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Abstract

Purpose The aim of this meta-analysis was to investigate the interactive effects of environmental and managerial factors on soil
pH and crop yield related to liming across different cropping systems on a global scale.

Materials and methods This study examined the effects of liming rate, lime application method, and liming material type on
various soil chemical properties and crop yield based on data collected from 175 published studies worldwide since 1980.
Results and discussion The most important variables that drive changes in soil pH and crop yield were liming rate and crop
species, respectively. Soil conditions, such as initial soil organic matter and soil pH, were more important for increasing soil pH in
field-based experiments, while lime material type and application method were more important for improving crop yield. To
effectively neutralize soil acidity, the optimum liming duration, rate, and material type were <3 years, 3-6 Mg ha ', and Ca
(OH),, respectively. Averaged across different crop species, the application of CaO, CaCO;, Ca (OH),, and CaMg (COs),
increased yield by 13.2, 34.3, 29.2, and 66.5%, respectively.

Conclusions This meta-analysis will help design liming management strategies to ameliorate soil acidity and thus improve crop
yield in agroecosystems.
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izers had increased considerably since 1960, which resulted in
a significant increase in crop production and severe negative
environmental and agronomic consequences for soil health,
e.g., nitrate-N leaching and soil acidification (Smil 2002).
Acid soils are considered soils with a pH < 5.5 in their surface
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horizons (0-20 cm). About 3950 million hectares of land area
has been estimated to be affected by acidity, occupying nearly
30% of the global land surface (Sumner and Noble 2003) and
accounting for approximately 50% of the global arable land
area (Dai et al. 2017). Soil acidity is one of the most yield-
limiting factors that affect crop productivity (McLaren and
Cameron 1996; Sumner and Noble 2003; Fageria and
Nascente 2014). This is mainly because acidified soil reduces
the availability of several vital nutrient elements (e.g., phos-
phorous, P), while exacerbating the toxicity level of others
(e.g., aluminum, Al) by altering numerous chemical and bio-
logical reactions in the soil (Sumner and Noble 2003). Various
factors could contribute to soil acidification, such as natural
processes, industrial pollution, and agricultural production
(Fageria and Nascente 2014; Holland et al. 2018).
Particularly, more than 50% of the world’s cropland has been
acidified by agricultural intensification alone, mainly via
monoculture farming and excessive use of synthetic fertilizers
(Von Uexkiill and Mutert 1995). In response of the continually
increasing population and increasing energy costs, the devel-
opment of alternative management practices that could effec-
tively alleviate soil acidification and maintain crop productiv-
ity in the long term is imperative for achieving agricultural
sustainability.

Liming is the most effective managerial practice for reduc-
ing soil acidity and consequentially improves crop production
(Fageria and Baligar 2008; Kunhikrishnan et al. 2016).
Adding various types of liming materials could neutralize ex-
cessive hydrogen ions in soil solution (Bolan et al. 2003),
reduce the availability of mineral elements that are less soluble
at higher pH values (e.g., aluminum ions, AP, and ferric iron,
Fe?*; Fageria and Baligar 2008), and increase the availability
of essential elements (e.g., P, K, and S) that are more available
at higher pH values (Thomas and Hargrove 1984).
Furthermore, liming can directly supply many cations that
are important for crop production as part of the constituents
included in liming materials (e.g., calcium ion, Ca?*, and mag-
nesium iron, Mg2+; Fageria and Nascente 2014). Liming can
also influence both the transformation and uptake of nutrients
by plants through its indirect impact on the soil microbial
community/activity (Cheng et al. 2013; Fageria 2002).
Additionally, previous reviews have extensively reviewed
how liming could affect heavy metal concentration (Bolan
et al. 2003), nutrient use efficiency (Fageria and Baligar
2008; Fageria and Nascente 2014), and greenhouse gas emis-
sions from acidic soils (Kunhikrishnan et al. 2016).

A broad array of mechanisms has been described with
which plant-soil-microbe interactions tremendously impact
on nutrient availability, acquisition, and crop productivity
(Haynes 1984; Fageria and Baligar 2008). However,
unraveling such complex mechanisms can be difficult. Clear
evidence has been reported for how liming could be effective-
ly used to enhance agronomic productivity, but the detailed
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information on the quantitative relationship between the lim-
ing management regime (i.e., both liming rate and material)
and crop yield remains limited. Additionally, very little re-
search has investigated how changes driven by liming man-
agement affect soil pH and the nutrient status (as well as po-
tential feedbacks effects) on the yield of various crop species.
This information gap impedes the efficient amelioration of soil
acidity within different cropping systems. Therefore, a global-
scale meta-analysis is needed to investigate/compare different
crop and soil responses to liming and eventually help develop/
generalize optimal management practices in an integrated
manner. In this study, we adopted a meta-analysis approach
based on published data and quantified the effects of liming on
(1) the yield of various row crop and forage species, (2) soil
chemical properties (pH and cation exchange capacity (CEC))
and nutrient status, as well as (3) the effect of different liming
rates, methods, and liming materials on soil pH. We acknowl-
edge that there exist complex plant-soil-microbe interactions/
mechanisms that are important drivers for crop productivity
and soil health; however, for the purpose of this study, we
concentrated on identifying key factors that benefit soil pH
and crop yield increase rather than postulating underlying
mechanisms.

