
Relating soil chemical properties
to other soil properties and
dryland crop production

Upendra M. Sainju1* and Daniel Liptzin2

1Northern Plains Agricultural Research Laboratory, United States Department of Agriculture,
Agricultural Research Service, Sidney, MT, United States, 2Soil Health Institute, Morrisville, NC,
United States

Soil chemical properties have often been related to some other soil properties

and crop yields, but extensive evaluation of the relationships of soil chemical

properties with other properties and long-term crop yields under dryland

cropping systems is lacking. We related six soil chemical properties (pH,

electrical conductivity [EC], cation exchange capacity [CEC], and inorganic P

[IP], K, and Al concentrations) with 62 other soil physical, chemical, biological,

and biochemical properties and crop yields at two long-term (14- and 36-year

old) dryland farming sites in the northern Great Plain, United States. Treatments

were rotations of no-tillage and conventional tillage spring wheat (Triticum

aestivum L.), barley (Hordeum vulgare L.), pea (Pisum sativum L.), and fallowwith

or without N fertilization. Soil samples collected to a depth of 0–15 cm in April

2019 were analyzed for soil properties and long-term crop yields were

determined. Soil chemical properties were mostly correlated to each other

at the short-term than at the long-term site. Based on the principal component

analysis, EC, CEC, and IP, and K concentrations were associated with most of

the physical, chemical, biological, and biochemical properties at both sites. The

CEC, IP, and K concentrations were related to mean crop yields across years at

individual or combined sites, but other chemical properties were not related to

yields. We conclude that CEC, IP, and K concentrationsmay be used as potential

chemical indicators of soil health that were related to most soil properties and

crop yields under dryland cropping systems in the semiarid region.
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1 Introduction

Soil chemistry involves chemical constituents and properties as well as reaction of

soils and plays a pivotal role in crop production and human health (Ohno and

Hettiarichchi, 2018). The chemical reactions among nutrients, contaminants, toxic

elements, soil organic matter (SOM), and composition of soil solution affect soil,

water, air, and food quality (Ohno and Hettiarichchi, 2018). Soil chemical properties

are mostly used to measure soil fertility and health compared to physical and biological

properties due to their rapid measurement, applicability to field conditions, accessible to
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producers, dynamic nature, and ability to capture a wide range of

soil functions (Brejda et al., 2000; Veum et al., 2021). Differences

in inherent characteristics of soils can result in variations in soil

health that influence crop yields and environmental quality

(Veum et al., 2021).

Chemical soil health indicators used for nutrient availability to

crop production and environmental protection are typically

represented by pH, electrical conductivity (EC), cation exchange

capacity (CEC), and extractable P, K, and Al concentrations

(Maddonni et al., 1999; Veum et al., 2021). Soil pH can affect

nutrient availability to plants due to dissolution of nutrients at

various pH levels (Maddonni et al., 1999; Veum et al., 2021). While

acidic cations, such Al, Fe, and NH4, are available mostly at low

pH to crops, basic cations, such as Ca, Mg, K, and Na, are available

primarily at high pH. As a result, most of the nutrients are available

at neutral pH (6.5–7.0) where there are no toxic effects of elements to

plants (Maddonni et al., 1999; Veum et al., 2021). The EC indicates

soil salinity level that also affects crop production, as some crops are

tolerant to high salinity level, but others are not (Jung et al., 2005).

For long-term sustainability of cropping systems, soils need to

adequately supply nutrients, such as P and K, to crops through

CEC and mineralization of soil organic matter (SOM) (Karlen et al.,

1997). Fertilizers can be applied to correct nutrient deficiencies in

plants and enhance yields, but excessive application can degrade soil

and environmental quality by enhancing soil acidification, leaching,

and greenhouse gas emissions (Liebig et al., 2002; Herrero et al.,

2010). As a result, fertilizer rates should be adjusted according to soil

test and crop demand so that crop yields and environmental quality

can be sustained (Karlen et al., 1997; Liebig et al., 2002; Sainju et al.,

2016). High concentration of Al is usually toxic to plants and can

reduce yields (Burleigh et al., 1999).

For evaluating soil chemical properties as potential soil

health indictors, it is necessary to examine if these properties

are related to other soil properties and crop yields (Maddonni

et al., 1999; Ohno and Hettiarichchi, 2018; Veum et al., 2021).

Soil chemical properties can be related to each other and to other

soil properties. Some researchers (Manrique et al., 1991; Johnson

et al., 2001; Jung et al., 2005) reported that CEC was related to soil

pH and EC. Several researchers (Manrique et al., 1991;

Olorunfemi et al., 2016) showed that CEC can be predicted

from pH, SOM, and clay concentration. The EC was related to

extractable P (Johnson et al., 2001; Jung et al., 2005), soil total C

(STC), clay concentration (Grigera et al., 2006), bulk density

(BD), and clay and silt concentrations (Jung et al., 2005). Soil

pH was related to potential N mineralization (PNM)

(Dessucault-Rompree et al., 2010) and phosphomoneesterase

(PME) activity (Acosta-Martinez and Tabatabai, 2011). Xu

et al. (2022) found that soil pH was correlated to SOM,

KMnO4-extractable C (POXC), autoclaved citrate-extractable

protein (ACEP), soil total N (STN) and water holding

capacity. Van Es and Karlen, (2019) observed that soil pH, P,

and K concentrations were positively related to potential C

mineralization (PCM). The pH was negatively related to soil

inorganic C (SIC), but positively related to Ca and Mg

concentrations (Mikhailova and Post, 2006; Sainju et al., 2020).

