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Objective: The goal of this study was to test for the effects of land use and soil type on soil organic carbon (SOC)
and total soil nitrogen (N) stocks in an arid regionwith a longhistory of cultivation and animal husbandry. Arid to
semi-arid landscapes cover a large proportion of the Earth's surface and are sensitive to agricultural intensifica-
tion and projected changes in climate, yet data on landscape controls on SOC and N remain scarce.
Methods:We used a state factor approach to study the effects of soil type and land use on surface SOC and total
soil N (0–25 cm) across 35 sites in a 200 km2 area in the Konya Basin, an important agricultural region of Turkey.
Using Landsat-based land cover maps, we identified three representative land uses – annual-crop agriculture,
orchards and grazing lands – stratified across Aridisols formed on three different parent materials: alluvial
clay-loam, lacustrine clay and terrace sandy loam soils.
Results: SOC andN stocks depended strongly on soil typewith strong interactions between soil type and land use.

On alluvial soils, grazing land SOC andN stockswere 37% and 23% greater, respectively, than those of agricultural
sites and 63% and 50% greater than at orchard sites. In contrast, agricultural sites on lacustrine soils contained 41%
more SOC and 42% more soil N. There were no land use effects on terrace soils. The vertical distribution in SOC
and N within the top 25 cm, representing the plow layer in the agricultural sites, differed by soil type and land
use.
Conclusions: Soil type best explained landscape-scale variability of SOC and N stocks. Interactions between soil
type and land use indicate that the long-term effects of land use on SOC and N were mediated by soil type.
Differences in SOC and N stocks across soil types even within the same soil order highlight the importance of
identifying pedogenic differences in soil properties, such as texture and mineralogy, which can influence the
response of SOC and N to land use.
Practice implications:Our study contributes baseline data on SOC and N for a semi-arid region, which can be used
to aid development of landscape-scale models of SOC and N dynamics and inform land management. Our data
reveal that assessments of regional land use effects on SOC and N in arid to semi-arid environments should ac-
count for landscape to regional variability in soils developing on different geomorphic surfaces and parent
materials.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Arid and semi-arid ecosystems cover about 41% of the global land
surface, are home to 38% of the world's human population and produce
regionally and globally important quantities of cereals and livestock
products (Koohafkan et al., 2008; Reynolds et al., 2007). Population
growth and rising demand for food and biofuels are driving intensified
al Sciences, Brown University,
agricultural and livestock production, worldwide (Koohafkan et al.,
2008). Expansion and intensification of agriculture and grazing in arid
to semi-arid regions have contributed to increased salinization, soil ero-
sion, and loss of soil nutrients, threatening continued productivity
(Evrendilek and Ertekin, 2002; Lal, 2002a; Matson et al., 1997;
Reynolds et al., 2007). Availability of data at landscape spatial scales
(10 s–100 s km2) to assess net effects of long-term land use on the cur-
rent state of soil organic carbon (SOC) and soil nitrogen (N) is limited in
arid to semi-arid regions. Such baseline data are necessary to under-
stand the effects of multiple land uses across diverse regional soil
types, validate landscape-scale models of SOC and soil N dynamics,
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and determine best management practices for soil conservation and the
potential for C sequestration (Stockmann et al., 2013).

In arid to semi-arid ecosystems, concentrations of soil nutrients and
SOC showhigh spatial variability,which is often attributed to patchiness
of vegetation (Wiesmeier et al., 2009) and are generally lower than in
more humid ecosystems (Lal, 2002a; Schlesinger et al., 1996; Vinton
and Burke, 1995). At regional and landscape scales, variations in soil
texture and mineralogy due to topography, geomorphology and parent
material differences affect processes such as soil aggregation and
organo-mineral complexation that protect soil organic matter from de-
composition and lead to the accumulation of SOC and N (Bouajila and
Gallali, 2010; Kölbl et al., 2011; Palm et al., 2007; Schmidt et al., 2011;
Six et al., 2002).

Previous research on the effects of agriculture and animal husbandry
in arid and semi-arid steppe and grassland ecosystems generally has re-
ported reductions of SOC and N stocks in intensively used sites com-
pared to less intensively managed soils (Conant et al., 2001; Reynolds
et al., 2007; Schlesinger et al., 1990). Reductions in plant litter inputs
and soil structure disruption due to overgrazing and mechanized culti-
vation can lead to erosion and SOC losses (Conant and Paustian, 2004;
Lal, 2002b;Matson et al., 1997). On the other hand, practices such as ro-
tational grazing and reduced tillage can lead to SOC and N recovery
(Alvaro-Fuentes et al., 2009a,b; Ryan et al., 2008; Zibilske et al., 2002;
Ziter and MacDougall, 2013).

Currently, there is limited understanding of the within-landscape
variability of SOC, N and other biogeochemical properties and of the
effects of multiple land uses on SOC and N stocks in many arid to
semi-arid ecosystems (but see Wiesmeier et al., 2009, 2011, 2013). Na-
tional and landscape-scale models that estimate SOC and N based on
biogeoclimatic variables alone (e.g., Evrendilek et al., 2007 for Turkey)
and models that quantify land use effects at the farm scale (e.g.
CENTURY, Roth-C) require validation with appropriate landscape-scale
environmental data (Stockmann et al., 2013). In a recent study in
Tunisia, Bouajila and Gallali (2010) reported variations in SOC by nearly
50% across soil types, and by a factor of six across land use conversions
from forest to grazing and agricultural lands. Such data help provide a
scientific basis for landmanagers to structure agricultural development
plans or prioritize regions for soil conservation efforts, and for ecosys-
tem modelers to estimate the consequences of land-use change for
local soil fertility or globally relevant soil greenhouse gas emissions.

