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Abstract

Anthropogenic nitrogen (N) loading alters soil ammonia-oxidizing archaea (AOA) and
bacteria (AOB) abundances, likely leading to substantial changes in soil nitrification.
However, the factors and mechanisms determining the responses of soil AOA:AOB
and nitrification to N loading are still unclear, making it difficult to predict future
changes in soil nitrification. Herein, we synthesize 68 field studies around the world to
evaluate the impacts of N loading on soil ammonia oxidizers and nitrification. Across a
wide range of biotic and abiotic factors, climate is the most important driver of the re-
sponses of AOA:AOB to N loading. Climate does not directly affect the N-stimulation
of nitrification, but does so via climate-related shifts in AOA:AOB. Specifically, climate
modulates the responses of AOA:AOB to N loading by affecting soil pH, N-availability
and moisture. AOB play a dominant role in affecting nitrification in dry climates, while
the impacts from AOA can exceed AOB in humid climates. Together, these results

suggest that climate-related shifts in soil ammonia-oxidizing community maintain the
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1 | INTRODUCTION

Humans add approximately threefold reactive nitrogen (N) into ter-
restrial ecosystems compared with natural sources, potentially in-
creasing nitrification in soils (Bowles et al., 2018; Sutton et al., 2011).
Nitrification is the key process controlling N losses, since it produces
nitrate, which can be easily leached, or lost by denitrification as ni-
trous oxide and dinitrogen gas (Butterbach-Bahl et al., 2013). For
example, the global rate of nitrous oxide emissions from N additions
is estimated at about 7 Tg N year'1 (Tian et al., 2020). Nitrification
is also affected by climatic conditions, such as temperature and pre-
cipitation (Bowles et al., 2018; Wang et al., 2014). However, the un-
derstanding of the responses of nitrification to enhanced N loading
across climatic conditions is still incomplete.

Nitrification has long been considered to be initiated with the ox-
idation of ammonia to hydroxylamine by ammonia-oxidizing archaea
(AOA) and bacteria (AOB) (Kuypers et al., 2018; Zhang et al., 2022).
Nevertheless, AOA or AOB abundances have limited power to ex-
plain the responses of nitrification to N loading (Carey et al., 2016).
Emerging studies suggest that the AOA:AOB ratio (an indicator of
the structure of ammonia oxidizers) can be used to capture changes
in nitrification (Aigle et al., 2020; Sims et al., 2012). However, the re-
sponses of soil AOA:AOB to N loading and the potential implications
for nitrification remain unknown.

In addition to N loading characteristics (e.g., rate), soil factors
may drive the responses of soil AOA:AOB to N loading, possibly
altering nitrification. For instance, early studies report that the
growth of ammonia oxidizers depends on soil factors including pH,
N-availability and moisture. Prosser and Nicol (2012) show that AOA
mostly are acidophilic and prefer to utilize slow-released ammonia
from organic N mineralization, while AOB mainly are neutro-alka-
linophilic and favored by high-levels ammonia from external N load-
ings. Liao et al. (2022) show that AOB are more negatively affected
by increasing soil moisture than AOA. Previous meta-analyses indi-
cate that N loading decreases soil pH, but this effect may vary with
the factors like soil moisture and the N-source (Tian & Niu, 2015;
Zhang et al., 2022). Therefore, the effects of N loading on AOA:AOB
and nitrification may associate with soil factors, but global evidence
is lacking.

Recent studies suggest that climatic conditions substantially
alter microbial responses to N loading by affecting soil factors (Borer
& Stevens, 2022; Greaver et al., 2016). For example, aridity index
(the ratio of annual precipitation to annual potential evapotranspira-
tion; lower aridity index indicates more dry climate, whereas higher

N-stimulation of nitrification, highlighting the importance of microbial community

composition in mediating the responses of the soil N cycle to N loading.

ammonia oxidizers, climate change, microbial community structure, nitrification, nitrogen

aridity index indicates more humid climate) significantly affects
soil factors including pH, N-availability and moisture, which often
drive microbial abundance and composition (Delgado-Baquerizo
et al., 2013; Seneviratne et al., 2010; Slessarev et al., 2016).
However, whether and how climatic conditions influence the effects
of N loading on soil AOA:AOB and nitrification, and whether climatic
impacts on AOA:AOB exert effects on nitrification remain unclear.
These knowledge gaps limit our ability to predict N-induced changes
in nitrification across climatic conditions, likely leading to over- or
under-estimation of N losses (Bowles et al., 2018; Tian et al., 2020).

To explore the relative influence of soil factors, climatic con-
ditions and N loading characteristics on the responses of soil
AOA:AOB and nitrification to N loading, we collected data on the
effects of N loading on soil AOA:AOB and nitrification from 68 field
studies worldwide (Figures S1 and S2). A broad range of potential
predictors were also recorded, including climatic conditions, soil fac-
tors, N loading characteristics, etc. We then analyzed the data by
using meta-forest analysis (Terrer et al., 2021), regression analysis,
and structural equation modeling test (Moreno-Jiménez et al., 2019).
This study was motivated by the following two fundamental ques-
tions: (1) what are the key drivers of the responses of AOA:AOB and
nitrification to N loading; and (2) how do the responses of nitrifica-
tion link with the responses of AOA:AOB?

2 | METHODS
2.1 | Literature search

To make our results comparable to other meta-analyses of N load-
ing experiments, we focused only on potential nitrification as in ear-
lier meta-analyses (Carey et al., 2016; Zhang et al., 2022). By using
Web of Science (webofscience.com) and China National Knowledge
Infrastructure (oversea.cnki.net), we searched the scientific litera-
ture evaluating the effects of N loading on soil ammonia oxidizers
and/or potential nitrification. Relevant articles published before
2022 were retrieved using two sets of search terms: (i) one for am-
monia oxidizers: (“nitrogen addition” OR “nitrogen amendment” OR
“nitrogen enrichment” OR “nitrogen fertili*” OR “nitrogen deposi-
tion” OR “nitrogen load*”) AND (“soil” AND “gene*” AND “*PCR")
AND (“*amoA” OR “AOA” OR “AOB"); (ii) and a second for potential
nitrification: (“nitrogen addition” OR “nitrogen amendment” OR “ni-
trogen enrichment” OR “nitrogen fertili*” OR “nitrogen deposition”
OR “nitrogen load*”) AND (“soil” AND “nitrification”).
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The articles were then selected according to the following cri-
teria: (i) soils were sampled from surface layers (<20cm) under field
conditions; (ii) both archaeal and bacterial amoA abundances were
quantified by qPCR, and/or potential nitrification was estimated
from the rate of nitrate or nitrite production during 24 h incubation
under optimal conditions (Zhang et al., 2022); (iii) ambient and N
loading treatments were applied for at least 1year; (iv) mean val-
ues, standard deviations and replicate numbers could be acquired
directly or indirectly. Observations disturbed by other experimen-
tal factors (e.g., irrigation, warming, precipitation, CO, enrichment,
nitrification inhibitors, etc.) were excluded (Horz et al., 2004). For
multiyear experiments, data on the last measurements in the grow-
ing season were preferentially used (Zhang et al., 2022). A total of 68
eligible studies were identified (Figures S1 and S2), of which 56 re-
ported on ammonia oxidizers, 43 reported on potential nitrification,
and 31 covered both.

2.2 | Data extraction
2.21 | Response variables

Data were taken directly from tables and text, or extracted from
figures using Grapher software (goldensoftware.com). We obtained
the ratios of AOA:AOB by using reported archaeal and bacterial
amoA abundances. To explore linkages between potential nitrifica-
tion and AOA:AOB, we also gathered potential nitrification data if
available. Within the 68 identified studies, there were 143 paired
observations of AOA:AOB (Data S1), 98 observations of potential
nitrification (Data S2), and 67 observations covering both (Data S3).

2.2.2 | Predictor variables

We documented potentially relevant environmental and experimen-
tal factors as predictor variables. (i) Location: latitude (°), elevation
(m). (ii) Climate: aridity index, mean annual temperature (MAT, °C).
(iii) Vegetation: aboveground biomass (AGB, g Cm™), ecosystem
type (cropland, grassland or forest). (iv) Soil: pH, the ratio of C to
N (C:N), available P (AP, mg kgsoil™), bulk density (BD, g soil cm™d),
clay (%), volumetric moisture (%), and N-mineralization rate (mgkg
soil™tday™). (v) N loading characteristics: rate (gNm™2year™?), dura-
tion (year), form (urea, NH,NO, or others), and amount of N applica-
tion (gNm™2). Because aridity index integrates the effects of rainfall
and warming, it is generally considered as an integrator of climatic
conditions (Garcia-Palacios et al., 2018). Based on aridity index, we
grouped study sites to be located either in dry (aridity index <0.65)
or humid (aridity index >0.65) climates. The cutoff of 0.65 was de-
fined by the United Nations Convention to Combat Desertification
(Dudley & Alexander, 2017). Almost 30% of environmental data
were not reported in the primary studies (Data S1-S3). We obtained
these from various online databases: extracting location data from
Google Earth (earth.google.com), climate data from WorldClim
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(Fick & Hijmans, 2017) and CGIAR-CSI (Zomer et al., 2022), veg-
etation data from ORNL DAAC (Spawn et al., 2020), and soil data
from SoilGrids250m (Hengl et al., 2017), SoMo.ml (Orth, 2021), the
soil N database (Elrys et al., 2022), and the soil P database (Yang
etal., 2013).

2.3 | Statistical analyses
2.3.1 | Effectsizes

We assessed the effect of N loading on each response variable by
calculating the natural logarithmic response ratio (InR) of the N
loading treatment relative to the ambient treatment, where InR was
weighted by the inverse of its variance (Chen et al., 2018; Hedges
et al., 1999). Response ratios of AOA:AOB and potential nitrifica-
tion were marked as lnR(AOA:AOB) and InR(Nitriﬁcation), respectively. The
mean effect size (InR) was estimated in a weighted mixed-effects
model by using the R package metafor (Viechtbauer, 2010). Some
studies contributed more than one paired observation, thus we con-
sidered “study” and “observation” as random factors. For the ease of
interpretation, the mean effect size was transformed into percent-
age change, that is, (em - 1) X 100 %. The mean effect of N loading
is considered significant at p <.05.

