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Abstract Soil is a prominent component of terres-

trial C and N budgets. Soil C and N pools are

influenced by, and may reciprocally influence, many

environmental factors. Our objective was to determine

the quantitative relations of surface mineral-soil

organic C, N, and C/N ratios to climate and soil

texture across seven ecological regions that make up

the conterminous USA. Up to 608 soil profiles per

region and their corresponding climates were evalu-

ated with regression analysis. The organic C pool

(kg C m�2) in the upper 20 cm of mineral soil was

positively related to mean annual precipitation, evapo-

transpiration and clay content in all regions. It was

negatively related to a temperature/precipitation index

in all regions and negatively related to mean annual

temperature, except in the northwest temperate forest

region. Soil C/N ratios were negatively related to clay

or silt content in all regions. These relations are

consistent with concepts of moisture and temperature

controls on detrital production, differential effects of

temperature on detrital production and decomposition,

and stabilization of organic matter by clay and silt.

Differences in quantitative relations among regions

may be related to vegetation-composition effects on

soil organic matter processes, clay mineralogy, and

faunal mixing of surface organic horizons with

mineral soil. Regional differences also occurred in

the importance of climate vs. soil texture in explaining

the variability in soil C. The regional differences

indicate the importance of using region-specific, rather

than generalized, equations for projecting long-term

soil responses to climate change and for conducting

ecosystem-model calibration or validation.

Keywords Carbon pools � Mineral soil � Soil

organic carbon � Soil organic nitrogen

Abbreviations

AET Actual evapotranspiration

MAP Mean annual precipitation

MAT Mean annual temperature

SOC Mineral-soil organic carbon

USA United States of America

Introduction

Soil is an important global organic C and N pool

(Batjes 1996) and contains*70% of the organic C and

*95% of the N in terrestrial ecosystems (Schlesinger

1997). The interaction between soil organic C and soil

N influences plant-available N, thereby affecting
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ecosystem productivity and the terrestrial C cycle.

Process-based numerical models that incorporate both

vegetation and soil allow projection of C- and N-cycle

responses to climatic, atmospheric and land-use

changes (Homann et al. 2000; Kirschbaum 2000;

Parton et al. 1987; Pepper et al. 2005; VEMAP

Members 1995). Empirical relations among soil

organic C, soil N and the factors that influence them

allow calibrating and testing these models, as exem-

plified for the central Great Plains of the USA (Burke

et al. 1989). Reducing uncertainties in model projec-

tions of global, continental, and subcontinental C and

N cycles requires expanded and refined assessment of

empirical soil data from expansive geographic areas

under broad climatic regimes.

Jenny (1941) synthesized and summarized relations

among mineral-soil C, N, climate and soil texture. His

examples illustrated several key points for the central

and eastern USA: soil N increased with increased

moisture in grasslands, and to a lesser extent in forests;

soil N increased with decreased temperature; sandy

soils contained less mineral-soil organic C (SOC) and

soil N than loamy soils; and sandy soils had higher soil

C/N ratios than loamy soils. Similar trends have been

observed in intensive studies within the central USA

(Burke et al. 1989; Franzmeier et al. 1985; Sims and

Nielsen 1986), as well as in other regions of the USA

(Conant et al. 1998; Grigal and Ohmann 1992;

Homann et al. 2004) and in other countries (Hontoria

et al. 1999; Paruelo et al. 1998). However, there have

been notable contrasting exceptions to these trends.

SOC decreased, rather than increased, with decreasing

temperature in forests of western Oregon (Homann

et al. 1995) and Finland (Liski and Westman 1997).

SOC and soil N decreased, rather than increased, with

increasing precipitation in Australian rainforests

(Spain 1990). The contrasting trends may occur

because of the inherently different environmental

conditions among the areas, such as magnitudes and

ranges of the climatic regimes, seasonality of weather,

and confounding but unknown environmental vari-

ables. Alternatively, different methods of sampling,

data synthesis, and data analysis may contribute to the

discrepancies. Whether the contrasting results among

these studies are due to actual differences in environ-

mental processes, or differences in research method-

ologies, remains unclear.

The objective of this study was to determine quanti-

tative relations of SOC, soil N, and soil C/N ratios to

climatic indicators and soil texture across the contermi-

nous USA. We addressed the following questions:

Do ecological regions differ in their relations of

SOC and soil N to climate and soil texture?

Do regional differences observed with annual

temperature and precipitation disappear when

seasonal interactions of moisture and temperature

are considered?

Do regions differ in the relative importance of

climate and soil texture in explaining SOC vari-

ability?

Our evaluation expands previous pedon-based

research by encompassing the entire continental

USA. We used a single soil database and a standard

set of methods to allow rigorous comparison among

seven ecological regions.

