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Abstract: Tree species and fertilization sources may affect the soil organic carbon (SOC) and fertility
in agroforestry (AF) systems in temperate regions, but this remains unexplored. This study assesses
the longitudinal trends in the SOC and major nutrients in a 17-year AF site established on an Ultisol
in Fayetteville, AR. We evaluated how management and fertilization (mineral vs. organic) affect the
soil’s physical and chemical properties using the tree species: red oak (Quercus rubra L.) and pecan
Carya illinoinensis (Wangenh.) K. Koch. Long-term applications of poultry litter increased the soil
pH, whereas the Mg and S concentrations decreased compared to the baseline levels (1999). Poultry
litter increased the soil P concentration in 53% compared to the baseline levels and reduced the soil
C:N ratio. After 17 years, increased Ca, SOC, and N concentrations were observed in the soils under
the pecan stands that received poultry litter. Positive correlations occurred between the SOC and
N (r = 0.96) as well as the Ca (r = 0.71) and P (r = 0.61) at a soil depth of 0–15 cm. Our findings
demonstrated that the changes in SOC and fertility in the AF soils vary according to tree species and
fertilization, mostly due to distinctive leaf litter and nutrient inputs. Organic matter accumulation
increased the SOC retention and nutrient availability in the temperate AF systems.

Keywords: soil organic matter; nutrient cycling; poultry litter; fertilization management

1. Introduction

Agroforestry (AF) systems are widely recognized for their economic relevance and
associated ecosystem services. Multiple benefits of AF include soil organic carbon (SOC)
sequestration [1–3], improved soil fertility [4] and soil structure [5], diversification of pro-
duction, and biodiversity conservation [6,7]. In the face of climate change, AF systems
have drawn attention as they represent an alternative that can enhance SOC sequestra-
tion and mitigate greenhouse gas (GHG) emissions relative to less complex, agricultural
systems [8,9]. In addition, AF systems can promote more sustainable food production by
improving food security while preventing land degradation [10]. A proper combination of
tree species and fertility management can expand such benefits of the AF systems, although,
in temperate AF systems, this remains largely unexplored.

More diverse and complex plant communities in agroecosystems promote niche
differentiation [11] and complementation and may increase efficient use of resources (e.g.,
light, water, and nutrients), thus leading to greater above- and below-ground biomass [12]
and, consequently, to greater C inputs into the soil. Accordingly, recent global estimates
showed that the transition of agriculture to AF increased SOC stocks by 26 and 40% at
the 0–15 and 0–30 cm soil depths, respectively [8], evidencing the potential of tree-based
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systems to enhance C sequestration. However, the extent of SOC sequestration in AF
systems is greatly affected by environmental conditions and system management, which
determine the balance between biomass production and soil organic matter decomposition
and stabilization in soils. Plant species composition affects the quantity and quality of litter
inputs in the system [13–16], which can affect soil organic matter (SOM) decomposition
and turnover rates, even in subsurface soils [17].

Increased use efficiency of water and nutrients in AF systems can improve soil fertility,
and soil and environment health. Such benefits, when they occur, are primarily due to
increased biomass production, humification, and greater uptake and utilization of nutrients
from deeper soil layers due to the presence of deep-rooted trees [6,7,18], in comparison to
annual crops. Agroforestry systems are also thought to improve nutrient storage in the
plant–soil system by reducing the loss of nutrients via leaching and runoff [19], which can
contribute to improved surface and groundwater quality. In addition, plant functional traits
can play an important role in nutrient cycling in AF systems [16]. Differences in the litter
nutrient concentration and resistance to faunal and microbial decay are likely to affect litter
decomposition rates and, thus, nutrient availability in soils. Moreover, varying canopy
structure can alter micro-environmental conditions and change soil biotic activity [20,21],
which may further affect the SOC mineralization and nutrient availability in soils.