2.3.2 | gPCR effectiveness and publication bias

The test of moderators in the R package metafor (Viechtbauer, 2010)
was used to evaluate the impacts of primer selections and inhibi-
tion tests (Data S1) on response ratios of amoA abundances. The
impact of methodological approaches is considered significant if
p<.05 (Zhang et al., 2022). In addition, we assessed publication
bias by two tests. Spearman's correlation test was used to test the
correlation between individual effect sizes and the correspond-
ing variances. Publication bias is considered absent if Spearman's
correlation is non-significant (Nerlekar & Veldman, 2020). We also
used Rosenberg's fail-safe number (f) analysis. The dataset is con-
sidered unbiased if f is larger than 5n+ 10, where n is the number
of observations (Rosenberg, 2005). We did not detect any impact
of methodological approaches nor publication bias in our dataset
(Tables S1 and S2).

2.3.3 | Variable importance

To identify the most important predictors of InR(AOA:AOB) and

INR Nitrification
The meta-forest analysis is an adaptation of the random-forest al-

y We performed meta-forest analysis (Terrer et al., 2021).

gorithm for meta-analysis: weighted bootstrap sampling is used
to ensure that more precise studies exert greater influence in the
model-building stage. These weights are based on random-ef-
fects, so that studies with smaller sampling variance have a larger
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probability of being selected, but this advantage is diminished as the
number of between-studies heterogeneity increases. Although se-
lecting a random subset of the features at each candidate split in the
meta-forest analysis can help avoid overfitting and multicollinear-
ity, spatial autocorrelation is not accounted for in the meta-forest
analysis due to computational limitations (Liang et al., 2022; van
Lissa, 2020).

All potential predictors were included in the meta-forest model by
using the R package metaforest (van Lissa, 2020). This model was run
with 10,000 iterations, and was replicated 100 times by a recursive
algorithm provided by the R package metafor (Viechtbauer, 2010).
Predictors that reduced predictive performance (i.e., negative im-
portance) were dropped, while predictors that improved predictive
performance (i.e., positive importance) were maintained. Model pa-
rameters were further optimized by using the train() function from
the R package caret (Kuhn, 2008). We calculated tenfold cross-vali-
dated R? values by using 75% of the dataset as training data and 25%
for validation. The relative importance of each predictor was derived

from the optimized model.

2.34 | Empirical relationships

Meta-forest analysis identified aridity index as the most important

predictor of InR(AOA:AOB) and InR(AOA:AOB) as the best predictor of

INR Nigrification
relationship between InR(AOA:AOB) and aridity index. The optimal re-

) (Figure 1). Regression analysis was used to assess the

gression model was selected by Bayesian information criterion (BIC;
linear and quadratic models were considered). To further explore
potential impacts of aridity index on nitrification, we assessed the
relationships between InR(Nitriﬂcation) and InR(AOA:AOB), and between

INR itrification
and InR(AOA:AOB) on InR(

) and aridity index. The interaction between aridity index

Nitrification) Was tested by regression analysis.

2.3.5 | Structural equation modeling

Aridity index has been shown to substantially affect soil factors
including pH, N-availability and moisture (Delgado-Baquerizo
et al.,, 2013; Seneviratne et al., 2010; Slessarev et al., 2016), and
these soil factors typically determine the niche of ammonia oxidiz-
ers (Liao et al., 2022; Prosser & Nicol, 2012). Based on this under-
standing, we built a structural equation modeling (Figure S3) to test
the underlying mechanisms of aridity index in affecting InR(AOA:AOB)'
Soil N-availability was indicated by N-mineralization rate and N load-
ing rate. We included a random effect based on the geographical
distance, to remove confounding effects due to spatial autocorrela-
tion (Moreno-Jiménez et al., 2019). The performance of structural
equation modeling was evaluated by chi-squared test, which is con-
sidered convergent if p>.05. Structural equation modeling was con-
ducted with the R package piecewiseSEM (Lefcheck, 2016).

2.3.6 | Climate change projections
To understand how future climate change may impact InR(AOA:AOB)

and InR rificationy
to 2100 projected by the fifth Coupled Model Intercomparison

we accessed global mean aridity index from 2000

Project (CMIP5) under the representative concentration path-
ways RCP4.5 and RCP8.5 (Huang et al., 2016). These projections
of aridity index were used to simulate global mean InR(AOA:AOB) and

INR irification
tionships (InR(AOA:AOB) vs. aridity index, and InR(Nitriﬁcation) vs. arid-

) from 2000 to 2100 by scaling-up the observed rela-

ity index). The predict() function from the R package car (Fox &
Weisberg, 2019) was run to simulate the predicted values (Iﬁ??) of
InR(AOA:AOB) and InR(Nitriﬁcation) from 2000 to 2100. To ease interpre-
tation, the predicted values were reported as percentage change,
that is, (e'ﬁ - 1) x 100%.

(@) INR (a0a:A0B) (b) INR (Nitrification)
Aridity index | [ NG IR aoancs) | GG
SoilpH{ [ ] Nduration{[_ ]
N amount :l Soil clay IZI FIGURE 1 The mostimportant
MAT{ ] N rate; 7] predictors for the effects of N loading
Soil ¢:N1 ] Soil c:N{ [ on AOA:AOB (IR xop.a08) @nd potential
Soil BD7 ] N-mineralization{ (] nitrification (INR qcationy- () Relative
AGB{[] Elevation{ [ | importance of 17 predictors (N form was
Soil moisture{ [___] N amount{ [___] dropped due to negative importance) of
Latitude{ [____] Soil AP{ [ INR poa:n0p) derived from meta-forest
Soil AP+ |:| AGB- |:| model. (b) Relative importance of 18
Elevation- |:| Avridity index |:| predictors (N form and latitude were
Soil clay |:] Soil pH1 |:| :jr;pped due Lo neg(ajt;ve importafnce) of
. . NR \irricioati erived from meta-forest
N r.ate- |:| soll m0|§ture- |:| mog\‘glr.lf:&agg,)aboveground biomass;
N duration |:| Soil BD1 D AOA, ammonia-oxidizing archaea; AOB,
N-mineralization{ (] n=143 MAT+ ] n=67 ammonia-oxidizing bacteria; AP, available

Ecosystem type- Ecosystem type -

Cross-validated R? = .401

Cross-validated R? = .304

phosphorus; BD, bulk density; C:N, the

O
ol ]

25 50 75 100
Relative importance

25 50 75 100
Relative importance

ratio of carbon to nitrogen; MAT, mean
annual temperature.
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3 | RESULTS

Across a wide range of environmental and experimental factors,
aridity index was the most important predictor of InRoa.n0m
(Figure 1a), where InR(AOA:AOB) increased with aridity index (p <.001;
Figure 2a). The mean effect of N loading on AOA:AOB differed be-
tween dry (aridity index <0.65) and humid (aridity index 20.65) cli-
mates (p <.001). Specifically, N loading reduced AOA:AOB by 67% in
dry climates (p <.001), while this effect was not significant in humid
climates (p=.165).

Structural equation modeling test showed that aridity index mod-
ulated the responses of AOA:AOB to N loading by affecting soil pH,
N-mineralization rate, and soil moisture (Figure 3). The responses of
AOA and AOB abundances to N loading differed in their relation-
ships to aridity index, soil pH, N-mineralization rate, soil moisture,
and N loading rate (Figure S5). The responses of AOA abundance
increased with aridity index and N-mineralization rate, while the
responses of AOB abundance decreased with aridity index and soil
moisture, and increased with soil pH and N loading rate (p <.05).

Furthermore, InR(AOA:AOB) was the best predictor of InR(Nitriﬁcaﬁon)
(Figure 1b), in which InR i ification Showed a U-shaped relationship
With INR soa.n0m) (P <-.001; Figure 2b). However, aridity index had no
direct influence on InR(Nitriﬁcation) (p=.469; Figure 2c), with a similar
N-stimulation of potential nitrification in both dry and humid cli-
mates (p=.804). Specifically, N loading increased potential nitrifica-
tion by 63% and 57% in dry (p<.001) and humid climates (p=.003),

ST e L

respectively. There was a strong interactive effect between aridity
index and INR xoa.a08) ON INR Nitrification) (P <-001; Figure S4). The neg-

ative relationship between InR ) and InR(AOA:AOB) was clearin

(Nitrification
dry climates (p=.023), but no clear relationship was found in humid
climates (p=.742; Figure 2d).

By scaling-up our results using climate change projections of
aridity index, we estimated that the global mean effect of N load-
ing on AOA:AOB will diminish by 5%-8% from 2000 to 2100 under
RCP4.5 and RCP8.5 (Figure 4a), while the global mean responses of

potential nitrification will be largely unaffected (Figure 4b).

