not
significantly different from that for CC5. Soil total potassium (TK)
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Fig.2|Differencesin SOM, MBC, TN, NH,"-N, NO,"-N, MBN, TP, TK and pHin
different years of continuous and rotation Tibetan barley crop. a, SOM. b,
MBC.c, TN.d,NH,"-N.e,NO;™-N.f, MBN. g, TP.h, TK. i, pH. CC treatments: <5, less
than or equal to 5 years; 5-10, 5-10 years; >10, more than or equal to 10 years.
n=24,n=15n=18,n=15,n=9,n=9,n=18,n=9in CC5, CW5, CR5, CC10,

CWI10, CR10, CC10+, CW10+, respectively. Biological replicates were used for

each treatment. Data are presented as mean + standard error. Different letters
indicate significant differences among Tibetan barley yields as calculated by
Duncan multiple comparative analysis. No correction for multiple testing was
applied. The results of Duncan multiple comparative analysis are shown in
Supplementary Table 6.

content in Tibetan barley fields was least at 10.75 g kg™ in CC10
(Extended Data Fig. 1h). The impact of continuous cropping of
Tibetanbarley onsoil TK was notsignificant. pHsignificantlyincreased
with increasing years of continuous Tibetan barley crop (Extended
Data Fig. 1i).

Differences in soil between continuous cropping and rotation

Long-term Tibetan barley continuous crop and crop rotation both
significantly reduced the SOM content compared with short-term
cropping (Fig.2aand Supplementary Table 2). CW and CR significantly
increased SOM content compared with CC. The SOM content of all three
cropping patterns decreased with the increase of cropping years. The

soil MBC content in the rotations was significantly higher than that
in continuous cropping (Fig. 2b). Soil MBC content of CR5 and CR10
was 23% and 33% higher than that of CC5 and CC10, respectively. The
soil MBC content of the two crop rotation patterns decreased with the
number of years of cropping.

Tibetan barley rotation with rape increased the soil TN content in
allthree rotation years compared with continuous cropping (Fig. 2c).
CW10 significantly increased the soil TN content compared with CC10.
Long-term CC and rotation significantly reduced soil NH,*-N contents
(Fig. 2d). CW and CR significantly increased soil NH,*-N content. Soil
NH,"-N content of CW5 and CRS5 was 25% and 27% higher than that of
CC5, respectively. CC5 and CWS5 had significantly lower soil NO;™-N
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Fig. 3| The SQI of Tibetan barley soil under three cropping patterns in the same cropping year. a, Less than or equal to 5 years. b, 5to 10 years. ¢, More than or equal

tol0years.

content than CR5, and CC10 had significantly lower soil NO,™-N content
than CR10 (Fig. 2e). Soil MBN content of CR10 was 45% higher than that
of CC10 (Fig. 2f).

The TP content of CW and CR was significantly higher than that of
CC (Fig.2g). The TP content of CR5 was significantly higher than that of
CC5and CWS5, with anincrease of 17% and 5%, respectively. There was
nosignificant difference in soil TK content with the cropping patterns
when the cultivation time was less than 10 years (Fig. 2h). The pH of
CC was significantly higher than those of CW and CR (Fig. 2i). Soil pH
increased with increasing years of continuous and rotation Tibetan
barley crop.

The correlation analysis of nine soil properties in the fields of
Tibetan barley shows that the correlation between SOM and pH is the
highest, and itis negatively related (Extended Data Fig. 2 and Supple-
mentary Table 3). The changes in TK content of Tibetan barley fields
showed no significant correlation with other soil properties, and its
correlation with TN was the weakest of all. The changes in soil carbon
and nitrogen content in the field of Tibetan barley were significantly
positively correlated with the changesin MBC and MBN content.

SQl for continuous cropping and rotation

SQI can be used to measure the degree of soil degradation and soil
health™. We analysed SQlI for different years of CC and rotation. SQI
showed a decreasing trend withincreasing years of continuous Tibetan
barley crop, and the decreasing trend of Tibetan barley continuous crop
for CC5yearsand CC10+years was higher than for CC10 (Extended Data
Fig.3aand Supplementary Table 4). The SQIs of CC5, CC10 and CC10+
were1.00,0.93 and 0.87, respectively. The SQl of long-term rotation of
Tibetan barley with wheat and rape was significantly lower than that
of short-term rotation (Extended Data Fig. 3b,c).