The objective of our study was to examine the influence of land use
and soil type on SOC and N in the Great Konya Basin of south central
Turkey, an arid landscape with a long legacy of agriculture and animal
husbandry. We measured soil bulk density, pH, total C, SOC and total
N to a depth of 25 cm at 35 field sites stratified across three representa-
tive land uses – agriculture, grazing and orchard cultivation – and soils
developed on three different parent materials. This is one of the first
landscape-scale studies in the region that addresses both land use and
pedogenic effects on soil properties. In Turkey, between 54 and 87% of
all lands and 76% of agricultural lands are estimated to be vulnerable
to erosion, with hazards for land degradation highest inmarginal inland
regions that are farmed and grazed intensively (Cangir et al., 2000; Lal,
2002a). The lack of spatially explicit, empirical data on soil C and N in
the Konya Basin—an important region for cereal and livestock produc-
tion in Turkey—limits evaluations of land use and soil conservation
management.

2. Methods

2.1. Study area

We focused our research on the eastern portion of the Konya Basin,
around the city of Eregli in Konya Province, located in south-central
Turkey (Fig. 1). Regional climate is temperate and arid, classified as
cool temperate steppe byHoldridge life zone.Mean annual temperature
was 10.7 °C and precipitation was 326 mm for the 1960–1990 period
(CRU, 2010). Complex geology and a long legacy of human land use
make the Konya Basin an ideal natural laboratory for studying the ef-
fects of land use and soil parent material on soil carbon and nitrogen
within the same climatic region.

The basin's geological history has yielded a landscape with diverse
soils occurring in an area with fairly uniform modern-day climate
conditions. The basin is tectonic in origin, bounded to the south by the
TaurusMountains, composed of late Cretaceous limestones, sandstones,
shales and metamorphic strata, and to the north by the Pontic Moun-
tains and Karapinar volcano fields, composed of Tertiary–Quaternary
volcanic materials, and bordered by Neogene limestone terraces (De
Meester, 1970). During the Pleistocene, much of the basin center was
covered by a shallow lake. With weathering and sedimentation, por-
tions of the basin have collected mixtures of geologic materials eroded
frommarine strata, volcanic deposits and carbonate-rich lacustrine sed-
iments, on which a variety of soils have developed. We studied three
different soils derived from alluvial, lacustrine and volcaniclastic-
limestone materials on terraces, all classified as Aridisols, which differ
in their soil texture, landscape position and other properties (Fig. 1;
Table 1; De Meester, 1970).

The Konya Basin has a long history of human land use. One of the
largest Neolithic settlements found to date in western Asia is located
at Catalhuyuk between Eregli, Karapinar and Karaman, and dates back
to 7500 BC (Boyer et al., 2006; Zeder, 2011). There is evidence of signif-
icant animal husbandry activities from excavations around Catalhuyuk
and debated domestication of cattle (Zeder, 2011). Agriculture has
been widespread in the Konya Basin at least since the Hittite period
(1200 BC), but probably earlier. As of 2000, the population of the
Konya Basinwas over onemillion people (KPCC, 2012). Konya Province,
of which the Konya Basin is a large part, is the largest gross producer of
wheat among all provinces in Turkey and contributes 10% of Turkey's
total agricultural production (KPCC, 2012). Aside from urban centers,
which currently occupy a small portion of the basin area, the three dom-
inant land-use activities in the basin are agriculture, livestock grazing or
herding, and orchard cultivation (Mayes, 2011). Agriculture and grazing
practices are similar throughout the study area (Table 1). Grazing occurs
almost everywhere outside of the cities, except in fenced fields and or-
chards. On alluvial soils, often near or within towns such as Eregli, fruit
orchard cultivation is an extensive and economically important activity.

2.2. Identification of field sites

Following a state factor approach (Barthold et al., 2013; Jenny,
1994),we focused on parentmaterials and land use as independent var-
iables affecting soil properties, and attempted to control for the variabil-
ity of the remaining state factors (relief, climate, time) in the selection of
our field sites.We used a GIS to identify prospective locationswhere ag-
riculture, grazing and orchard cultivation occurred on the soil parent
materials of interest, and a combination of geospatial analyses, inter-
views andfield observations to select the sites. Areas of interestwere lo-
cated by overlaying a digitized, 1:200,000-scale soil map of the Konya
Basin (De Meester, 1970) with a new satellite-derived land cover map,
based on multi-temporal classification of Landsat-TM satellite imagery
for years 2006–2007 (Mayes, 2011). We restricted prospective regions
for field sites by elevation (between 950 and 1100 m above sea level)
and slope (between 0 and 3%) to control for relief, usingdigital elevation
data from the Shuttle Radar Topography Mission (Mayes, 2011). These
analyses made the landscape-scale problem tractable by isolating
three regions where all parent material–land use combinations could
be found, while relief and climate were reasonably controlled.

We collaborated with the City Engineer's Office in Eregli and
interviewed farmers to identify field sites within our regions of interest
whose land use practices were representative of general farming, graz-
ing or orchard cultivation practices in the area.We restricted our criteria
for field sites to control for confounding variations in landmanagement
practices asmuch as possible, particularly time. For agriculture sites, we
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Fig. 1. Locations of soil types and field sites in the Konya Basin, Turkey. We sampled 35 sites across three soil types and land uses, using satellite remote sensing analyses of land cover
(Mayes, 2011), a digitized 1:100,000 — scale soil map (De Meester, 1970), and digital elevation model to stratify the landscape and control for confounding variables such as slope.
Final choices of field sites were made in consultation with the City of Eregli Agricultural Engineer's Office and land owners.
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chose irrigated fields that had been cultivated continuously in 2–3 year
agriculture/fallow rotations through recent memory (at least since the
late 1960s), that were plantedwith winter wheat over 2009–2010, har-
vested in spring 2010 and left fallow over summer 2010 without ma-
nuring or other recent fertilization activities that could affect surface
soil nutrient contents on extremely short timescales. We constrained
our orchard sites to apple orchards, because they were the most preva-
lent and longest-lived (all sites N15 years).

