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Abstract: Effective incentivization of soil carbon (C) storage as a climate mitigation strategy necessi-
tates an improved understanding of management impacts on working farms. Using a regional survey
on intensively managed farms, soil organic carbon (SOC) concentrations and stocks (0–100 cm) were
evaluated in a pairwise comparison of long-term (10+ years) woody hedgerow plantings and adjacent
crop fields in Yolo County, CA, USA. Twenty-one paired sites were selected to represent four soil
types (Yolo silt loam, Brentwood clay loam, Capay silty clay, and Corning loam), with textures ranging
from 16% to 51% clay. Soil C was higher in the upper 100 cm under hedgerows (14.4 kg m−2) relative
to cultivated fields (10.6 kg m−2) and at all depths (0–10, 10–20, 20–50, 50–75, and 75–100 cm). The
difference in SOC (3.8 kg m−2) did not vary by soil type, suggesting a broad potential for hedgerows
to increase SOC stocks. Assuming adoption rates of 50 to 80% across California for hypothetical
field edges of average-size farms, and an identical SOC sequestration potential across soil types,
hedgerows could sequester 10.8 to 17.3 MMT CO2e, or 7 to 12% of California’s annual greenhouse
gas reduction goals.

Keywords: agriculture; conservation; hedgerows; Mediterranean climate; soil carbon; woody shrubs;
field borders

1. Introduction

Conversion of natural ecosystems to agriculture and its continued intensification have
resulted in substantial losses of carbon (C) from the top 100 cm of soils worldwide [1,2].
Recent projections indicate negative emissions of 150 Pg C is required to avoid a rise in
global temperatures [3]. Globally, soils under agricultural management have the potential
to sequester approximately 0.7 to 1.85 Pg C yr−1 for up to 20 years [4,5], although stoichio-
metric constraints [6,7], photosynthetic capacity [8], and socioeconomic barriers [9,10] may
limit actual sequestration.

New government and market-based initiatives are emerging to incentivize C storage on
natural and working lands to simultaneously mitigate and adapt to climate change [11,12].
It is widely documented in intensively managed systems that conservation practices, par-
ticularly cover cropping, compost, reduction of bare ground, and conservation tillage, can
increase soil organic carbon (SOC) storage [5,11–15]. Afforestation, or the integration of
perennial vegetation in the form of hedgerows, windbreaks, and/or riparian corridors,
integrates several conservation practices known to sequester SOC (i.e., no tillage, increased
ground cover, and deep perennial roots), while providing an additional source of C in
the form of biomass (e.g., trees, shrubs, and vines) [16–18]. Hedgerows are typically
planted on marginal lands, field edges, and waterways, infringing little on production
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agriculture [16,19], although this may change as market prices increase for low-value com-
modities. Hedgerows also provide valuable ecosystem services at the field and landscape
scale, including increased infiltration and interception of nutrient leachate [20,21], increased
pollination and pest control [22–24], and the promotion of habitat and biodiversity in in-
creasingly fragmented landscapes [25,26].

Hedgerows have the potential to sequester SOC [25,27–29] through both increased
inputs (e.g., litter deposition and root exudates) [30,31] and reduced losses (e.g., reduced
disturbance, lack of irrigation, and erosion control) [32,33]. Quantitative investigations of
SOC stocks in deep soil layers and the distribution and dynamics of C sequestration under
hedgerows, however, are scarce [28,34,35]. Woody shrubs and trees used in hedgerows
often have extensive, perennial root systems that extend several meters deep and may
contribute more to subsoil C than annually harvested row crops with finer, shallower, and
shorter-duration roots [36–38]. Different plant functional types also have different patterns
of C allocation to roots that may promote different distributions of SOC [39].

Moreover, soil type (e.g., soil texture and mineralogy) influences SOC, so comparisons
of a given management type may not be consistent across a landscape [40,41]. Climate,
vegetation, and land-use/management are also recognized as key drivers of C sequestration,
but their relative importance, especially at various depths, remains unclear [39,42–44].

In the Sacramento Valley of California, a 2001 collaborative campaign between local
agencies to “Bring Farm Edges Back to Life” established hedgerows on working farms
across Yolo County [45,46]. This provided an opportunity to quantify SOC storage between
hedgerows and adjacent cultivated cropland in a Mediterranean-type climate. There
is a paucity of SOC data in the semi-arid Western US [47], where models project large
increases in temperature and severity and frequency of drought [48–50]. Previous studies in
California have shown higher SOC in woody plant communities than adjacent agricultural
land [25,51].