2 Materials and methods
2.1 Data collection

Published journal articles from 1980 to 2017 were searched
using the IST Web of Science (http://apps.webofknowledge.
com/) and China Knowledge Resource Integrated Database
(http://www.cnki.net/) using the topic “soil amendment” or
lime or amelioration and topic “acid soil” or “soil
acidification.” The crop yield, soil pH, and soil nutrients in
the analysis were obtained from published tables and texts of
all selected research articles, and a subset of data were
extracted from published figures using Get-Data Graph
Digitizer software (ver. 2.24, Russian Federation). To mini-
mize bias, the following criteria were used:

(1) Paired observations between a no-liming control and a
liming treatment under identical experimental conditions
were included. If an individual study used more than one
level or material type of lime application at the same site,
measurements of different application rates or liming
materials were separately paired with no-liming control.

(2) The mean and standard deviation (or standard error) of
the achieved yield (either grain yield or biomass), soil pH
value, and at least two replications were provided either
as part of the experimental design or in figure captions.

(3) Liming management practices were included as treat-
ments, while other essential agronomic practices such
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as cropping intensity, fertilizer management, and irriga- The variance (v) of the RR is calculated with Eq. (5):
tion were similar.
s? s2
. . . V=t (5)
Pot-based studies (laboratory incubation or greenhouse pot mXy neXg

studies) were also included to illustrate the integrative effect of
liming on crop yield and soil chemical characteristics. In total,
175 peer-reviewed manuscripts were included in this meta-
analysis, including 403 data points for yield, 643 data points
for soil pH, and 291 data points for soil nutrient concentration
under different liming practices. Details of the selected studies
and references are presented in the supplementary material.

For each site, we extracted information about soil proper-
ties (e.g., texture and initial pH) and the duration of lime
application. The yield data sets were organized based on crop
species and type of liming materials [including dolomite
(CaMg (CO3),), calcium hydroxide (Ca (OH),), calcium car-
bonate (CaCOs), and calcium oxide (CaO)]. The soil pH data
set was organized based on the experimental conditions (pot-
based or field-level research), the duration of the lime appli-
cation (<3, 36, 6-10, > 10 years), the type of liming mate-
rials, the initial soil pH, the initial soil organic matter (SOM),
the soil texture (i.e., sandy (sand, loamy sand, and sandy
loam), silty (silty loam and silt), loamy (sandy clay loam,
medium loam, clay loam, and silty clay loam), or clayey (clay,
sandy clay, and silty clay)) (Chen et al. 2018), the lime appli-
cation method (subsoiling, plow, and surface), and the land
use type (farmland (referenced as arable land too), grassland,
and forest).

2.2 Data analysis

Based on the international ISO standard and modern soil clas-
sifications, we used the following equations to convert soil
pH 1:2.5 KCl, 1:2.5 H,0, or 1:5 CaCl, to 1:5 H,O (Kabala
etal. 2016; Minasny et al. 2011) prior to performing the meta-
analysis.

PHy,015 = —1.954 11.58 In(pH, ., 5x) (1)
pPHy,015 = 0.14 +0.99 X pH, 5 5, (2)

PHy,o15 = 0.67 + 1.01 x pH,5¢,—0.116 X In(ECy.5) (3)

The response ratio (RR) of liming on yield and soil pH
between treatment and control was analyzed according to
Eq. (4) (Osenberg et al. 1999).

X _ n(X;)-In(X,
o £ < n(1)n () @

where RR was calculated as the natural log of the ratio be-
tween mean of lime amendment (X;) and control (X.) groups.

where S; and S, represent the standard deviations of treat-
ment and control groups, respectively, and n, and n. represent
the number of replicates of treatment and control groups,
respectively.

To derive the overall response effect of the treatment group
relative to the control group, the weighted response ratio
(RR,,) between treatment and control was calculated using
Eq. (6) (Hedges et al. 1999; Luo et al. 2006):

k
_ X2 iRR;

m k
i:lZ_/:] Wij

(6)

ot

where RR,, represents the weighted response ratio, m rep-
resents the number of groups compared, & represents the num-
ber of comparisons in the corresponding group, and w; repre-
sents the weighting factor. The higher the weight, the more
important the factor is for the comprehensive evaluation pro-
cess. The standard error of RR,, was calculated via Eq. (7):

The 95% confidence interval (95% CI) was calculated via
Eq. (8):

95%CI = RR, | + 1.96 x s(RR ) (8)