Methods

Data acquisition and synthesis

We examined the relation of soil C and N properties

to climate and soil textural properties for pedons

within the conterminous USA. We analyzed four

dependent variables:

logSOC20 and logSOC100—log10 of Walkley-

Black soil organic carbon mass in surface 20 or

100 cm of mineral soil (kg C m�2)

logN20—log10 of Kjeldahl N mass in upper 20 cm

of mineral soil (kg N m�2)

C/N20—the ratio of SOC20 to N20 (kg C kg�1 N)

We evaluated their relations to the following

independent variables:

logMAP—log10 of mean annual precipitation

(cm year�1)

MAT—mean annual temperature (�C)

logAET—log10 of actual evapotranspiration (AET,

cm year�1; Homann et al. 1995)

T/P Index—a temperature/precipitation index cal-

culated as

½10monthly temperature ð�CÞ=100�=½10monthly precipitation ðcmÞ=100�;

and averaged over all months

304 Biogeochemistry (2007) 85:303–316

123



logClay20 or logClay100—log10 of clay mass in

surface 20 or 100 cm of mineral soil (kg clay m�2)

logSilt20 or logSilt100, which are log10 of silt mass

in surface 20 or 100 cm of mineral soil

(kg silt m�2)

Soil data were from the Natural Resources Con-

servation Service’s Soil Survey Laboratory Charac-

terization Data on CD-ROM (September 1997

version) (National Soil Survey Center, Lincoln,

NE), which includes pedons sampled through 1992.

Analytical procedures used by Natural Resources

Conservation Service are reported in Soil Survey

Laboratory Staff (1992). To include a pedon in our

analysis, we required the following information: (i) a

location specified in latitude and longitude or USA

Public Land Survey System coordinates; (ii) clay, silt,

organic C and N concentrations and rock content for

the surface mineral-soil horizon and for at least 80%

of the soil depth under consideration, either 20 or

100 cm.

We calculated contents (kg m�2) of SOC, soil N,

silt and clay constituents as follows:

SOC or soil N ðkg m�2 to a 20 or 100 cm depthÞ
¼ R½C or N concentration ð%Þ=100%Þ
� bulk density ðg cm�3Þ
� horizon depth ðcmÞ
� ð1�%rock volume=100%Þ
� 104 cm2 m�2

� 10�3 kg g�1�

Clay or Silt ðkg m�2 to a 20 or 100 cm depthÞ ¼
R½%clay or silt=100%

� bulk density ðg cm�3Þ
� ð1�%C=58%Þ
� horizon depth ðcmÞ
� ð1�%rock volume=100%Þ
� 104 cm2 m�2

� 10�3 kg g�1�

where the summations are over the horizons, or

portions of horizons, within the depth under consid-

eration. The inclusion of the (1 � %C/58%) term in

the clay and silt calculation adjusts for the presence

of organic matter in the soil. Bulk density values from

the Natural Resources Conservation Service database

were obtained by the clod method (Soil Survey

Laboratory Staff 1992). Missing bulk density values

were interpolated between measurements of adjacent

horizons or calculated from organic C concentration

and horizon-specific equations presented by Manri-

que and Jones (1991) and Homann et al. (1995).

Other missing data were interpolated between mea-

surements of adjacent horizons.

Monthly temperatures and precipitation, MAT

and MAP for pedon locations were obtained from

the Oregon Climate Service (Corvallis, OR), which

uses the Parameter-elevation Regression on Inde-

pendent Slopes Model (PRISM) to generate climate

layers (Daly et al. 1994). PRISM generates 4-km2

gridded estimates of climate variables using 1961–

1990 point data from US Historical Climate Net-

work Weather Stations. To assess the suitability of

PRISM for our purposes, we obtained 1961–1990

30-year averages for MAT and MAP from 47 US

Weather Service stations located in separate states

across the USA (National Oceanic and Atmospheric

Administration’s US Divisional and Station Climate

Data and Normals, on CD-ROM, December, 1994).

These stations were not part of the US Historical

Climate Network, and therefore, were independent

of the data used by PRISM. PRISM estimates and

the independent weather station data values were

highly correlated (r = 0.99) for both MAP and

MAT, thereby substantiating the use of PRISM

values for our study.

We divided the conterminous USA into seven

general ecological regions (Fig. 1) based on geo-

graphic location and dominant natural vegetation by

combining 76 major ecoregions of the US Environ-

mental Protection Agency. The general regions were

NWF, northwest coniferous forests; WMF, western

mountain forests; WDS, western desert, shrub,

steppe, chaparral, and grassland; NPG, northern

plains and grasslands; SPG, southern plains and

grasslands; NEF, northeastern deciduous and conif-

erous forests; SEF, southeastern deciduous and

coniferous forests. Actual vegetation of pedons

within a region may differ from the general regional

vegetation, but information to identify pedon-specific

vegetation and land-use history was limited. Soil C

and N characteristics for these regions are given in

Table 1.
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Statistical analyses

For the conterminous USA and for each region

individually, we conducted forward stepwise regres-

sion analysis (Statistix, Analytical Software, Talla-

hassee FL, USA) of each dependent variable

(logSOC20, logSOC100, logN20, C/N20) with four

independent variables (logMAP, MAT, logClay20 or

logClay100, logSilt20 or logSilt100), using a criterion

of P < 0.05 to enter variables into or remove variables

from a regression equation. We also conducted an

analysis with logSOC20 vs. logAET, T/P Index,

logClay20, and logSilt20. Other transformations of

variables and more complex equations containing

polynomial and interaction terms were evaluated, too;

but they were not pursued because but they did not

consistently yield greater explanatory capability. To

assess multicolinearity of independent variables (Zar

1999), Pearson correlation coefficients were moni-

tored; only the correlation between logMAP and

MAT in the NEF region, and logAET and T/P Index

in NEF and SEF regions, exceeded the guideline of

|r| < 0.7 used in previous soil–climate analyses

(Grigal and Ohmann 1992; Homann et al. 1995). To

represent the conterminous USA, we randomly

selected 165 pedons from each region for the C

analyses and 120 pedons from each region for the N

analyses; this precluded regions with high number of

pedons from biasing the results.