Soil chemical properties can also be related to crop yields.

Anthony et al. (2012) reported that soil P and Zn concentrations

were positively correlated, but pH was negatively correlated to

soybean (Glycine max L.) yield. Bulrleigh et al. (1999) found that

soil Al concentration was negatively related to winter wheat yield.

Varvel et al. (1981) observed that extractable P was correlated to

sugarbeet (Beta vulgaris L.) yield at individual site but not to

combined sites. Jung et al. (2005) showed that EC and CEC were

positively related to corn (Zea mays L.) and soybean yields during

years with above-average precipitation, but negatively related

during years with below-average precipitation, citing to

variations in nutrient availability due to dissolution with water.

Maddonni et al. (1999) proposed that chemical indicators of soil

health can be obtained from response to crop yield, as crop yields

vary with changes in soil chemical properties.

Although soil chemical properties have been largely used as

soil quality indicators to relate with crop yields and environmental

quality, they have not been related to extensive soil properties and

long-term crop yields, especially in dryland cropping systems.

Crop yields in dryland farming depend largely on growing season

precipitation, but yields are also affected by nutrient limitations

(Reardon et al., 2019; Liang et al., 2021). Because of their effects on

nutrient availability and crop growth and production (nutrition,

salinity, and toxicity), we concentrated our study on six major soil

chemical properties (pH, EC, CEC, and inorganic P [IP], K, and Al

concentrations) that affect nutrient availability and crop yields and

related them to 62 other soil physical, chemical, biological, and

biochemical properties and mean crop yields across years in two

long-term (14- and 36-year-old) dryland farming sites in eastern

Montana, United States. The 62 soil properties affect soil

compaction, water availability and infiltration capacity,

aggregation, nutrient availability, and soil microbial community

structure, abundance, and activity influencing nutrient cycling,

that have major impact on crop production and environmental

quality.We hypothesized that some soil chemical properties would

be better related to most other soil properties and crop yields and

therefore would be used as potential soil health indicators. Our

objectives were to: 1) examine how soil pH, EC, CEC, and IP, K,

and Al concentrations relate to 62 other soil properties and mean

long-term crop yields across years under dryland cropping systems

in the semiarid region of United States northern Great Plains, and

2) determine which soil chemical properties can be considered as

potential soil health indicators.

2 Materials and methods

2.1 Field experiments

Two field experiments were conducted at dryland sites (Froid

and Sidney) in eastern Montana, United States. The site at Froid
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is 36-year old and had mean annual air temperature (30-year

average) of 8°C and average annual precipitation of 357 mm. The

soil is Dooley sandy loam (fine loamy, mixed, frigid, Typic

Argiboroll) with 645 g kg−1 sand, 185 g kg−1 silt, 170 g kg−1

clay, 14.9 g kg−1 soil organic C (SOC), and 6.2 pH at the

0–15 cm depth at the beginning of the experiment in 1983.

The site at Sidney is 14-year old and had mean annual air

temperature of 8°C and average annual precipitation of

340 mm. The soil is Williams loam (fine-loamy, mixed,

superactive, frigid, Typic Argiustolls) with sand, silt, and clay

concentrations of 350, 325, and 325 g kg−1 respectively, pH 7.2,

and SOC 13.2 g kg−1 at the 0–20 cm depth at the initiation of the

experiment in 2006.

The treatments at Froid were described in detail by Aase and

Pikul (1995). In brief, treatments were fall and spring till

continuous spring wheat (FSTCW), no-till continuous spring

wheat (NTCWA), no-till spring wheat-barley (1984–1999)

replaced by no-till spring wheat-pea (2000–2019) (NTWPA),

and spring till spring wheat-fallow (STWF), each replicated for

four times in a randomized block design. In each cropping

system, each phase of the crop appeared in every year. Tillage

in FSTCW occurred with a tandem disc in the fall and a field

cultivator in the spring to a depth of 8 cm to prepare the seedbed.

Similarly, tillage in STWF occurred with a field cultivator to a

depth of 8 cm in the spring and during the fallow period as

needed to control weeds. In other treatments, tillage was not

applied. The control treatment was STWF which is a

conventional cropping in the region. The size of the plot was

12 × 30 m.

At Sidney, Sainju and Alasinrin, (2020) described treatments

in detail. In short, treatments were cropping system as the main

plot and N fertilization as the split-plot factor arranged in a split-

plot design in randomized block with three replications.

Cropping systems included conventional till barley/spring

wheat-fallow (CTWF, traditional system), no-till barley/spring

wheat-fallow (NTWF), no-till continuous barley/spring wheat

(NTCWB), and no-till barley/spring wheat-pea (NTWPB). In

each treatment, barley was grown from 2006 to 2011, which was

replaced by spring wheat from 2012 to 2019. All phases of crops

in the rotations occurred in each year. Tillage in CTWF was

performed with a field cultivator to a depth of 8 cm to prepare

seedbeds in the spring and during the fallow period to control

weeds. Tillage was not applied to other treatments. Nitrogen

fertilizer was broadcast to barley at 0 (N0) and 80 kg N ha−1 (N1)

from 2006 to 2011 and to spring wheat at 0 (N0) and

100 kg N ha−1 (N1) from 2012 to 2019. The size of the split

plot was 12.0 × 6.0 m.