2.3. Soil sampling

In total, we sampled 35 field sites: 5 sites representing prevalent ag-
riculture and grazing practices across alluvial, terrace and lacustrine soil
parent materials (5 sites × 2 land use types × 3 soil types), and 5 apple
orchards on alluvial soils around Eregli (Table 1). We sampled soils in
two depth intervals: 0–12.5 cm and 12.5–25.0 cm to represent depth
of plowing. Depth of the Ap layer (plow layer) was confirmed to be in
the top 20–30 cm by test soil pits at each site. Soil profiles were verified
against soil descriptions of the De Meester (1970) soil map units.

At each site, we collected soils over a 1-hectare area according to a
stratified random sampling design (Fig. 2). Each 1-hafield sitewas sam-
pled in two 50 × 100 m rectangles. For agriculture and grazing sites,
samples for total C, SOC and N were collected using a plug core (2 cm
diameter) at four random locations along two 100 m transects for
each half-hectare. Cores were taken from 0 to 25 cm and split halfway,
yielding four samples per depth (0–12.5 cm, 12.5–25.0 cm) at each
site. Additionally, one 5 × 12.5 cm core was taken per 50 × 100 m rect-
angle, yielding two larger cores used tomeasure bulk density and pH for



Table 1
Soil types, land uses and inventory of field site replicates in the eastern Konya Basin, Turkey.

Soils Geomorphology Parent material Texture Hydrology Salinity Classification

Alluvial (AgA/AgC)
(ALLUV)

Alluvial fan Cretaceous marine strata-limestone,
siltstone

Clay loam Well-drained, water table N10 m Salt-free Typic camborthid

Lacustrine (LmD)
(LACUS)

Lacustrine plain Lacustrine marl Clay Poorly drained, water table of 180 cm Strongly
salt-affected

Aquic natrargid

Terrace (TeD)
(TERRA)

Structural terrace Neogene limestone and Tertiary volcaniclastics Sandy loam Well-drained, water table N10 m Salt-free Andic calciorthid

Land use Description

Agriculture (AGR) Winter wheat/summer crop rotations, 2 to 3 year fallow cycle, irrigated (mix of furrow and drip), moldboard plow of 20–30 cm, and fertilized with
150–200 kg ha−1 DAP (diammonium phosphate) or ammonium sulfate fertilizer. Wheat yields 1.3–2.0 tonnes per hectare (Janssen, 1970, Yahvuz,
pers. comm. August 2010, Akcura, 2011).

Grazing land (GRA) Sheep, goats and cattle on government or community managed land (Karagoz, 2003, Yahvuz, pers. comm., August 2010).
Orchard (ORC) Apple, cherry, apricot (only apple orchards sampled), furrow-irrigated once to twice per year.

Field sites Land use

Soil type AGR RAN ORC Total

ALLUV 5 5 5 15
LACUS 5 5 0 10
TERRA 5 5 0 10
TOTAL 15 15 5 35
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each site. For orchard sites on alluvial soils, we structured our sampling
around rows of trees,whichwere spaced about 3–5mapart. After divid-
ing orchards into two 50 × 100 m rectangles, we randomly selected 2
rows of trees at least 10 m apart along which to walk 100 m transects
and one tree was chosen at random for each transect. At each tree sam-
pled, a plug corewas takenunder the tree canopy and another taken be-
tween trees, away from canopies, and a bulk density core was taken for
each orchard at one sample location to minimize damage to tree roots
(Fig. 2). In three offive orchard sites, tree roots prevented us from taking
bulk density cores at 12.5–25 cm depths.

2.4. Soil physical and chemical analyses

Field moist soil masses were taken for the bulk density cores on a
field portable electronic balance to estimate gravimetric water content.
All samples were air-dried and transported to UW-Madison where lab
x

Agricultural and Grazed Sites

0 m

50 m

100 m

100 m

x

xX**

x X**

x x

Transects 

Fig. 2. Field site layout indicating sampling locations. At each 1-ha site, we took samples in a st
layer observed by De Meester (1970) (marked by x) and split them into 0–12.5 and 12.5–25.0
12.5 cm depth) for 0–12.5 and 12.5–25.0 cm depths to measure bulk density and pHw in the l
orchard sites to minimize damage to tree roots.
analyseswere conducted. Soil bulk densities were determined by gravi-
metric water loss methods. For each field site, bulk densities of replicate
samples from 0 to 12.5 cm and 12.5 to 25.0 cm depth intervals were
averaged to yield one site-level bulk density value for each depth.
Coarse fragments N2 mmwere not a significant portion of the soil vol-
ume at our sites. Soil pH was measured with an Orion-series pH meter
equipped with an AgCl solution-filled electrode (Thermo Scientific,
Waltham, MA, USA) on slurries of air-dried soils in 1:1 (w/v) distilled
deionized (DI) water. All soils were basic (mean pH of 8.3, 8.5 and 8.1
for alluvial, lacustrine and volcanic soils respectively) and required
removal of carbonate minerals before measuring SOC.