To assess differences between regions, we calcu-

lated the least significant difference (LSD) between

regression coefficients of different regions as fol-

lows:

LSD ¼ 20:5 � SEpooled � t

where SEpooled is the standard error of the regression

coefficient, pooled across all regions having signif-

icant (P < 0.05) regression coefficients, and t is the

two-tailed t-value for a = 0.05 and df associated with

SEpooled. To assess the relative importance of an

independent variable in explaining the variation in

SOC, we calculated the difference between adjusted

r2 of the regression models with and without the

variable of interest.

Results and discussion

Soil C and climate

For the conterminous USA, SOC20 was positively

related to MAP (Table 2). A positive relation also

occurred in each region, but the quantitative relation

differed among some regions (Table 2, Fig. 2).

Except for NWF, logMAP regression coefficients

were lower for SOC100 than SOC20 (Tables 2 and 3),

supporting the concept that the relative influence of

precipitation on SOC decreases with greater soil

depth (Jobbágy and Jackson 2000).

The increases of SOC20 and SOC100 with MAP in

most USA regions are consistent with the numerous

studies that have found SOC to increase with

precipitation. This relation has been observed previ-

ously in the NPG and SPG regions and some of their

subregions (Burke et al. 1989; Sims and Nielsen

1986), and in subregions of the NWF (Homann et al.

1995; Sun et al. 2004), NEF (Grigal and Ohmann

1992), and WMF (Conant et al. 1998). In an

evaluation of the conterminous USA using general-

ized soil properties from STATSGO, the state

geographic soils database, Guo et al. (2006) found

SOC increased up to 85 cm MAP, then fluctuated

with further increases in MAP. In contrast, our

analysis (Tables 2 and 3) shows SOC increases with

MAP both above and below 85 cm MAP, based on

responses in NWF, NEF, and SEF, which tend to

have higher MAP than other regions (Fig. 2). Similar

positive relations of SOC with MAP have been

observed in other countries, including the Swiss Alps

(Perruchoud et al. 2000), Spain (Hontoria et al. 1999),

Sri Lanka (Somaratne et al. 2005.), India (Miller et al.

2004), and China (Xie et al. 2004; Dai and Huang
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Fig. 1 Geographic extent of seven general ecological regions

within the conterminous USA
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2006), and in subglobal (Jobbágy and Jackson 2000)

and global evaluations (Miller et al. 2004 based on

the data of Post et al. 1982).

The positive relation of SOC with precipitation is

not universal, however. In Nordic soils, SOC is not

related to precipitation in fine textured soils, although

it is positively related in coarse-textured soils

(Callesen et al. 2003). In the Australian rain forest,

SOC is negatively related to precipitation (Spain

1990).

For the conterminous USA, SOC20 was negatively

related to increasing temperature (Table 2). A

negative relation also occurred in each region except

the NWF, where no relation was observed (Table 2,

Fig. 3); similar results were obtained when concen-

trations (g kg�1) of C, clay, and silt were used instead

of masses (kg m�2) (data not shown). Except for

WMF, MAT regression coefficients were lower for

SOC100 than SOC20 (Tables 2 and 3), supporting the

concept that the relative influence of temperature on

SOC decreases with greater soil depth (Jobbágy and

Jackson 2000). The decrease in SOC with increased

temperature in most USA regions is consistent with

similar patterns previously found in the NPG and

Table 1 Soil C and N

characteristics for the upper

20 cm and upper 100 cm of

mineral soil in the regions of the

conterminous USA

Region Number of pedons Mean SD Min Median Max

SOC20 (kg C m�2)

NWF 165 5.8 2.9 1.0 5.4 14.7

WMF 193 4.3 2.4 0.3 3.9 14.0

WDS 608 2.7 2.0 0.2 2.2 13.2

NPG 386 4.4 1.9 0.9 4.0 12.0

SPG 523 3.5 1.9 0.2 3.1 13.1

NEF 292 4.7 2.0 1.0 4.4 12.8

SEF 296 4.0 2.4 0.7 3.4 13.0

SOC100 (kg C m�2)

NWF 165 13.3 8.7 1.4 11.2 48.5

WMF 193 9.3 6.1 1.3 7.6 43.8

WDS 608 7.0 4.7 0.6 5.9 31.8

NPG 386 10.5 4.9 2.2 9.7 32.6

SPG 523 9.0 4.7 1.0 8.5 37.0

NEF 292 8.8 4.0 1.9 7.8 33.4

SEF 296 7.7 4.8 2.1 6.4 35.0

N20 (kg N m�2)