At both sites, spring wheat, barley, and pea were seeded at

recommended seed rates with a no-till drill at a row spacing of

20 cm. A banded application of P and K fertilizers at 11 kg P ha−1

and 27 kg K ha−1, respectively, was done to each crop at seeding.

Herbicides and pesticides were applied to each crop as needed. In

mid-July to early August, crops were harvested with a combine

from a swath of 11.0 m × 1.5 m and grain yield was determined

after oven drying subsamples at 65°C for 7 days. After grain

harvest, crop residues were returned to the soil. Because tillage

was conducted to a depth of 8 cm, our studies showed that tillage

had no effect on soil properties at both sites even if the duration

of the experiment was different. This was in contrast to those

observed by Li et al. (2019).

2.2 Soil sampling and analysis

Detailed description of soil sample collection and analysis of

physical, chemical, biological, and biochemical properties at both

sites were provided by Sainju et al. (2021). The methods used to

determine soil properties and their abbreviations are shown in

Table 1. For this study, only measurements of selected soil

chemical properties will be described. Soil pH was measured

by using a pH meter in a soil solution of 1:2 soil/water ratio

(Thomas, 1996). The EC was measured by using a conductivity

meter with a different probe in soil solution of 1:2 soil/water ratio

(Thomas, 1996). Soil IP concentration was determined by

extracting the soil with H3A solution (a combination of

maleic, oxalic, and citric acids) and quantifying by Inductive

Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES)

(Haney et al., 2010). Soil K and Al concentrations were

determined by extracting the soil with the Mehlich 3 solution

and quantifying by using ICP-AES. The CEC was determined as

the sum of milliequivalent weights of basic (Ca, Mg, K, and Na)

and acidic (Al and NH4) cations as shown by Culman et al.

(2019). The process involves dividing the atomic weight of the

element by valence to calculate gram equivalent weight and

multiplied by its concentration to obtain values in meq

100 g−1 soil. The final CEC is calculated as the sum of all

basic and acidic cations.

2.3 Data analysis

Data were analyzed by using the multivariate regression

analysis to determine the associations of soil chemical

properties with other soil properties after checking for normal

distribution of data. For this, soil data were subjected to a

principal component analysis (PCA) using the PROC

FACTOR procedure of Statical Analytical System, (2020).

Data were loaded into two principal components (PC1 and

PC2) that explained most of the variations by soil properties

(r ≥ 0.3). Parameters were considered positively associated to

each other when they are at acute angles, negatively associated

when at right angle, and not associated when at obtuse angle. The

Pearson’s correlation analysis was used to correlate among

selected soil chemical properties (pH, EC, CEC, and IP, K,

and Al concentrations). Because these properties were chosen

for possible soil health indicators, regression analysis was used to
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determine the relationships between these properties and mean

crop yields across years for individual and combined sites to

evaluate if crop yields can be predicted by these parameters. For

these, chemical properties were used as independent variables

and crop yields as dependent variables. Because data for crop

yields were absent during the fallow periods of alternate years

and also for the latest year in the crop-fallow treatment and yields

can be affected by long-term management, it was decided to use

mean crop yield across years for each treatment rather than yield

for the latest year to relate with soil chemical properties. Mean

crop yield was determined by dividing total yield by the number

of years. Yield during the fallow period was considered zero for

TABLE 1 Determination of soil physical, chemical, biological, and biochemical properties.

Soil properties Abbreviation Unit References

Soil physical properties

Bulk density BD Mg m−3 Blake and Hartge, (1986)

Volumetric water content at field-moist condition, water saturation,
and at 0.3, 10, 33, and 1500 kPA

VWCFM, VWCFS, VWC0.3, VWC10, VWC33,
VWC1500

cm3 cm−3 Reynolds and Topp, (2008)

Water holding capacity for intact and repacked cores IAWHC and RAWHC cm3 cm−3 Cassel and Nelson, (1986)

Saturated hydraulic conductivity SHC cm hr−1 Reynolds and Elrick, (1990)

Sand, silt, and clay concentrations Sand, silt, and clay g kg−1 Gee and Bauder, (1986)

Aggregate stability AS g kg−1 Kemper and Rosenau, (1986)

Dry aggregate stability index DASI Kemper and Rosenau, (1986)

Water-stable aggregation WSA g kg−1 Kemper and Rosenau, (1986)

Wet aggregate stability index WASI Franzluebbers et al. (2000)

Average slake aggregate ASA Fujardo et al. (2016)

Stone content SC g kg−1 Hao et al. (2008)

Macro- and Mesoporosity MAP and MEPss cm−3 Topp et al. (1993)

Total shrinkage TS cm3 cm−3 Hao et al. (2008)

Soil chemical properties

pH pH Thomas, (1996)

Electrical conductivity EC ds m−1 Thomas, (1996)