The overall objective of this study was to assess the impact of hedgerows (established
for 10+ years) on SOC to a depth of 1 m, by sampling all farm sites in a 100 km2 region
that met criteria for hedgerow age, height, composition, and proximity to the edge of a
cultivated field. The specific objectives were to: (1) compare SOC and physicochemical
properties in cultivated fields and adjacent hedgerows to a depth of 1 m, using a regional
survey; (2) evaluate the difference in SOC across a range of soil types; (3) identify factors
that contribute to the accrual of SOC in the surface (0–20 cm) and subsurface (20–100 cm)
using multivariate statistics. We hypothesize that SOC will be greater under hedgerows
than cultivated fields, in both the surface and the subsurface, but that the difference and
distribution will vary by soil type and/or silt and clay content.

2. Materials and Methods
2.1. Site Description

A regional survey was conducted across farms in the mostly leveled, lowland alluvial
plains, fans, and terraces of Yolo County (Figure 1), situated in the southern Sacramento
Valley, California, USA. Sites ranged in elevation from 16 to 140 m above sea level. The
92,463 ha region is characterized by cool, wet winters and hot, dry summers that engender a
xeric soil moisture regime and a thermic soil temperature regime [52]. Annual precipitation
is 52.6 cm and mean annual temperature of 17 ◦C, based on the city of Woodland, CA.
Soils are developed largely from materials deposited from the Coast Range mountains to
the west.

The study area was historically (pre-1900) dominated by oak woodlands, savannas,
and wetlands, but is characterized today by intensive irrigated agriculture with dominant
crop rotations including tomato (Lycopersicum esculentum), alfalfa hay (Medicago sativa),
sunflower (Helianthus annuus), safflower (Carthamus tinctorius), wine grapes (Vitis vinifera),
almonds (Prunus dulcis), and rice (Oryza sativa). Management is characterized by irrigation,
frequent bare ground, and intensive tillage [47,53]. Since the mid-1990s, multi-stakeholder
collaborations have helped farmers establish hedgerows, filter strips, and vegetated ripar-
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ian corridors on agricultural lands [21,54,55], resulting in approximately 71 hectares of
hedgerows in Yolo County with goals to establish an additional 80 hectares by 2030 [56].
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Figure 1. Map of 21 sampling locations across Yolo County, California; designated by soil series,
including Yolo silt loam (n = 6), Brentwood clay loam (n = 6), Capay silty clay (n = 6), and Corning
loam (n = 3).

2.2. Site Selection

Criteria for site selection included hedgerows that were (1) greater than or equal
to 10 years in age; (2) greater than or equal to 1.5 m in height; (3) contiguously planted
woody species; (4) immediately adjacent to a cultivated crop; (5) not situated in or along
a waterway or irrigation canal; (6) where soil had not been reworked, moved, or made
into a berm prior to planting. We sampled all hedgerows that met the criteria in the area
portrayed in Figure 1.

Sampling occurred on four agriculturally representative soil types spanning a range in
pedogenesis, or soil formation. Twenty-one paired sites were identified (Figure 1), which
included: six on Yolo silt loam (fine-silty, mixed, superactive, nonacid, thermic Mollic
Xerofluvents); six on Brentwood clay loam (fine, smectitic, thermic Typic Haploxerepts);
six on Capay silt clay (fine, smectitic, thermic Typic Haploxererts); three on Corning loam
(fine, mixed, semiactive, thermic Typic Palexeralfs) (Table 1). In California, Yolo soils are
found on 601 km2, Brentwood soils on 206 km2; Capay soils on 1216 km2; Corning soils
on 559 km2 [57]. For sites sampled in this study, the cultivated field sizes ranged from 2.5
to 99.6 ha (mean = 26.0 ha) (Table S5). Hedgerows covered an area ranging from 0.05 to
1.23 ha per sampling site (mean = 0.32 ha) (Table S5). Hedgerows constituted 0.33 to 9.43%
of total agricultural field area (mean = 1.89%) based on analysis of data from the Soil Survey
Geographic Database and Google Earth [58].
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Table 1. Site information for 21 hedgerows and adjacent cultivated fields in Yolo County, California.
Compost, cover crop, and vegetative cover represent the typical management (in cultivated fields)
for the past five years, while crop refers to the current crop in the rotation.