When the 95% CI value of the response variable did not
overlap with 0, the liming effect on the variable was consid-
ered to be significantly different between control and treat-
ment groups (Gurevitch and Hedges 2001). Additionally, the
percentage change could be easily derived from RR,, using
Eq. 9):

Percentage change = [exp(RR, +)—1] x 100% 9)

The meta-analysis was performed using the using the re-
stricted maximum likelihood estimator (RMLE) estimation in
the rma.unl model for “metafor” package of the R statistical
software (version 3.4.2) (Viechtbauer 2010). For each group
(crop species, liming material, experimental condition, liming
duration, soil texture, liming practice, and land use type), the
mean effect size (RR) and its 95% confidence interval (CI)
were calculated with bias-correction generated via
bootstrapping. A chi-square test was used to determine wheth-
er the heterogeneity among the RR of changes to yield and soil
pH under liming treatments (Qoa1) significantly exceeded the
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expected sampling error. A randomization test was used to
determine the significance of the between-group heterogene-
ity (Oy) (Adams et al. 1997). Chi-square tests were also used
to determine whether the remaining within-group heterogene-
ity (Qy) was significant (see Tables S1-S3, Electronic
Supplementary Material).

The “randomForest” package (Liaw and Wiener 2002) was
used to determine the importance of variables on the response
ratio of soil pH and crop yield to liming. This nonparametric
method allowed to consider all observations for assessing the
relationship of predictors to the change in response to the ratio
of soil pH and crop yield and various environmental and ex-
perimental factors. Basically, this method randomly assigns
observations at nodes where splits are based on the variable
of'interest; then, the mean squared error of the resulting trees is
compared to that of the original trees with the observations
correctly assigned to each split. The identified variables were
used for classification and regression trees by the “partykit”
package (Therneau et al. 2015) to account for differences of
the response of liming within various environmental and ex-
perimental conditions. The method of classification and re-
gression trees is a powerful yet simple technique for modeling
a response that depends on several variables that interact in a
hierarchical manner. Briefly, classification and regression
trees conduct binary splits of the data according to explanatory
variables; thus, the values of the dependent variable (y) that
fall into the resulting node are modeled by the mean value of
the node. Furthermore, a meta-regression analysis was per-
formed using the “metafor” package of the R statistical soft-
ware (Viechtbauer 2010) to relate the response ratio of yield or
soil pH to the liming rate. A meta-regression was conducted
with the RMLE using the Knapp and Hartung (KH) adjust-
ment, and model comparisons were based on Akaike’s
Information Criterion (AIC). The lowest AIC indicated the
best-fitting model (Anderson and Burnham 2002). We also
plotted frequency distributions of RR and fitted these with a
Gaussian function (Luo et al. 2006).

3 Results

3.1 Liming effects on soil pH under different
environmental and experimental conditions

The differences in the effects of liming on soil pH under dif-
ferent scenarios are presented in Fig. 1. Regardless of envi-
ronmental and experimental conditions, application of lime
always significantly increased soil pH. The effect of liming
on soil pH was more pronounced in pot conditions than in
field conditions by 36% (Fig. 1 (a)). In field conditions, Ca
(OH), indicated the best effect for improving soil pH with
ApH=0.6 (Fig. 1 (b)), while only using CaO achieved a sig-
nificantly greater effect than CaMg (COs), in pot trials (Fig. 1
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(c)). The effect size of liming on soil pH decreased from < 3-
to 3—6-year studies (Fig. 1 (d)). No significant difference was
found when liming duration exceeded 3 years as well as if it
exceeded 6 years or was shorter than 3 years. No significant
differences in effect size were detected among various initial
soil pH conditions, while lower initial pH values resulted in
increased variances (indicated by the large CI; Fig. 1 (e)).
Only SOM < 10 g kg had a significantly higher effect than
SOM >30 g kg ' (Fig. 1 (f); otherwise, there were no statis-
tical differences among various SOM contents. For soil tex-
ture, the liming effect size in sandy soil was 32% higher than
in clayey soils (Fig. 1 (g)). Application methods showed no
statistical differences regarding the effect size of liming (Fig. 1
(h)). There were no differences in how different land use types
affected the effect of liming on soil pH (Fig. 1 (i)); however, a
large variance was observed in forest agroecosystems.

Figure 2 summarizes the effect of liming materials and rate
on soil pH. Regardless of liming materials, the increasing
application rate of lime improved soil pH. Additionally, the
effect of application rate of >6 Mg ha™' significantly
exceeded that of <3 Mg ha '. The effect of application rate
of 3-6 Mg ha' significantly exceeded that of 1-3 Mg ha™'
with the exception of CaO and significantly exceeded that of
<1Mg ha ! with the exception of CaMg (COs),. However, no
differences were found when application rates exceeded
3 Mg ha ' with the exception of CaMg (CO5), (Fig. 2 (d)).