We measured total carbon (C), total nitrogen (N) and soil organic
carbon (SOC) concentration of all soil samples (n = 560) from 0 to
12.5 and 12.5 to 25.0 cm. Sieved (b2 mm) subsamples were pulverized
in a SpexMill (SPEX SamplePrep, Metuchen, NJ) ball-bearing grinder
and analyzed on a Flash 2000 Organic Elemental Analyzer configured
Orchard Sites (Alluvial soils)

x x

x x

x X**

x x
0 m 100 m

Transects 

ratified random sampling scheme. We sampled eight 2 × 25 cm soil cores spanning the Ap

cm intervals for analyses. Additionally, we took two fixed-volume cores (5 cm width by
ab at agricultural and grazed sites (marked by asterisks, **), and one fixed volume core at
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for soil nitrogen and carbon determination (Thermo Scientific/CE
Elantech, Lakewood, NJ). All samples were run in duplicate with repli-
cate errors of b10% for total C and b15% for SOC and N. Soil C andN con-
centrations (mg C/g soil) were converted to units of Mg/ha using field
site-averaged bulk density values.

To measure SOC, we removed carbonate minerals using an HCl-
fumigation method modified from Harris et al. (2001). Approximately
40 mg of sieved, pulverized soils were added to 9 × 5 mm Ag reaction
capsules in 96-well Teflon cell culture trays andmoistened to saturation
with 80 μL of DI water. Subsequently, sample batches were placed in
clean, 7.5 L glass desiccators containing beakers filled with 150 mL of
12 M HCl and allowed to incubate between 12 and 15 h, which was
found to be long enough to remove all carbonates. Following incubation,
samples were placed in an oven at 65 °C for 5–6 h to drive off residual
water and HCl vapors. After drying, complete removal of carbonates
was verified with the addition of 1–2 drops of 4.0 M HCL to replicate
samples from two locations and two depths per field site. Finally, sam-
ples were analyzed for % C on the Flash 2000 elemental analyzer (EA)
(Thermo-Scientific/CE Elantech). For fumigated samples, % C represent-
ed SOC.

2.5. Statistical analysis

We used analysis of variance (ANOVA) to test for effects of land use,
soil type and depth on soil properties. Tests were conducted on site-
averaged data, yielding a total of 70 observations (35 sites, 2 depths)
for total C, SOC and N content, and 67 for bulk density and pH. SOC
and total N data were log-transformed for analysis to satisfy ANOVA as-
sumptions of normality. Elevation data were included for each field site
as a covariate.

Given our goal of characterizing landscape-scale variability in sur-
face soil properties, and our unbalanced sampling design (orchard
land use only on alluvial soils), we constructed three models of increas-
ing complexity to assess relationships in the order of simple to complex
indicators. First, we used one-way ANOVA models to test the effects of
land use and soil type combinations (“group”) on total C, SOC and N
for 0–25 cmdepth, summingdata for 0–12.5 and 12.5–25.0 cm intervals
(Table 2). Using “group” as an independent variable allowed us to in-
clude orchard sites on alluvial soils in our analysis as a combination
with equal sampling rate by site (N = 5) as all other land use-soil
type combinations. Next, we used a two-waymixed effectsmodel to ex-
amine depth as an additional factor, and assessed fixed effects of group
and depth on bulk density, pH, total C, SOC andN (Table 2).We included
Table 2
Regression model results on effects of soil type, land use, depth and grouped independent fact

(0–25 cm) BD pH TC

Factor F ratio Prob. N F F ratio Prob. N F F ratio P

Model 1
Soil/land use group – – – – 3.1451 0
Elevation – – – – 1.204 0

Model 2
Soil/land use group 11.652 b0.0001 2.59 0.04 3.1002 0
Depth 0.163 0.69 35.41 b0.0001 0.8846 0
Elevation 0.454 0.5064 0.43 0.5186 0.6574 0
Group × depth 2.285 0.0651 5.18 0.0012 5.3178 0

Model 3
Soil type 23.84 b0.0001 3.094 0.0646 3.4111 0
Depth 1.204 0.2634 29.682 b0.0001 0.0637 0
Land use 1.136 0.2975 1.451 0.2407 0.3636 0
Elevation 1.439 0.2425 0.044 0.8356 1.0582 0
Soil ×land use 4.661 0.02 2.127 0.142 1.8724 0
Soil × depth 1.37 0.2732 0.521 0.6004 9.792 0
Land use × depth 0.743 0.3972 8.738 0.0069 0.4298 0
Soil × land use × depth 2.796 0.081 8.654 0.0015 3.339 0

Legend for table abbreviations: BD = bulk density; TC = total carbon; SOC = soil organic car
site and site by sample interactions as random effects. Last, we used a
three-factor, nested model to assess fixed effects of soil type, land use,
depth and interactions on all soil properties (Table 2). Like the second
model, site and site by depth interactions were included as random
effects. As orchards were only found on alluvial soils and not the other
two types of soils, we excluded orchards from this thirdmodel. Orchard
effects can be inferred by comparing results across grouped land use
and soil type categories from the second model. Post-hoc comparisons
of mean tests (Fischer's Least Significant Difference (LSD)) were
conducted for independent factors and interactions. Differences
among group means are reported as significant at p b 0.05 and values
are reported as means ± standard error in parentheses. All statistical
analyses were carried out using JMP v. 9.0.1 software (SAS Institute)
and R (R Core Development Team, 2012).

3. Results

3.1. Soil bulk density and pH

Bulk density (range from0.93 g cm−3 to 1.68 g cm−3) variedwith soil
type andpHdiffered bydepth (Tables 2, 3). Averaged across landuses and
depths, bulk densities were greatest at sites on terrace soils (1.51 ±
0.08 g cm−3) compared to those on alluvial (1.27 ± 0.12 g cm−3) or
lacustrine soils (1.30 ± 0.06 g cm−3). Land use affected bulk density
among sites on alluvial soils but not for lacustrine or terrace soils,
yielding a significant land use — soil type group effect and a significant
land use-soil type interaction (Tables 2, 3). On alluvial soils, bulk densities
for grazing land sites were smaller than those for agriculture and orchard
sites (Table 3). There were no significant differences in bulk density by
depth.