NWF 120 0.34 0.20 0.03 0.29 0.96

WMF 121 0.30 0.18 0.03 0.25 1.03

WDS 376 0.23 0.14 0.01 0.20 1.00

NPG 139 0.39 0.15 0.11 0.37 0.77

SPG 325 0.31 0.17 0.06 0.29 1.22

NEF 125 0.40 0.16 0.13 0.39 0.94

SEF 211 0.27 0.17 0.04 0.23 0.91

C/N20 (kg C kg�1 N)

NWF 120 19.3 5.7 9.8 18.6 33.5

WMF 121 16.2 5.1 8.3 15.8 32.2

WDS 376 11.5 3.1 7.0 10.9 33.6

NPG 139 10.9 1.6 7.1 10.7 18.4

SPG 325 11.4 2.1 7.3 11.1 26.0

NEF 125 13.4 4.2 8.4 12.3 31.5

SEF 211 16.0 5.5 7.5 15.2 34.6
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SPG (Burke et al. 1989), a subregion of WMF

(Conant et al. 1998), southern Spain (Hontoria et al.

1999; Ganuza and Almendros 2003), Alaska (Kane

et al. 2005), India (Miller et al. 2004), Australian rain

forest (Spain 1990) and subglobally and globally

(Jobbágy and Jackson 2000; Miller et al. 2004).

In contrast, the NWF region SOC showed no

relation with temperature. This may be the result of

subregions that have contrasting relations. Previous

studies in subregions of NWF found either negative

(Douglas et al. 1998; Homann et al. 2004) or positive

relations (Homann et al. 1995). A positive relation of

SOC with temperature has also been observed in

Finland forests (Liski and Westman 1997). In an

evaluation of the conterminous USA using generalized

soil properties from STATSGO, SOC did not exhibit a

consistent upward or downward trend with MAT, but

fluctuated over the range of MAT (Guo et al. 2006).

Further, in a reassessment of Post’s (1982, 1985) data

set, Kirschbaum (2000) found some moisture-deter-

mined biomes showed SOC decreased with increased

temperature, while other biomes had inconsistent

trends of SOC with increased temperature.

Causes of regional differences

The negative relation of SOC to MAT in six of the

seven regions (Tables 2 and 3) suggests increased
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Fig. 2 Soil organic C in the upper 20 cm of mineral soil

(SOC20) as related to mean annual precipitation (MAP) in

seven ecological regions within the conterminous USA. Lines

span the range of MAP in each region. Values are for

MAT = 10�C, Clay20 = 30 kg m�2, and Silt20 = 80 kg m�2

Table 2 Regression coefficients and their standard errors (SE) for log(SOC20, kg C m�2 in upper 20 cm of mineral soil) in

conterminous USA and its regions, with MAP and MAT as explanatory climatic variables

Region Intercepta Coefficientsa Adj r2 n

logMAP MAT logClay20 logSilt20

USA �0.70 0.57 �0.021 0.15 0.10 0.37 1155

SE 0.06 0.03 0.001 0.02 0.03

NWF �0.46b 0.49 0.14 0.30 165

WMF �0.92 0.27c �0.012c 0.18 0.44 0.23 193

WDS �1.48 0.63 �0.016 0.24 0.35 0.52 608

NPG �0.70 0.85 �0.055 0.17 0.28 386

SPG �1.00 0.66 �0.029 0.40 0.45 523

NEF �1.92 1.35 �0.039 0.14 0.21 292

SEF �2.42 1.56 �0.026 0.06c 0.23 296

SEpooled 0.23 0.12 0.004 0.03 0.06

LSDd 0.32e 0.011e 0.09e 0.16

a Regression equations are of the form: log(SOC20, kg C m�2 in upper 20 cm of mineral soil) = intercept + coefficient · log(MAP,

cm year�1 ) + coe ffic ien t · (MAT, �C) + coe ffic ien t · l og (Clay 2 0 , kg m�2 in upper 20 cm of mine ra l

soil) + coefficient · log(Silt20, kg m�2 in upper 20 cm of mineral soil)
b P < 0.01 and cP < 0.05. For other coefficients and intercepts, P < 0.001. Coefficients with P > 0.05 are not shown and not

included in equations
d LSD, least significant difference (P < 0.05) within a column between regions
e There is a difference between at least two regions with non-zero coefficients
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temperature generally enhances decomposition more

than detrital production, thereby causing decreased

SOC. In the coniferous forests of the NWF region,

however, temperature-sensitive faunal processes may

moderate the negative SOC–MAT relation.

Specifically, native fauna stimulate forest floor turn-

over and mixing of surface organic matter into the

mineral soil (Reich et al. 2005). But limited mixing

by native fauna in cold areas (Eisenhauer et al. 2007)

may effectively suppress detrital input into the

mineral soil. In warmer areas, a greater fraction of

the surface detritus becomes mixed with the mineral

soil, balances the enhanced decomposition from

higher temperature, and results in no response of

SOC to MAT (Tables 2 and 3).