3.2 Liming effects on soil nutrient status

The effects of liming on soil exchangeable Al, Ca, and Mg are
indicated in Fig. 3. Both in field and pot conditions, lime
application significantly increased soil exchangeable Ca and
Mg concentrations (exchangeable elements are often adsorbed
to the soil surfaces, which can be readily exchanged with other
cations in the soil solution; McLaren and Cameron 1996), thus
decreasing soil exchangeable Al (Fig. 3). In field conditions,
liming significantly decreased exchangeable Al, while in-
creasing exchangeable Ca and Mg by 75.2% (95% CI —1.74
to —1.05), 120% (95% CI 0.69 to 0.89), and 98% (95% CI
0.51 to 0.86), respectively (Fig. 3 (a—c)). In pot conditions, the
percentage change was 80.9% (95% CI —1.91 to —1.41),
372.9% (95% CI 1.36 to 1.74), and 90.6% (95% CI 0.41 to
0.88), respectively (Fig. 3 (d-f)). For available elements
(elements that are available for uptake by biota; McLaren
and Cameron 1996), liming significantly decreased the soil
available Al concentration in both field and pot conditions
by 75.3% (95% CI —1.86 to —0.93) and 88.5% (95% CI —
3.07 to — 2.25), respectively (Fig. 4 (a, d)). Liming significant-
ly increased the soil available Ca concentration in both field
and pot conditions by 74.2% (95% CI 0.27 to 0.84) and
263.2% (95% C1 0.85 to 1.73), respectively (Fig. 4 (b, e)) as
well as Mg concentration in pot condition by 73.9% (95% CI
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0.23 t0 0.87; Fig. 4 (¢)). These effects were much higher in pot
conditions compared to field conditions.

With regard to the total elemental concentration, liming
only significantly improved the soil TK concentration in field
conditions by 2.6% (95% CI 0.002 to 0.05) (Fig. Sla).
However, lime application significantly increased soil avail-
able nitrogen (AN) and available phosphorus (AP) in field
conditions by 7% (95% CI 0.01 to 0.13) and 9.3% (95% CI
0.04 to 0.14), respectively (Fig. 5 (b, ¢)). In pot conditions, the
effect sizes of soil available potassium (AK), AN, and AP
were 0.09 (95% CI —0.03 to 0.21), 0.07 (95% CI —0.04 to
0.19), and 0.09 (95% CI —0.04 to 0.23), respectively (Fig. 5
(d-D)).

Liming significantly increased soil CEC in field conditions
by 14.4% (95% CI 0.05 to 0.22) (Fig. S2a, b, Electronic
Supplementary Material). The effect size of SOC was 0.02
(95% CI —0.002 to 0.05; Fig. S2c¢) in field conditions and —
0.01 (95% CI —0.13 to 0.12; Fig. S2d) in pot conditions.

Effect size of soil pH

3.3 Yield response to liming

Figure 6 demonstrates the effects of liming on crop yield.
Liming significantly increased the yield of all tested species
except for sorghum (Sorghum bicolor), tuber crops, and to-
bacco (Nicotiana tabacum) (Fig. 6 (a)). The largest percentage
change of yield occurred for legume forages (Fabaceae spp.),
while the smallest was reported for tobacco with percentage
changes of 410.4% and 4.7%, respectively (calculated using
Eq. (9); Fig. 6 (a)). For soil texture, the liming effect size on
yield in silty soils was significantly higher than in clayey,
loamy, and sandy soils by 306%, 295%, and 186%, respec-
tively (Fig. 6 (b)). Liming significantly increased crop yield
regardless of liming materials (Fig. 6 (c)) and the largest effect
size occurred under CaMg (COs),, while the smallest effect
size occurred under CaO and the percentage changes were
66.5% and 13.2%, respectively (Fig. 6 (c)). No significant
differences in effect size were detected among various liming
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Fig. 2 Soil pH response to
application rate of liming
compared with no-liming
treatments in different categories.
Categories are (a) calcium oxide
(Ca0), (b) calcium hydroxide (Ca
(OH),), (¢) calcium carbonate
(CaCOs), and (d) dolomite
(CaMg (CO3),). Effect size stands
for the weighted response ratio
between treatment and control.
Bars represent the 95%
confidence intervals. The number
of observations of each variable is
noted beside the bar. RR £95%
confidence intervals do not

>6Mg ha™!

3-6Mg ha™' |

1-3Mg ha™' |

<1Mg ha™ |

(a) caO

i

e+ 50

(b) Ca(OH),

—eo—i14

overlap 0 means P < 0.05

>6Mg ha™' -

3-6Mg ha™ |

1-3Mg ha™' 1

<1Mg ha™ {

(c) CaCOs

e+ 75

e+ 39

(d) CaMg[COs),

—e— 37 —e—20

e 22

application methods, while plow increased both effect size
and variances (indicated by the large CI; Fig. 6 (d)).