Fertilization practices, especially those involving the addition of animal manures, such
as poultry litter which is a mixture of manure, urine, and bedding material, can also impact
C sequestration and soil fertility in AF systems [19,21–23]. The application of poultry
litter in AF systems allows for the recycling of nutrients while mitigating environmental
pollution and promoting sustainable production patterns [Sustainable Development Goal
(SDG) 12; https://sdgs.un.org/goals, accessed on 9 January 2022] in regions of intensive
poultry production, such as the southern U.S. However, little is known about the influence
of poultry litter application or the choice of tree species on the long-term physical and
chemical properties in AF systems, particularly in temperate regions. Such knowledge
is critical to assess the potential SOC sequestration and nutrient supply in temperate AF
systems. Therefore, the main objective of this study was to assess the effects of tree species
and poultry litter application after 17 years on the soil bulk density and chemical properties
(SOC, N, P, Ca, Mg, K and S) at two soil depths (0–15 and 15–30 cm) in an AF site containing
pecan [Carya illinoinensis (Wangenh.) K. Koch] and red oak (Quercus rubra L.) trees. We
hypothesized that the establishment of the AF system fertilized with poultry litter (i) will
increase the SOC and total N concentration along the 17-yr time lapse, (ii) will improve the
soil fertility over such time, and (iii) the soil properties will differ between the tree species
and fertilizer source (poultry litter vs. inorganic control) combinations.

2. Materials and Methods
2.1. Site Description

This long-term experiment was established in a 4.25 ha agroforestry research site
at the University of Arkansas Agricultural Research and Extension Center located in
Fayetteville, AR (36◦5′ N; 94◦10′ W, 382 m a.s.l., 3.4% mean slope). According to the
USDA soil taxonomy, soils in the study area are Captina silt loam (fine-silty, siliceous,
active, mesic Typic Fragiudults), with some Pickwick silt loam (fine-silty mixed, semi-
active, thermic Typic Paleudults) toward the north and small areas of Nixa cherty silt
loam (loamy-skeletal, siliceous, active, mesic Glossic Fragiudults) and Johnsburg silt loam
(fine-silty, mixed, active, mesic Aquic Fragiudults) along the central-west and southeast
margins, respectively. The climate is temperate sub-humid with a mean annual ±SD pre-
cipitation of 1094 ± 231 mm and mean annual maximum and minimum air temperatures
of 20.6 ± 1.0 ◦C and −4.7 ± 1.3 ◦C from 2000 to 2015 [24].

The experiment was established in 1999 on previously idle, ungrazed pasture, aiming
to investigate nutrient cycling through the plant-soil-ground water continuum in an agro-
forestry system representative of those in northwest Arkansas. Site preparation procedures
included glyphosate herbicide application, land-leveling operations, and two agricultural
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lime applications (8.4 Mg lime ha−1). The site consists of 16 east–west-oriented tree rows
of which the six southernmost rows were planted with pecan and the five northernmost
rows with northern red oak. The remaining five rows in the middle have sections of three
tree species: sycamore (Platanus occidentalis L.), cottonwood (Populus deltoides W. Bartram
ex Marshall), and white pine (Pinus strobus L.) planted from east to west. Orchardgrass
(Dactylis glomerata L.) and a big bluestem (Andropogon gerardii Vitman)-dominated native
grass mix were seeded in alleys during 2015 [22].

Between 2001 and 2007, the eastern half of the experimental plot received broadcast
applications of 3.9–6.7 Mg ha−1 poultry litter (2–3% N) [25], whereas the western half of
the site received 50–76 kg ha−1 N as NH4NO3 fertilizer (control) annually each spring [22],
except in 2005, when the poultry litter and fertilizer applications were made in both the
spring and fall to evaluate nutrient source impacts on the soil physiochemical properties.
The poultry litter application rates matched the local recommended practice and were
intended to provide a comparable amount of plant-available N to the control treatment.
The fertilizer application rate was adjusted as necessary to better match the N input from
the poultry litter. Beginning in 2004, additional fertilizer was provided to the trees as an
annual application of a slow-release fertilizer (Osmocote, the Scotts Miracle-Grow Co.,
Marysville, OH, USA) containing 5.6, 2.4, and 4.6 g of N, P, and K, respectively, which was
surface-applied near each tree crown in June. Mineral fertilizer with N, P, K, S, and Ca was
also applied at a rate of 112, 49, 56, 29, and 41 kg ha−1 in March 2016, respectively. Detailed
information on the establishment and management of this site can be found in Sauer et al.
(2014) and Dold et al. (2019) [22,25].