Alternatively, the different SOC–MAP–MAT rela-

tions among regions may occur because the annual

climatic values do not adequately represent the

influence of climate on production and decomposition

processes. In landscapes with minor erosion and

sediment deposition, SOC occurs from a long-term

imbalance between detrital production by plants and

detrital decomposition by microorganisms (Sollins

et al. 1996). Seasonal interactions of temperature and

moisture, which are not reflected in MAP and MAT,

are the specific conditions to which plants and

microorganisms respond. Seasonalities of tempera-

ture and precipitation are likely to result in different

SOC in spite of the same mean annual values; e.g.,
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Fig. 3 Soil organic C in the upper 20 cm of mineral soil

(SOC20) as related to mean annual temperature (MAT) in seven

ecological regions within the conterminous USA. Lines span

the range of MAT in each region. Values are for MAP = 75 cm,

Clay20 = 30 kg m�2, and Silt20 = 80 kg m�2

Table 3 Regression coefficients and their standard errors (SE) for log(SOC100, kg C m�2 in upper 100 cm of mineral soil) in

conterminous USA and its regions

Region Intercepta Coefficientsa Adj r2 n

logMAP MAT logClay100 logSilt100

USA �0.29 0.33 �0.016 0.08 0.22 0.25 1155

SE 0.07 0.03 0.002 0.02 0.03

NWF �0.70b 0.52 0.27 0.27 165

WMF �0.43b �0.014b 0.16 0.43 0.32 193

WDS �1.14 0.41 �0.014 0.22 0.37 0.53 608

NPG �0.59 0.55 �0.041 0.26 0.12c 0.30 386

SPG �0.53 0.37 �0.026 0.45 0.51 523

NEF �1.27 1.05 �0.020 0.10b 0.12 292

SEF �1.67 1.34 �0.021 0.18 296

SEpooled 0.22 0.11 0.004 0.04 0.04

LSDd 0.31e 0.011e 0.10e 0.12e

a Regression equations are of the form: log(SOC100, kg C m�2 in upper 100 cm of mineral soil) = intercept + coefficient ·
log(MAP, cm year�1) + coefficient · (MAT, �C) + coefficient · log(Clay100, kg m�2 in upper 100 cm of mineral

soil) + coefficient · log(Silt100, kg m�2 in upper 100 cm of mineral soil)
b P < 0.01 and c P < 0.05. For other coefficients and intercepts, P < 0.001. Coefficients with P > 0.05 are not shown and not

included in equations
d LSD, least significant difference (P < 0.05) within a column between regions
e There is a difference between at least two regions with non-zero coefficients
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the magnitude of change in SOC in response to

change in MAT depends on the seasonal amplitude of

temperature (Kirschbaum 2000).

We hypothesized that climate variables that

incorporate the seasonal interactions of temperature

and precipitation would yield a single SOC–climate

relation across regions, in contrast to the different

relations among regions when MAP and MAT are

used (Tables 2 and 3). We used AET and a monthly

based temperature/precipitation index to aggregate

the seasonal interactions. AET reflects biological

activity as both net primary production and decom-

position are related to it (summarized by Schlesinger

1997). The temperature/precipitation index may

reflect a greater response of decomposer microor-

ganisms to temperature increases, but a greater

response of plant producers to moisture increases.

Although SOC20 was positively related to AET

and negatively related to temperature/precipitation in

all regions (Table 4), a single SOC–climate relation

did not occur across all regions. Instead, the differ-

ences in coefficients between some regions caused a

rejection of our hypothesis and indicate the impor-

tance of other soil forming factors in differentiating

the regions. For example, vegetation composition

affects detrital production, above- and belowground

partitioning of detrital deposition, decomposability of

detritus, and soil microclimate impacts on decompo-

sition rates; cumulatively these result in different

amounts of SOC under the same climate (Cole et al.

1995; Ganuza and Almendros 2003; Homann and

Grigal 1996; Kulmatiski et al. 2004; Jobbágy and

Jackson 2000; Rothe et al. 2002). Under the different

climates within and between regions, varying cli-

mate-induced vegetation composition and the corre-

sponding C-influencing attributes may result in the

different SOC–climate relations among regions.

These interpretations assume that the regional

differences are real, rather than statistical artifacts

caused by different ranges of the independent vari-

ables. The NWF region did not show a relation of

SOC20 with temperature, whereas all other regions

had a negative relation (Table 2). We reassessed

pedons from the zone where the other regions

overlapped with the NWF climatic envelope, roughly

1–14�C and 1.6 to 2.2 log(MAP, cm/year). For the

131 NWF pedons in this zone, SOC20 was not related

to MAT (P = 0.4), whereas for 131 pedons from the

other regions in this zone, there was a negative

relationship with MAT (P = 0.03). These different

regional responses under a constrained climatic zone

suggest the differences between regions are not a

statistical artifact, but are due to inherently different

relations with climate.