3.2. Total C, SOC and soil N

Total soil C, SOC and N from 0 to 25 cmdiffered among sites grouped
by soil type and landuse (Table 2). Total C stockswere greatest on lacus-
trine grazing sites and smallest on alluvial orchard sites (Table 3). For al-
luvial and lacustrine soil sites, total C stocks were significantly greater
on grazing sites than other land uses, while agriculture had greater
total C than grazing lands on terrace soils (Table 3). There were no ef-
fects of elevation on total C, SOC and N among field sites.

SOC and N showed larger differences among groups of sites than
did total C. On alluvial soils, grazing site SOC stocks were significantly
larger than in agriculture and orchard sites. Together, all sites on
ors on soil properties.

SOC TN C:N ratio

rob. N F F ratio Prob. N F F ratio Prob. N F F ratio Prob. N F

.0174 31.548 b0.0001 23.466 b0.0001 – –

.2736 0.792 0.3745 0.942 0.3328 – –

.0186 29.43 b0.0001 22.944 b0.0001 2.067 0.0896

.3553 123.699 b0.0001 129.122 b0.0001 3.985 0.0567

.4246 0.23 0.6353 0.417 0.524 0.212 0.6488

.001 7.037 b0.0001 8.745 b0.0001 1.017 0.4351

.0504 69.32 b0.0001 54.976 b0.0001 4.45 0.0227

.8028 83.842 b0.0001 95 b0.0001 1.617 0.2162

.5524 0.114 0.7387 0.187 0.6693 1.435 0.2426

.3143 1.377 0.2526 1.4 0.2435 0.087 0.7712

.1765 5.805 0.0091 3.893 0.035 0.263 0.7562

.0008 9.392 0.001 11.84 0.0003 1.709 0.2032

.5183 4.888 0.0368 9.989 0.0042 0.137 0.7144

.0526 3.773 0.0376 6.544 0.0054 0.218 0.8058

bon; TN = total soil nitrogen. Bold values show significant effects (p b 0.05).



Table 3
Properties of Konya Basin soils 0–25 cm across soil type and land use groups.
Bulk density and pH data are means of soil samplemeasurements from 0 to 12.5 and 12.5 to 25.0 cm depths, averaged by site. Total carbon, SOC and N data are sums of soil sample mea-
surements from 0 to 12.5 and 12.5 to 25.0 cm, averaged by site.

Soil type Land use Bulk density
g cm−3

pH Total carbon
Mg ha−1

Organic C (SOC)
Mg ha−1

Soil N
Mg ha−1

Alluvial Agriculture 1.30 (0.04) a 8.13 (0.90) a 194.7 (8.4) a 52.6 (9.5) a 5.6 (0.9) a
Grazing land 1.09 (0.04) b 8.57 (0.13) b 217.5 (13.7) b 72.1 (11.7) b 6.9 (1.2) b
Orchard 1.39 (0.03) ac 8.10 (0.04) a 192.8 (5.2) a 44.1 (5.1) a 4.6 (0.6) c

Lacustrine Agriculture 1.29 (0.02) a 8.43 (0.10) ab 230.4 (8.0) bc 30.7 (3.3) c 3.7 (0.6) d
Grazing land 1.32 (0.03) a 8.47 (0.07) ab 250.9 (16.8) d 21.8 (3.0) d 2.6 (0.5) e

Terrace Agriculture 1.47 (0.03) c 8.17 (0.07) ab 239.0 (9.4) cd 19.9 (2.2) d 2.1 (0.4) e
Grazing land 1.53 (0.04) c 8.09 (0.14) a 215.3 (13.7) b 20.0 (2.2) d 2.1 (0.5) e

Standard errors in parentheses. By column, groups not sharing letters differ significantly in Fisher's LSD tests, p b 0.05 with Bonferroni correction.
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alluvial soils had significantly larger SOC stocks than those on lacus-
trine and terrace soils (Table 3). Soil N showed similar trends, but
stocks differed significantly among all land uses on alluvial soils
(Table 3). On lacustrine soils, agriculture sites had significantly greater
SOC and N stocks than grazing sites, opposite to sites on alluvial soils.
SOC and N showed little to no differences across sites on terrace soils.
Trends in total C, SOC and N concentrations were similar to those of
stocks (Table 4).
3.3. Effects of soil type, depth and land use on SOC and soil N

Results from themodel using land use-soil groups and themodel ex-
cluding orchards illustrate interacting effects of soil type, land use and
depth on soil properties (Table 2). Averaged across depths (0–25 cm)
and land use (including orchard sites), alluvial soils had the greatest
SOC stocks (31.2 ± 13.2 Mg ha−1, N = 30), followed by lacustrine
soils (13.2 ± 4.2 Mg ha−1, N = 20) and terrace soils (10.0 ±
3.0 Mg ha−1, N= 20). Soil N showed the same trend by soil type: aver-
age alluvial soil N stocks (3.1 ± 1.2 Mg ha−1) differed from lacustrine
soils (1.58 ± 0.8 Mg ha−1), which differed from terrace soils (1.0 ±
0.5 Mg ha−1).

Excluding orchard sites, soil type anddepthhad significant effects on
SOC, N and C:N while land use did not as a sole independent variable
(Fig. 3). Across all sites, mean SOC andN stockswere significantly great-
er in the top layer (0–12.5 cm) than in the lower depth (12–25.0 cm)
(Table 2, Fig. 3). The C:N ratios of lacustrine soils (10.0 ± 0.7) were sig-
nificantly lower than those of alluvial soils (11.9± 0.4) and terrace soils
(11.7 ± 0.6), which did not differ from each other (Fig. 3). When aver-
aged across all soil types and depths, there were no significant differ-
ences in SOC, soil N or other soil properties between agriculture and
grazing land sites (Table 2, Fig. 3).