Buffer pH BpH Thomas, (1996)

Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Na, Ni, Pb, S, and
Zn conc

Al, As, B, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn,
Na, Ni, Pb, S, and Zn

mg kg−1 Sikora and Moore, (2014)

Inorganic and organic P conc IP and OP mg kg−1 Haney et al. (2010)

Na-absorption ratio SAR Miller et al. (2013)

Soil biological and biochemical properties

Soil total C and N STC and STN g kg−1 Nelson and Sommers, (1996)

Soil inorganic C SIC g kg−1 Lita Analytical

Soil organic C SOC g kg−1 Nelson and Sommers, (1996)

Water-extractable C and N WEC and WEN mg kg−1 Haney et al. (2012)

NH4-N and NO3-N conc NH4-N and NO3-N mg kg−1 Haney et al. (2010)

KMnO4-extrctable C POXC mg kg−1 Weil et al. (2003)

Potential C mineralization PCM mg CO2-
C kg−1

Haney et al. (2008)

Phospholipid fatty acids PLFA (nmol g−1) Quideau et al. (2016)

Autoclaved citrate-extractable protein ACEP mg
protein g−1

Schindelbeck et al. (2016)

β-glucosidase BG mg pNP
kg−1 hr−1

Tabatabai, (1994)

N-acetyl β-glucosaminidase NAG mg pNP
kg−1 hr−1

Deng and Popova, (2011)

Phosphomonoesterase PME mg pNP
kg−1 hr−1

Acosta-Martinez and
Tabatabai, (2011)

Arylsulfatase AST mg pNP
kg−1 hr−1

Klose et al. (2011)
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data analysis. Data were considered statistically significant at p ≤
0.05, unless mentioned otherwise.

3 Results

3.1 Relationship among soil properties

3.1.1 Soil chemical properties
Soil pH was positively correlated to EC, but negatively

correlated to Al concentration at Froid (Table 2). The EC was

positively and strongly correlated to K concentration. The IP

concentration and CEC were not correlated to any soil chemical

properties. At Sidney, pH was positively and very strongly

correlated to EC and CEC, but negatively correlated to Al and

IP concentrations. The EC was positively correlated to CEC, but

negatively correlated to Al and IP concentrations. The Al

concentration was negatively correlated to CEC. The K

concentration was positively correlated to IP concentration,

which was negatively correlated to CEC. Greater and stronger

correlations among soil chemical properties occurred at Sidney

than at Froid.

At Froid, the PCA analysis indicated that soil chemical

properties that explained 29.7% of the total variation in the

first principal component (PC1) were pH, EC, CEC, buffer

pH (BpH), and Ca, K, As, B, Ba, Cd, Co, Cu, Mg, Mn, Ni,

organic P (OP), Pb, S, and Zn concentrations (Figure 1).

Chemical properties that explained 23.8% of the total

variation in the second principal component (PC2) were pH,

BpH, and Al, Ca, K, IP, Cd, Fe, Mg, Mn, Na, Pb, S, and Zn

concentrations. The pH was positively associated with BpH and

Ca and Mg concentrations, but negatively associated with S and

Fe concentrations. The EC and CEC were positively associated

with Ba, Ni, As, B, Co, and Cu concentrations, but negatively

associated with OP concentration. The K concentration was

positively associated with Mn, Pb, and Ni concentrations, but

negatively associated with Na-absorption ratio (SAR). The IP

concentration was positively associated with Fe and S

concentrations, but negatively to BpH. The Al concentration

was positively associated with Fe and Cd concentrations.

Chemical properties that were not associated with pH, EC,

CEC, IP, K, and Al concentrations were Cd concentration

and SAR.

At Sidney, chemical properties that explained 50.2% of the

total variability in PC1 were pH. EC, BpH, CEC, and Al, Ca, IP,

As, B, Cd, Co, Cu, Fe, Mg, Mn, Ni, OP, Pb. S, and Zn

concentrations (Figure 1). Chemical properties that explained

16.2% of the total variability in PC2 were Al, K, IP, BpH, SAR,

and Cd, Cr, Mg, Na, Ni, and S concentrations. The pH and EC

were positively associated with As, Pb, Ca, Mn, and Co

concentrations and negatively associated with Fe and Zn

concentrations. The CEC was positively associated with B, Cu,

Co, and Mn concentrations, but negatively associated with Fe

and Zn concentrations. The IP concentration was positively

associated with Cd and OP concentrations, but negatively

associated with Ni concentration. The K concentration was

negatively associated with Ba and Na concentrations. The Al

concentration was positively associated with S, Fe, and Zn

concentrations, but negatively associated with As and Pb

concentrations. Chemical properties that were not associated

with pH, EC, CEC, IP, K, and Al concentrations were BpH and Cr

concentration.

TABLE 2 Correlation (r) among soil pH, electrical conductivity (EC), cation exchange capacity (CEC), and Al, K, and inorganic P (IP) concentrations at
Froid (n = 16) and Sidney (n = 24), Montana, United States.