When considering the same cropping year, the SQI of continuous
cropping of Tibetan barley was the lowest among the three plant-
ing patterns in all three planting periods. The SQI of CR5 and CR10
was higher than CW5 and CW10 (Fig. 3a,b). The SQI of CW10+ was
significantly higher than that of CC10+ (Fig. 3¢). The ratio of SQl area
in CW10+and CR10 to areain CC5 were 1.15and 1.21. SQl of the range
from CC5 to CC10 dropped faster than that of the range from CC10
to CC10+ (Extended Data Fig. 4). The SQI of CC dropped faster than
that of CW and CR.

Key factors for changes in soil properties

The key factors for long-term continuous cropping were changes in
soil chemical propertiesin Tibetan barley, including NH,"-N, SOM, pH
and MBC (Fig. 4a). Soil MBN and pH had a key role in the difference

between CC5 and CWS5 (Fig. 4b). Soil MBN, NH,"-N, pH and MBC had
also a key role in the difference between CC5 and CRS5 (Fig. 4e). The
main factors for soil differences in both CW10 and CR10 compared
with CC10 were MBN and MBC (Fig. 4¢,f). The main factors influenc-
ing soil differences between CW10+and CC10+ were soil pH and MBC
contents (Fig. 4d).

Key factors for changes in SQl and yield

Redundancy analysis was used to study the correlation between
Tibetan barley yield and SQI with different soil conditions at different
years of cropping patterns. Tibetan barley yield had a positive corre-
lation with SQI (Fig. 5). Tibetan barley SQI had a significant positive
correlation with soil MBC, MBN, NO5™-N and TP. Tibetan barley yield
had a significant positive correlation with soil SOM and TN. Tibetan
barley yield and SQI were negatively correlated with pH. In terms of
Tibetan barley cropping patterns, yield and SQI were significantly
negatively correlated with continuous Tibetan barley cropping
(Extended DataFig. 5).

Structural equation modelling (SEM) was further used to evalu-
ate the direct and indirect effects of soil properties on soil quality
and yield under Tibetan barley rotation (Fig. 6 and Supplementary
Table 5). Long-term continuous cropping and rotation both reduced
Tibetan barley yield and SQI, but CR was significantly lower than
CW, which was significantly lower than CC. The main reasons of
reduced Tibetan barley yield and SQl in long-term continuous crop-
pinginclude SOM, MBC, TN and NH,*-N. The main causes of reduced
Tibetan barley yield and SQI in long-term wheat rotation include
SOM, TN and NH,"-N. CW and CR mainly improved the Tibetan bar-
ley yield and SQI by reducing soil pH and increasing soil quality. In
addition, SOM was a key factor affecting yield and SQIl in Tibetan
barley fields.

Discussion

Effect of continuous cropping on soil quality and yield

Tibetan barley yield and soil quality showed a significant decreasing
trend with increasing years of continuous cropping. Soil pH of Tibetan
barley field showed a significant negative correlation with Tibetan
barley yield and soil quality. Freeze-thaw action in Tibetan Plateau
soils may promote soil alkalization?*. In addition, there is a potential
for alkalization of soils under continuous cropping of Poaceae crops
due to root secretions®. The regulating effect of organic acids pro-
duced by decomposition of SOM on soil pH may be the reason for
the significant negative correlation between SOM and pH content in
CC soils*. SOM is proportional to the soil’s total content in organic
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Fig. 4| Machine learning of soil characteristics of continuous and rotational
Tibetan barley crops. a, Tibetan barley continuous crop. b, Comparison of
continuous and rotation with wheat in Tibetan barley for less than or equal to
Syears.c, Comparison of continuous and rotation with rape in Tibetan barley

Mean decrease accuracy

for less than or equal to 5 years. d, Comparison of continuous and rotation
withwheatin Tibetan barley for 5 to 10 years. e, Comparison of continuous and
rotation with rapein Tibetan barley for 5to 10 years. f, Comparison of continuous
and rotation with wheat in Tibetan barley for more than or equal to 10 years.