3.4 Comparing effects of liming on both yield and soil
pH

Figure S3 (Electronic Supplementary Material) shows the im-
portance of variables in changing in response ratio of soil pH
and crop yield. Soil pH and yield resulted in different rank-
ings. Liming rate was the most important for changes in the
response ratio of soil pH in field-based experiments, followed
by initial SOM, initial soil pH, and liming methods (Fig. S3a,
Electronic Supplementary Material). This was consistent with
the outputs of regression trees, indicating the initial split node
as the liming rate (Fig. 7). Crop species was the most impor-
tant for changes of the response ratio of crop yield, followed
by soil texture, lime material, and liming method (Fig. S3b,
Electronic Supplementary Material). This also agreed with
outputs of regression trees, which indicated crop species as
the initial split node (Fig. 8).

Meta-regression results indicated that the response ratio of
soil pH significantly increased with increased liming (p =
0.001; Fig. S4a, Electronic Supplementary Material), and the
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Effect size of soil pH

quadratic equation explained a large amount of variation of
the regressed data (R* = 0.26). The response ratio of yield also
indicated a significantly positive linear relationship with in-
creased liming rate (p <0.001; Fig. S3a, Electronic
Supplementary Material). However, the linear model indicat-
ed poor fitting to the entire data (R* = 0.02).

4 Discussion

4.1 Liming-induced changes in soil pH vary
with environmental and experimental conditions

As the most important and effective managerial practices for the
reduction of soil acidity (Pagani and Mallarino 2012b), the
primary purpose of liming is to neutralize excessive hydrogen
ions from the soil solution (Bolan et al. 2003). As indicated in
this study, liming rate was the most important factor for changes
in the response ratio of soil pH to liming (Fig. 7). A significant
quadratic relationship also exists between the response ratio of
soil pH and the liming rate, and the model explains more than
26% of the variation alone (Fig. S4a, Electronic Supplementary
Material). The R? value was remarkable considering the
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and (d) exchangeable Al with pot
trial, (e) exchangeable Ca with pot
trial, and (f) exchangeable Mg
with pot trial. The fitted curve is
an estimated Gaussian
distribution in frequency; dashed 0
line is at RR = 0. Bars represent
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the 95% confidence intervals of
response ratio. The number of
observations of each variable is
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complexity of various factors that might affect soil pH.
Interestingly, 3—6 Mg ha ' was the effectiveness threshold of
liming rate, regardless of environmental and experimental con-
ditions (Figs. 2 and 7). The effect of liming on soil pH greatly
depends on the property of liming materials (e.g., particle size
and material types; Alvarez et al. 2009) as well as the initial
chemical/physical properties of soil (e.g., pH buffering capacity
and soil organic matter; Bolan et al. 2003) as indicated in our
findings. This is primarily caused by the complex soil-plant-
environmental interactions, as well as the heterogeneity of soil
physical and chemical properties (Pagani and Mallarino 2015).
The subgroup of meta-analysis (Fig. 1 (e—g)) and regression
tree analysis (Fig. 7) highlights the impacts of initial soil pH
and SOM. The effect of liming tended to be greater when the
initial soil pH was lower (Fig. 1 (e)). Furthermore, high SOM
often leads to high soil CEC and pH buffer capacity (Briedis
et al. 2012); therefore, the effects of lime tended to be greater
when the initial soil SOM was lower as indicated by our study
(Fig. 1 (). Soil texture determines the buffering capacity of
soil. Fine-textured soils typically have a superior buffering ca-
pacity. Hence, changes in chemical properties caused by liming
are not as pronounced as for coarse-textured soil (Fageria and
Baligar 2008) (see Fig. 1 (g)). Thus, liming has to consider
other factors in addition to the liming rate, especially when
the initial soil pH ranges from 4.5 to 5, or the initial soil SOM
is approximately 26 g kg ' or greater.

T
(d) Exchanqeable Al
lin=136 '

T
(e) Exchangeable Ca
jol n=114

25 55 25 0 25 55 -25 0 25 5
Response ratio

We found that the optimal liming duration should be ap-
proximately 3 years (Fig. 1 (d)), because the maximum pH
effect was typically found within the initial 3 years after lim-
ing, which is similar to results obtained across many studies
with a variety of managerial and environmental conditions
(Rippy et al. 2007; Kassel 2009; Woodard and Bly 2010).
However, to our knowledge, this is the first study to identify
this 3-year critical time window for liming based on a meta-
analysis synthesis. These results will be helpful for producers
to reduce the costs of liming on a global scale. Additionally,
short-term (shorter than 1 year) rapid increases of soil pH were
also reported (Pagani and Mallarino 2012a). The overall de-
pendence of the liming effect on the liming duration involves
considerable inconsistency between different environmental/
ecological conditions over time.