Land use had significant interactions with soil type and depth in
models 2 and 3 (Table 2). Land use effects differed among soil types
(Fig. 4). On alluvial soils, grazing land and orchard SOC stocks were
45% and 49% larger, respectively, in the 0–12.5 cm depth than the
12.5–25.0 cm depth. Agriculture SOC stocks did not differ by depth
(Fig. 4a). Differences between SOC stocks of grazing sites and agricul-
ture sites were due to larger SOC stocks at 0–12.5 cm in the first, with
Table 4
Soil carbon and nitrogen concentrations (g kg−1) across soil type and land use groups in
the Konya Bain.

Soil type Land use Total carbon
g kg−1

Organic C (SOC)
g kg−1

Soil N
g kg−1

Alluvial Agriculture 59.5 (4.1) 16.4 (5.0) 1.74 (0.4)
Grazing land 78.1 (8.1) 26.3 (8.4) 2.55 (0.73)
Orchard 53.9 (2.6) 12.4 (2.9) 1.28 (0.3)

Lacustrine Agriculture 70.6 (3.9) 9.4 (1.9) 1.13 (0.4)
Grazing land 75.0 (7.5) 6.6 (1.8) 0.79 (0.3)

Terrace Agriculture 63.8 (4.8) 5.3 (1.2) 0.57 (0.2)
Grazing land 55.0 (6.4) 5.2 (0.7) 0.53 (0.2)
no significant differences for the lower depth range. Agriculture and or-
chard SOCdiffered at 12.5–25.0 cm, but not 0–12.5 cm. Grazing land and
orchard SOC stocks differed significantly at both depths. Soil N showed
similar trends as SOC on alluvial soils.

Lacustrine soils showed different patterns than alluvial soils. Agricul-
ture SOC differed by depth (Fig. 4b). Soil N differences among land uses
were driven by the low grazing land N stocks 12.5–25.0 cm. In contrast
to the other soil types, there were no land use effects on SOC and soil N
on terrace soils (Fig. 4c).
4. Discussion

4.1. Land use effects on SOC and N stocks differ by soil type

Our study revealed that the effects of land use on SOC and soil N
stocks by depth were mediated by soil type. The vertical distribution
of soil properties within the top 25 cm also varied by soil type. Constant
SOC and N stocks in the two depth layers sampled at agricultural sites
on alluvial soils may reflect homogenization from tillage (Urioste et al.,
2006), whereas untilled soils showed significant differences with depth
on alluvial and lacustrine soils.

Greater stocks of SOC and N at grazed sites compared to cultivated
soils, as observed on the alluvial soils, are consistent with other studies
(Burke et al., 1989; Guo and Gifford, 2002; Urioste et al., 2006) and
could be attributed to increased belowground inputs under grazing
pressure, especially inwater-limited ecosystems. In contrast, agricultur-
al sites on lacustrine soils had greater SOC and N stocks than grazing
lands. The incorporation of aboveground crop residues during tillage
into surface soils can explain the accumulation of SOC stocks in the cul-
tivated sites.

Trends between agriculture and grazing lands differed for alluvial
and lacustrine soils, whereas terrace soils showed no significant land
use effects. The different trends between land uses on the different
soils can be explained by soil properties, although other factors such
as different localized grazing intensities or vegetation composition can
also affect SOC stocks (Wiesmeier et al., 2009). Lacustrine soils in our
study region are poorly-drained and salt-affected, and while we do
not have estimates of aboveground biomass, an almost three-fold re-
duction of SOC compared to the alluvial, salt-free soils in the non-
irrigated grazing lands suggest much lower productivity on the former.
In a semi-arid steppe in northern China, grazing sites with lowest pro-
ductivity had the lowest SOC stocks, regardless of grazing intensity
(Wiesmeier et al., 2009).

Agricultural sites in the Konya Basin also had smaller SOC stocks on
lacustrine than alluvial soils, although the difference was not as great.
Our data suggest that management practices in response to soil-
specific constraints onproductivity can influence ecosystem-specific es-
timates of SOC and N stocks. Our study did not include control sites to
measure pre-agricultural SOC stocks, but earlier research suggested
that lacustrine soil types showed a capacity for improved fertility with
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Fig. 3. Soil type and depth affect soil organic carbon (SOC), nitrogen (N) and C:N ratios, but not land use independently across a region of the Konya Basin, Turkey. Boxplots and compact
letters illustrate the distributions and comparisons of means of SOC, N and C:N ratios (columns) across soil type, depth and land use categories (rows), our main independent variables.
Within each panel, the means of groups not sharing letters differ significantly at p b 0.05 in Fisher's LSD tests. See Table 1 for key to abbreviations for soil types and land uses.
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more intensive agricultural management compared to other soil types
in the Konya Basin (De Meester, 1970; Kölbl et al., 2011).

4.2. Landscape-scale variability in SOC and N

Spatially explicit data on land use effects on SOC and N are scarce in
Turkey (Cangir et al., 2000) and other semi-arid and arid regions (but
see Kölbl et al. (2011)). Across our sites, which were distributed over
an area of 200 km2, SOC and N stocks both varied by more than a factor
of three, exceeding that of many empirically-based, continental-scale
studies examining SOC across differing soil textures (Table 4). The fact
that we find this range of SOC and soil N stocks on soils of the same
order (Aridisols) occurringwithin a single landscape, correlating closely
to parent material and geomorphic surface, demonstrates the impor-
tance of including geographic heterogeneity in soil properties in spatial-
ly explicit, landscape-scale models of SOC dynamics (Barthold et al.,
2013; Stockmann et al., 2013).