2.2. Soil Sampling and Analysis

Soil cores of 0–15 cm depth were taken in 1999, 2001, and 2008, using a 3.3-cm diameter
probe. In 2001 and 2008, soil cores were collected in a zig-zag pattern within the tree rows,
and, in 2016, soil samples from 0–15 and 15–30 cm depths were collected in tree rows
1 m away from a tree. The original sampling design focused on characterizing changes in
the soil properties in the alleys, since the trees were small and assumed to affect the soil
properties only in a small area and at a shallow depth. By 2016, the red oak and pecan had
grown to such a size that their roots, leaf deposition, and shading were now affecting a
significant area of the alleys, which explains the shift in sampling design [26]. Bulk soil
samples were taken similarly, air-dried, and sieved <2 mm, and their chemical and physical
properties were determined. The major nutrients (P, K, Ca, Mg, and S) were determined
using Mehlich-3 extractions [27] and an inductively coupled plasma emission spectroscopy.
A 15 g-sample fine earth subsample was placed on a roller mill and ground <150 µm
for a total C and N analysis using the dry combustion method (FisonNA 1500 Elemental
Analyzer, ThermoQuest Corp., Austin, TX, USA). Samples of air dried, <2 mm-diameter soil
also were used to determine pH (1:1 soil:water). For bulk density determination, soil cores
of 0–15 and 15–30 cm depths were collected in 2016, using a 4.8-cm diameter probe [17,28].
The soil organic C stocks were calculated using the following equation [29]:

SOCstock= Σvolume × Bd × SOCconcentration

100

where the SOC stock is in Mg ha−1, n is the number of soil depths, Σ is the total soil volume
per depth in m3 ha−1, Bd is bulk density in Mg m−3, and SOC concentration is in percent.

2.3. Statistical Analysis

Analysis of variance of the soil physical and chemical data (soil samples collected in
2016) was performed using the SAS GLIMMIX procedure (SAS V9.4; SAS Institute, 2014).
The tree species, fertilizer type, and sampling depth (0–15 and 15–30 cm) were considered
fixed effects and analyzed within a split-split-plot design, with replications considered
random effects. Comparison of the soil properties over time was performed only for the
0–15 cm soil depth, with tree species (whole-plot), fertilization (split-plot), and year (sub-
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plot; 2001, 2008, and 2016) considered fixed effects, and replications considered random.
Because years were treated as fixed effects, soil properties in 2016 are comparable with
2001 and 2008 (despite the shift in sampling design in 2016 described above). The results of
each individual effect represent an average across the other individual effects. For example,
the results of the nutrient concentration by soil depth were averaged across tree species
and fertilization treatments. When main effects or interactions were found between the
explanatory factors, mean separation was performed by the SAS macro “pdmix 800” [30]
with Fisher’s least significant difference and a type I error rate of 5%. Pearson’s correlation
was performed using the SAS PROC CORR procedure to investigate the relationship
between the terminal (2016) soil properties, i.e., the SOC and N, the SOC and P, etc.

3. Results and Discussion
3.1. Trends in Soil Properties across Years

The interactive effects (p < 0.05; Table 1) of the year × tree species were found for the
soil pH, Mg, S, and C:N ratios. The interactive effects of the year × fertilization (p < 0.05;
Table 1) were observed for the P, K, Mg, and S. The individual main effects (p < 0.05; Table 1)
of the year, tree species, and fertilization were found for selected soil chemical properties.
Specifically, the soil Ca at the 0–15 cm soil depth differed by year, the soil P was affected by
tree species, and the soil C:N ratio was affected by fertilization.

Table 1. Summary of analysis of variance of soil properties in 0–15 cm depth as affected by time
(2001, 2008, and 2016), tree species, fertilization, and respective interactions in a 17-year agroforestry
site in Fayetteville, AR.

Source of Variation Soil Properties †

pH P K Ca Mg S SOC N C:N

p-value ‡
Year <0.01 <0.01 0.77 <0.01 0.60 <0.01 0.66 0.09 <0.01

Tree Species <0.01 <0.01 0.53 0.21 0.42 0.82 0.25 0.09 0.16
Year × Tree Species <0.01 0.36 0.39 0.71 <0.01 <0.01 0.43 0.20 0.03

Fertilization 0.09 <0.01 <0.01 0.98 <0.01 0.13 0.75 0.41 <0.01
Year × Fertilization 0.10 <0.01 <0.01 0.71 0.03 <0.01 0.82 0.98 0.11

Tree Species × Fertilization <0.01 <0.01 0.19 <0.01 0.84 <0.01 <0.01 <0.01 0.04
Year × Tree Species ×

Fertilization 0.73 0.69 0.18 0.58 0.08 0.82 0.79 0.66 0.29

† SOC, soil organic C. ‡ Significant interactions and main effects (p < 0.05) are indicated by bolded text.