4 | DISCUSSION
4.1 | Climate modulates the responses of ammonia
oxidizers to N loading

Our results suggest that climate (indicated by aridity index; lower arid-
ity index indicates more dry climate, whereas higher aridity index in-
dicates more humid climate) primarily regulates the responses of soil
AOA:AOB to N loading by affecting soil pH, N-availability and moisture
(Figures 1a, 2a and 3). First, difference in soil pH between climates can
induce selection pressures on AOA and AOB, thereby regulating the
responses of AOA:AOB to N loading (Figure 3; Figure S5). Although
N-induced changes in soil pH are not related to aridity index (Table S4),

background soil pH (i.e., soil pH in ambient conditions) decreases

N loading J \ N loading
= B
(@) . A dt : d. (c) =98, BIC = 268
2 o ridity in lex 3 oo o0
— = o
§ 0 I .§ 2 % o
) | E o % ;
g 1% 5.0 & °8
'y 1 s 0@ By o5 |
2 i ° %g 0 &
FIGURE 2 Climate indirectly = « 1y = 0»9-‘@-283@-»-955---»@0@-"-
. =143, = K Qo ©
modulates the effects of N loading on _4 * 5’2 owota :Ji.ag? 1 % » .9
potential nitrification (INRification) BY 01 05 09 13 ® 'g 01 05 009 : 13
affecting shifts in AOA:AOB (InR s 0.a08)- Aridity index % S Aridity index
(a) Relationship between INR yoa.x0m) - = 'S ;
e . . o o 78 A ! = 19 o o 470 — A
and aridity index. (b) Relationship % 0 : } £ | S g Q7 }
E o p<.001 o £ o \ p=.804
between INR iification) 21d INRronn0By 5 Eles —o+ 1Z O §s1 —o—
(c) Relationship between InR i ification) 7 : | £
and aridity index. (d) Interaction between _I\}I(e);gn_gf(;ectoof Nslgadxr?g | l\/(l)eanse(:fe;togf l\}lsc?adzir(l)g
climate and InR(AOA:AOB) on InR(Nitrmcation). on AOA:AOB (%) / \ on potential nitrification (%)
The sizes of empty dots are proportional S e -
to model weights. Difference between Influence
dry (aridity index <0.65) and humid
(aridity index 20.65) climates was (b) 2 0§o (d) 2, ”[’);; RB]C]Z? fl'g:’y‘e
evaluated by Student's t-test. Error bars | 1 * Humid

show 95% confidence intervals, and the
corresponding numbers indicate sample
sizes. Lower aridity index indicates
more dry climate, whereas higher aridity
index indicates more humid climate.
AOA, ammonia-oxidizing archaea; AOB,
ammonia-oxidizing bacteria.
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FIGURE 3 Structural equation
modeling test of how aridity index affects
the responses of AOA:AOB to N loading
(InR(AOA:AOB)). Nitrogen-mineralization
rate and N loading rate can reflect soil
N-availability. The numbers on arrows
indicate standardized path coefficients
of structural equation modeling. Lower
aridity index indicates more dry climate,
whereas higher aridity index indicates
more humid climate. AOA, ammonia-
oxidizing archaea; AOB, ammonia-

Soil oxidizing bacteria.
n=143, x*=1.049, p = .994, df =7
—> Positive —> Negative —> Non-significant *p<.05 **p<.01
(a) v (b) ——
_501 '\ Aridity index Low 524 nl Aridity index Low

|
)]
N

Global mean effect of N loading
on AOA:AOB (%)
& &
[e)] B

|
)]
[e]

2000 2020 2040 2060 2080 2100

Year

Global mean effect of N loading
on potential nitrification (%)
(6]

Climate scenario

501 — RCP4.5
— RCP8.5

2000 2020 2040 2060 2080 2100
Year

FIGURE 4 Potential changes in global mean effects of N loading on AOA:AOB and potential nitrification from 2000 to 2100 that are scaled-
up from the observations. Temporal variations in global mean effects of N loading on (a) AOA:AOB and (b) potential nitrification from 2000 to
2100 under RCP4.5 and RCP8.5. Colored shading area indicates 95% confidence intervals, and gray shading area denotes the ranges of temporal
variations. Lower aridity index indicates more dry climate, whereas higher aridity index indicates more humid climate. Notice difference in scales
between panels. AOA, ammonia-oxidizing archaea; AOB, ammonia-oxidizing bacteria; RCP, representative concentration pathway.

with aridity index (Figure S5). Alkaline soils are more common in
dry climates while acid soils are widely distributed in humid climates
(Table S3). Alkaline soils generally favor AOB growth, whereas acid
soils can better facilitate AOA growth (Prosser & Nicol, 2012). This ex-
planation aligns with the positive correlation coefficient between the
responses of AOB and soil pH, and the negative correlation coefficient
between the responses of AOA and soil pH (Figure S5).

Second, climate to some extent affects soil N-availability, which
in turn mediates the responses of AOA:AOB to N loading because
of different N preferences between AOA and AOB (Figure 3;
Figure S5). Nitrogen loading can stimulate soil N mineralization, and
this effect increases with aridity index (Cheng et al., 2020). Soil N
mineralization rate increases with aridity index (Figure S5), suggest-
ing that organic-derived N is more abundant in humid climates than
in dry climates (Table S3). AOA mostly prefer to utilize slow-released
ammonia from organic N mineralization, while AOB are mainly fa-
vored by high-level ammonia from external N loadings (Prosser &
Nicol, 2012). Consistent with those preferences, the responses of
AOA increase with N mineralization rate, and the responses of AOB
increase with N loading rate (Figure S5).

Third, the responses of AOA:AOB to N loading partly depend
on soil moisture, where soil moisture is often coupled with climate
(Figure 3; Figure S5). Nitrogen loading has no clear effect on soil
moisture, and this effect is not affected by aridity index (Table S4).
However, as aridity index increases, soil moisture rises accordingly
(Figure S5). AOB often decrease with rising soil moisture, while
AOA generally increase or remain unchanged (Liao et al., 2022; Yue
et al., 2021). This interpretation is in line with the negative rela-
tionship between the responses of AOB and soil moisture, and the
non-significant relationship between the responses of AOA and soil

moisture (Figure S5).

4.2 | Shifts in ammonia oxidizers maintain the
N-stimulation of nitrification

The U-shaped relationship between the responses of potential nitri-
fication and the responses of AOA:AOB under N loading (Figure 2b)
suggests that the responses of nitrification vary nonlinearly with
the responses of AOA:AOB. This finding is consistent with studies
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showing that microbial function can shift with community structure
across different climates (Chase et al., 2021; Crowther et al., 2019;
Fernandez et al., 1999; Hoffmann & Sgro, 2011). On the other hand,
N loading stimulates potential nitrification to a similar extent across
different climates (Figure 2c), indicating that climate-related shifts
in soil ammonia-oxidizing community maintain the N-stimulation of
nitrification. Specifically, AOB play a dominant role in affecting ni-
trification in dry climates, while the impacts from AOA can exceed
AOB in humid climates (Figure S6).

The structure-function relationship of soil ammonia-oxidizing
community can be affected by environmental conditions (Zhang,
Chen, et al., 2023). For example, we observe that climate alters the
relationship between the responses of potential nitrification and the
responses of AOA:AOB under N loading (Figure 2d). However, other
factors (e.g., trait distributions within a community, species-spe-
cies interactions, evolutionary dynamics, and community assembly
processes) may also affect the structure-function relationship of
ammonia oxidizers (Nemergut et al., 2014). These factors may in-
teract with environmental conditions, adding uncertainty to future
projections of nitrification. Therefore, further research is required to

quantify these interactions.

4.3 | Implications and potential uncertainties

We quantified the relationships among ammonia-oxidizing community
structure, function, and environmental conditions, thereby advancing
the understanding of the responses of ammonia oxidizers and nitrifi-
cation to N loading in three ways. (1) AOA:AOB is a better predictor
of nitrification under N loading than either AOA or AOB abundances
(Carey et al., 2016). (2) AOA:AOB exerts a significant influence on ni-
trification at the global scale, challenging the common assumption that
microbial community structure controls function predominantly at the
local scale (Schimel & Gulledge, 1998). (3) In addition to earlier identi-
fied key drivers (soil pH, N-availability and moisture) of ammonia oxi-
dizers (Liao et al., 2022; Prosser & Nicol, 2012), we offer new insights
in terms of climatic impacts of ammonia oxidizers.

Furthermore, we inferred a persistent N-stimulation of po-
tential nitrification under future climate change scenarios despite
clear shifts in AOA:AOB (Figure 4). However, key microbial traits
(e.g., AOA:AOB and nitrification) are insufficiently considered in
current ecosystem models, potentially leading to model uncer-
tainties (Crowther et al., 2019; Hawkes & Keitt, 2015; Nevison
et al., 2022). For example, without considering shifts in AOA:AOB,
the CLASSIC model (Asaadi & Arora, 2021) simulates a large increase
in N-stimulation of nitrification under climate change. This result
contradicts the finding of our meta-analysis, which suggests a stable
N-stimulation. Hence, incorporating shifts in AOA:AOB into micro-
bial trait-based frameworks may help to simulate future changes in
soil N cycling (Chen et al., 2023; Crowther et al., 2019).

A few potential limitations of our analyses should be noted.
First, spatiotemporal variability may be underrepresented in our
dataset. For example, there are unbalanced samples across climatic
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zones and different sampling years among studies. Covering un-
derrepresented areas (especially tropical and polar zones) in fu-
ture research projects will likely advance the understanding of
microbial feedbacks to N loading. Second, missing data were im-
puted using some global databases, potentially introducing bias
into our results. For instance, the ensemble models producing
SoilGrids250m database explain 83% variation in observed soil pH
(Hengl et al., 2017), and the unexplained 17% variation introduces
some potential uncertainty into our results. Third, inherent model
limitations may affect variable importance analysis and future pro-
jection. One example is that machine learning-based meta-forest
analysis is data-hungry while our sample size is relatively small.
Another example is that there are no observational data of the
future period to validate the CMIP5 ensemble (Huang et al., 2016).
Further development of global databases and mechanistic mod-
els may decrease these potential uncertainties. Fourth, although
we revealed relationships among ammonia oxidizers, nitrification
and climate under N loading, the acclimatization rates of differ-
ent guilds to climate change are still unclear. This challenge can
be addressed through manipulative experiments (Hoffmann &
Sgro, 2011). Fifth, the use of DNA-based methods and potential
rates may only provide limited information of ammonia oxidizers
and nitrification (Zhang, Chen, et al., 2023). The development and
wider application of new techniques is therefore critical, such as
in-situ methods measuring N-cycling genes and rates.

In summary, our work indicates that climate-related shifts in soil
ammonia-oxidizing community maintain the N-stimulation of nitrifi-
cation, emphasizing the key role of climate in mediating the responses
of ammonia oxidizers to N loading. Therefore, considering climate-re-
lated shifts of ammonia oxidizers in ecosystem models may improve

predictions of soil N cycling under future climatic conditions.