No differences were detected among various application
methods on soil pH or crop yield (Figs. 1 (h) and 6 (d)), indi-
cating that producers have the liberty to adopt any method that
would incur less costs and operational difficulties. However,
after taking account for variability in environmental and exper-
imental factors such as site, lime material, and crop differences,
the results differed with regression tree, which showed applica-
tion method was a split node (Figs. 7 and 8). A possible expla-
nation of the lack of differences is because our meta-analysis
included pot-based studies in changing soil pH, which are gen-
erally conducted with more responsive species. Thus, the
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Fig. 4 Frequency distributions of
response ratios for soil elements
responding to liming compared
with no-liming treatments. Soil
elements are (a) available
aluminum (Al) with field trial, (b)
available calcium (Ca) with field
trial, and (c) available magnesium
(Mg) with field trial and (d)
available Al with pot trial, ()
available Ca with pot trial, and (f)
available Mg with pot trial. The
fitted curve is an estimated
Gaussian distribution in
frequency, dashed line is at RR =
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results obtained in pot conditions represent the ideal effects of
liming. Similar responses were found for other soil nutrient
indices (Figs. 3, 4, and 5). The response differences between
field-based vs. pot-based studies have been well documented in
various crop and soil studies (Liu et al. 2016). However, a
systematic comparison on the magnitude of differences remains
lacking. The results of this study showed that liming has a
greater effect for improving the soil pH in pot conditions than
in field conditions (Fig. 1 (a)), indicating the uncertain magni-
tude or implication of pot experiments and emphasizing the
necessity of field-scale studies in the future. This finding could
be attributed to highly complex environmental conditions that
both soil and plants underwent in the less controlled environ-
ment of field conditions (Liu et al. 2016).

Interestingly, Ca (OH), appeared to be more effective for
neutralizing acidity in field soils than in potting soils and CaO
seemed to be a superior liming material for increasing the pH
in potting soils (Fig. 1 (b, ¢)). These findings could be caused
by the fact that Ca (OH), has stronger alkalinity even in com-
plicated field conditions and CaO has indicated higher neu-
tralizing value (Thomas and Hargrove 1984), particularly un-
der controlled environment. Similar to our findings, Conyers
et al. (1996) found that CaCOj; performed better than CaMg
(CO3), in increasing soil pH, which was primarily ascribed to
its greater solubility.

@ Springer

Response ratio

The differences in response of land use types to liming
were insignificant in our study (Fig. 1 (h)), which could be
the result of the heterogeneity in responses to liming under
different agroecosystems. For instance, farmlands dominated
by row-crop systems have a simple plant community structure
but high land use intensity. Grasslands featuring high species
diversity and complex animal-plant-microbe interactions of-
ten feature a wide array of responses to liming. Particularly,
forest ecosystems (e.g., silvopasture operations with diverse
production outputs, increased soil protection, and abundance
of organic matter return) have a strong buffering capacity that
leads to delayed or reduced liming effect on soil pH (Jiang
et al. 2016).

4.2 Effects of liming on soil nutrient status

It is widely accepted that liming can neutralize excessive acid-
ic ions in the soil including proton ions and other acidic min-
eral cations (e.g., AI**), while simultaneously supplying basic
cations to the root zones (e.g., Ca** and Mg>*; Fageria and
Baligar 2008). In this meta-analysis, liming was found to de-
crease both exchangeable and available Al (Figs. 3 (a, d) and 4
(a, d)), while increasing both exchangeable and available Ca
and Mg (Figs. 3 (b—f) and 4 (b, e, f)), with the exception of
available Mg in field conditions. The response of increased Ca
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Fig. 5 Frequency distributions of
response ratios for soil elements
responding to liming compared
with no-liming treatments. Soil
elements are (a) available
potassium (K) with field trial, (b)
available nitrogen (N) with field
trial, and (c) available phosphorus
(P) with field trial and (d)
available K with pot trial, (e)
available N with pot trial, and (f)
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availability was anticipated primarily due to a reduction in
contrasting actions of Al-Ca once exchangeable or soluble
AP* is decreased by liming. Similarly, Mg is a poor compet-
itor with Al and Ca as the weak affinity coefficient of absor-
bent surfaces and is furthermore prone to leaching and accu-
mulation in the solution phase (Myers et al. 1988). Therefore,
liming could also increase Mg availability in the soil solution.
As indicated in this study, the effect of liming on K availability
lacks consistency and has been debated over the years. The
current consensus is that liming could reduce K leaching at
low soil pH conditions, while it can also cause increased plant
uptake of K (Bekker et al. 1994), leading to a small effect on
the soil solution. Likewise, the availability and quantity of
different forms of N in soils are governed by the complex
microbe-driven N cycle, which could be influenced by many
external factors. This partly explains why limited soil N re-
sponses were observed in this study. Furthermore, liming in-
dicated little effect on soil available P (Fig. 5 (f)). Fageria and
Baligar (2008) found that liming of Oxisols greatly improved
P uptake and utilization efficiency of crops, thus, offsetting the
effect of increased release and leaching reduction when soil
pH increases. Additionally, we found that liming significantly
increased soil CEC in field conditions by 14.4% (Fig. S2a,
Electronic Supplementary Material). This is because liming
improves the soil surface charge, which is part of the soil
CEC pool and critically important for soil nutrient availability

S e

0 1
Response ratio

1 -1

N

and mobility as well as N-cycle dynamics (Haynes and Naidu
1998). Additionally, both the availability and effectiveness of
pH-dependent CEC could be greatly reduced when levels of
iron and aluminum hydrous oxides are high. Thus, when soils
are limed, total CEC increases.