Soil chemical properties pH EC Al K IP CEC

Froid

pH — 0.51* −0.58* 0.11 −0.34 0.21

EC (ds m−1) 0.51* — −0.01 0.62** 0.40 0.30

Al concentration (mg kg−1) −0.58* −0.01 — 0.36 0.45 0.43

K concentration (mg kg−1) 0.11 0.62** 0.36 — 0.33 0.35

IP concentration (mg kg−1) −0.34 0.40 0.45 0.33 — −0.18

CEC (cmolc kg
−1) 0.21 0.30 0.43 0.35 −0.18 —

Sidney

pH — 0.90*** −0.93*** −0.03 −0.48* 0.79***

EC (ds m−1) 0.90*** — −0.83*** 0.02 −0.056** 0.81***

Al concentration (mg kg−1) −0.93*** −0.83*** — 0.09 0.35 −0.67***

K concentration (mg kg−1) −0.03 0.02 0.09 — 0.48* 0.04

IP concentration (mg kg−1) −0.48* −0.56** 0.35 0.48* — −0.64***

CEC (cmolc kg
−1) 0.79*** 0.81*** −0.67*** 0.04 −0.64*** —

*, **, and *** Significant at p ≤ 0.05, 0.01, and 0.001, respectively.
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3.2 Soil physical properties

Soil properties that contributed 32.5% of the total variation in

PC1 at Froid were EC, CEC, Al, K, sand, silt, and clay

concentrations, aggregate stability (AS), water-stable

aggregation (WSA), wet aggregate stability index (WASI),

average slate aggregate (ASA), bulk density (BD),

macroporosity (MAP), total shrinkage (TS), volumetric water

content at water saturation (VWCFS) and at 0.3, 33, and

1500 kPa, (VWC0.3, VWC33, and VWC1500, respectively)

FIGURE 1
Principal component analysis for associations among soil chemical properties at Froid and Sidney, Montana, United States. At Froid, soil
chemical properties explained 29.7% of the total variation in the first principal component (PC1) and 23.8% in the second principal component (PC2).
At Sidney, chemical properties explained 50.2% of total variation in PC1 and 16.2% in PC2. BpH denotes buffer pH; EC, electrical conductivity; CEC,
cation exchange capacity; IP, inorganic P concentration; OP, organic P concentration; and SAR, Na-absorption ratio.

FIGURE 2
Principal component analysis for associations among soil pH, electrical conductivity (EC), cation exchange capacity (CEC), inorganic P (IP), K,
and Al concentrations with soil physical properties at Froid and Sidney, Montana, United States. At Froid, soil properties explained 32.5% of the total
variation in the first principal component (PC1) and 18.5% in the second principal component (PC2). At Sidney, soil properties explained 27.5% of total
variation in PC1 and 17.3% of the total variability in PC2. AS denotes aggregate stability; ASA, average slake aggregate; BD, bulk density; DASI, dry
aggregate stability index; IAWHC, intact core available water capacity; MAP, macro-porosity; MEP, meso-porosity; RAWHC, repacked core available
water capacity; SC, stone content; SHC, saturated hydraulic conductivity; TS, total shrinkage; VWC0.3, volumetric water content at 0.3 kPa; VWC10,
volumetric water content at 10 kPa; VWC33, volumetric water content at 33 kPa; VWC1500, volumetric water content at 1500 kPa; VWCFM,
volumetric water content in the field-moist soil; VWCFS; volumetric water content at water saturation; WASI, wet aggregate stability index; andWSA,
water-stable aggregation.
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and intact core available water holding capacity (IAWHC)

(Figure 2). Properties that contributed 18.5% of the total

variation in PC2 were pH, Al, IP, sand and silt

concentrations, AS, WSA, WASI, ASA, stone content (SC),

mesoporosity (MEP), volumetric water content at field-moist

condition (VWCFM) and at 10 kPa (VWC10), VWC1500,

repacked core available water holding capacity (RAWHC),

IAWHC, and soil hydraulic conductivity (SHC). The pH was

positively associated with SC and MEP. The EC and CEC were

positively associated with silt and clay concentrations, VWCFS,

VWC0.3, MAP, and VWC33. The K concentration was positively

associated with VWC33 and VWC0.3, but negatively associated

with BD. The Al concentration was positively associated with

IAWHC, WSA, WASI, ASA, and AS. The IP concentration was

positively associated with VWCFM, but negatively associated

with SC. Soil physical properties that were not associated with

chemical properties were sand concentration, RAWHC, VWC10,

VWC1500, and dry aggregate stability index (DASI).

At Sidney, soil properties that contributed 27.5% of the total

variation in PC1 were K and IP concentrations, AS, WSA,WASI,

ASA, BD, TS, VWCFM, VWCFS, VWC0.3, VWC10, VWC33,

VWC1500, and RAWHC (Figure 2). Soil properties that

contributed 17.3% of the total variation in PC2 were pH, EC,

CEC, Al, sand, silt, and clay concentrations, WSA, DASI, BD,

VWC33, and IAWHC. The EC and CEC were negatively

associated with DASI and IAWHC. The K and IP

concentrations were positively associated with DASI, IAWHC,

MAP, and ASA, but negatively associated with BD and VWCFM.

The Al concentration was positively associated with silt

concentration, but negatively associated with SHC and sand

concentration. Physical properties that were not associated

with chemical properties were sand and clay concentrations,

WSA, TS, AS, WASI, MEP, VWC0.3, VWCFS, ASA, VWC33,

VWC1500, RAWHC, VWCFM, and VWC10.