Site Soil Type Soil
Textural Class 1

Hedgerow
Age (yrs)

Compost (Tons
ha−1 yr−1) Crop Cover Crop Vegetative

Cover (Months)

1 Yolo Silt loam 20 0 wheat N 6
2 Yolo Silt loam 23 0 tomato N 7.5
3 Yolo Silt loam 11 0 tomato N 5
4 Yolo Silt loam 10 24 diverse 2 Y 10
5 Yolo Silt loam 19 0 tomato N 5
6 Yolo Loam 10 4 tomato N 5
7 Brentwood Clay loam 13 12 diverse Y 10
8 Brentwood Clay loam 10 6 tomato Y 10
9 Brentwood Clay loam 10 6 tomato Y 10
10 Brentwood Clay loam 14 0 tomato N 7.5
11 Brentwood Clay loam 16 4 wheat N 6
12 Brentwood Clay loam 23 0 tomato N 7.5
13 Capay Silty clay 20 0 tomato N 7.5
14 Capay Silty clay 20 0 tomato N 7.5
15 Capay Silty clay 25 0 rye N 9
16 Capay Silty clay 25 0 rye N 9
17 Capay Silty clay 20 0 wheat N 7.5
18 Capay Silty clay 15 0 wheat N 7.5
19 Corning Loam 25 0 poppies N 9
20 Corning Loam 10 0 grapes N 8
21 Corning Loam 11 0 oat hay N 10

1 in the surface horizon; 2 cultivating more than one species at the same time. Yolo = Mollic Xerofluvent,
Brentwood = Typic Haploxerept, Capay = Typic Haploxerert. Corning = Typic Palexeralf.

Most of the cropping systems were furrow-irrigated tomato/wheat/sunflower ro-
tations, which varied slightly in management and crop in rotation at the time of sam-
pling (Table 1). One perennial system, a vineyard, was included on the Corning series.
One-on-one interviews with land managers were conducted in May 2019 to characterize
management practices in both hedgerows and cultivated crops.

Hedgerows plants were predominantly shrubs with occasional trees. Commonly
occurring species included Willow (Salix spp.), Ceanothus (Ceanothus spp.), Elderberry
(Sambucus mexicana), California coffeeberry (Frangula californica ssp. tomentella), Toyon
(Heteromeles arbutifolia), Saltbush (Atriplex lentiformis), Coyote brush (Baccharis pilularis),
Western redbud (Cercis occidentalis), and Milkweed (Asclepias spp.). Hedgerows ranged
in age from 10 to 25 years (mean of 17 years) and were all established with irrigation and
amendments (compost and/or mineral fertilizer) in the first three years. The levels of
maintenance (i.e., pruning and weeding) may have varied over their lifetime, but annual
records were not available.

2.3. Soil Sampling and Profile Descriptions

In April 2019, prior to spring irrigation in adjacent crops, soil samples were collected
from each site. In order to sample the full set of hedgerows in a short period of time,
minimizing management variability and the effects of moisture content on bulk density
collection, we chose to sample three locations within the hedgerows and three in the
adjacent fields. Hedgerow locations were selected along a 100 m transect, using a random
number generator (Figure 2). To avoid an edge effect from the impact of traffic and
equipment, but minimize variability in inherent soil properties, a transect of three locations
within the cultivated field was selected 50 m from and parallel to the hedgerow transect.
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Figure 2. Sampling design for measuring soil properties across a 100 m transect within and 50 m
away in adjacent cultivated fields. Hedgerow samples were collected as close to the base of the
woody shrubs as possible. H = hedgerow, C = crop.

Soil pits were excavated manually, or mechanically where possible, in the central
sampling location of both the hedgerow and the cultivated field, while 10 cm diameter
augers were used to collect samples at the other two locations in each transect.

Samples were collected from depth increments of 0–10, 10–20, 20–50, 50–75, and
75–100 cm, representing agriculturally relevant surface horizons and similar genetic hori-
zons across soil types. For instance, USDA soil survey mapped all soils (except Capay)
with Ap horizons at 0–20 cm, as this is a common tillage depth. Soil from each sampling
location was kept separate and thoroughly homogenized before bagging for subsequent
analysis of SOC, total nitrogen (N), texture, and pH. Soils were stored at 4 ◦C until field
sampling was complete (no more than 12 days).

Soil profile descriptions were conducted using standard soil survey techniques [59] The
following morphologic indicators were characterized: (1) A-horizon thickness; (2) depth to
redoximorphic features; (3) maximum rooting depth; (4) root size (scored 1 to 5 for very
fine, fine, medium, coarse, and very coarse roots) and quantity (1 to 3 for few, common,
and many); (5) type, size, and grade of soil structure. Redoximorphic features were not
encountered at any of the sites. Root density was calculated as:

Ri = 1(VFq) + 2(Fq) + 3(Mq) + 4(Cq) + 5(VCq), (1)

where Ri is the root density for sampling depth i; VFq is the quantity of very fine roots, Fq is
fine roots, Mq is medium roots, Cq is coarse roots, and VCq is very coarse roots. Weighted
averages were calculated for 0–20 cm and 20–100 cm depths. The quantity of earthworms
was determined at each soil pit via hand sorting [60] and converted to an index of 1 to 3 for
few (1–2), common (3–5), and many (6+), respectively.