carbon and is the main source of soil nutrients®*°. SOM can affect soil
physical properties, soil structure and water retention capacity®**'. The
level of SOM content plays an important role in the yield and quality
of crops®***, Humus can effectively adsorb soil pollutants to alleviate
soil pollution®. Inrecent decades, soil carbon content in the Tibetan
Plateau has hardly changed®. Therefore, long-term continuous crop-
ping is harmful to the sustainability of the soil*®. SQI, machine learning
redundancy and SEM analysis all showed that long-term continuous
cropping negatively impacted Tibetan barley yield and soil quality,
in which reduced SOM plays a key role. Soil TP content and SOM
content showed an identical trend. The result of machine learning

showed that SOM was more important for the degradation of continu-
ous Tibetan barley field soil. Meta-analysis showed that the addition
of phosphorus in farmland increased the soil carbon content™. Soil
carbon and phosphorus utilizationin Tibetan barley fields might have
a coupling effect™.

Soil TN, NH,*-N and NO;™-N contents significantly reduced due
to continuous Tibetan barley culture. The result of machine learning
showed that declining soil NH,"-N content was the most important
factor in the degradation of soil in continuous cropping in Tibetan
barley fields. Soil NH,"-Nis aform that can be used directly by crops, and
reduced soil NH,*-Nlevels seriously affect crop nitrogen®. Redundancy
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analysis showed that the correlation between soil NH,"-N and yield was
greater than that between NO;™-N and yield. SEM results showed that
theimpact of continuous cropping onsoil NH,-N was greater than that
on TN. Continuous cropping of Tibetan barley caused an increase in
pH, which may be related to the accumulation of root exudates from
Tibetan barley. This accumulation of soil alkalinity could also affect
soil quality and yield.

Both soil MBC and MBN tended to decrease with increasing
years of CC. Soil MBC and MBN contents were the lowest at CC10+.
A meta-analysis showed that soil MBC and MBN increased by 14.3%
and 20.1%, respectively, over the Tibetan Plateau with climate
warming in recent decades*’. In fact, the contents of soil MBC and
MBN in Tibetan barley with long-term continuous cropping showed a
larger decreasing trend. Long-term continuous cropping of Tibetan
barley reduced soil microbial biomass. Soil MBC content showed
the highest positive correlation with SQI of Tibetan barley fields.
The reduction of soil MBC and MBN was detrimental to the material
cycle of Tibetan barley fields and had a negative impact on Tibetan
barley growth.

The continuous cropping of Tibetan barley has resulted in the
production of specific rhizosphere secretions and the absorption of
soil nutrients, thereby deteriorating soil quality, which is character-
ized by increased soil pH and decreased soil NH,*-N, SOM and MBC
content. This deterioration of soil quality under continuous cropping
of Tibetan barley negatively impacts the physiological functions (such
as carbon fixation) and growth (such as yield) of Tibetan barley. The
negative feedback regulation between Tibetan barley growth and soil
quality exacerbates the decline in Tibetan barley yield and soil quality
as the years of continuous cropping increase. Notably, the decline
in soil quality becomes severe within the first 5 years of continuous
cropping of Tibetan barley. Even for short-term continuous crop-
ping, the practice of continuous cropping of Tibetan barley should
be minimized.

Effect of cropping rotation on soil quality and crop yield
CW and CR significantly improved Tibetan barley yield and soil
quality inthe short to long term compared with continuous barley
crops. The decline in SOM content and soil alkalization were the
key factorsleading to the declineinyield and soil quality in the CC.
SOM content of CR was significantly higher than that of CW which
was significantly higher than that of barley continuous cropping.
However, soil pH showed an opposite trend. Correlation analyses
showed that SOM in the Tibetan barley field had the highest cor-
relation with pH. SEM analyses showed that pH and SOM had the
greatest effect on SQI and Tibetan barley yield. Continuous crop-
ping of Tibetan barley resulted in higher soil pH and lower SOM,
whichin turn led to lower soil quality. CR significantly mitigated
this phenomenon. Rape rotations had the potential to increase SOM
and mitigate pH alkalization*"*?. The high-quality carbon sequestra-
tion capacity of wheat might be the reason for the increase of SOM
in the soil of CW*. Tibetan barley rotation with wheat was not as
effective as rotation with rape in mitigating the pH of continuously
cropped Tibetan barley fields, which may be due to the fact that
both wheat and Tibetan barley belong to the Poaceae family. The
SQlof CC dropped faster than that of CW and CR in the past. Due to
theincrease in pH with the continuous cropping of Tibetan barley,
the SQI of continuous cropping of Tibetan barley had decreased
faster than what is shown in Extended Data Fig. 2. The decrease in
SQI could be mitigated more effectively by crop rotation. Both of
two crop rotation patterns can be used to ameliorate the problem
of declining soil quality and Tibetan barley yield load caused by
continuous Tibetan barley crop.