Soil N and climate

Comparison of the N20 and SOC20 regression coef-

ficients for the conterminous USA and individual

regions indicated N20 was less responsive than SOC20

to logMAP but equally responsive to MAT (Tables 2

and 5). The greater responsiveness of SOC20 than N20

to logMAP resulted in C/N20 being positively related

to MAP in four of the regions and across the entire

USA (Table 6). In contrast, MAT regression coeffi-

cients were similar for N20 and SOC20 in all regions

except NEF, resulting in limited relation of C/N20 to

MAT (Table 6). The increase in C/N with precipi-

tation and decrease with temperature we observed

over the conterminous USA has been observed in

subregions of the NWF (Jenny 1980), NPG and SPG

(Honeycutt et al. 1990; Miller et al. 2004), India

(Miller et al. 2004), and globally (Miller et al. 2004).

Texture relations

For the conterminous USA, SOC20 was positively

related to both clay and silt (Table 2). A positive

relation with clay occurred within each region

(Table 2, Fig. 4). Highest regression coefficients

occurred in the warm, dry WDS and SPG regions and

the lowest in the warm, moist SEF region. Differ-

ences among regions may be related to clay miner-

alogy. The low proportions of illite and smectite in

the SEF region (Birkland 1999), and conversely

presence of less reactive clay minerals (Richter et al.

1999), may suppress the clay influence on organic

matter accumulation and stability. SOC20 was also

related to silt in three dry regions. The texture

relations with SOC100 were similar to those for

SOC20, with the exception that SOC100 was not

related to clay in NWF and SEF (Table 3).

Comparison of the N20 and SOC20 regression

coefficients for the conterminous USA indicated N20

was more responsive than SOC20 to clay and silt

(Tables 2 and 5). This was also reflected in many of

the regional coefficients. The more positive respon-

siveness of N20 than SOC20 results in C/N20 being
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Table 5 Regression coefficients and their standard errors (SE) for log(N20, kg N m�2 in upper 20 cm of mineral soil) in conter-

minous USA and its regions

Region Intercepta Coefficientsa Adj r2 n

logMAP MAT logClay20 logSilt20

USA �1.76 0.39 �0.021 0.33 0.10 0.43 840

SE 0.07 0.03 0.002 0.02 0.03

NWF �2.24 0.37 0.52 0.31 120

WMF �1.64 �0.012c 0.33 0.35b 0.30 121

WDS �2.26 0.39 �0.019c 0.22 0.41 0.52 376

NPG �2.01 0.83 �0.040 0.27 0.47 139

SPG �1.82 0.60 �0.036 0.50 �0.10c 0.49 325

NEF �0.40b �0.009 0.26 �0.18c 0.19 125

SEF �2.50 0.95 �0.035 0.27 0.38 211

SEpooled 0.25 0.13 0.005 0.04 0.07

LSDd 0.36e 0.013e 0.12e 0.19e

a Regression equations are of the form: log(N20, kg N m�2 in upper 20 cm of mineral soil) = intercept + coefficient · log(MAP,

cm yea r�1 ) + coe ffic ien t · (M AT, �C) + coe ffic ien t · l og (Clay 2 0 , kg m�2 in uppe r 20 cm of minera l

soil) + coefficient · log(Silt20, kg m�2 in upper 20 cm of mineral soil)
b P < 0.01 and c P < 0.05. For other coefficients and intercepts, P < 0.001. Coefficients with P > 0.05 are not shown and not

included in equations
d LSD, least significant difference (P < 0.05) within a column between regions
e There is a difference between at least two regions with non�zero coefficients

Table 4 Regression coefficients and their standard errors (SE) for log(SOC20, kg C m�2 in upper 20 cm of mineral soil) in

conterminous USA and its regions, with AET and T/P Index as explanatory climatic variables

Region Intercepta Coefficientsa Adj r2 n

logAET T/P Index logClay20 logSilt20

USA 0.85 0.34 �1.11 0.11 0.10 0.37 1155

SE 0.10 0.04 0.05 0.02 0.03

NWF 0.16d 0.77 �0.81 0.10c 0.37 165

WMF �1.00c 0.86b �0.68 0.21 0.34 0.26 193

WDS �0.80 0.57 �0.59 0.23 0.35 0.49 608

NPG 1.91 0.49 �2.17 0.16 0.28 386

SPG 0.46c 0.43 �1.16 0.40 0.46 523

NEF 1.01b 1.21b �2.61 0.14 0.18 292

SEF 0.96c 0.86c �1.87 0.05c 0.20 296

SEpooled 0.30 0.21 0.23 0.03 0.06

LSDe 0.59f 0.64f 0.09f 0.17

a Regression equations are of the form: log(SOC20, kg C m�2 in upper 20 cm of mineral soil) = intercept + coefficient · log(AET,

cm year�1 ) + coeffic ient · (T /P Index) + coeffic ien t · log(Clay 2 0 , kg m�2 in upper 20 cm of minera l

soil) + coefficient · log(Silt20, kg m�2 in upper 20 cm of mineral soil). T/P Index = [10monthly temperature (�C)/100]/

[10monthly precipitation (cm)/100], averaged over all months
b P < 0.01, c P < 0.05, d P > 0.05 (intercept only). For other coefficients and intercepts, P < 0.001. Coefficients with P > 0.05 are

not shown and not included in equations
e LSD, least significant difference (P < 0.05) within a column between regions
f There is a difference between at least two regions with non-zero coefficients
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negatively related to clay in six regions and to silt in

two regions (Table 6).