2.4. Bulk Density

At each pit (Figure 2), bulk density samples were collected from the center of each
sampling depth using the core method (8.25 cm diameter; 7.5 cm length) [61]. For depths
greater than 10 cm, 2 cores were collected in sequence (i.e., 27.5–35 cm and 35–42.5 cm
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for 20–50 cm depth), offset horizontally to avoid potential compaction. Rock fragments
(>2 mm) present in Corning soils were weighed, wrapped in paraffin wax, and submerged
in water to determine volume. Mass and volume of rock fragments, where present, were
subtracted from the total mass and volume prior to calculating bulk density.

2.5. Soil Chemical Properties

Soil samples were air-dried at 25 ◦C and sieved to <2 mm. All visible plant materials,
including fine roots, were removed and subsamples oven-dried at 60 ◦C for 72 h before
ball milling in metal cylinders for 12–24 h, or until a fine powder was achieved. Soil
pH was measured on <2 mm sieved samples in a 1:2 suspension with 0.01 M CaCl2
using a combination glass and calomel electrode [62]. Soil texture was measured by a
hydrometer [63]. Total C and N were determined on ball-milled samples by dry combustion
using an ECS 4010 Costech Elemental Analyzer and a LECO soil standard [64]. Samples
with a pH over 7.4 were pre-treated with 1 N HCl to remove carbonates [65].

Total SOC and soil N were calculated on a mass basis for each fixed depth, in order to
convert concentrations to stocks:

Ci = BDi × di × ci, (2)

where Ci is the total mass of SOC (kg m−2) for sampling depth i, BD is the bulk density
(kg m−3) of sampling depth i, di is the length (m) of sampling depth i, and ci is the
concentration of SOC (g kg−1 soil) for sampling depth i. Profile SOC stocks (0–100 cm)
were calculated by summing the total SOC (kg m−2) from each individual soil depth [66].
Weighted averages of measured SOC (used in principal component analysis) at 0–10 cm
and 10–20 cm depths were used for 0–20 cm SOC stock values and at 20–50 cm, 50–75 cm,
and 75–100 cm for 20–100 cm SOC stock values:

Si = (Σn
i (si × di))/lt, (3)

where Si is the total mass of SOC (kg m−2) for the total aggregated depth (0–20 or
20–100 cm), si is the stock of SOC (kg m−2) for sampling depth i, di is the length (m)
of sampling depth i, and lt is the total length of the aggregated depth.

2.6. Statistical Analyses

Data for total SOC, total soil N, BD, pH, sand, and clay were tested for normality and
homogeneity of variance and normalized using log (x + 1) transformations when necessary
to meet ANOVA assumptions. Effects of management (hedgerow vs. crop) and soil type
on each variable were analyzed using a mixed-effects model using the R statistical package
nlme [67]. Management (within-subject factor) and soil type (between-subject factor) were
considered fixed effects, while site was considered a random effect (based on repeated
measures). Data were analyzed separately for each individual sampling depth, as well as
for the entire 0–100 cm. Differences between means were calculated using Tukey’s Honestly
Significant Difference (HSD) tests. Statistical significance was evaluated at p < 0.05 unless
otherwise stated. Box plots (Figure S1) were graphed using the ggplot package in R [68].

Sources of variability in the dataset were characterized by Principal Component
Analysis (PCA) on a standardized correlation matrix using the vegan package in R [69].
Loadings and proportions of variance, as well as means for included variables, are presented
in Tables S3 and S4. The first three components were selected based on visual interpretation
of the scree plots and criteria of having eigenvalues >1 and a cumulative variance of at least
70% [70].

2.7. Scenario Estimates

To estimate the viability of hedgerow plantings in achieving state-wide emissions
reductions goals, the potential for C sequestration was assumed to be equivalent to the
difference between measured SOC stocks (0–100 cm) in hedgerows and cultivated fields.
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It is estimated that the state of California includes a total of 76,500 farms with an average
farm size of 126 ha [71]. Farms were assumed to be square to estimate the perimeter of
an average farm in each region. Based on recommendations for implementation and a
literature review of 60 studies, an average 5 m hedgerow width [21,54,72] was used to
calculate the total area of hedgerows if the entire perimeter of each farm was re-vegetated.
The total potential hedgerow area was then multiplied by the total number of farms and
either 0.5 or 0.8 to represent a 50% or 80% adoption scenario. The final area was converted
to hectares (77,167 or 123,467 ha) and multiplied by the mean difference in SOC stocks
under hedgerows relative to adjacent cultivated fields. Finally, CO2e was calculated with a
conversion factor of 3.67 (44g CO2/12g C).