Tibetan barley rotation with both wheat and rape could sig-
nificantly ameliorate the problem of decreasing soil TP content with
long-term continuous cropping. The effect of short-term Tibetan

Overall permutation test: P = 0.001

RDA2: 7%

RDA1: 93%

Fig. 5| Redundancy analysis of Tibetan barley yield and SQI to soil
characteristics in long-term continuous and rotational crops. Scatterplots
show the first (RDA1) versus the second (RDA2) dimension. The statistical test
used was two-sided.

barley rotation on soil TK was not significant, but long-term rota-
tion increased TK content. Crop rotation is an effective method of
increasing soil TN, even more than N fertilizer inputs***. This might
be the reason why soil TN was significantly higher in Tibetan barley
rotation with both wheat and rape soils than in continuous crop-
ping despite the presence of urea applied for 5-10 years. Although
Tibetan barley rotations mitigated the rate of decline in soil SOM and
TN content, long-term rotations of Tibetan barley also had a declin-
ing trend. No-planting measures could be considered to restore soil
quality in arable fields with low soil quality that have been continu-
ously planted for decades. SEM showed that the increase of MBC and
MBNNH,*-Nin CW and CR was the important reason for the increase
of Tibetan barley yield and SQI. The well-developed root system of
rape has the ability to improve the soil structure of Tibetan barley
fields**°. Changes in soil structure affected microecology and mate-
rial cycling in Tibetan barley fields. Wheat and rape diversity root
secretions had the potential to increase soil microbial diversity. In
terms of soil microbial carbon and nitrogen, CW and CR were high-
quality cropping patterns for alleviating the continuous crop
obstacles.

Currently, research on agriculture and animal husbandry on the
Tibetan Plateau have mainly focused on animal husbandry and cli-
mate warming-induced impacts. Despite its fragile agroecosystems,
low crop selectivity and low productivity, the Tibetan Plateau has a
large area of cultivated land. Among them, Tibetan barley is the main
food cropinthe Tibetan Plateau, accounting for more than 70% of the
total food crop area. The sustainable development of Tibetan barley
cultivation contributes to the stability of the Tibetan Plateau in the
face of global climate change. Due to the low baseline soil fertility in
the Tibetan Plateau, the continuous cropping of Tibetan barley leads
toarapid declineinyield and soil quality. However, crop rotation can
significantly mitigate this downward trend. Next, exploring suitable
field management methods for Tibetan barley rotation can further tap
the sustainable development potential of Tibetan barley production
inthe Tibetan Plateau.
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Fig. 6 | SEM of crop rotation effects on soil properties and consequent yield.
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by each response variable (R%), and measures of overall model fit are shownin the
upper right-hand corner. Non-significant paths are not shown. Fullmodel results
are given in Supplementary Table 5.x chi-square; d.f., degrees of freedom; n,
sample size.

Methods

Site description and sample evaluation

In March 2022, a systematic survey of Tibetan barley fields was car-
ried out in the main production area of Tibetan barley in the Tibetan
valley agricultural region. The Tibetan valley agricultural region has
aplateau temperate semi-arid monsoon climate. The average annual
temperature at all experimental sites is between 6 °C and 8 °C, and
the average annual precipitation is between 450 mm and 550 mm.
In the valley agricultural region of the Tibetan Plateau, 39 fields of
Tibetan barley were selected, including CC, CW, CR (Supplementary
Table 1). Thirty-nine experimental plots in different cropping years
were co-managed by the Tibet Academy of Agricultural and Animal
Husbandry Sciences and farmers for crop rotation and continuous
croppingresearch. The 39 plots of Tibetan barley fields were all larger
than 2,000 m?, with the soil type being sandy loam. All the plots were
planted with Tibetan barley in the same year, with the same variety
‘Zangqing 2000'. All the fertilization methods involved the applica-
tion of basal fertilizer before planting, including 150-200 kg hm™ of
urea (N46%),100-150 kg hm™of superphosphate (including P,0516%)
and 50-100 kg hm™ of potassium chloride (KCI 60%). In addition, to
mitigate the differencesin altitude, oxygen levels, soil types and other
factors, the experimental fields of the three planting methods selected
were evenly distributed in the valley regions of the Tibetan Plateau. We
chose CC and rotation fields that had as similar growth conditions as
possible, same environments and planting methods. To further alle-
viate environmental differences, we divided the planting years into
categories as follows: less than or equal to 5 years, 5 to 10 years and
greater than or equal to 10 years for subsequent analysis. CC5, CC10
and CC10+, as well as the CW5, CW10 and CW10+, and CR5 and CR10
were selected for this study.