The positive relations of SOC and N with clay

have been observed previously in subregions of NEF

(Grigal and Ohmann 1992), NPG and SPG (Burke

et al. 1989; Franzmeier et al. 1985; Nichols 1984),

Australian rainforest (Spain 1990), Denmark (Soren-

sen 1981), and the Netherlands (Hassink et al.

1993). The relations are not universal, however. In

New Zealand grasslands, clay, temperature and

precipitation explained little of the variation in

SOC; in contrast, allophane and extractable alumi-

num explained more than half of the variability

(Percival et al. 2000). The negative relation of C/N

with increased clay and silt (Table 6; Hassink et al.

1993; Jenny 1941) is consistent with C/N ratios of

separated particle-size fractions decreasing from

sand to silt to clay (Amelung et al. 1998; Hassink

et al. 1993).

Across the entire USA, clay and silt made minor

contributions to explaining SOC variability compared

with precipitation and temperature (Fig. 5). However,

the relative importance of climatic and soil textural

variables in explaining SOC varied substantially

among regions (Fig. 5). Clay was as important as

climate in SPG, and clay plus silt were more

important than climate in WMF.

Table 6 Regression coefficients and their standard errors (SE) for C/N20 (kg C kg�1 N in upper 20 cm of mineral soil) in con-

terminous USA and its regions

Region Intercepta Coefficientsa Adj r2 n

logMAP MAT logClay20 logSilt20

USA 14.8 6.5 �0.07c �5.9 �1.6c 0.41 840

SE 1.3 0.5 0.03 0.4 0.6

NWF 38.7 �10.9 0.24 120

WMF 4.3d 11.1 �5.9 0.44 121

WDS 8.3 4.7 �2.4 0.12 376

NPG 17.2 �3.5 0.20 139

SPG 2.4d 6.2 �1.3 0.22 325

NEF 32.6 �0.23c �4.3 �5.2 0.32 125

SEF �15.0d 19.0b �6.1 0.22 211

SEpooled 5.2 2.8 0.10 0.7 1.6

LSDe 7.8f 1.8f 4.6f

a Regression equations are of the form: C/N20 (kg C kg�1 N in upper 20 cm of mineral soil) = intercept + coefficient · log(MAP,

cm yea r�1 ) + coe ffic ien t · (M AT, �C) + coe ffic ien t · l og (Clay 2 0 , kg m�2 in uppe r 20 cm of minera l

soil) + coefficient · log(Silt20, kg m�2 in upper 20 cm of mineral soil)
b P < 0.01, c P < 0.05, d P > 0.05 (intercept only). For other coefficients and intercepts, P < 0.001. Coefficients with P > 0.05 are

not shown and not included in equations
e LSD, least significant difference (P < 0.05) within a column between regions
f There is a difference between at least two regions with non-zero coefficients
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Fig. 4 Soil organic C in the upper 20 cm of mineral soil

(SOC20) as related to clay in the upper 20 cm of mineral soil

(Clay20) in seven ecological regions within the conterminous

USA. Lines span the range of clay in each region. Values are

for MAT = 10�C, MAP = 75 cm, and Silt20 = 80 kg m�2
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Application of relations

Our regional relations allow a preliminary projection

of long-term mineral–SOC response to climate

change. As an example, we used a climate change

scenario presented by Smith et al. (2005). This

scenario was based on the University of Illinois at

Urban Champagne general circulation model, a

global mean temperature increase of 2.5�C, IS92a

forcing assumptions, and a pattern scaling method to

produce regional change patterns of both temperature

and precipitation, which are presented for our regions

in Table 7. This scenario in combination with the

region-specific SOC equations (Table 3) indicate an

increase in SOC100 in two regions, a decrease in three

regions, and minimal change in the two remaining

regions (Table 7). Similarly, in addressing whether

soils will store more or less C in response to global

warming and increased carbon dioxide, Kirschbaum

(2000) concluded there are likely to be important

differences among global regions. In addition, our

assessment indicates the importance of considering

region-specific responses versus applying generalized

relations. Compared with the regional relations, the

application of a general USA equation (Table 3) or

global equation (Miller et al. 2004) results in different

directions and magnitudes of SOC change in many of

the regions (Table 7). Thus, the use of a generalized

SOC equation, or extrapolation from one area to

another, may yield misleading results in projecting

long-term SOC change.