3. Results and Discussion
3.1. Soil Organic Carbon Stocks (0–100 cm)

Whole-profile (0–100 cm) SOC (kg m−2) stocks across all sites differed by management
and soil type (p < 0.001) (Figure 3). Whole-profile SOC stocks were, on average, 36% greater
in hedgerows (mean = 14.4 kg m−2; range = 7–26 kg m−2) compared to cultivated fields
(mean = 10.6 kg m−2; range = 4–19 kg m−2) (Figure 3). Whole-profile stocks were 24%,
27%, 49%, and 74% greater under hedgerows than adjacent cropland on Yolo silt loam,
Brentwood clay loam, Capay silt clay, and Corning loam soils, respectively, with absolute
differences ranging from 2.6 kg m−2 for Yolo to 5.8 kg m−2 for Capay. Importantly, soil
texture did not vary between hedgerow and cultivated soils at any site or depth (Table S1),
indicating field sites were paired effectively on the same soil types. Soil texture did vary
by soil type at each depth, ranging from loam to clay (16.1% to 50.9% clay). Thus, across
a wide range of soil textures, hedgerows consistently stored more SOC in the 0–100 cm
profile than adjacent cultivated fields. Bulk density (Table S1) also did not vary between
hedgerow and cultivated soils, except at 0–10 cm on Corning soils, but differences did not
impact differences in C stocks.

Studies across a diversity of climates and soil types have reported a range of 3 to
32 kg C m−2 (0–100 cm) under agroforestry systems [34], as well as similar magnitudes
of SOC stock increases (32–45%) relative to adjacent cropland [18,73,74]. Thiel et al. 2015
found that planted hedgerows adjacent to cropland on Inceptisols in British Columbia
stored a mean of 17.6 kg C m−2 from 0–100 cm, 40% greater than adjacent cultivated
fields. In western France, hedgerows on Inceptisols and Alfisols were found to store
15.5 kg C m−2 to a depth of 90 cm, 42% greater than adjacent cultivated fields [74]. In
the UK, hedgerows on Inceptisols were found to store 31% more C to a depth of 50 cm
than adjacent managed grasslands [35]. Within California, across a range of soil types,
SOC (0–100 cm) was approximately 11–20 kg m−2, or 45% higher in woodland ecosystems
relative to adjacent vineyards [51] but was not different between forested riparian corridors
and adjacent cropland [75]. A meta-analysis of 84 studies in temperate climates found
hedgerows stored 32 ± 23% more SOC than adjacent cropland [28].

Whole-profile SOC stocks for cultivated fields were similar to those found at a nearby
long-term research station on similar soil types (Yolo and Rincon soil series), where conven-
tionally managed fields averaged 10.7 kg m2 and organically managed fields (receiving
annual compost applications and cover crops) resulted in SOC stocks of 13.1 kg m−2

to a depth of 100 cm [14]. Management information (Table 1) collected in our study
demonstrated similar mean SOC stocks (0–100 cm) of 9.54 kg m−2 and 13.0 kg m−2 in
conventionally and organically managed fields, respectively. This indicates that organic
management can help close the gap in SOC stocks between cultivated fields and hedgerows,
despite the generally higher use of tillage for weed control.
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Figure 3. Mean soil organic carbon stocks by soil type (1 m depth) in hedgerows and adjacent culti-
vated fields (two−way ANOVA). One−way ANOVA refers to SOC stocks across sites by hedgerow
and cultivated fields. Number at the top of each column indicates the sample mean; bars indicate
standard error. Letters a and b indicate significant differences between soil types (n = 12, except
Corning n = 6), while letters x and y indicate significant differences between hedgerows (n = 21) and
cultivated fields (n = 21) with Tukey means comparisons at p < 0.05. Asterisks indicate significant
differences between hedgerows and cultivated fields within soil types (*** = p < 0.001).

Hedgerow age (Table 1) had no effect on whole-profile SOC stocks, possibly due to
the relatively constrained age range (10–25 years; mean = 17 years) in this study and/or
variability in maintenance and care (i.e., pruning). Soils under hedgerows may have reached
C saturation. Estimates suggest that SOC reaches maximum sequestration ~7 years after a
change in management and steady-state equilibrium by ~20 years [76,77]. Thiel et al., 2015
found a weak negative correlation between the difference in SOC and age of hedgerows
(9–45 years), while Drexler et al., 2021 found a positive correlation (10–37 years), and Viaud
and Kunnemann 2021 found no relationship (20+ years).