Soil samplingin these fields was conducted before Tibetan barley
planting, from 5 April to 15 April 2022. Three surface composite soil
samples (0-20 cm) (made of 5 cores) were taken along the diagonal of
eachTibetanbarleyfield. Therefore, we collected atotal of 126 samples.

Soils were homogenized and sieved through 2 mm, and visible shoot
litter and root, as well as stones, were picked out. Then each sample was
separated into two parts. One was stored at4 °C and was used to meas-
uresoil MBC and MBN within1 week. The other part was air-dried for the
determination of soil physicochemical properties. In September 2022,
theyield data of Tibetan barley at the sampling points were collected
fromthe farmyield record table (Fig. 1and Supplementary Table 1).

Determination of soil physiochemical properties

SOM was determined using the potassium dichromate volumetric
method". The modified Kjeldahl method was used for the determina-
tion of soil TN*®, The samples were analysed for NH,*-N and NO;™-N
usinga continuous flow analyser*’. The molybdenum blue colorimetric
method was used for the analysis of soil TP*. The flame photometric
method was used for the determination of TK>. Soil pH was assayed by a
pHmeterinsoil water suspensions (1:2.5 wt/volume)*2. The chloroform
fumigation method was adopted to determine soil MBC and MBN using
atotal organic carbon analyser (multi N/C 3100)%.

SQland SEM

For the SQl analysis of Tibetan barley fields, nine soil characteristics
were considered, including SOM, TN, NH,*-N,NO,™-N, TP, TK, pH, MBC
and MBN. First, the CCS5 soil quality was set to a regular nine-sided
polygon of radius 1 based on the soil’s physiochemical properties.
Next, the radius of the other soil quality nine-sided polygon was the
ratio of the soil physiochemical properties data divided by the CC5
data”. The nine radius lengths of the nine-sided shape were deter-
mined based on the ratio of the content of each treatment to the
content of the nine soil characteristics of the CC5. The ratio of each
treatment’s nine-sided area to the CC5 nine-sided areawas the SQI for
that treatment. The SQI value for the CC5 soil was 1. The ratio of the
different patterns to the CC5 nine-sided polygon area was the soil’s
SQl of the Tibetan barley fields. Lastly, visualization was carried out
using Excel 2019.
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Lavaan, haven, Hmisc and semPlot packages in R4.3.2 software
were used for SEM analysis. The SEM fitness was examined on the basis
of anon-significant chi-square test (P> 0.05), the goodness-of-fitindex,
the degree of freedom and the root mean square error of approxima-
tion. CC, CW and CR soil properties (including soil SOM, TN, NH,*-N,
NO;™-N, TP, TK, pH, MBC, MBN, SQI) and yield data were used for SEM
construction. SEM was constructed by quantitatively categorizing the
different planting years of CC, CW and CR, where less than or equal to
5Syears was designated as 1, 5-10 years was quantified as 2, and more
than or equal to 10 years was quantified as 3. Finally, the optimal SEM
construction was completed using soil TN, NO;™-N, MBN, TK, pH, SQI
andyield of continuous and rotation cropping of Tibetan barley.