The C/N relations may be useful for other

investigations of environmental change. In an assess-

ment of recent C sequestration, De Vries et al. (2006)

used soil C/N ratios and soil N retention estimates to

calculate soil C changes across European forests. A

model incorporating variable soil C/N ratios explains

inter-regional variation in stream nitrate in the United

Kingdom (Evans et al. 2006). Similar assessments in

the USA may make use of our soil C/N equations to

estimate soil properties over broad areas and their

influence on water quality. The integration of

regional C/N equations with spatial data bases of

soil C (Guo et al. 2006; Johnson and Kern 2003) and

climate (Kittel et al. 2004) will allow the spatial

distribution of surface soil N to be mapped and

compared with coarser scale assessments (Batjes

1996; Post 1985).
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Fig. 5 Contribution of individual explanatory variables to

explaining variance of soil organic C in the upper 20 cm of

mineral soil (SOC20). Values do not add to 100% because of

interactions among explanatory variables

Table 7 Projected regional change of SOC100 in response to climate change, based on regional, USA, and global soil–climate

equations

Region Increase in MAPa

(cm year�1)

Increase in

MATa (�C)

% Change in SOC100,

regional equationsb
% Change in SOC100,

USA equationb
% Change in SOC100,

global equationb

NWF 30 2.5 12 �2 �4

WMF 30 2.3 �7 4 �4

WDS 30 2.3 21 14 26

NPG 15 2.0 �4 2 �2

SPG 20 1.7 0 3 4

NEF 10 2.0 1 �4 �6

SEF 5 2.2 �5 �6 �6

a Climate change scenario derived from Smith et al. (2005)
b Regional and USA equations from Table 3; global equation from Miller et al.’s (2004) Holdridge analysis
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The influence of land-use change on SOC is not

addressed in our equations and requires additional

consideration. The SOC loss as a result of cultivation

increases with increased precipitation, although the

relation is highly curvilinear (Burke et al. 1989;

Miller et al. 2004). Burke et al. (1989) found

cultivation-induced SOC loss to increase with silt

and decrease with clay. Given that both silt and clay

differ among general soil texture categories, cultiva-

tion-induced SOC loss may not differ among some

categories.

The soil–climate–texture relations provide a con-

text for considering mechanisms and processes that

determine soil C and N pools, such as soil

respiration associated with soil C pools and intra-

annual climate patterns (Conant et al. 1998), multi-

ple mechanisms by which organic matter is stabi-

lized by clays (Hassink et al. 1993; Plante et al.

2006), and relations of different soil organic frac-

tions to climate and particle-size fractions (Amelung

et al. 1997, 1998; Franzluebbers et al. 2001).

However, as with other broad-area statistical studies

of controls on SOC and soil N (Burke et al. 1989;

Dai and Huang 2006; Grigal and Ohmann 1992;

Homann et al. 1995), our relations do not necessar-

ily indicate direct cause-and-effect associations.

Factors correlated with our independent variables

may influence SOC and soil N. For example, within

the NEF and SEF regions, a high-elevation forest

that received approximately twice as much precip-

itation as other forests also received three times as

much atmospheric N deposition (Johnson and Lind-

berg 1992). Enhanced N inputs may increase soil N

and the stability of soil organic matter (Homann

et al. 2001; Swanston et al. 2004).

Our regional relations provide a basis to expand

application of dynamic soil organic models through-

out the conterminous USA, by providing information

against which to calibrate and test the models. This

has been accomplished in the combined NPG and

SPG regions, for which Burke et al. (1989) demon-

strated agreement of observed soil–climate relations

with those generated by the Century model of soil

organic matter dynamics (Parton et al. 1987). The

models incorporate multiple processes that influence

SOC and soil N, and allow investigation of interact-

ing variables, such as rising carbon dioxide, temper-

ature and N inputs on grassland and forest C-budgets

(Pepper et al. 2005).

Conclusions

Using a consistent methodology, we found differ-

ences among seven USA regions in the relation of

mineral-soil C and N to temperature, precipitation,

clay and silt. Contrary to our hypothesis that relations

of C to process-related climatic variables would be

consistent across the regions, we also found regional

differences in C relations with evapotranspiration and

a temperature/precipitation index. The specific causes

for the regional differences remain to be determined,

although differential faunal mixing of surface organic

horizons with mineral soil, clay mineralogy, and

vegetation composition are likely contributing fac-

tors. Over the entire USA, climate was more impor-

tant than soil texture in explaining the variability in

soil C, but distinct differences occurred among

regions.

Our study complements recent broad-area studies

that found SOC–climate relations differ among

regions of China (Dai and Huang 2006) and between

vegetation types in the conterminous USA (Guo et al.

2006). Our study differs from the conterminous-USA

evaluation of Guo et al. (2006) by using pedon data

rather than generalized soil data, and by considering

soil N and soil C/N, in addition to SOC. The

continental-USA scale of our evaluation fills a gap

between regional- and global-scale assessments of

soil–climate–texture relations (Burke et al. 1989;

Grigal and Ohmann 1992; Homann et al. 1995; Jenny

1941; Miller et al. 2004; Post et al. 1982, 1985).

Compared with generalized global or continental

equations, the region-specific quantitative relations

produce refined estimates of potential changes in soil

C and N in response to environmental change. This is

particularly important given that soil is the largest

terrestrial C and N pool, and soil responses to climate

change may vary among regions. In addition, the

relations may be applied to ecosystem model cali-

bration, testing, or development. They may be used in

investigations of the spatial distribution of soil N

within the USA and its consequences on landscape-

scale biogeochemical processes.
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