3.2. SOC Concentrations and Stocks by Depth

When analyzed by depth increments (Table 2; Figure S1), SOC concentrations (g kg−1)
and SOC stocks (kg m−2) were significantly higher under hedgerows at all depths and
across all soil types, except at 10–20 cm and 20–50 cm in Yolo (concentrations only) and
Brentwood. At 0–10 cm, SOC in hedgerows was nearly double that of cultivated fields
across soil types, likely due to both increased organic inputs and decreased decomposition.
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Hedgerows have been shown to increase litter deposition [31,78,79] and prevalence and
turnover of fine roots [80,81].

Table 2. Soil organic carbon concentrations and stocks by soil type in hedgerows and cultivated fields
at 5 distinct depths from 0 to 100 cm for 21 sites in Yolo County, CA, USA.

Soil Organic Carbon (g kg−1) Soil Carbon Stocks (kg m−2)

Hedgerow Cultivated Hedgerow Cultivated

Soil Type 0–10 cm

Yolo 2.62 (0.27) 1.36 (0.14) *** a 3.27 (0.22) 1.74 (0.17) *** a
Brentwood 2.52 (0.16) 1.30 (0.08) *** a 3.26 (0.17) 1.57 (0.08) *** a

Capay 2.51 (0.16) 1.03 (0.09) *** a 3.63 (0.21) 1.47 (0.15) *** a
Corning 2.47 (0.30) 1.01 (0.12) *** a 3.01 (0.35) 1.48 (0.20) *** a

10–20 cm

Yolo 1.42 (0.16) 1.15 (0.13) ns a 2.05 (0.19) 1.66 (0.19) * a
Brentwood 1.29 (0.08) 1.20 (0.10) ns a 1.80 (0.11) 1.66 (0.13) ns a

Capay 1.29 (0.1) 0.90 (0.07) *** a 2.18 (0.16) 1.45 (0.11) *** a
Corning 1.01 (0.13) 0.70 (0.06) * a 1.53 (0.23) 1.03 (0.08) * a

20–50 cm

Yolo 0.82 (0.08) 0.77 (0.05) ns a 3.53 (0.27) 3.53 (0.29) ns a
Brentwood 0.99 (0.07) 0.90 (0.06) ns a 4.48 (0.29) 4.17 (0.27) ns a

Capay 1.03 (0.07) 0.75 (0.07) *** a 5.32 (0.38) 3.94 (0.37) *** a
Corning 0.43 (0.02) 0.33 (0.02) *** b 2.17 (0.14) 1.58 (0.13) *** b

50–75 cm

Yolo 0.64 (0.03) 0.54 (0.03) * a 2.34 (0.12) 2.01 (0.12) * a
Brentwood 0.88 (0.05) 0.72 (0.05) *** a 3.25 (0.17) 2.53 (0.17) *** a

Capay 0.77 (0.07) 0.60 (0.05) *** a 3.44 (0.31) 2.68 (0.25) *** a
Corning 0.24 (0.03) 0.14 (0.02) *** b 1.01 (0.13) 0.56 (0.08) *** b

75–100 cm

Yolo 0.60 (0.04) 0.47 (0.03) *** a 2.09 (0.15) 1.75 (0.14) * a
Brentwood 0.76 (0.04) 0.63 (0.04) *** a 2.68 (0.16) 2.25 (0.17) *** a

Capay 0.67 (0.05) 0.49 (0.04) *** a 2.93 (0.23) 2.19 (0.17) * a
Corning 0.21 (0.06) 0.08 (0.01) *** b 0.89 (0.27) 0.29 (0.02) *** b

Within a column, for each depth, values for soil type followed by the same letter are not significantly different
at p < 0.05. Asterisks indicate significant difference between hedgerows and cultivated fields (* = p < 0.05,
** = p < 0.01, *** = p < 0.001). Numbers in parentheses indicate standard error (n = 21), except 75–100 cm (n = 18).

The lack of disturbance (i.e., cessation of tillage) and constant ground cover under
perennial woody shrubs may alter the physical environment in ways that impact microbial
activity and overall C-dynamics. Hedgerows have been found to create more favorable
microclimates [82–84], resulting in lower air and surface soil temperatures [85,86]. This
may contribute to reduced microbial activity and/or increased carbon use efficiency in the
surface 0–10 cm [43,87,88]. Soil moisture content may be lower or not significantly different,
as year-round vegetative cover increases transpiration, some of which may be offset by
reduced evaporation and increased infiltration [83,89,90]. Both lower moisture content and
temperatures slow microbial activity and, thus, decomposition.