Among specific soil properties that could explain differences in SOC
and soil N across soil types, texture did not have a simple relationship to
SOC and N stocks, despite widely contrasting textures among our soils
(De Meester, 1970; Janssen, 1970). Soils with higher clay and silt con-
centrations tend to have higher total SOC and N stocks due to increased
surface area (Homann et al., 2007; Six et al., 2002). Continental-scale
studies (1000 s km2) report stocks have positive relationships between
SOC and precipitation and soil clay content (% clay), and inverse rela-
tionships to temperature (Burke et al., 1989). In semi-arid environ-
ments, where plant productivity is low, soil texture and mineralogy
are thought to be especially important for maintaining SOC stocks (Lal,
2002a; Palm et al., 2007). At landscape scales, catena studies have
shown that topography and landscape position strongly affect SOC
stocks, which tend to be lower in well-drained regions with coarse
soils and erosional areas such as hill slopes, and higher in depositional
areas (Nadeu et al., 2012).

Our results suggest interactions between texture, hydrology, soil
chemistry and vegetation in controlling SOC storage. The coarsest tex-
tured soils, the terrace soils, had the smallest SOC and N stocks, but the
finest-textured soils, the lacustrine soils, did not have the largest SOC
and N stocks. The alluvial soils, with a clay loam texture, had on average
greater SOC and soil N stocks than the lacustrine soils, which could be ex-
plained by soil properties other than texture. The lacustrine soils are dis-
tinguished by having a highwater table due to their landscape position at
lower elevations (reported as 180 cm in summer 1970 field surveys) and
fine texture (De Meester, 1970). In dry environments, higher soil mois-
ture can promote microbial activity and accelerate SOC decomposition
(Carbone et al., 2008; Ihori et al., 1995). Strong correlations between
SOC and N stocks and landscape-scale metrics such as TopographicWet-
ness Index in Bavaria provide evidence that soil physical environmental
conditions such as soil moisture, which varies at landscape scales, are im-
portant for determining SOC and N storage (Wiesmeier et al., 2013). As
discussed earlier, the accumulation of salts in the lacustrine soils could
also influence plant biomass and C inputs to soils.

4.3. SOC and N stocks in arid and semi-arid environments

The site-averaged SOC and N stocks for soils 0–25 cm within the
Konya Basin landscape were within the range of data reported for
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Fig. 4. Land use effects on SOC and N depend on soil type across a region of the Konya Basin, Turkey. Bar graphs illustrate that land use effects on SOC and N by depth differ across alluvial,
lacustrine and terrace soils.Within each panel, compact letters illustrate comparisons of means, and groups not sharing letters differ significantly at p b 0.05 in Fisher's LSD tests. Error bars
show±1 standard error. On alluvial soils, SOC andNhave significantly higher stocks at grazed than agriculture sites, driven by high SOC andN stocks in surface soils. Significant differences
in SOC andN stocks bydepth exist for grazed andorchard sites, but not agriculture. On lacustrine soils, SOC andNhavehigher stocks at agriculture than grazed sites (though differences are
smaller), with differences more pronounced 12.5–25.0 cm than 0–12.5 cm, an opposite trend from alluvial soils. No land use effects are apparent on terrace soils. See Table 1 for key to
abbreviations for soil types and land uses.
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other arid and semi-arid regions (Table 5). Our SOC stockswere compa-
rable to those modeled for cool temperate steppe environments in
Turkey at national scales (Evrendilek et al., 2007) (Table 5). Alluvial
soil SOC stocks were similar to estimates for cool temperate steppe eco-
systems from global pedon studies (Post et al., 1982) and cool temper-
ate steppe ecosystems in China (Wiesmeier et al., 2011), assuming
that about a quarter to a third of SOC stocks 0–100 cm can be found in
the upper 30 to 50 cm of soil (Post et al., 1982) (Table 5). Land use ef-
fects on SOCon the scale ofwhatwe foundon alluvial soilswere also ob-
served on sandy loam soils in SouthAfrica (Preger et al., 2010) and calcic
haploxeralf soils in Iran (Raiesi, 2012), where arable and cultivated
lands had lower SOC than grazed sites or abandoned agricultural land
(Table 5). Lacustrine soil SOC stocks were similar to those of clay-
textured soils reported byBurke et al. (1989), the silty-clay textured cal-
cic haploxeralfs from Raiesi (2012) and soils in Andalusia, Spain
(Munoz-Rojas et al., 2012) (Table 5). Terrace soil SOC stocks were sim-
ilar those of the calcisols and cambisols of Jordan (Batjes 2006) and the
cultivated loam and sandy loam soils from North American semi-arid
grasslands (Burke et al., 1989) (Table 5). On sandy soils in Horqin,
China, Su Yong-Zhong and colleagues found a lack of land use effects
on SOC and N stocks comparable to our findings on terrace soils (Su
et al., 2005) (Table 5).

Fewer studies report land use effects on soil N stocks in arid and
semi-arid environments (Wiesmeier et al., 2011). Soil N socks of the
Konya basin alluvial and lacustrine soils were comparable to those
reported from the Xilin River catchment in Mongolia (Wiesmeier
et al., 2011). On Konya alluvial soils, SOC and N stocks were greater
under grazed than cultivated lands and followed patterns observed in
the Xilin River catchment, while the pattern of higher SOC and N stocks
on Konya lacustrine soils differed from the Xilin River study (Table 5). N
concentrations on lacustrine and terrace soils were similar to those re-
ported from regional soil surveys in Andhra Pradesh, India (Venkanna
et al., 2014). Put into context with studies from arid to semi-arid
ecosystems globally, Konya Basin SOC and N stocks show strong
within-landscape variability in their responses to land use by soil type.
This underscores the importance of considering differences in soil
types when evaluating or modeling land use impacts and devising soil
management plans.

