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One foundational, yet understudied, design and management strategy to diversify
U.S. farms is the integration of crops and livestock grazing within the same field
and landscape1,2. While several decades of agricultural intensification have
resulted in highly specialized and de-coupled farm-scale crop and livestock
components3, integrated crop-livestock (ICL) systems could provide a diverse
array of grazing-based services for crop production4,5. Further, the decoupling of
crop and livestock components contributes to poor nutrient cycling within and
between agricultural operations, increasing the environmental footprint of both
crop and livestock production throughout the world5–7. Current resource
conservation incentives, regenerative agriculture movements, and the need to
build soil health and utilize cropland to sequester additional soil organic carbon
(SOC), have provided new opportunities to study and implement re-coupled crop
and livestock production systems. The extremely diverse agricultural landscapes
of California provide a unique opportunity for exploration and potential
widespread re-integration, especially in vineyard systems.

Integrated sheep-vineyard management characteristics
Integrated sheep-vineyard (ISV) management, where small ruminant livestock
graze on the vineyard understory, provides a feasible adoption opportunity to
transition away from current petrochemically intensive understory management
practices (such as mowing, herbicides, and tillage) 8. ISV is therefore likely to
reduce both the GHG and labor cost(s) of vineyard management9. Cropland
grazing has also been shown to impact multiple ecosystem services related to soil
Figure 1: Shifts in carbon and nutrient cycling pathways
functioning, including organic carbon sequestration and nutrient cycling5,6,10,11
with introduction of understory grazing in vineyards
(Figure 1). While perceptions of ISV management in California are increasingly
favorable among both adopters and non-adopters, vineyard grazing still remains a niche production system compared to the dominant
technological regimes3,12. Most typically, sheep grazing is used to control and terminate vineyard winter understory plant community
soon before vine bud break12,13. Sheep grazing may occur multiple times throughout vine dormancy and vegetative growing seasons,
where it is strategically applied to achieve various production goals, such as vine leaf thinning and sucker removal 5,10,12,13. The timing of
grazing events varies with precipitation and understory plant growth rates.

Soil health outcomes of integrated sheep grazing in Northern California coastal vineyards
A research team from UC Davis conducted a soil survey of the interrow space in
eight paired vineyards, across four locations throughout Northern California’s
winegrape growing region. The grazing strategies on all four of the integrated
vineyards in this study are characterized as high-density, short-duration
rotational grazing management10 (Figure 2). This rotational grazing strategy
incorporates small paddocks, that are grazed with high density and rotated
frequently amongst smaller sections of the total vineyard, allowing for longer
rest periods and a lower duration of grazing per unit of land area. Each location
contained long-term management of one ‘non-integrated’ vineyard (understory
vegetation managed through mowing; CONV) and one adjacent ‘integrated’
vineyard (understory vegetation managed through grazing for 10+ years; ISV) –
with one location in Sonoma County, two in Lake County, and one in southern
Mendocino County. Soil samples were taken at three depth zones (0–15 cm, 15–
30 cm, and 30–45 cm) in the vine interrow and analyzed for soil health
indicators.
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Long-term vineyard grazing increased soil carbon sequestration
Total soil organic carbon (SOC) was higher under ISV management at
all three depth zones: 0–15 cm (+22%) (26.1±1.2 vs. 21.4±0.9 g kg-1),
15–30 cm (+39%) (12.4±0.6 vs. 8.9±0.5 g kg-1), and 30–45 cm
(+34%) (8.3±0.6 vs. 6.2±0.6 g kg-1). Soil carbon storage was
specifically higher under ISV management in the SOC fraction stored
stably to the soil mineral matrix, as mineral-associated organic carbon
(MAOC). The MAOC fraction is a measurement of the most persistent
pool of SOC, generally with turnover periods of many decades, and
therefore indicates a long-term carbon sequestration pathway. The
MAOC fraction was only marginally higher under ISV in the 0–15 cm
surface soils (+19%) (15.8±0.6 vs. 13.3±0.6 g kg-1), but the effect of
vineyard grazing was most beneficial in the 15–30 cm (+28%)
(11.0±0.5 vs. 8.6±0.5 g kg-1) and 30–45 cm (+37%) (8.1±0.6 vs.
5.9±0.5 g kg-1) subsoil depths.
Soil microbial communities were larger and more active under
sheep-vineyard management
Microbial biomass was substantially higher under ISV management
compared to CONV at all three depth zones: 0–15 cm (+85%)
(454±30 vs. 245±22 ug g-1), 15–30 cm (+83%) (174±15 vs. 94±9 ug
g-1), and 30–45 cm (+114%) (150±12 vs. 70±7 ug g-1) depth zones.
Soil respiration, a measurement of biological activity in soils, also
trended higher under ISV management at all three depth zones, but
was especially higher within the 15–30 cm depth (+39%). Within
surface soils (0–15 cm), microbial nutrient cycling enzymes related to
nitrogen (N) were also significantly more active, indicating faster N
cycling rates under ISV management.