AUTHOR CONTRIBUTIONS

Yong Zhang: Conceptualization; data curation; formal analysis; visu-
alization; writing - original draft; writing - review and editing. Xiaoli
Cheng: Conceptualization; data curation; formal analysis; funding ac-
quisition; visualization; writing - original draft; writing - review and
editing. Kees Jan van Groenigen: Funding acquisition; methodology;
writing - review and editing. Pablo Garcia-Palacios: Methodology;
writing - review and editing. Junji Cao: Writing - review and editing.
Xunhua Zheng: Writing - review and editing. Yiqi Luo: Methodology;
writing - review and editing. Bruce A. Hungate: Methodology;
writing - review and editing. Cesar Terrer: Methodology; writ-
ing - review and editing. Klaus Butterbach-Bahl: Methodology;
writing - review and editing. Jgrgen Eivind Olesen: Methodology;
writing - review and editing. Ji Chen: Conceptualization; data cu-
ration; formal analysis; funding acquisition; visualization; writing -
original draft; writing - review and editing.

ACKNOWLEDGMENTS

We thank the authors whose work was included in this study. This
study was funded by the National Natural Science Foundation
of China (32130069). J.C. was funded by EU H2020 Marie

95U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq paueNob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq 7 8UNIUO AB]IM UO (SUOTIPLID-PUE-SLLS)WOD"AB I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU1 05 *[1Z0Z/70/2T] Uo AiqiTauliuo Aojim ‘Areiai AISAIUN [BUI0D Ad 6869T'GOB/TTTT OT/10p/w00 Ao v Akeiq jpul|uo//Sdny WOl popeojumod ‘T ‘¥Z0Z ‘98rZS9ET



ZHANG ET AL.

8of 11
—I—Wl B2’ Global Change Biology

Sktodowska-Curie Actions (839806), Aarhus University Research
Foundation (AUFF-E-2019-7-1), Danish Independent Research
Foundation(1127-00015B),and Nordic Committee of Agricultureand
Food Research. K.J.v.G. was funded by the National Environmental
Research Council (NE/W001691/1). K.B.B. received funding from
the Pioneer Center for Research in Sustainable Agricultural Futures
(Land-CRAFT), DNRF grant number P2.

CONFLICT OF INTEREST STATEMENT
The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are openly avail-
able in Figshare at https://doi.org/10.6084/m9.figshare.20022878
(Zhang, Cheng, et al., 2023).

ORCID
Yong Zhang " https://orcid.org/0000-0002-1181-032X
Xiaoli Cheng " https://orcid.org/0000-0002-0346-675X

Kees Jan van Groenigen " https://orcid.org/0000-0002-9165-3925
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0003-1000-7241

Xunhua Zheng " https://orcid.org/0000-0002-4138-7470
https://orcid.org/0000-0002-4556-0218

Bruce A. Hungate "= https://orcid.org/0000-0002-7337-1887
https://orcid.org/0000-0002-5479-3486

Klaus Butterbach-Bahl " https://orcid.org/0000-0001-9499-6598
Jorgen Eivind Olesen "= https://orcid.org/0000-0002-6639-1273

Ji Chen "= https://orcid.org/0000-0001-7026-6312

Pablo Garcia-Palacios

Junji Cao

Yiqi Luo

Cesar Terrer

REFERENCES

Aigle, A., Gubry-Rangin, C., Thion, C., Estera-Molina, K. Y., Richmond, H.,
Pett-Ridge, J., Firestone, M. K., Nicol, G. W., & Prosser, J. |. (2020).
Experimental testing of hypotheses for temperature- and pH-
based niche specialization of ammonia oxidizing archaea and bacte-
ria. Environmental Microbiology, 22(9), 4032-4045. https://doi.org/
10.1111/1462-2920.15192

Asaadi, A., & Arora, V. K. (2021). Implementation of nitrogen cycle in the
CLASSIC land model. Biogeosciences, 18(2), 669-706. https://doi.
org/10.5194/bg-18-669-2021

Borer, E. T., & Stevens, C. J. (2022). Nitrogen deposition and climate: An
integrated synthesis. Trends in Ecology & Evolution, 37(6), 541-552.
https://doi.org/10.1016/j.tree.2022.02.013

Bowles, T. M., Atallah, S. S., Campbell, E. E., Gaudin, A. C. M., Wieder, W.
R., & Grandy, A. S. (2018). Addressing agricultural nitrogen losses in
a changing climate. Nature Sustainability, 1(8), 399-408. https://doi.
org/10.1038/s41893-018-0106-0

Butterbach-Bahl, K., Baggs, E. M., Dannenmann, M., Kiese, R., &
Zechmeister-Boltenstern, S. (2013). Nitrous oxide emissions from
soils: How well do we understand the processes and their con-
trols? Philosophical Transactions of the Royal Society B: Biological
Sciences, 368(1621), 20130122. https://doi.org/10.1098/rstb.
2013.0122

Carey, C.J., Dove, N. C,, Beman, J. M., Hart, S. C., & Aronson, E. L. (2016).
Meta-analysis reveals ammonia-oxidizing bacteria respond more
strongly to nitrogen addition than ammonia-oxidizing archaea. Soil
Biology and Biochemistry, 99, 158-166. https://doi.org/10.1016/j.
s0ilbio.2016.05.014

Chase, A. B., Weihe, C., & Martiny, J. B. H. (2021). Adaptive differentia-
tion and rapid evolution of a soil bacterium along a climate gradient.
Proceedings of the National Academy of Sciences of the United States
of America, 118(18), e2101254118. https://doi.org/10.1073/pnas.
2101254118

Chen, J, Luo, Y., van Groenigen, K. J., Hungate, B. A., Cao, J., Zhou, X.,
& Wang, R. W. (2018). A keystone microbial enzyme for nitrogen
control of soil carbon storage. Science. Advances, 4(8), eaaq1689.
https://doi.org/10.1126/sciadv.aaq1689

Chen, J., Zhang, Y., Kuzyakov, Y., Wang, D., & Olesen, J. E. (2023).
Challenges in upscaling laboratory studies to ecosystems in soil mi-
crobiology research. Global Change Biology, 29(3), 569-574. https://
doi.org/10.1111/gcb.16537

Cheng, Y., Wang, J., Wang, J., Wang, S., Chang, S. X,, Cai, Z., Zhang, J.,
Niu, S., & Hu, S. (2020). Nitrogen deposition differentially affects
soil gross nitrogen transformations in organic and mineral horizons.
Earth-Science Reviews, 201, 103033. https://doi.org/10.1016/j.
earscirev.2019.103033

Crowther, T. W,, van den Hoogen, J., Wan, J., Mayes, M. A., Keiser, A.
D., Mo, L., Averill, C., & Maynard, D. S. (2019). The global soil com-
munity and its influence on biogeochemistry. Science, 365(6455),
eaav0550. https://doi.org/10.1126/science.aav0550

Delgado-Baquerizo, M., Maestre, F. T., Gallardo, A., Bowker, M. A,
Wallenstein, M. D., Quero, J. L., Ochoa, V., Gozalo, B., Garcia-
Gomez, M., Soliveres, S., Garcia-Palacios, P., Berdugo, M., Valencia,
E., Escolar, C., Arredondo, T., Barraza-Zepeda, C., Bran, D., Carreira,
J. A., Chaieb, M,, ... Zaady, E. (2013). Decoupling of soil nutrient
cycles as a function of aridity in global drylands. Nature, 502(7473),
672-676. https://doi.org/10.1038/nature12670

Dudley, N., & Alexander, S. (2017). Drylands. In In global land outlook (pp.
246-269). UNCCD.

Elrys, A.S., Uwiragiye, Y., Zhang, Y., Abdel-Fattah, M. K., Chen, Z., Zhang,
H., Meng, L., Wang, J., Zhu, T., Cheng, Y., Zhang, J., Cai, Z., Chang, S.
X., & Miiller, C. (2022). Expanding agroforestry can increase nitrate
retention and mitigate the global impact of a leaky nitrogen cycle
in croplands. Nature Food, 4(1), 109-121. https://doi.org/10.1038/
s43016-022-00657-x

Fernandez, A., Huang, S., Seston, S., Xing, J., Hickey, R., Criddle, C., &
Tiedje, J. (1999). How stable is stable? Function versus community
composition. Applied and Environmental Microbiology, 65(8), 3697-
3704. https://doi.org/10.1128/AEM.65.8.3697-3704.1999

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of
Climatology, 37(12), 4302-4315. https://doi.org/10.1002/joc.5086

Fox, J., & Weisberg, S. (2019). An introduction to R programming. In An R
companion to applied regression (pp. 477-537). SAGE.

Garcia-Palacios, P, Gross, N., Gaitan, J., & Maestre, F. T. (2018). Climate
mediates the biodiversity-ecosystem stability relationship globally.
Proceedings of the National Academy of Sciences of the United States
of America, 115(33), 8400-8405. https://doi.org/10.1073/pnas.
1800425115

Greaver, T. L., Clark, C. M., Compton, J. E., Vallano, D., Talhelm, A. F,,
Weaver, C. P, Band, L. E., Baron, J. S., Davidson, E. A, Tague, C. L.,
Felker-Quinn, E., Lynch, J. A, Herrick, J. D., Liu, L., Goodale, C. L.,
Novak, K. J., & Haeuber, R. A. (2016). Key ecological responses to
nitrogen are altered by climate change. Nature Climate Change, 6(9),
836-843. https://doi.org/10.1038/nclimate3088

Hawkes, C. V., & Keitt, T. H. (2015). Resilience vs. historical contingency
in microbial responses to environmental change. Ecology Letters,
18(7), 612-625. https://doi.org/10.1111/ele.12451

Hedges, L. V., Gurevitch, J., & Curtis, P. S. (1999). The meta-analysis of
response ratios in experimental ecology. Ecology, 80(4), 1150-1156.
https://doi.org/10.1890/0012-9658(1999)080[1150:TMAORR]
2.0.CO;2

Hengl, T., Mendes de Jesus, J., Heuvelink, G. B., Ruiperez Gonzalez, M.,
Kilibarda, M., Blagotic, A., Shangguan, W., Wright, M. N., Geng, X.,