Contrary to our first hypothesis, the SOC and N were not affected by time (Table 1);
therefore, we accepted the null hypothesis. In agreement with our results, Stefano and Ja-
cobson (2018) [8] demonstrated that the conversion of pasture or grasslands to agroforestry
did not lead to increases in the SOC storage at the 0–30 cm soil depth. As pointed out
by Nair et al. (2009) [31], the extent of SOC sequestration in any AF system depends on
site-specific biological, climate, edaphic, and management factors. In our study, the lack of
changes in the SOC over time likely occurred because a steady state was reached within
the 17 experimental years [32]. Accordingly, C sequestration is often greater during the
early tree establishment phase, followed by a slower C accumulation with increasing tree
age thereafter, and this accumulation pattern varies by tree species richness and regional
climate [33].

Despite a lack of changes in the SOC and N, the soil C:N ratios varied over time and
between tree species (Figure 1). In 2008, the soil C:N under oak stands increased up to
10.65, not differing from the soil C:N under pecan stands in 2001 (10.41). In 2016, the
soil C:N reduced to 9.92 and 9.77 under oak and pecan stands, respectively. Although
non-significant (Table 1), a numeric increase in the soil N was observed, particularly under
pecan plantings (Supplemental Table S1). The constant inputs of leaf and poultry litter may
have increased biological activity [34] and induced C losses through respiration [35,36],
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preventing SOC accumulation and favoring N retention in soils, which lowered the soil C:
N ratios after 17 years of management.
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Figure 1. Soil C:N over time in a 17-year agroforestry site in Fayetteville, AR, per tree species,
and averaged across fertilization treatments. Dashed lines represent baseline values (1999). Means
followed by the same letter do not differ at p < 0.05.

In 1999 (year 0), the baseline average soil pH was 4.8 (Figure 2a) at the 0–15 cm
soil depth. After the establishment of the AF system, an overall increase in soil pH was
observed (regardless of fertilizer source). In 2001, the soil pH was approximately 6.5, with
no differences observed in the soils between the tree species (oak and pecan). The greatest
pH was observed in 2008, with the soils under pecan having an increased pH (p < 0.05;
7.4) compared to the soils under oak (7.1). In 2016, a reduction in pH was observed in the
soils under both tree species, with an increased pH under pecan (6.4) compared to oak
(5.9). The increase in pH resulted from the lime applications during the site development
(8.4 Mg ha−1) and the application of poultry litter (pH 6.8) between 2001 and 2007, whereas
the reduction in 2016 likely reflects the lack of poultry litter applications after 2008. Poultry
litter has been proven to ameliorate soil acidity [37,38], which may occur through the
complexation of soluble Al with organic matter.

Contrary to soil pH, the Mg in the soils had an overall decrease with the AF system’s
establishment (Figure 2b). Initially, the average Mg concentrations were 87 mg kg−1 at
the 0–15 cm soil depth. In 2001, the Mg concentration was approximately 68 mg kg−1,
with no differences between the oak and pecan. In 2016, the Mg concentration in the soils
under pecan increased compared to 2008 and were higher than the Mg concentration in
the soils under oak during the same year (p < 0.05). For S, the average initial concentration
was approximately 20 mg kg−1 (Figure 1c). In 2001, the S concentration under the pecan
soils was similar to year 0 (19 mg kg−1), which was greater (p < 0.05) than the soils
under oak (17.8 mg kg−1). In 2008, the S concentrations decreased approximately 60%
(7 mg kg−1 average), with no differences between the tree species occurring. In 2016, the S
concentration in the soils under oak did not change compared to 2008; however, it decreased
in the soils under pecan (6.5 mg kg−1). The reductions in the Mg and S concentrations were
unexpected, as AF are often thought to increase the nutrient availability in soils [10,32].
However, the study site was hayed for several years. This may have favored the removal
of nutrients from this site, thus contributing to these reduced concentrations in the soils.
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AR, per tree species, averaged across fertilization treatments. Dashed lines represent baseline values
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concentration in soil (mg kg-1); (c) S concentration in soil (mg kg-1).
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Effects of the fertilization over time are shown in Figure 3. In 1999, the average soil P
concentrations were approximately 30 mg kg−1 (Figure 3a). Under the control treatment,
the soil P concentration did not change over time after tree establishment. Conversely, the
soil P concentration under poultry litter increased approximately 53% in 2008 (70 mg kg−1)
compared to 2001, with an increased value also in 2016 (63 mg kg−1). In 2008, the soil P
concentration in the treatments that received PL was 56% greater than the positive control
treatment (31 mg kg−1). Poultry litter is regarded as a valuable source of nutrients, namely
N and P, and its application on AF systems may enhance nutrient cycling and availability in
soils long-term [22,23,39,40]. Indeed, the reduced soil C:N ratios observed in 2016 (Figure 1)
may have been linked to the increased N concentrations (Supplemental Table S1), due to
long-term poultry litter applications.
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Figure 3. Selected soil chemical properties over time in a 17-year agroforestry site in Fayetteville, AR,
per fertilization treatment, averaged across tree species. Dashed lines represent baseline values (1999).
PL, poultry litter. Means followed by the same letter within a panel do not differ at p < 0.05. (a) P
concentration in soil (mg kg-1); (b) K concentration in soil (mg kg-1); (c) Mg concentration in soil (mg
kg-1); (d) S concentration in soil (mg kg-1).