Figure 2: Agroecosystem implications of sheep integration under
best management. Ideal forage species mixtures are biodiverse and
include legumes and high-residue grasses. Best grazing management
utilized high density, short duration rotational grazing practices at
strategic and site-specific forage growth periods. When managed
properly and in tandem, these practices provide a suite of
aboveground and belowground benefits. Letters on belowground text
boxes represent influential practices (aboveground).

Soil N and P availability increased under sheep-vineyard
management, especially in surface soils
The ISV treatment showed increases in surface soil (0–15 cm)
bioavailable phosphorous (P) (+72%) (19.8±1.7 vs. 11.5±1.3 ug g-1)
and total nitrogen (TN) (+31%) (2.1±0.08 vs. 1.6±0.06 g kg-1)
compared to the CONV treatment, though both bioavailable P and TN
were not altered in either subsoil depth zones (15–30 cm and 30–45
cm). The bioavailable N fraction (NH4+ + NO3-) increased by 64%
under ISV management compared to CONV in surface soils (0–15 cm;
14.1±1.2 vs. 8.6±0.8 mg kg-1), but was not significantly higher in 15–
30 cm and 30–45 cm subsoil depths.

Soil structure was similar in both mowed and grazed vineyards
The physical characteristics of surface soils (0–15 cm) were not substantially affected by management, as represented by low treatment
variability in bulk density (BD; 1.32±0.03 vs. 1.37±0.03 g cm−3) and aggregate mean weight diameter (MWD; 1.47±0.13 vs. 1.44±0.12)
values between ISV and CONV treatments, respectively.
Soil salinity is a potential trade-off of integrated sheep-vineyard management
The surface soils (0–15 cm) of ISV vineyards showed significant increases in salt content, as represented by 75% higher electrical
conductivity (EC) values compared to CONV soils (0.21±0.02 vs. 0.12±0.006 dS m -1). While salt content was well below plant growthlimiting levels in all four ISV vineyards, soils with salinity concerns might not be well suited for vineyard grazing.

Key conclusions
This study provides supporting evidence that well-managed integrated sheep-vineyard (ISV) grazing can increase carbon sequestration
within vineyard soils, especially the long-term stabilized mineral-associated SOC. Grazing-induced increases in soil microbial biomass
and activity also indicate a higher potential for ISV to stimulate soil biological processes that improve soil health functioning, such as the
cycling of soil N and P. Further, soil compaction was not observed to increase as a result of well managed vineyard grazing. This
indicates that, where soil salinity is not a concern, strategically-applied ISV management holds significant potential to improve both
environmental stewardship and resource management in California vineyards. However, these outcomes are strongly influenced by
grazing intensity (herd density and grazing duration) and soil outcomes are therefore variable. Strategic applications of ISV management,
by knowledgeable shepherd practitioners, is likely necessary to optimize soil health benefits.
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Kaos Sheep Outfit grazing a vineyard in Lake County, California, USA.
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