95U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq paueNob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq 7 8UNIUO AB]IM UO (SUOTIPLID-PUE-SLLS)WOD"AB I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU1 05 *[1Z0Z/70/2T] Uo AiqiTauliuo Aojim ‘Areiai AISAIUN [BUI0D Ad 6869T'GOB/TTTT OT/10p/w00 Ao v Akeiq jpul|uo//Sdny WOl popeojumod ‘T ‘¥Z0Z ‘98rZS9ET


https://doi.org/10.6084/m9.figshare.20022878
https://orcid.org/0000-0002-1181-032X
https://orcid.org/0000-0002-1181-032X
https://orcid.org/0000-0002-0346-675X
https://orcid.org/0000-0002-0346-675X
https://orcid.org/0000-0002-9165-3925
https://orcid.org/0000-0002-9165-3925
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0002-6367-4761
https://orcid.org/0000-0003-1000-7241
https://orcid.org/0000-0003-1000-7241
https://orcid.org/0000-0002-4138-7470
https://orcid.org/0000-0002-4138-7470
https://orcid.org/0000-0002-4556-0218
https://orcid.org/0000-0002-4556-0218
https://orcid.org/0000-0002-7337-1887
https://orcid.org/0000-0002-7337-1887
https://orcid.org/0000-0002-5479-3486
https://orcid.org/0000-0002-5479-3486
https://orcid.org/0000-0001-9499-6598
https://orcid.org/0000-0001-9499-6598
https://orcid.org/0000-0002-6639-1273
https://orcid.org/0000-0002-6639-1273
https://orcid.org/0000-0001-7026-6312
https://orcid.org/0000-0001-7026-6312
https://doi.org/10.1111/1462-2920.15192
https://doi.org/10.1111/1462-2920.15192
https://doi.org/10.5194/bg-18-669-2021
https://doi.org/10.5194/bg-18-669-2021
https://doi.org/10.1016/j.tree.2022.02.013
https://doi.org/10.1038/s41893-018-0106-0
https://doi.org/10.1038/s41893-018-0106-0
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1098/rstb.2013.0122
https://doi.org/10.1016/j.soilbio.2016.05.014
https://doi.org/10.1016/j.soilbio.2016.05.014
https://doi.org/10.1073/pnas.2101254118
https://doi.org/10.1073/pnas.2101254118
https://doi.org/10.1126/sciadv.aaq1689
https://doi.org/10.1111/gcb.16537
https://doi.org/10.1111/gcb.16537
https://doi.org/10.1016/j.earscirev.2019.103033
https://doi.org/10.1016/j.earscirev.2019.103033
https://doi.org/10.1126/science.aav0550
https://doi.org/10.1038/nature12670
https://doi.org/10.1038/s43016-022-00657-x
https://doi.org/10.1038/s43016-022-00657-x
https://doi.org/10.1128/AEM.65.8.3697-3704.1999
https://doi.org/10.1002/joc.5086
https://doi.org/10.1073/pnas.1800425115
https://doi.org/10.1073/pnas.1800425115
https://doi.org/10.1038/nclimate3088
https://doi.org/10.1111/ele.12451
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2
https://doi.org/10.1890/0012-9658(1999)080%5B1150:TMAORR%5D2.0.CO;2

ZHANG ET AL.

Bauer-Marschallinger, B., Guevara, M. A., Vargas, R., MacMillan, R.
A., Batjes, N. H., Leenaars, J. G., Ribeiro, E., Wheeler, |., Mantel, S.,
& Kempen, B. (2017). SoilGrids250m: Global gridded soil informa-
tion based on machine learning. PLoS One, 12(2), e0169748. https://
doi.org/10.1371/journal.pone.0169748

Hoffmann, A. A., & Sgro, C. M. (2011). Climate change and evolutionary
adaptation. Nature, 470(7335), 479-485. https://doi.org/10.1038/
nature09670

Horz, H. P., Barbrook, A., Field, C. B., & Bohannan, B. J. (2004). Ammonia-
oxidizing bacteria respond to multifactorial global change.
Proceedings of the National Academy of Sciences of the United States
of America, 101(42), 15136-15141. https://doi.org/10.1073/pnas.
0406616101

Huang, J. P, Yu, H. P, Guan, X. D., Wang, G. Y., & Guo, R. X. (2016).
Accelerated dryland expansion under climate change. Nature Climate
Change, 6(2), 166-171. https://doi.org/10.1038/nclimate2837

Kuhn, M. (2008). Building predictive models in R using the caret pack-
age. Journal of Statistical Software, 28(5), 1-26. https://doi.org/10.
18637/jss.v028.i05

Kuypers, M. M. M., Marchant, H. K., & Kartal, B. (2018). The microbial
nitrogen-cycling network. Nature Reviews Microbiology, 16(5), 263-
276. https://doi.org/10.1038/nrmicro.2018.9

Lefcheck, J. S. (2016). piecewiseSEM: Piecewise structural equation
modelling in r for ecology, evolution, and systematics. Methods in
Ecology and Evolution, 7(5), 573-579. https://doi.org/10.1111/2041-
210X.12512

Liang, J., Gamarra, J. G. P,, Picard, N., Zhou, M., Pijanowski, B., Jacobs, D. F.,
Reich, P. B., Crowther, T. W., Nabuurs, G.-J., de-Miguel, S., Fang,
J., Woodall, C. W.,, Svenning, J.-C., Jucker, T., Bastin, J.-F., Wiser,
S. K., Slik, F., Hérault, B., Alberti, G., ... Hui, C. (2022). Co-limitation
towards lower latitudes shapes global forest diversity gradients.
Nature Ecology & Evolution, 6(10), 1423-1437. https://doi.org/10.
1038/s41559-022-01831-x

Liao, J,, Luo, Q., Hu, A., Wan, W., Tian, D., Ma, J,, Ma, T,, Luo, H., & Lu,
S.(2022). Soil moisture-atmosphere feedback dominates land N,O
nitrification emissions and denitrification reduction. Global Change
Biology, 28(21), 6404-6418. https://doi.org/10.1111/gch.16365

Moreno-Jiménez, E., Plaza, C., Saiz, H., Manzano, R., Flagmeier, M., &
Maestre, F. T. (2019). Aridity and reduced soil micronutrient avail-
ability in global drylands. Nature Sustainability, 2(5), 371-377.
https://doi.org/10.1038/s41893-019-0262-x

Nemergut, D. R., Shade, A., & Violle, C. (2014). When, where and
how does microbial community composition matter? Frontiers in
Microbiology, 5, 497. https://doi.org/10.3389/fmicb.2014.00497

Nerlekar, A. N., & Veldman, J. W. (2020). High plant diversity and slow
assembly of old-growth grasslands. Proceedings of the National
Academy of Sciences of the United States of America, 117(31), 18550~
18556. https://doi.org/10.1073/pnas.1922266117

Nevison, C., Hess, P., Goodale, C., Zhu, Q., & Vira, J. (2022). Nitrification,
denitrification, and competition for soil N: Evaluation of two earth
system models against observations. Ecological Applications, 32(4),
e2528. https://doi.org/10.1002/eap.2528

Orth, R.(2021). Global soil moisture data derived through machine learn-
ing trained with in-situ measurements. Scientific Data, 8(1), 170.
https://doi.org/10.1038/s41597-021-00964-1

Prosser, J. I., & Nicol, G. W. (2012). Archaeal and bacterial ammonia-oxi-
disers in soil: The quest for niche specialisation and differentiation.
Trends in Microbiology, 20(11), 523-531. https://doi.org/10.1016/j.
tim.2012.08.001

Rosenberg, M. S. (2005). The file-drawer problem revisited: A general
weighted method for calculating fail-safe numbers in meta-anal-
ysis. Evolution, 59(2), 464-468. https://doi.org/10.1111/j.0014-
3820.2005.tb01004.x

Schimel, J. P., & Gulledge, J. (1998). Microbial community structure and
global trace gases. Global Change Biology, 4(7), 745-758. https://doi.
org/10.1046/j.1365-2486.1998.00195.x

90of11
= Global Change Biology g%\ ]_EYJ—

Seneviratne, S. |., Corti, T., Davin, E. L., Hirschi, M., Jaeger, E. B., Lehner,
l., Orlowsky, B., & Teuling, A. J. (2010). Investigating soil mois-
ture-climate interactions in a changing climate: A review. Earth-
Science Reviews, 99(3-4), 125-161. https://doi.org/10.1016/j.earsc
irev.2010.02.004

Sims, A., Horton, J., Gajaraj, S., Mclntosh, S., Miles, R. J., Mueller, R.,
Reed, R., & Hu, Z. (2012). Temporal and spatial distributions of am-
monia-oxidizing archaea and bacteria and their ratio as an indica-
tor of oligotrophic conditions in natural wetlands. Water Research,
46(13), 4121-4129. https://doi.org/10.1016/j.watres.2012.05.007

Slessarev, E. W., Lin, Y., Bingham, N. L., Johnson, J. E., Dai, Y., Schimel, J.
P., & Chadwick, O. A. (2016). Water balance creates a threshold in
soil pH at the global scale. Nature, 540(7634), 567-569. https://doi.
org/10.1038/nature20139

Spawn, S. A., Sullivan, C. C., Lark, T. J., & Gibbs, H. K. (2020). Harmonized
global maps of above and belowground biomass carbon density in
the year 2010. Scientific Data, 7(1), 112. https://doi.org/10.1038/
s41597-020-0444-4

Sutton, M. A., Oenema, O., Erisman, J. W., Leip, A., van Grinsven, H., &
Winiwarter, W. (2011). Too much of a good thing. Nature, 472(7342),
159-161. https://doi.org/10.1038/472159%a

Terrer, C., Phillips, R. P., Hungate, B. A., Rosende, J., Pett-Ridge, J., Craig,
M. E., van Groenigen, K. J., Keenan, T. F., Sulman, B. N., Stocker, B.
D., Reich, P. B., Pellegrini, A. F. A., Pendall, E., Zhang, H., Evans, R.
D., Carrillo, Y., Fisher, J. B., Van Sundert, K., Vicca, S., ... Jackson,
R. B. (2021). A trade-off between plant and soil carbon storage
under elevated CO,. Nature, 591(7851), 599-603. https://doi.org/
10.1038/541586-021-03306-8

Tian, D., & Niu, S. (2015). A global analysis of soil acidification caused
by nitrogen addition. Environmental Research Letters, 10(2), 024019.
https://doi.org/10.1088/1748-9326/10/2/024019

Tian, H., Xu, R., Canadell, J. G., Thompson, R. L., Winiwarter, W.,
Suntharalingam, P., Davidson, E. A., Ciais, P., Jackson, R. B.,
Janssens-Maenhout, G., Prather, M. J., Regnier, P., Pan, N., Pan,
S., Peters, G. P, Shi, H., Tubiello, F. N., Zaehle, S., Zhou, F., ... Yao,
Y. (2020). A comprehensive quantification of global nitrous oxide
sources and sinks. Nature, 586(7828), 248-256. https://doi.org/10.
1038/s41586-020-2780-0

van Lissa, C. J. (2020). Small sample meta-analyses: Exploring hetero-
geneity using MetaForest. In R. van de Schoot, M. Miocevi¢ (Eds.),
Small sample size solutions (pp. 186-202). Routledge.