3.3 Soil biological and biochemical
properties

At Froid, soil properties that accounted for 50.8% of the total

variation in PC1 were EC, CEC, Al, K, and IP concentrations,

STC, SOM, water-extractable C (WEC), POXC, CO2 flush at

1 day incubation (CO2-1d), CO2 flush at 4 days incubation (CO2-

4d), microbially active C (MAC), STN, water-extractable total N

(WETN), water-extractable organic N (WEON), PNM, NH4-N,

NO3-N, ACEP, β-glucosidase (BG), N-acetyle-β-
glucosaminidase (NAG), and phosphomonoesterase (PME)

(Figure 3). Soil properties that accounted for 16.4% of the

total variation in PC2 were pH, EC, Al, STC, CO2-1d, MAC.

STN, WETN, PNM, NH4-N, NO3-N, ACEP, NAG, and

arylsulfatase (AST). The pH was positively associated with

AST. The EC was positively associated with STN, PNM, CO2-

1d, WETN, BG, and MAC. The K concentration was positively

associated with WEC, CO2-4d, POXC, and SOM. The IP

FIGURE 3
Principal component analysis for associations among soil pH, electrical conductivity (EC), cation exchange capacity (CEC), inorganic P (IP), K,
and Al concentrations and soil biological and biochemical properties at Froid and Sidney, Montana, United States. At Froid, soil properties explained
50.8% of the total variation in the first principal component (PC1) and 16.4% in the second principal component (PC2). At Sidney, soil properties
explained 38.3% of the total variation in PC1 and 22.5% in PC2. ACEP denotes autoclaved citrate-extractable protein; AST, arylsulfatase; BG, β-
glucosidase; CO2-1d, CO2 flush at 1 d incubation; CO2-4d, CO2 flush at 4 d incubation; MAC, microbially active C; NAG, N-acetyl β-
glucosaminidase; PLFA, phospholipid-derived fatty acid; PME, phosphomonoesterase; PNM, potentially N mineralization; POXC, KMnO4-
extractable C; SOM, soil organic matter; STC, soil total C; STN, soil total N; WEC, water-extractable C; WEON, water-extractable organic N; and
WETN, water-extractable total N.
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concentration was positively associated with PME and NAG. The

CEC was positively associated with NH4-N. The STC, NO3-N,

and ACEP did not associate with any other chemical properties.

At Sidney, soil properties that accounted for 38.3% of the

total variation in PC1 were pH, EC, CEC, Al and IP

concentrations, STC, SOM, WEC, CO2-1d, MAC, WEON,

PNM, NO3, ACEP, BG, and NAG (Figure 3). Soil properties

that accounted for 22.5% of the total variation in PC2 were pH,

EC, CEC, Al concentration, STC, SOM, POXC, CO2-4d, STN,

WETN, PNM, NO3-N, NAG, and AST. The pH, EC, and CEC

were negatively associated with NH4-N and WEON. The K

concentration was positively associated with STN and STC,

but negatively associated with NO3-N. The IP concentration

was positively associated with PNM, SOM, NAG, MAC, CO2-1d,

ACEP, WEC, and BG. The Al concentration was negatively

associated with AST. Soil biological and biochemical

properties that did not associate with any chemical properties

were CO2-4d, POXC, WEON, and WETN.

3.4 Relationship between soil chemical
properties and crop yields

Soil pH did not relate to mean crop yield across years at Froid

and Sidney sites. In contrast, pH was non-linearly related to yield

from the combination of both sites, accounting for 14% of the

total variation in yield (Figure 4) (p ≤ 0.06). The EC was non-

linearly related to crop yield at Froid, accounting for 20% of the

variation in yield. However, EC was not related to yield at Sidney

and or yields from combination of both sites. The Al

concentration was related to crop yield at Froid, accounting

for 33% of the variation in crop yield, but was not related to yield

at Sidney or yields from combination of both sites.

The CEC was not related to crop yield at Froid and Sidney

(Figure 5). However, CEC was strongly and non-linearly related

to yield from a combination of both sites, accounting for 31% of

the total variation in yield. The IP was non-linearly related to

crop yield at Sidney (p = 0.08), accounting for 22% of the

variation in yield. The IP was also linearly and negatively

related to yield from the combination of both sites. The K

concentration was linearly related to crop yield at Froid and

from a combination of Froid and Sidney, accounting for

22–27% of the total variation in yield. An increase in K

concentration by 1 mg K kg−1 increased yield by

0.003 Mg ha−1 at Froid and by 0.004 Mg ha−1 from the

combination of Froid and Sidney.

4 Discussion

4.1 Relationship among soil properties

The positive correlation between pH and EC at both Froid

and Sidney (Table 2) suggests that pH increases as the

FIGURE 4
Relationships among soil pH, electrical conductivity (EC), Al concentration, andmean crop yield across years at Froid, Sidney, and the combined
data from Froid and Sidney, Montana, United States.
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concentration of soluble salts increases. Because soluble salts

contain mostly basic cations, such as Ca, Mg, Na, and K,

increased concentrations of these nutrients can increase

pH (Manrique et al., 1991; Johnson et al., 2001). In contrast,

the negative correlation between pH and Al concentration shows

that pH decreases as Al concentration increases. At low pH, Al

becomes more soluble that can be toxic to plants (Burleigh et al.,

1999). The negative correlation between pH and IP at Sidney

suggests that P can be unavailable to plants at low pH. However,

the positive correlation between pH and CEC indicates that

nutrient availability through cation exchange can be increased

at high pH. The pH was found to be related to CEC (Manrique

et al., 1991; Olorunfemi et al., 2016) and EC (Johnson et al.,

2001).