4.3 Liming improves crop yield

Liming increases crop production primarily through direct
effects on improving soil physical, chemical, and biological
characteristics, which lead to increased availability and mobil-
ity of many plant essential nutrients (Chan and Heenan 1998;
Bolan et al. 2003; Jaskulska et al. 2014). The results of this
study verified that liming increased yield regardless of envi-
ronmental and experimental conditions (Fig. 6) and the en-
hanced crop yield caused by liming depends greatly on crop
species, liming material, liming application method, and soil
texture (Fig. 8; Fig. S3, Electronic Supplementary Material).
Crop species differ significantly in relation to their tolerance to
soil acidity and their sensitivity to soil pH (Holland et al.
2018). Therefore, lime requirements also vary greatly among
species and even among different cultivars (Fageria and
Nascente 2014). Our results showed that the yield of sorghum,
tuber crops, and tobacco was less affected by liming (Fig. 6
(a)). Tobacco root growth is typically directly affected by soil
physical/chemical conditions, and the ideal soil pH is slightly
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acidic (Abrufa-Rodriguez et al. 1970). Thus, as long as the
soil pH is above the level where excessive acidity could delay
the absorption of K, Ca, P, and Mg, moderate tobacco yield
could always be achieved (Fageria and Nascente 2014).
Similarly, tuber crops such as potato generally achieve the
optimal yield at a lower soil pH compared to other common
crops (Holland et al. 2018). Therefore, the great acid tolerance
of tuber crops decreased the effect of liming on yield. Given
appropriate symbiosis with N,-fixing bacteria, soybean can
grow on soils that are exceedingly acidic for many other le-
gume species. Furthermore, P and K are two key elements that
are required for successful pod-filling processes (da Costa and
Crusciol 2016); thus, liming alone can increase the grain yield
through increasing soil P and K availability after an increase
of pH values. Therefore, a small but significant liming effect
was detected for soybean production. Additionally, our results
indicated that maize is more responsive to lime treatment than
soybean, which matches the report by Pagani and Mallarino
(2015), but contrasts with the general belief that lime treat-
ment should exert a greater impact on soybean yield than on
corn yield, particularly in semiarid environments (Pierce and
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Warncke 2000; Kassel 2009). Interestingly, pasture forages
(grasses and legumes) indicated great variability in response
to liming. This is primarily caused by the wide variety of
species under each forage genus group, the complexity of
nutrient cycling processes involved in animal-incorporated
forage systems, and the high species richness and resilience
in multicultural forage production (Hooper et al. 2005).
Forage legumes also showed much greater effect size than
grasses because the microbial activity of rhizobia in nodules
is extremely sensitive to soil pH, nutrient availability, and
mineral toxicity (e.g., Al and Mn; MacAdam and Nelson
2017). In particular, soil molybdenum (Mo) availability could
be greatly increased when soil pH was increased and Mo plays
an essential role in the symbiotic-N, fixation of legumes
(Sumner and Noble 2003; Jean et al. 2013).

Interestingly, CaMg (COs), treatment had greater effects
on improving crop yield compared to both CaCO; and CaO.
This response is largely due to the Mg application contained in
CaMg (COs3), (Fageria and Baligar 2008). Furthermore, this
also indicated that the majority of the research fields are low in
Mg, thus leading to a superior crop response to Mg input. The
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~ Initial pH >=4.8
0.19
9%

Application method = Subsoiler,Surface
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Fig. 7 Classification and regression trees illustrated the influence of
environmental and experimental variables (liming rate, initial soil
organic matter (SOM) content, initial soil pH, liming method, crop
species, soil texture, and liming material) on the dependent variables of

efficiency and effectiveness of liming are largely determined
by the quantity and quality of the liming materials. In general,
it is widely accepted that finer liming materials increase soil
pH more rapidly than coarser materials (Thomas and
Hargrove 1984; Pagani and Mallarino 2012b). However, we
suggest that the residual effect of coarse/slow-dissolving lim-
ing materials on yield might exceed that of finer liming mate-
rials because these lime particles react slowly in neutralizing
soil acidity and tend to remain in the soil for longer. For ex-
ample, within a given fineness level, both CaO and Ca (OH),
would dissolve more rapidly than other liming materials
(Fageria and Baligar 2008), thus having similar or even small-
er effect sizes for improving yield as found in our results (Fig.
6 (c)). Additionally, the CaO reaction is an exothermic reac-
tion (Smith et al. 1998), which could result in heating, conse-
quentially impacting soil microbial community, root metabol-
ic activity, and other soil chemical processes.