Statistical analysis

To balance the variability of sample growing conditions, we divided
the serial sample treatments into less than or equal to 5 years, 5 to
10 years and more than or equal to 10 years after the completion of
soil quality testing for statistical analysis. One-way analysis of variance
testand Duncan test were applied to test the yield differences among
treatments at P < 0.05 using the SPSS 26.0. Excel_2021 was used for
datavisualization of yield. A correlation analysis of the nine chemical
properties within the same group was conducted in the barley field
using the corrgram package in Rlanguage. Covariance and correlation
coefficients were used to determine and visualize the intra-group cor-
relation of nine soil properties in Tibetan barley fields. Analysis of vari-
ancetestand Duncan test of differences among treatments at P < 0.05
insoil chemical properties were performed using the agricolae package
inR4.3.2software™ and thenvisualized using ggplot2*. Excel 2021 was
used to create radar plots and analyse the SQI. The R language’s ran-
domForest package was used to performarandom forestimportance
analysis on the nine soil properties between treatments and determine
the order ofimportance of soil properties between treatments. Finally,
using R language’s vegan, ggrepel, ggplot2 and ggpubr packages, we
conductedaredundancy analysis with SQland yield as the dependent
variables and the nine soil properties as the independent variables.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The data used herein are publicly available in the Analysis and Sup-
plementary Information. Source data are provided with this paper. All
other datathatsupportthe findings of this study are available from the
corresponding authors upon reasonable request.

Code availability

The dominance analysis package used in this study is developed based
on the R programming environment. Basic codes and usage instruc-
tions are available at https://www.rdocumentation.org/packages/
dominanceanalysis/versions/2.0.0. All codes in this study are available
in Supplementary Information.
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Extended DataFig.1|SOM, MBC, TN, NH,*-N, NO,-N, MBN, TP, TK and pH in
different lengths of continuous Tibetan barley crop. (a) SOM, soil organic
matter. (b) MBC, microbial biomass carbon. (c) TN, total nitrogen. (d) NH,"-N.
(e) NO;™-N. (f) MBN, microbial biomass nitrogen. (g) TP, total phosphorus.

(h) TK, total potassium. (i) pH. <5. CC5, CC10, and CC10+ represent Tibetan
barley continuous cropping treatments for less than or equal to 5, 5-10 and
more than or equal to 10 years, respectively. n =24,n=15,n=18 in CC5, CC10,
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CC10+, respectively. Biological replicates were used for each treatment. Data
are presented as mean + standard error. Different letters indicated significant
differences among Tibetan barley yields as calculated by Duncan multiple
comparative analysis, respectively. No correction for multiple testing was
applied. The results of Duncan multiple comparative analysis are shown in
Supplementary Table 6.
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Extended DataFig. 2 | Correlation analysis of soil properties in Tibetan barley fields. The modulein the lower left corner represents the magnitude of the
correlation between the two soil properties, and the module in the upper right corner represents the trend distribution of the correlation between the two soil
properties. The redder the color of the module, the higher the correlation.
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Extended Data Fig. 3| The SQI of Tibetan barley soil in three cropping patterns
indifferent cropping years. (a) Tibetan barley continuous crop. (b) Tibetan
barley-wheat rotation. (c) Tibetan barley-rape rotation. The SQI of Tibetan
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And the SQIl of Tibetan barley soil under three cropping patterns in the same
croppingyears. Blue for less than or equal to 5 years, green for 5-10 years, orange
for more than or equal to 10 years.
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Extended DataFig. 4 | Variation trend of SQI of Tibetan barley continuous cropping and rotation cropping. <5, 5-10, and 210 represent Tibetan barley continuous
cropping treatments for less than or equal to 5, 5-10 and more than or equal to 10 years, respectively. The results of SQl are shown in Supplementary Table 4.
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Extended DataFig. 5| Correlation of Tibetan barley yield and SQI with cropping pattern and cropping years. The statistical test used was two-sided.
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- For clinical datasets or third party data, please ensure that the statement adheres to our policy

All data generated in this study are available in the Supplementary Information.
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Research involving human participants, their data, or biological material

Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation),
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnici
other socially relevant
groupings

Population characteristics

Recruitment

Ethics oversight

ty, or notapplicable

not applicable
not applicable

not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting

Please select the one below

|:| Life sciences

For a reference copy of the docume

that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Behavioural & social sciences Ecological, evolutionary & environmental sciences

nt with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on

Study description

Research sample

Sampling strategy

Data collection

Timing and spatial scale

Data exclusions
Reproducibility
Randomization

Blinding

Did the study involve field

these points even when the disclosure is negative.