Overall, the soil K concentrations did not change across years for both fertilization
treatments, with the terminal values being similar to the initial average (113 mg kg−1;
Figure 3b). The exception was in 2008, when the control treatment had a lower K concen-
tration (77 mg kg−1) compared to poultry litter (114 mg kg−1). The concentrations of Mg
and S in 2001 were similar to the baseline values for both fertilization treatments. In 2008,
the Mg and S concentrations in the soils that received poultry litter were higher (p < 0.05)
than in the control (Figure 3c). These results demonstrated that poultry litter applications
increased the overall soil fertility compared to the control treatment (inorganic fertilizer),
with more pronounced effects in 2008. Organic fertilizers, such as animal manures, have
been shown to neutralize soil acidity, increase nutrient levels, and improve biological
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activity and diversity relative to inorganic fertilizers, thus contributing to improved soil
health [41–43].

3.2. Soil Properties as Affected by Tree Species and Fertilization Sources after 17 Years

The soil organic C sequestration in no-tillage agrosystems represents an opportunity
to offset anthropogenic CO2 emissions and improve soil quality [44]. As expected, all soil
physical and chemical properties differed (p < 0.05; Table 2) by soil depth, except for pH.
An interactive effect (p < 0.05) between the tree species and fertilization was observed for
the P, Ca, SOC, and N concentrations and stocks, as well as for the C:N ratio. An interactive
effect (p < 0.05) of the tree species and soil depth were observed for the P, Mg, and C:N
ratio. Individual effects of the tree species were found for pH and S, whereas fertilization
effects were observed for Mg. A three-way interaction (tree species × fertilization × soil
depth; p < 0.05) was observed for Ca.

Table 2. Summary of analysis of variance of soil properties by tree species, fertilization treatments,
soil depth, and their interactions in a 17-year agroforestry site in Fayetteville, AR, in terminal (2016)
soil samples.

Source of
Variation

Soil Properties †

Bd pH P K Ca Mg S SOC N C:N SOC (Mg ha−1) N (Mg ha−1)

p-value ‡
Tree Species 0.36 <0.01 <0.01 0.69 0.51 0.42 0.04 0.59 0.12 0.01 0.81 0.14
Fertilization 0.72 0.32 <0.01 0.11 0.69 <0.01 0.64 0.96 0.47 0.06 0.68 0.68

Tree Species ×
Fertilization 0.76 0.12 <0.01 0.28 0.01 0.06 0.09 <0.01 <0.01 <0.01 <0.01 <0.01

Depth <0.01 0.20 <0.01 <0.01 <0.01 <0.01 0.04 <0.01 <0.01 <0.01 <0.01 <0.01
Tree Species ×

Depth 0.56 0.76 0.02 0.54 0.28 <0.01 0.53 0.17 0.37 0.01 0.22 0.52

Fertilization ×
Depth 0.57 0.99 <0.01 0.36 0.43 0.67 0.15 0.35 0.34 0.69 0.59 0.69

Tree Species ×
Fertilization ×

Depth
0.63 0.51 0.13 0.62 <0.01 0.09 0.83 0.06 0.14 0.98 0.39 0.60

† Bd, bulk density; SOC, soil organic C. ‡ Significant interactions and main effects (p < 0.05) are indicated by
bolded text.