The positive correlation between EC and K concentration at

Froid suggests that soluble salts increase as the concentration of

basic cation, such as K, is increased. However, the negative

correlation between EC and Al and IP concentrations

indicates that increased concentration of soluble salts can

reduce the availability of Al and P. The strong correlation

between EC and CEC at Sidney is an indication of dominance

of basic cations, such as Ca, Mg, Na, and K, which increases EC,

compared to acidic cations, such as Al and NH4, in CEC. Several

researchers (Johnson et al., 2001; Jung et al., 2005) reported that

EC was positively correlated to CEC. The positive correlation

between K and IP concentrations at Sidney indicates that

availability of K can also enhance the availability of P.

However, the negative correlations of Al and IP

concentrations with CEC shows that increased concentration

of these nutrients can reduce CEC.

The stronger and greater correlations among soil chemical

properties at Sidney than at Froid can be related to variations in

soil texture, duration of the experiment, and the nature of

treatments. It is possible that the medium-textured soil with

the presence of N fertilization treatment produced more

correlations among soil chemical properties at Sidney

compared to coarse-textured soil with the absence of N

fertilization treatment at Froid. Medium-textured soils have

higher CEC than coarse-textured soils (Manrique et al., 1991;

Olorufemi et al., 2016), and long-term N fertilization can reduce

soil pH and availability of nutrients, such as P and K, compared

to no N fertilization (Sainju and Alasinrin, 2020).

The positive associations among EC, CEC, and most

nutrients at Froid and Sidney (Figure 1) suggest that increases

in soluble salt concentrations and cation exchange can increase

the availability of nutrients for plant uptake or losses due to

leaching and surface runoff. Soil pH, Al and IP concentrations

were more associated with nutrients at Sidney than at Froid,

which also affect nutrient availability. In contrast, K

concentration was more associated with nutrients at Froid

FIGURE 5
Relationships among cation exchange capacity (CEC), inorganic P (IP), and K concentration, and mean crop yield across years at Froid, Sidney,
and the combined data from Froid and Sidney, Montana, United States.
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than at Sidney. Increased stability due to longer duration of

experiment likely resulted in greater associations of K with

other nutrients at Froid than at Sidney. In contrast, presence

of N fertilization treatment likely increased greater association

of pH, Al, and IP concentrations with nutrients at Sidney. Our

results of positive associations among pH and Ca and Mg

concentrations at Froid are similar to those reported by

several researchers (Mikhailova and Post, 2006; Sainju

et al., 2020).

Greater stability of the experiment also likely resulted in

positive associations among EC, CEC, silt and clay

concentrations, VWCFS, VEW0.3, and VWC33 at Froid

than at Sidney (Figure 2). Fine particles possess negative

charges that can attract cations, enhancing EC and CEC, as

both are dominated by the presence of basic cations. Presence of

soil water facilitates chemical reactions, enhancing EC and

CEC, as most nutrients need to be dissolved in water during

the reaction. Fine particles also swell and shrink more than

coarse particles during which cation exchange may have

enhanced, resulting in positive associations among EC, CEC,

TS andMAP. Some researchers (Johnson et al., 2001; Jung et al.,

2005; Grigera et al., 2006) reported that EC was correlated to

clay concentration. Similarly, others (Yerima et al., 1989;

Manrique et al., 1991; Olorunfemi et al., 2016) observed

good relationships between CEC and clay concentration. Gill

and Reaves (1957) found that CEC was related to soil shrinkage.

The positive associations among Al concentration and AS, ASA,

WSA, and WASI at Froid indicate that increased Al

concentration increased soil aggregate stability, probably by

increasing chelation with SOM. Increased stability of

experiment also likely resulted in more associations of

chemical properties with physical properties at Froid than at

Sidney.

Carbon serving as the source of energy and nutrients as

substrate availability for microbes may have resulted in

positive associations of EC, CEC, IP and K concentrations

at Froid and of IP and K at Sidney with most biological and

biochemical properties (Figure 3). On the other hand,

microbes secrete enzymes that help to mineralize SOM into

inorganic nutrients which become available for crop growth

and production. The positive associations among EC, STN,

PNM, and WETN at Froid suggest that N may play a

significant role in maintaining the level of soluble salts.

Similarly, the positive associations among K, IP, WEC,

CO2-1day, POXC, SOM, MAC, and ACEP at Froid and

Sidney suggest that K and IP are essential nutrients

required by microbes for their enhanced activity which may

increase C sequestration. Van Es and Karlen (2019) observed

that soil P and K concentrations were positively correlated to

potential C mineralization (PCM). Several researchers

(Manrique et al., 1991; Olorunfemi et al., 2016) reported

that CEC was positively related to SOM and STC. Xu et al.