Viechtbauer, W. (2010). Conducting meta-analyses in R with the metafor
package. Journal of Statistical Software, 36(3), 1-48. https://doi.org/
10.18637/jss.v036.i03

Wang, C., Wang, X., Liu, D., Wu, H., L, X., Fang, Y., Cheng, W., Luo, W.,
Jiang, P., Shi, J., Yin, H., Zhou, J., Han, X., & Bai, E. (2014). Aridity
threshold in controlling ecosystem nitrogen cycling in arid and
semi-arid grasslands. Nature Communications, 5(1), 4799. https://
doi.org/10.1038/ncomms5799

Yang, X., Post, W. M., Thornton, P. E., & Jain, A. (2013). The distri-
bution of soil phosphorus for global biogeochemical modeling.
Biogeosciences, 10(4), 2525-2537. https://doi.org/10.5194/
bg-10-2525-2013

Yue, P, Zuo, X., Li, K., Cui, X., Wang, S., Misselbrook, T., & Liu, X. (2021).
The driving effect of nitrogen-related functional microorganisms
under water and nitrogen addition on N,O emission in a temperate
desert. Science of the Total Environment, 772, 145470. https://doi.
org/10.1016/j.scitotenv.2021.145470

Zhang, Y., Chen, J., & Cheng, X. (2023). Revisiting the relationships be-
tween soil nitrous oxide emissions and microbial functional gene
abundances. Global Change Biology, 29(17), 4697-4699. https://doi.
org/10.1111/gcb.16876

Zhang, Y., Cheng, X., van Groenigen, K. J., Garcia-Palacios, P., Cao, J.,
Zheng, X., Luo, Y., Hungate, B. A., Terrer, C., Butterbach-Bahl, K.,
Olesen, J. E., & Chen, J. (2023). Data from "Shifts in soil ammo-
nia-oxidizing community maintain the nitrogen stimulation of

95U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq paueNob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq 7 8UNIUO AB]IM UO (SUOTIPLID-PUE-SLLS)WOD"AB I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU1 05 *[1Z0Z/70/2T] Uo AiqiTauliuo Aojim ‘Areiai AISAIUN [BUI0D Ad 6869T'GOB/TTTT OT/10p/w00 Ao v Akeiq jpul|uo//Sdny WOl popeojumod ‘T ‘¥Z0Z ‘98rZS9ET


https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1371/journal.pone.0169748
https://doi.org/10.1038/nature09670
https://doi.org/10.1038/nature09670
https://doi.org/10.1073/pnas.0406616101
https://doi.org/10.1073/pnas.0406616101
https://doi.org/10.1038/nclimate2837
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.18637/jss.v028.i05
https://doi.org/10.1038/nrmicro.2018.9
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1111/2041-210X.12512
https://doi.org/10.1038/s41559-022-01831-x
https://doi.org/10.1038/s41559-022-01831-x
https://doi.org/10.1111/gcb.16365
https://doi.org/10.1038/s41893-019-0262-x
https://doi.org/10.3389/fmicb.2014.00497
https://doi.org/10.1073/pnas.1922266117
https://doi.org/10.1002/eap.2528
https://doi.org/10.1038/s41597-021-00964-1
https://doi.org/10.1016/j.tim.2012.08.001
https://doi.org/10.1016/j.tim.2012.08.001
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1111/j.0014-3820.2005.tb01004.x
https://doi.org/10.1046/j.1365-2486.1998.00195.x
https://doi.org/10.1046/j.1365-2486.1998.00195.x
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1016/j.watres.2012.05.007
https://doi.org/10.1038/nature20139
https://doi.org/10.1038/nature20139
https://doi.org/10.1038/s41597-020-0444-4
https://doi.org/10.1038/s41597-020-0444-4
https://doi.org/10.1038/472159a
https://doi.org/10.1038/s41586-021-03306-8
https://doi.org/10.1038/s41586-021-03306-8
https://doi.org/10.1088/1748-9326/10/2/024019
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.1038/s41586-020-2780-0
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.18637/jss.v036.i03
https://doi.org/10.1038/ncomms5799
https://doi.org/10.1038/ncomms5799
https://doi.org/10.5194/bg-10-2525-2013
https://doi.org/10.5194/bg-10-2525-2013
https://doi.org/10.1016/j.scitotenv.2021.145470
https://doi.org/10.1016/j.scitotenv.2021.145470
https://doi.org/10.1111/gcb.16876
https://doi.org/10.1111/gcb.16876

ZHANG ET AL.

10 of 11
4|—WI [B2A% Clobal Change Biology

nitrification across climatic conditions". Figshare. https://doi.org/
10.6084/m?9.figshare.20022878

Zhang, Y., Zhang, F., Abalos, D., Luo, Y., Hui, D., Hungate, B. A., Garcia-
Palacios, P., Kuzyakov, Y., Olesen, J. E., Jorgensen, U., & Chen, J.
(2022). Stimulation of ammonia oxidizer and denitrifier abundances
by nitrogen loading: Poor predictability for increased soil N,O
emission. Global Change Biology, 28(6), 2158-2168. https://doi.org/
10.1111/gcb.16042

Zomer, R. J., Xu, J., & Trabucco, A. (2022). Version 3 of the global aridity
index and potential evapotranspiration database. Scientific Data,
9(1), 409. https://doi.org/10.1038/s41597-022-01493-1

DATA SOURCE

Ai, C,, Liang, G. Q., Sun, J. W., Wang, X. B., He, P., & Zhou, W. (2013). Different roles
of rhizosphere effect and long-term fertilization in the activity and community
structure of ammonia oxidizers in a calcareous fluvo-aquic soil. Soil Biology and
Biochemistry, 57(3), 30-42.

Assemien, F. L., Pommier, T., Gonnety, J. T., Gervaix, J., & Le Roux, X. (2017).
Adaptation of soil nitrifiers to very low nitrogen level jeopardizes the efficiency
of chemical fertilization in west african moist savannas. Scientific Reports, 7(1),
10275.

Bissett, A, Richardson, A. E., Baker, G., & Thrall, P. H. (2011). Long-term land use ef-
fects on soil microbial community structure and function. Applied Soil Ecology,
51, 66-78.

Cai, Z., Wang, B., Xu, M., Zhang, H., Zhang, L., & Gao, S. (2014). Nitrification and acid-
ification from urea application in red soil (Ferralic Cambisol) after different long-
term fertilization treatments. Journal of Soils and Sediments, 14(9), 1526-1536.

Carey, C. J., Beman, J. M,, Eviner, V. T., Malmstrom, C. M., & Hart, S. C. (2015). Soil
microbial community structure is unaltered by plant invasion, vegetation clip-
ping, and nitrogen fertilization in experimental semi-arid grasslands. Frontiers
in Microbiology, 6, 466.

Chen, D., Li, Y., Wang, C., Liu, X., Wang, Y., Shen, J., Qin, J., & Wu, J. (2019).
Dynamics and underlying mechanisms of N,O and NO emissions in response
to a transient land-use conversion of Masson pine forest to tea field. Science of
the Total Environment, 693, 133549.

Chen, M., Pan, H., Sun, M., He, W., Wei, M., Lou, Y., Wang, H., Yang, Q., Feng, H.,
& Zhuge, Y. (2021). Nitrosospira cluster 3 lineage of AOB and nirK of Rhizobiales
respectively dominated N,O emissions from nitrification and denitrification in
organic and chemical N fertilizer treated soils. Ecological Indicators, 127, 107722.

Chen, Y. L., Hu, H. W., Han, H. Y., Du, Y., Wan, S. Q., Xu, Z. W., & Chen, B. D. (2014).
Abundance and community structure of ammonia-oxidizing archaea and bac-
teria in response to fertilization and mowing in a temperate steppe in Inner
Mongolia. FEMS Microbiology Ecology, 89(1), 67-79.

Chen, Y. L., Xu, Z.W., Hu, H. W., Hu, Y. J., Hao, Z. P,, Jiang, Y., & Chen, B. D. (2013).
Responses of ammonia-oxidizing bacteria and archaea to nitrogen fertilization
and precipitation increment in a typical temperate steppe in Inner Mongolia.
Applied Soil Ecology, 68, 36-45.

Dai, P.,, Cong, P., Wang, P., Dong, J., Dong, Z., & Song, W. (2021). Alleviating soil acid-
ification and increasing the organic carbon pool by long-term organic fertilizer
on tobacco planting soil. Agronomy, 11(11), 2135.

Domeignoz-Horta, L. A., Philippot, L., Peyrard, C., Bru, D., Breuil, M. C., Bizouard,
F., Justes, E., Mary, B., Léonard, J., & Spor, A. (2018). Peaks of in situ N,O emis-
sions are influenced by N,O-producing and reducing microbial communities
across arable soils. Global Change Biology, 24(1), 360-370.

Dong, J., Che, R,, Jia, S., Wang, F., Zhang, B., Cui, X., Wang, S., & Wang, S. (2020).
Responses of ammonia-oxidizing archaea and bacteria to nitrogen and phos-
phorus amendments in an alpine steppe. European Journal of Soil Science, 71(5),
940-954.