The 0–15 cm soil depth had a lower bulk density and greater nutrient (C, N, P, K, Ca,
Mg, and S) concentrations and C:N ratio compared to the 15–30 cm soil depth (Table 3).
Likewise, increased SOC and N stocks were found in the upper soil depth compared to
the 15–30 cm layer. The phosphorus concentration was 68% greater at the 0–15 cm soil
depth, whereas the S concentration was only 7% greater at the surface layer. For the SOC,
N, and K concentrations, this value was approximately 50% and 30% for the Ca and Mg
concentrations. The increased SOC and nutrient concentrations and reduced bulk density
at the top 15 cm reflects higher soil organic matter (SOM) concentrations, as well as lime
and poultry litter applications in the soil surface.

When investigating the interactive effects of the tree species and fertilization treatments
on soil nutrients averaged across depths, it was observed that the soils under pecan
receiving inorganic N fertilizer (control) had lower soil P (Table 4), likely due to the lesser P
inputs relative to the poultry litter applications. The application of poultry litter in the soils
under pecan led to an increased Ca concentration (1407 mg kg−1) compared to the control
(1098 mg kg−1); however, it did not differ from the control treatment in the soils under oak
(Table 4).
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Table 3. Selected soil physical and chemical properties by depth in a 17-year agroforestry site in
Fayetteville, AR (collected in 2016), averaged across tree species and fertilization treatments.

Depth Soil Properties †

Bd pH P K Ca Mg S SOC N C: N SOC N

cm Mg
dm−3

1:1
H2O mg kg−1 % Mg ha−1

0–15 1.16 b
‡ 6.18 a 49.6 a 101.6 a 1421.4

a 63.8 a 7.2 a 1.50 a 0.15 a 9.8 a 25.8 a 2.6 a

15–30 1.47 a 6.12 a 16.1 b 47.6 b 1016.1
b 42.0 b 6.7 b 0.70 b 0.08 b 8.7 b 15.4 b 1.8 b

† Bd, bulk density; SOC, soil organic C. ‡ Means followed by the same letter do not differ at p < 0.05.

Table 4. Soil chemical properties in a 17-year agroforestry site in Fayetteville, AR (collected in 2016),
per tree species and fertilization treatment, averaged across soil depth (0–15 and 15–30 cm).

Tree
Species

Fertilization
Source † Soil Properties ‡

P Ca SOC N C: N SOC N
mg kg−1 % Mg ha−1

Oak
Control 42.1 a ¶ 1302.5 ab 1.19 a 0.12 ab 9.9 a 22.4 a 2.24 ab

PL 39.3 a 1067.1 b 0.98 b 0.11 b 9.2 b 18.6 b 2.01 b

Pecan
Control 9.7 b 1098.4 b 1.01 b 0.11 b 8.9 b 19.2 b 2.09 b

PL 40.3 a 1407.2 a 1.22 a 0.13 a 9.1 b 22.2 a 2.39 a

† PL, poultry litter. ‡ SOC, soil organic C. ¶ Means followed by the same letter within a column do not differ at
p < 0.05.

The soils under oak and poultry litter applications had a lower SOC concentration
and stocks (Table 4) compared to the control. A similar trend was observed for the soil
N. This was unexpected, since poultry litter is considered a valuable source of OM and
nutrients [22,23,45]. Conversely, the soils under pecan that received poultry litter had
greater SOC and N content and stocks compared to the control. The increase in SOC and
N stocks in the poultry litter treatments under pecan corresponded to approximately 14
and 13% relative to inorganic-fertilizers, respectively. This was likely a result of increased
SOM accumulation, following poultry litter applications, relative to synthetic fertilizers [34]
and differential decomposition of pecan leaf litter. Accordingly, pecan leafy and woody
materials have increased the N content compared to oak [25], which may increase the
decomposition rates and humification [46]. As hypothesized, our results indicated that
the SOC and fertility in AF soils varied by tree species and that past fertilization practices
had a legacy effect on the soil fertility after 17 years of management. In addition, our
findings demonstrate that the proper combination of trees and fertilization sources (organic
vs. mineral) can enhance the SOC and N sequestration in temperate AF systems and, thus,
help mitigate GHG emissions.