The greater concentrations of SOC at 50–75 and 75–100 cm under hedgerows could
be the result of multiple mechanisms, including deep roots and their exudates [37,91],
increased dissolved organic carbon that accompanies greater surface inputs [92,93], and/or
increased bioturbation [94]. Cessation of tillage and the buildup of a litter layer can
encourage increased prevalence of earthworms [95,96] and other invertebrates [97,98],
which can redistribute organic materials throughout the profile. We observed a higher
occurrence of earthworms and increased root density (Table S3) throughout the profile
under hedgerows.
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The distribution of SOC among horizons was significantly different between hedgerows
and cultivated fields, except in Corning soils (Figure 4). Hedgerows had a greater propor-
tion of C near the surface (0–10 cm), whereas cultivated fields had a greater proportion of C
at 20–50 cm. Under hedgerows, Yolo, Brentwood, and Capay stored an average of 35% of C
(kg m−2) at 0–20 cm and 65% at 20–100 cm. Under cultivated fields, these soils stored an
average of 28% at 0–20 cm and 72% at 20–100 cm. Global estimates suggest that 30–63% of
SOC stocks (0–100 cm) are situated at 30–100 cm [39,41]. Under hedgerows, studies have
found 66% of SOC below 20 cm [18].
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Figure 4. Proportion of whole-profile SOC stocks (0–100 cm) situated in each sampling depth by soil
type. For a given sampling depth, asterisks represent significant differences between hedgerows
and cultivated fields within a given soil type (* = p < 0.05), while letters show significant differences
across soil types within a given system (lowercase letters (a or b) for hedgerows (H); uppercase letters
(A or B) for cultivated fields (C)) at p < 0.05.

Corning soils exhibited a greater proportion of C at 0–20 cm and a lesser proportion at
50–100 cm (Figure 4). At 0–20 cm, Corning soils held 53% of SOC under hedgerows and
41% under cultivated fields. At 50–100 cm, Corning soils averaged 19% SOC, compared
to an average of 37% under all other soil types. The Corning series has a root- and water-
restrictive argillic horizon (claypan) with an upper boundary around 50 cm. This horizon
likely limits root exploration, water percolation, and mixing via fauna.

While the proportion of total C stocks was higher in some cultivated subsoils (Yolo
and Brentwood 20–50 cm), the absolute amount was lower, indicating that the difference is
attributed to a lower relative C in the surface of cultivated fields, rather than mechanisms
contributing additional C with depth. Long fallow without adequate C inputs has been
shown to decrease SOC in Mediterranean agroecosystems [98–100]. Bare fallow leaves soil
exposed for several months of the year and can increase soil temperatures in semi-arid
environments by 5–10 ◦C relative to soils with vegetative cover [101–103]. Frequent tillage
may also contribute to loss of SOC in the topsoil.

3.3. Multivariate Analysis of Management Effects

Ordination with PCA was performed to further examine the relationships between
SOC, physicochemical properties, and variables from soil pit descriptions (Figure 5; Table S4).
Three PCs accounted for 72% and 85% of the variation in the surface (0–20 cm) and sub-
surface (20–100 cm) depths, respectively. At both depths, cultivated and hedgerow soils
formed distinct clusters along the x-axes of the biplots (PC1) with vectors represented by
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SOC and biological and morphological characteristics from soil pit descriptions. Amongst
both hedgerows and cultivated fields, sites with the same soil type tended to group to-
gether along the y-axes (PC2). Vectors were represented by physical properties, such as
bulk density and sand and clay content.
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istics from soil pit descriptions in (a) surface (0–20 cm) and (b) subsurface (20–100 cm). Weighted
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units are described in the Materials and Methods and in Table S2 in the Supplementary Materials.

PC1 accounted for 31.5% of the variation at 0–20 cm and 38.5% at 20–100 cm with
high positive loadings for root density, root depth, vegetative cover, and SOC, all of which
were positively associated with hedgerows (Table S4). This supports our expectation that
roots and increased vegetative cover (and the associated increases in litter deposition)
contribute largely to differences in SOC under hedgerows. At 0–20 cm, PC2 explained
23.2% of the total variance with high positive loadings for clay content and bulk density,
and high negative loadings for sand content. At 20–100 cm, PC2 represented 26.6% of the
total variance with high positive loadings for sand and high negative loadings for clay and
bulk density. Differentiation across the y-axis by soil type is more distinct, corroborating the
increased effect of soil type at lower depths in our study and others [104,105]. Capay soils
were negatively associated with PC1 and PC2, suggesting that the high clay content and
bulk density were restrictive of root growth and SOC storage, especially in cultivated soils.