Dong, Z. X., Zhu, B., Hua, K. K., & Jiang, Y. (2015). Linkage of N,O emissions to the
abundance of soil ammonia oxidizers and denitrifiers in purple soil under long-
term fertilization. Soil Science and Plant Nutrition, 61(5), 799-807.

Du, Y., Wang, T., Wang, C., Anane, P. S, Liu, S., & Paz-Ferreiro, J. (2019). Nitrogen
fertilizer is a key factor affecting the soil chemical and microbial communities
in a Mollisol. Canadian Journal of Microbiology, 65(7), 510-521.

Fan, F, Yang, Q. Li, Z., Wei, D., Cui, X., & Liang, Y. (2011a). Impacts of organic and in-
organic fertilizers on nitrification in a cold climate soil are linked to the bacterial
ammonia oxidizer community. Microbial Ecology, 62(4), 982-990.

Fan, F., Zhang, F., & Lu, Y. (2011b). Linking plant identity and interspecific com-
petition to soil nitrogen cycling through ammonia oxidizer communities. Soil
Biology & Biochemistry, 43(1), 46-54.

Fan, X., Yu, H., Wu, Q., Ma, J., Xu, H., Yang, J., & Zhuang, Y. (2016). Effects of fertil-
ization on microbial abundance and emissions of greenhouse gases (CH, and
N,O) in rice paddy fields. Ecology and Evolution, 6(4), 1054-1063.

Farmer, J., Sawyerr, P. A., & Wang, J. (2021). Ammonium oxidizing bacteria and ar-
chaea vary with season under plastic film mulching and long-term fertilization.
Archives of Agronomy and Soil Science, 68, 779-794.

Guo, J. J,, Ling, N., Chen, H., Zhu, C, Kong, Y. L., Wang, M., Shen, Q. R., & Guo, S.
W. (2017). Distinct drivers of activity, abundance, diversity and composition of
ammonia-oxidizers: Evidence from a long-term field experiment. Soil Biology
and Biochemistry, 115, 403-414.

Habteselassie, M. Y., Xu, L., & Norton, J. M. (2013). Ammonia-oxidizer communi-
ties in an agricultural soil treated with contrasting nitrogen sources. Frontiers
in Microbiology, 4, 326.

Hai, B., Diallo, N. H., Sall, S., Haesler, F., Schauss, K., Bonzi, M., Assigbetse, K., Chotte,
J. L., Munch, J. C., & Schloter, M. (2009). Quantification of key genes steering
the microbial nitrogen cycle in the rhizosphere of sorghum cultivars in tropical
agroecosystems. Applied and Environmental Microbiology, 75(15), 4993-5000.

Hall, S. J., Sponseller, R. A., Grimm, N. B., Huber, D., Kaye, J. P., Clark, C., & Collins, S.
L. (2011). Ecosystem response to nutrient enrichment across an urban airshed
in the Sonoran Desert. Ecological Applications, 21(3), 640-660.

Hartmann, A. A., Barnard, R. L., Marhan, S., & Niklaus, P. A. (2013). Effects of
drought and N-fertilization on N cycling in two grassland soils. Oecologia,
171(3), 705-717.

He, J. Z., Shen, J. P, Zhang, L. M., Zhu, Y. G., Zheng, Y. M., Xu, M. G., & Di, H.
(2007). Quantitative analyses of the abundance and composition of ammo-
nia-oxidizing bacteria and ammonia-oxidizing archaea of a Chinese upland
red soil under long-term fertilization practices. Environmental Microbiology,
9(9), 2364-2374.

Hu, J., Richwine, J. D., Keyser, P. D., Li, L., Yao, F., Jagadamma, S., & DeBruyn,
J. M. (2021). Ammonia-oxidizing bacterial communities are affected by ni-
trogen fertilization and grass species in native C, grassland soils. PeerJ, 9,
e12592.

Ji,C, Li,S., Geng, Y., Yuan, Y., Zhi, J., Yu, K., Han, Z., Wu, S., Liu, S., & Zou, J. (2020).
Decreased N,O and NO emissions associated with stimulated denitrification
following biochar amendment in subtropical tea plantations. Geoderma, 365,
114223.

Kelly, J. J., Policht, K., Grancharova, T., & Hundal, L. S. (2011). Distinct responses in
ammonia-oxidizing archaea and bacteria after addition of biosolids to an agri-
cultural soil. Applied and Environmental Microbiology, 77(18), 6551-6558.

Li, W. X., Wang, C., Zheng, M. M., Cai, Z. J., Wang, B. R., & Shen, R. F. (2020).
Fertilization strategies affect soil properties and abundance of N-cycling func-
tional genes in an acidic agricultural soil. Applied Soil Ecology, 156, 103704.

Liu, H. F.,, Wu, X., Wang, Q., Wang, S., Liu, D., & Liu, G. H. (2017a). Responses of soil
ammonia oxidation and ammonia-oxidizing communities to land-use conver-
sion and fertilization in an acidic red soil of southern China. European Journal of
Soil Biology, 80, 110-120.

Liu, S., Coyne, M. S., & Grove, J. H. (2017b). Long-term tillage and nitrogen fertiliza-
tion: Consequences for nitrifier density and activity. Applied Soil Ecology, 120,
121-127.

Long, X., Chen, C. R., Xu, Z. H., Oren, R., & He, J. Z. (2012). Abundance and com-
munity structure of ammonia-oxidizing bacteria and archaea in a temperate
forest ecosystem under ten-years elevated CO,. Soil Biology and Biochemistry,
46,163-171.

Luchibia, A. O., Lam, S. K., Suter, H., Chen, Q., O'Mara, B., & He, J.-Z. (2020). Effects
of repeated applications of urea with DMPP on ammonia oxidizers, denitrifiers,
and non-targeted microbial communities of an agricultural soil in Queensland,
Australia. Applied Soil Ecology, 147, 103392.

Ma, W., Jiang, S., Assemien, F., Qin, M., Ma, B., Xie, Z., Liu, Y., Feng, H., Du, G., Ma,
X., & Le Roux, X. (2016). Response of microbial functional groups involved in
soil N cycle to N, P and NP fertilization in Tibetan alpine meadows. Soil Biology
and Biochemistry, 101, 195-206.

Min, W., Guo, H. J., Zhang, W., Zhou, G. W., Ma, L. J,, Ye, J., & Hou, Z. A. (2016).
Irrigation water salinity and N fertilization: Effects on ammonia oxidizer abun-
dance, enzyme activity and cotton growth in a drip irrigated cotton field.
Journal of Integrative Agriculture, 15(5), 1121-1131.

Ning, Q. S., Gu, Q,, Shen, J. P, Lv, X. T,, Yang, J. J., Zhang, X. M., He, J. Z., Huang,
J. H., Wang, H., Xu, Z. H., & Han, X. G. (2015). Effects of nitrogen deposition
rates and frequencies on the abundance of soil nitrogen-related functional
genes in temperate grassland of northern China. Journal of Soils and Sediments,
15(3), 694-704.

Ouyang, Y., Norton, J. M., Stark, J. M., Reeve, J. R., & Habteselassie, M. Y. (2016).
Ammonia-oxidizing bacteria are more responsive than archaea to nitrogen
source in an agricultural soil. Soil Biology and Biochemistry, 96, 4-15.

95U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq paueNob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq 7 8UNIUO AB]IM UO (SUOTIPLID-PUE-SLLS)WOD"AB I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU1 05 *[1Z0Z/70/2T] Uo AiqiTauliuo Aojim ‘Areiai AISAIUN [BUI0D Ad 6869T'GOB/TTTT OT/10p/w00 Ao v Akeiq jpul|uo//Sdny WOl popeojumod ‘T ‘¥Z0Z ‘98rZS9ET


https://doi.org/10.6084/m9.figshare.20022878
https://doi.org/10.6084/m9.figshare.20022878
https://doi.org/10.1111/gcb.16042
https://doi.org/10.1111/gcb.16042
https://doi.org/10.1038/s41597-022-01493-1

ZHANG ET AL.

Quyang, Y., Reeve, J. R., & Norton, J. M. (2018). Soil enzyme activities and abun-
dance of microbial functional genes involved in nitrogen transformations in an
organic farming system. Biology and Fertility of Soils, 54(4), 437-450.

Santana, M. C., de Araujo Pereira, A. P., de Souza, A. J., Guidetti Zagatto, M. R.,
Prudencio de Araujo, V. L. V., Wang, J.-T., Verma, J. P,, Singh, B. K., & Bran
Nogueira Cardoso, E. J. (2021). Shifts on archaeal community structure in pure
and mixed Eucalyptus grandis and Acacia mangium plantations. Forest Ecology
and Management, 492, 119218.

Segal, L. M., Miller, D. N., McGhee, R. P, Loecke, T. D., Cook, K. L., Shapiro, C. A., &
Drijber, R. A. (2017). Bacterial and archaeal ammonia oxidizers respond differ-
ently to long-term tillage and fertilizer management at a continuous maize site.
Soil and Tillage Research, 168, 110-117.

Shen, J. P, Zhang, L. M., Zhu, Y. G., Zhang, J. B., & He, J. Z. (2008). Abundance and
composition of ammonia-oxidizing bacteria and ammonia-oxidizing archaea com-
munities of an alkaline sandy loam. Environmental Microbiology, 10(6), 1601-1611.

Shen, W., Xu, T,, Liu, J., Huang, Q., Gu, G., & Zhong, W. (2015). Long-term ap-
plication of organic manure changes abundance and composition of ammo-
nia-oxidizing archaea in an acidic red soil. Soil Science and Plant Nutrition,
61(4), 620-628.

Shi, X. Z., Hu, H. W., Wang, J. Q., He, J. Z., Zheng, C. Y., Wan, X. H., & Huang, Z. Q.
(2018). Niche separation of comammox Nitrospira and canonical ammonia oxi-
dizers in an acidic subtropical forest soil under long-term nitrogen deposition.
Soil Biology and Biochemistry, 126, 114-122.

Sun, Y. F,, Shen, J. P,, Zhang, C. J., Zhang, L. M., Bai, W. M., Fang, Y., & He, J.
Z.(2018). Responses of soil microbial community to nitrogen fertilizer and
precipitation regimes in a semi-arid steppe. Journal of Soils and Sediments,
18(3), 762-774.