For soil texture, the liming effect size on yield in silty soils
significantly exceeded that of other textures (Fig. 6 (b)); this is
different from the liming effect size on soil pH (Fig. 1 (g)). This
could be partly caused by higher initial soil pH values found in
studies conducted in silty-soil fields. Furthermore, silty-type
soil typically has well-balanced soil physical traits (e.g., suffi-
cient plant available water and porosity), making it well suited
for the production of the majority of crop species globally.

0.26
21%

Initial SOM >= 26

0.24 0.32
15% 5%
~ Initial pH >=4.7 — Rate < 11
0.29
7%
Initial pH < 4.6
0.19 0.19 0.51 0.25 0.53
8% 5% 2% 4% 1%

soil pH. The numbers and the shading in the boxes represent the mean
value at each decision point; the percentages indicate the percentage of all
values considered at that decision point

In addition to soil chemical property, liming influences the
soil physical property such as soil texture/structure, nutrient
provision, and others that could affect the crop yields (Fageria
and Baligar 2008), especially when application rate and dura-
tion of liming are high. For instance, Ca in liming materials
helps in the formation of soil aggregates, hence improving soil
structure (Chan and Heenan 1998) and thus dispersion and
flocculation of soil particles (Bolan et al. 2003). Liming can
also influence both transformation and uptake of nutrients by
plants (Fageria 2002; Cheng et al. 2013) and, additionally,
nutrient use efficiency (Fageria and Nascente 2014).

Although CaMg (CO3), has a higher neutralizing capacity
compared to CaCQs, it is typically less effective for neutral-
izing soil acidity as indicated by our results (Fig. 1 (c)). This is
particularly obvious for particle sizes at low fineness levels
(Pagani and Mallarino 2012b; Thomas and Hargrove 1984).
However, this study showed that these soil pH responses
could not be directly translated into similar crop yield re-
sponses (Fig. S4, Electronic Supplementary Material).
Regressing the response ratio of yield and liming rate yielded
a significant linear relationship but with a very small R* value
of 0.02 (Fig. S4b, Electronic Supplementary Material). This
indicates that liming indeed increases yield across all crop
species; however, the fundamental mechanisms for control-
ling crop yield integrate far more environmental and
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Fig. 8 Classification and regression trees illustrated the influence of
environmental and experimental variables (liming rate, initial soil
organic matter (SOM) content, initial soil pH, liming method, crop
species, soil texture, and liming material) on the dependent variables of

managerial factors than just liming alone (Fig. 8). The result
differences observed between meta-analysis and regression
tree approaches, specifically the liming application method,
greatly supported this.

5 Conclusions

An extensive amount of research has been conducted for
evaluating the effects of liming on crop production.
However, synthesized analysis on the effectiveness and ef-
ficacy of liming under different environmental and experi-
mental conditions is rarely reported. Taken altogether, our
study demonstrated that the most important drivers for
changing soil pH and improving crop yield generally were
liming rate and crop species. Particularly, soil conditions
such as initial SOM and soil pH were more important for
increasing soil pH in field-based experiments, while liming
practices, such as lime material and method, were more
important for improving crop yield. Most importantly, the
presented meta-analysis offers the opportunity to draw
quantitative-synthetic conclusions on a global scale that
would not be possible based on an individual study alone.
In particular, the effects for improving soil pH were
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crop yield. The numbers and the shading in the boxes represent the mean
value at each decision point; the percentages indicate the percentage of all
values considered at that decision point

significantly greater in sandy soils. No differences were
detected among various initial values of soil pH, soil tex-
tures, liming methods, and land use types. This indicates
that producers could adopt any method that would incur less
costs and operational difficulties, and relevant future stud-
ies could concentrate more on other aspects of liming. To
effectively neutralize soil pH, the optimum liming duration,
rate, and material were found to be <3 years, 3—6 Mg ha ',
and Ca (OH),, respectively. Additionally, liming signifi-
cantly ameliorated soil AI**, increased basic cations (Ca**
and Mg?"), neutralized soil pH across different cropping
systems, and improved the soil nutrient status (AN, AK,
and AP). Liming also significantly increased crop yield,
particularly when CaMg (CO;), was used across various
studies, highlighting the necessity of future studies to sep-
arate the effect of Mg supplementation and liming on crop
yield. Finally, the complexity of responses identified in this
study emphasizes the need for adopting more advanced
data-science algorithms coupled with high-dimensional da-
ta sets in the future that could enhance our understanding of
the underlying mechanisms of liming on an agroecosystem
basis.
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