5. Conclusions

Our research goals were to quantify SOC and N stocks and their var-
iability under representative, long-term land uses across different soil
types in an arid landscape. Building on the soil mapping work of De
Meester (1970), this study provided new empirical data to demonstrate
interacting effects of soil type and land use on SOC and N stocks in the
Konya Basin, Turkey. SOC and soil N stocks under agriculture and graz-
ing land differed for soils forming on alluvial, lacustrine and terrace
soils. Grazing lands had greater SOC and N stocks than agricultural
sites on clay loamalluvial soils, but clayey lacustrine soils showed differ-
ent trends. On the other hand, sandy loam volcaniclastic limestone soils
developing on terraces showed no significant difference between agri-
cultural and grazing sites. The vertical distribution of SOC and total N
within the top 25 cm soil depth, representing the plow layer, also varied
with land use and soil type. Our findings are important because they
represent significant heterogeneitywithin the same soil order, Aridisols,
and under the same climate and highlight the importance of accounting
for differences in parent material and pedogenic processes when esti-
mating SOC stocks at the landscape-scale. Our results indicate: 1) that
the same land use cannot be assumed to contain the same SOC and N
stocks across diverse soil types, and 2) that regional models of agricul-
tural development in the region need to take into account underlying
substrates. This study reveals the importance of parameterizing vari-
ables related to soil types and depth in landscape-scale models of SOC
and N. Improved estimates of standing soil C and nutrient stocks and
their variability can provide baseline data to monitor changes under



Table 5
Estimates of SOC and N across soil types and land use regions in (semi)-arid ecosystems.

Study Type Location Soil type or texture Land use Depth (cm) SOC (s.d.)
Mg ha−1

Soil N (s.d.)
Mg ha−1

Batjes (2006) National soil survey Jordan Calcicols, cambisols (FAO) – 0–30 16–23 –

Burke et al. (1989) Meta-analysis, statistical model North America, semi-arid grasslands Clay RAN 0–20 30.7 –

AGR 0–20 24 –

Loam RAN 0–20 18.7 –

AGR 0–20 14.7 –

Sandy loam RAN 0–20 18.7 –

AGR 0–20 13.7 –

Evrendilek et al. (2007) National model (DCEP) Turkey — cool temperate steppe Andalusia, Spain – – 0–100 28.0 (13.0–61.0)
Munoz-Rojas et al. (2012) Regional soil survey MAT/P 10–18 °C, 500–700 mm Mixed soil Types Arable land 0–75 cm 28.5 (19.8) –

Post et al. (1985) Meta-analysis, global pedon data Cool temperate steppe n/a n/a 0–100 133 (95) 10.3 (7.4)
Preger et al. (2010)a Chronosequence study South African Highveld MAP 568–700 mm Sandy loam Primary grazing land 0–20 cm 45.3 (10.5) –

Secondary grazing land 0–20 cm 27.5 (8.5) –

Arable land 0–20 cm 16.3 (9.4) –

Raiesi (2012)b Landscape-scale study Iran — steppe MAT/P 10 °C, 450 mm Calcic Haploxeralf (silty clay) Aban. (20 years) 0–30 33.4 –

AGR-Alfalfa 0–30 28.0 –

AGR-Wheat 0–30 24.9 –

Venkanna et al. (2014)d Regional soil survey Warangal district, Andhra Pradesh, India MAT/P
25–29 °C, 700–1000 mm

Inceptisol Mixed 0–60 cm 68.7 0.613 g kg−1

Alfisol Mixed 0–60 cm 65.2 0.723 g kg−1

Mixed Permanent fallow 0–60 cm 59.6 0.585 g kg−1

Mixed Cultivated 0–60 cm 67.5 0.648 g kg−1

Wiesmeier et al. (2011)c Regional inventory and modeling study Xilin River Catchment, Inner Mongolia MAT/P
0.7 °C, 350 mm

Loam to loamy sand Arable land 0–100 cm 113 (38.0) 12.0 (4.0)
Bare soil 0–100 cm 54.0 (24.0) 6.0 (3.0)
Steppe 0–100 cm 142 (53.0) 15.0 (5.0)
Total catchment 0–100 cm 156 (130) 15.0 (12.0)

Su et al. (2005)e Grazing exclusion experiment Horqin, China— steppe MAT/P 6.5 °C, 366 mm Sand 10 year EX 0–15 cm 5.6 (1.2) 0.54 (0.01)
5 year EX 0–15 cm 5.2 (2.1) 0.54 (0.02)
RAN 0–15 cm 5.0 0.59 (0.02)

Notes:
– indicates that data were not measured or reported.

a Preger et al. (2010) reported significantly higher SOC stocks in secondary grazing lands compared to arable lands for soils 0–5 cm but not below 5 cm depth.
b Raiesi (2012) reported significant land use effects on SOC for 0–15 cm, where abandoned land had significantly higher SOC socks than agriculture. No significant land use effects on SOC were reported 15–30 cm.
c Wiesmeier et al. (2011) data taken from sampled soil profiles in Table 1 and converted to units of Mg ha−1.
d Venkanna et al. (2014) data taken from Table 2. Soil %N was converted to units of g kg−1. Bulk density was not used to calculate SOC stocks but was not reported in the paper, precluding conversion of soil N to N stocks.
e Yong-Zhong et al. (2005) reported significant effects of grazing exclusion (EX) on SOC data reported by concentrations (g/kg) and for C/N ratios (indicated by letters), but not stocks. No land use effects were reported for soil N.
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intensifyingmanagement practices or in response to other environmen-
tal changes.
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