(2022) found that CEC was positively related to SOM, STN,

and ACEP. The SOM acts as a negatively charge site which

attracts cations, resulting in a strong correlation between

CEC and SOM. Others (Grigera et al., 2006; Veum et al.,

2021) showed that EC was also related to SOM. Soil pH and

Al concentration, relating negatively to each other, had

limited associations with soil biological and biochemical

properties.

4.2 Relationship between soil properties
and crop yields

The non-significant relationship between soil pH and mean

crop yield across years at Froid and Sidney (Figure 4) indicates

that buffering capacity of soil resisted changes in pH, as our

results (not shown) showed that long-term (14–36 years)

management practices did not alter soil pH, but altered mean

crop yields in dryland cropping systems. In contrast, the non-

linear relationship between EC and crop yield at Froid indicates

that yield was maximized at EC of 0.12 ds m−1. Presence of

soluble salts above this EC value probably create toxicity to

plants and reduce yield. Jung et al. (2005) reported that EC

was correlated positively to corn and soybean yields during years

with above-average precipitation, but correlated negatively

during years with below-average precipitation, because

growing-season precipitation affects crop yield more than

nutrient availability in dryland cropping systems. The positive

relationship between Al concentration and crop yield at Froid

was a surprise, but it could be related to the presence of fallow

treatment in the cropping sequence. Both Al concentration and

crop yield were greater in the continuous cropping than crop-

fallow. Absence of crop during the fallow period reduced

annualized yield, although Al concentration was lower in the

crop-fallow treatment. Burleigh et al. (1999) reported that high

concentration of Al can result in plant toxicity and reduce crop

yield.

Although CEC did not relate to mean crop yield at

individual sites, CEC was very strongly related to yield

when data from both sites were combined (Figure 5). High

CEC favors nutrient exchange and availability, thereby

enhancing crop yields. Jung et al. (2005) observed positive

correlation between CEC and corn and soybean yields.

Similarly, significant correlation between IP concentration

and crop yield at Sidney and between K concentration and

yield at Froid or a combination of Froid and Sidney sites

suggest that both P and K are essential major nutrients that

affect crop yield. Several researchers (Varvel et al., 1981;

Anthony et al., 2012) found that IP was correlated to

soybean and sugarbeet yields. Because of the significant

relationships between soil properties and crop yields,

performance of crop growth and yield along with soil

properties can be used as important indicators of soil

health (Maddonni et al., 1999). Because of the lack of crop
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yields during the fallow period in the crop-fallow treatments

and also during the last year (2019) of the experiment, mean

crop yields across years instead of yields from the latest year

were used to related between soil chemical properties and crop

yields.

4.3 Implications of soil chemical
properties on soil health

As selection of soil chemical properties for soil health

indicators depends on the relationship with other soil

properties and crop yields (Maddonnni et al., 1999; Van Es

and Karlen, 2019; Veum et al., 2021), we evaluated the

relationships of pH, EC, CEC, and IP, K, and Al

concentrations with soil physical, chemical, biological and

biochemical properties and long-term crop yields at two

dryland sites. Based on our results, we conclude that CEC, IP,

and K concentrations can be regarded as potential chemical

indicators of soil health because these parameters are related to

most soil parameters and also to mean crop yield across years for

individual or combined sites. Our results are similar to those

reported by some researchers (Maddonni et al., 1999; Moebius-

Clune, 2016; Veum et al., 2021). We also evaluated relationships

among CEC, IP, and K concentrations and crop yields for the last

two to 4 years, assuming that these soil parameters might provide

better relationships with the latest crop yield data. These

relationships also showed similar results. Absence of crop yield

in the fallow treatment prevented us to determine the accurate

relationship between soil parameters and 2019 yield data. While

EC also related to most soil properties, it did not relate to crop

yields. Soil pH was related to fewer soil properties, but not related

to crop yield. Soil Al concentration also had fewer relationships

with soil properties, although it was related to yield at Froid. Our

results showed that availability of nutrients, such as P and K

concentrations, and their retentions through improved CEC can

influence soil health by affecting soil fertility and crop and yields.

5 Conclusion

Selected soil chemical properties (pH, EC, CEC, IP, K, and

Al concentrations) related differently to other soil properties

and long-term crop yields in dryland cropping systems of the

northern Great Plains, United States. The EC, CEC, IP, and K

concentrations were related to most soil physical, chemical,

biological, and biochemical properties, but pH and Al

concentration were related to limited soil properties. The

CEC, IP, and K concentrations were also related mean crop

yields across years at Froid, Sidney, and a combination of

Froid and Sidney sites. The EC, however, did not relate to

crop yield. Similarly, pH and Al concentration did not relate

to crop yields. Lack of crop yields in the fallow treatments

resulted in the use of mean crop yields across instead of

present year’s yield to determine the relationship between soil

properties and crop yields. Because of significant

relationships with most soil properties and crop yields,

CEC, IP, and K concentrations may be used as potential

chemical indicators of soil health in dryland cropping

systems in arid and semiarid regions. However, more

research may be needed to evaluate these parameters as

soil health indicators, as they always do not relate to crop

yields because growing season precipitation is a major factor

for dryland crop production.
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