We considered the three food crops (Tibetan barley, wheat, rape) to implement rotations and improve crop productivity and soil
quality in the Tibetan Plateau. We conducted 39 field experimental sites on the Tibetan Plateau, comparing short-term (< 5 years),
5-10 years and long-term (> 10 years) continuous cropping and rotation of Tibetan barley with wheat or rape. The objectives of this
study were: (1) exploring the effects of type and duration of Tibetan barley rotation on soil quality and yield on the Tibetan Plateau,
(2) exploring the driving factors affecting crop yield and soil quality in Tibetan barley rotations, and (3) exploring the suitable rotation
planting pattern for Tibetan barley on the Tibetan Plateau.

In March 2022, a systematic survey of Tibetan barley fields was carried out in the main production area of Tibetan barley in the
Tibetan valley agricultural region. In the valley agricultural region of the Tibetan Plateau, 39 fields of Tibetan barley were selected,
including Tibetan barley continuous cropping, Tibetan barley-wheat rotation, Tibetan barley-rape rotation.

Soil sampling in these fields was conducted before Tibetan barley planting, from April 5 to April 15, 2022. Three surface composite
soil samples (0-20 cm) (made of 5 cores) were taken along the diagonal of each Tibetan barley field. Therefore, we collected a total of
126 samples. Soils were homogenized and sieved through 2 mm, and visible shoot litter and root, as well as stones, were picked out.
Then each sample was separated into two parts.

Soils were homogenized and sieved through 2 mm, and visible shoot litter and root, as well as stones, were picked out. Then each
sample was separated into two parts. One was stored at 4 °C and was used to measure soil microbial biomass carbon (MBC) and
microbial biomass nitrogen (MBN) within one week. The other part was air-dried for the determination of soil physicochemical
properties. In September 2022, the yield data of Tibetan barley at the sampling points were collected from the farm yield record
table.

In March 2022, a systematic survey of Tibetan barley fields was carried out in the main production area of Tibetan barley in the
Tibetan valley agricultural region. In the valley agricultural region of the Tibetan Plateau, 39 fields of Tibetan barley were selected,
including Tibetan barley continuous cropping, Tibetan barley-wheat rotation, Tibetan barley-rape rotation (Fig 1A and Supplementary
Tables 1).

No data were excluded from the analyses.

The results can be reproduced.

The spatial analysis section effectively extracted fragmented cropland within the study area, avoiding the need for random sampling.

Blinding was not necessary as none of the data used in this study was subjective nor could be influenced by researcher biases.

work? |X| Yes |:| No
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Field work, collection and transport

Field conditions The Tibetan valley agricultural region has a plateau temperate semi-arid monsoon climate. The average annual temperature at all
experimental sites is between 6-8 °C, and the average annual precipitation is between 450-550mm.

Location Tibetan Plateau (Fig 1A and Supplementary Tables 1)

Access & import/export 39 experimental plots in different cropping years were co-managed by the Tibet Academy of Agriculture and Animal Husbandry
Sciences and farmers for crop rotation and continuous cropping research.

Disturbance There was no disturbance.

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies IZI |:| ChlIP-seq
Eukaryotic cell lines IZI |:| Flow cytometry
Palaeontology and archaeology IZI |:| MRI-based neuroimaging

Animals and other organisms
Clinical data

Dual use research of concern

MNXXXNXXX s
OoOoooog

Plants

Plants

Seed stocks Report on the source of all seed stocks or other plant material used. If applicable, state the seed stock centre and catalogue number. If
plant specimens were collected from the field, describe the collection location, date and sampling procedures.

Novel plant genotypes Describe the methods by which all novel plant genotypes were produced. This includes those generated by transgenic approaches,
gene editing, chemical/radiation-based mutagenesis and hybridization. For transgenic lines, describe the transformation method, the
number of independent lines analyzed and the generation upon which experiments were performed. For gene-edited lines, describe
the editor used, the endogenous sequence targeted for editing, the targeting guide RNA sequence (if applicable) and how the editor

was applied. ) )
Authentication Describe-any-authentication procedures for-each seed stock used-or novel-genotype generated.-Describe-any-experiments-used-to

assess the effect of a mutation and, where applicable, how potential secondary effects (e.g. second site T-DNA insertions, mosiacism,
off-target gene editing) were examined.
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