3.3. Soil Properties in 2016: Linkages

Pearson’s correlation coefficients demonstrated the relationship between terminal soil
samples. At the 0–15 cm soil depth, the SOC and N had a strong, positive correlation
(r = 0.96; p < 0.05; Table 5). Additionally, a strong, positive correlation was observed
for the Ca and SOC as well as the Ca and N (r = 0.71). Moderate positive correlations
were observed between the P and SOC as well as the P and N (approximately r = 0.60).
A moderate, positive correlation was also observed between the Ca and pH, Ca and P
(r = 0.55), and SOC and C: N (r = 0.49). Bulk density had a moderately negative correlation
with the SOC and N (r =−0.57 and−0.61, respectively). Similar correlations were observed
at the 15–30 cm soil depth, with S and pH presenting a moderate negative correlation
(r = −0.58).
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Table 5. Pearson’s correlation coefficients between soil properties at the 0–15 cm and 15–30 cm soil
depth in a 17-year agroforestry site in Fayetteville, AR.

Soil Properties † (0–15 cm)

pH P K Ca Mg S SOC N C: N

Bd −0.24 ‡ −0.35 −0.25 −0.55 −0.35 −0.07 −0.57 −0.61 −0.10
pH −0.03 −0.07 0.55 0.33 −0.43 0.25 0.27 0.01
P 0.36 0.55 0.21 0.32 0.61 0.60 0.22
K 0.27 0.29 0.06 0.19 0.25 −0.07
Ca 0.44 −0.10 0.71 0.71 0.29
Mg −0.42 0.34 0.40 −0.03
S 0.37 0.30 0.34

SOC 0.96 0.49
N 0.25

Soil Properties (15–30 cm)

pH P K Ca Mg S SOC N C: N

Bd −0.12 −0.17 0.11 −0.26 0.11 −0.19 −0.41 −0.43 −0.17
pH 0.15 −0.14 0.67 −0.02 −0.58 0.32 0.35 0.09
P 0.22 0.58 0.27 0.05 0.57 0.56 0.25
K 0.26 0.59 0.07 0.31 0.40 −0.07
Ca 0.39 −0.26 0.71 0.69 0.36
Mg −0.08 0.24 0.25 0.08
S 0.21 0.12 0.28

SOC 0.93 0.60
N 0.27

† Bd, bulk density; SOC, soil organic C. ‡ Significant interactions (p < 0.05) are indicated by bolded text.

Overall, the positive relationships between the SOC and N with Ca and P at the
0–15 cm soil depth may be explained by accumulation of SOM on the soil surface via
leaf litter deposition or poultry litter applications. Not surprisingly, the bulk density had
a negative correlation with these nutrients, thereby indicating an inverse relationship
between the SOM formation and bulk density. These results agreed with previous reports
in the literature and demonstrated that SOM accumulation plays a major role in nutrient
cycling and availability in AF systems [2,4]. Our findings may represent a guideline for
improving the SOM accumulation, SOC retention, and fertility in temperate AF systems
and, therefore, an opportunity to offset anthropogenic CO2 emissions and improve soil
quality [43].

4. Conclusions

The establishment of an AF system led to varying trends in nutrient concentrations
over 17 years of management. Long-term applications of poultry litter led to an overall
increase in the pH and P concentrations in soils. After 17 years, the soils under pecan
that received poultry litter had increased Ca, SOC, and N concentrations compared to the
inorganic control, indicating a legacy effect of poultry litter and suggesting a differential
effect of tree species on the SOM accumulation and nutrient availability in soils. From a
practical perspective, applications of poultry litter in pecan plantings were more beneficial
compared to applications of inorganic fertilizer, as the improved soil fertility may increase
the biomass yield and pecan production. The positive correlations between SOC, N, and
P at the 0–15 cm depth indicated that the improved soil fertility in AF systems is linked
to the accumulation of OM. Thus, tree species and fertilization practices that improve
the SOM levels in soils should be prioritized, due to their potential benefits for biomass
yield and overall soil health. This understanding may serve as a guideline for improving
the SOC retention and nutrient cycling in temperate AF sites, and, therefore, their ability
to provide ecosystem and economic services. Investigating C dynamics under several
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management practices will help increase our knowledge on how to optimize both C storage
and productivity under agroforestry system management strategies.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/agronomy12030641/s1, Table S1: soil organic C and N over time in a 17-year agroforestry site
in Fayetteville, AR, per tree species, averaged across fertilization treatments.
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