3.4. Scaling up—Potential Carbon Sinks State-wide

When considering their limited extent across an agroecosystem, hedgerows may
not currently account for the greatest potential carbon sink on farms [106], although
one California study found that hedgerows accounted for 18% of total on-farm C, despite
only occupying 6% of the area [25]. To better understand the potential contribution toward
reducing greenhouse gases and climate forcing, we used empirical results from our study
sites and conservative adoption scenarios to estimate the state-wide potential for planting
hedgerows along farm edges. Based on the assumptions in the methods above, we estimate
154,334 hectares of farm edges across California. Assuming a 50% adoption rate (77,167 ha)
and an average increase in SOC storage of 38.3 Mg ha−1, this could store an additional
2,955,498 Mg C, or 10.8 MMT CO2e, in California soils. At an 80% adoption rate (123,467 ha),
SOC storage would increase to 4,728,797 Mg C, or 17.3 MMT CO2e (Table 3). These adoption
scenarios could account for between 7 and 12% of state-wide annual GHG reduction
goals [107], though it can take 10 years or more to detect from the time of establishment.
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At estimated average household emissions of 4.83 MT CO2e [108,109], this could offset
emissions by 2.5–4 million homes, or a similar number of combustion engine automobiles
for one year. A 2008 policy report to the California Air Resources Board (CARB) estimated
202,350 ha of field edges could be revegetated on crop and rangelands across the state,
considerably more than estimated in our calculations [110].

Table 3. Estimated state-wide potential of soils in established hedgerows along farm edges to
contribute towards California’s annual GHG reduction goals. Estimates based on total number of
farms in the state, the perimeter of an average farm size, and 5-m wide hedgerow plantings.

Adoption Rate Soil Organic Carbon
(Tg)

CO2 Equivalents
(MMT) (%) of GHG Goals

50% 2.96 10.8 7
80% 4.73 17.3 12

It was estimated that 100 m of hedgerows could be implemented per hectare across
the European Union’s agricultural lands (3 times our estimate per farm), or 178 million ha
total [111]. At 0.10 Mg C ha−1 yr−1, they estimated that hedgerow soils could store 65 MMT
CO2e yr−1, or 2% of the total annual emissions in the EU (based on 2007 data). In the UK,
it was estimated that the SOC sequestration potential for field margins was between 0.1
and 2.4% of their 1990-nationwide CO2 emissions [27]. None of these estimates, however,
include woody biomass, which would greatly increase the C sequestration potential. In
a field study in California, hedgerows stored approximately 25 Mg C ha−1 in woody
biomass [25]. A recent meta-analysis including measured data from 64 hedgerows (mean
height = 5 m) reported an average of 47 ± 29 Mg C ha−1 in above-ground biomass alone [28].
This would provide an additional technical potential of 13.3 ± 8.2–21.3 ± 13.1 MMT CO2e
under our adoption scenarios.

3.5. Future Research

Further research is needed to (1) better characterize contributions of above- and
below-ground woody C stocks (and relationships with tree/shrub dimensions); (2) identify
appropriate hedgerow species for various contexts; and (3) investigate how SOC changes
with distance from the hedgerow and determine if SOC gains extend into the field or are
offset by losses, due to light interception or competition between tree/shrub roots and
crops. The impact of field edge plantings on soil health and yields in adjacent fields should
also be characterized. Where possible, larger sample sizes are recommended to ensure
sufficient replication and statistical power to detect changes over the high spatial variability
of SOC [112].

4. Conclusions

Our results demonstrate that restoration of field edges with hedgerows has a pro-
nounced impact on SOC storage with significant differences extending throughout the
profile to a depth of 100 cm. The differential between hedgerows and cultivated fields
was similar across soil types, indicating that hedgerows may have broad potential across
edaphic contexts, although further investigation is necessary on soils with more diverse
mineralogy, degree of weathering, and climates than the study region. Although farm edges
do not constitute a substantial proportion of total farm area, if implemented at broad scale,
hedgerows could contribute to a small portion of GHG reduction goals, while promoting
biodiversity, providing critical habitats in increasingly fragmented agricultural landscapes,
and supporting a host of co-benefits and ecosystem services.

The presence of hedgerows had the strongest effect on SOC in the surface at 0–10 cm
and at 50–100 cm, with the perennial cover and root systems of the hedgerows explaining
much of the variation in SOC. At 20–100 cm, inherent soil properties/soil type contributed
more to the variation in SOC than in the surface at 0–20 cm. Soil type should always be
considered in sampling design and model development.
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Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/su141912901/s1, Figure S1: Box plots of soil organic carbon concentration;
Table S1: Soil properties to a depth of 1 m; Table S2: Total soil nitrogen concentrations, carbon-to-
nitrogen ratios, and pH to a depth of 1 m; Table S3: Mean values and standard error for input data
used in Principal Component Analysis; Table S4: Summary results from the first three principal
components of a PCA of soil physicochemical properties and biological indicators, Table S5: Spatial
information on extent of 21 hedgerows and adjacent cultivated fields, including the percent total of
each field occupied by hedgerows.
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