Tang, Y., Yu, G., Zhang, X., Wang, Q., Tian, D., Tian, J.,, Niu, S., & Ge, J. (2019).
Environmental variables better explain changes in potential nitrification and
denitrification activities than microbial properties in fertilized forest soils.
Science of the Total Environment, 647, 653-662.

Tang, Y. C., Zhang, X. Y., Li, D. D., Wang, H. M., Chen, F. S., Fu, X. L., Fang, X. M.,
Sun, X. M., & Yu, G. R. (2016). Impacts of nitrogen and phosphorus additions on
the abundance and community structure of ammonia oxidizers and denitrifying
bacteria in Chinese fir plantations. Soil Biology and Biochemistry, 103, 284-293.

Tian, X. F., Hu, H. W,, Ding, Q., Song, M. H., Xu, X. L., Zheng, Y., & Guo, L. D. (2014).
Influence of nitrogen fertilization on soil ammonia oxidizer and denitrifier
abundance, microbial biomass, and enzyme activities in an alpine meadow.
Biology and Fertility of Soils, 50(4), 703-713.

Wang, F., Liang, X., Ma, S,, Liu, L., & Wang, J. (2021b). Ammonia-oxidizing archaea
are dominant over comammox in soil nitrification under long-term nitrogen fer-
tilization. Journal of Soils and Sediments, 21(4), 1800-1814.

Wang, F., Li, Z., Wei, Y., Su, F., Guo, H., Guo, J., Wang, Y., Zhang, Y., & Hu, S. (2021a).
Responses of soil ammonia-oxidizing bacteria and archaea to short-term warm-
ing and nitrogen input in a semi-arid grassland on the loess plateau. European
Journal of Soil Biology, 102, 103267.

Wang, J., Zhang, D., Zhang, L., Li, J., Raza, W., Huang, Q., & Shen, Q. (2016a).
Temporal variation of diazotrophic community abundance and structure in
surface and subsoil under four fertilization regimes during a wheat growing
season. Agriculture, Ecosystems & Environment, 216, 116-124.

Wang, X. L., Han, C., Zhang, J. B., Huang, Q. R., Deng, H., Deng, Y. C., & Zhong, W. H.
(2015). Long-term fertilization effects on active ammonia oxidizers in an acidic
upland soil in China. Soil Biology and Biochemistry, 84, 28-37.

Wang, Y.S., Cheng, S. L., Fang, H. J., Yu, G. R., Yang, X. M., Xu, M. J,, Dang, X. S., Li,
L. S., & Wang, L. (2016b). Relationships between ammonia-oxidizing commu-
nities, soil methane uptake and nitrous oxide fluxes in a subtropical plantation
soil with nitrogen enrichment. European Journal of Soil Biology, 73, 84-92.

Wang, Z., Na, R., Koziol, L., Schellenberg, M. P, Li, X., Ta, N., Jin, K., & Wang, H.
(2020). Response of bacterial communities and plant-mediated soil processes
to nitrogen deposition and precipitation in a desert steppe. Plant and Soil,
448(1-2), 277-297.

Wessen, E., Nyberg, K., Jansson, J. K., & Hallin, S. (2010). Responses of bacterial and
archaeal ammonia oxidizers to soil organic and fertilizer amendments under
long-term management. Applied Soil Ecology, 45(3), 193-200.

Wu, X, Liu, H. F,, Fu, B. J., Wang, Q., Xu, M., Wang, H. M., Yang, F. T., & Liu, G. H.
(2017). Effects of land-use change and fertilization on N,O and NO fluxes, the
abundance of nitrifying and denitrifying microbial communities in a hilly red
soil region of southern China. Applied Soil Ecology, 120, 111-120.

Xiang, X. J., He, D., He, J. S., Myrold, D. D., & Chu, H. Y. (2017). Ammonia-oxidizing
bacteria rather than archaea respond to shortterm urea amendment in an al-
pine grassland. Soil Biology and Biochemistry, 107, 218-225.

110f11
% Global Change Biology ga%YA § B =A%

Xing, Y. W, Li, C. Y., Liu, J., Wang, Y., Jing, L. J., Wang, C. R., Xue, Y. L., & Dang,
T. H. (2019). Effects of long-term fertilization on soil microbial abundance in
farmland of the Loess Plateau, China. Chinese Journal of Applied Ecology, 30(4),
1351-1358.

Xue, D., Gao, Y., Yao, H., & Huang, C. (2009). Nitrification potentials of Chinese
tea orchard soils and their adjacent wasteland and forest soils. Journal of
Environmental Sciences, 21(9), 1225-1229.

Yao, H., Huang, S., Qiu, Q., Li, Y., Wu, L., Mi, W., & Dai, F. (2016). Effects of differ-
ent fertilizers on the abundance and community structure of ammonia oxi-
dizers in a yellow clay soil. Applied Microbiology and Biotechnology, 100(15),
6815-6826.

Yao, R., Yang, J., Wang, X., Xie, W., Zheng, F., Li, H., Tang, C., & Zhu, H. (2021).
Response of soil characteristics and bacterial communities to nitrogen fertil-
ization gradients in a coastal salt-affected agroecosystem. Land Degradation &
Development, 32(1), 338-353.

Yergeau, E., Quiza, L., & Tremblay, J. (2020). Microbial indicators are better predic-
tors of wheat yield and quality than N fertilization. FEMS Microbiology Ecology,
96(2), fiz205.

Yin, M., Gao, X., Tenuta, M., Gui, D., & Zeng, F. (2019). Presence of spring-thaw
N,O emissions are not linked to functional gene abundance in a drip-fertigated
cropped soil in arid northwestern China. Science of the Total Environment, 695,
133670.

Zhang, C. J,, Shen, J. P, Sun, Y. F.,, Wang, J. T., Zhang, L. M., Yang, Z. L., Han, H. Y.,
Wan, S. Q., & He, J. Z. (2017). Interactive effects of multiple climate change
factors on ammonia oxidizers and denitrifiers in a temperate steppe. FEMS
Microbiology Ecology, 93(4), fix037.

Zhang, C. J,, Yang, Z. L., Shen, J. P,, Sun, Y. F,, Wang, J. T, Han, H. Y., Wan, S. Q.,
Zhang, L. M., & He, J. Z. (2018). Impacts of long-term nitrogen addition, water-
ing and mowing on ammonia oxidizers, denitrifiers and plant communities in a
temperate steppe. Applied Soil Ecology, 130, 241-250.

Zhang, J., He, P, Liu, Y., Du, W., Jing, H., & Nie, C. (2021). Soil properties and mi-
crobial abundance explain variations in N,O fluxes from temperate steppe soil
treated with nitrogen and water in Inner Mongolia, China. Applied Soil Ecology,
165, 103984.

Zhang, X., Liu, W., Schloter, M., Zhang, G., Chen, Q., Huang, J., Li, L., Elser, J. J., &
Han, X. (2013). Response of the abundance of key soil microbial nitrogen-cy-
cling genes to multi-factorial global changes. PLoS One, 8(10), e76500.

Zhao, S., Qiu, S., Cao, C., Zheng, C., Zhou, W., & He, P. (2014). Responses of soil
properties, microbial community and crop yields to various rates of nitro-
gen fertilization in a wheat-maize cropping system in north-central China.
Agriculture Ecosystems & Environment, 194, 29-37.

Zhou, X., Fornara, D., Wasson, E. A., Wang, D. M., Ren, G. D., Christie, P., & Jia,
Z. ). (2015). Effects of 44 years of chronic nitrogen fertilization on the soil
nitrifying community of permanent grassland. Soil Biology and Biochemistry,
91,76-83.

Zhou, Z. F., Shi, X. J., Zheng, Y., Qin, Z. X., Xie, D. T., Li, Z. L., & Guo, T. (2014).
Abundance and community structure of ammonia-oxidizing bacteria and ar-
chaea in purple soil under long-term fertilization. European Journal of Soil
Biology, 60(1), 24-33.

SUPPORTING INFORMATION
Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Zhang, Y., Cheng, X., van Groenigen,
K. J., Garcia-Palacios, P., Cao, J., Zheng, X., Luo, Y., Hungate, B.
A., Terrer, C., Butterbach-Bahl, K., Olesen, J. E., & Chen, J.
(2024). Shifts in soil ammonia-oxidizing community maintain
the nitrogen stimulation of nitrification across climatic
conditions. Global Change Biology, 30, €16989. https://doi.
org/10.1111/gcb.16989

95U90 17 SUOWILIOD BATERID) 8|G0 dde au) Aq paueNob a2 Sa1Le VO ‘3N 0 Sa|N1 10} AReiq 7 8UNIUO AB]IM UO (SUOTIPLID-PUE-SLLS)WOD"AB I AJq]1[pUIUO//ST1Y) SUONIPUOD) PUB SWLS | aU1 05 *[1Z0Z/70/2T] Uo AiqiTauliuo Aojim ‘Areiai AISAIUN [BUI0D Ad 6869T'GOB/TTTT OT/10p/w00 Ao v Akeiq jpul|uo//Sdny WOl popeojumod ‘T ‘¥Z0Z ‘98rZS9ET


https://doi.org/10.1111/gcb.16989
https://doi.org/10.1111/gcb.16989

	Shifts in soil ammonia-oxidizing community maintain the nitrogen stimulation of nitrification across climatic conditions
	Abstract
	1|INTRODUCTION
	2|METHODS
	2.1|Literature search
	2.2|Data extraction
	2.2.1|Response variables
	2.2.2|Predictor variables

	2.3|Statistical analyses
	2.3.1|Effect sizes
	2.3.2|qPCR effectiveness and publication bias
	2.3.3|Variable importance
	2.3.4|Empirical relationships
	2.3.5|Structural equation modeling
	2.3.6|Climate change projections


	3|RESULTS
	4|DISCUSSION
	4.1|Climate modulates the responses of ammonia oxidizers to N loading
	4.2|Shifts in ammonia oxidizers maintain the N-stimulation of nitrification
	4.3|Implications and potential uncertainties

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT



