Agroforest Syst
https://doi.org/10.1007/s10457-021-00677-9

)

Check for
updates

Hogs and hazelnuts: adaptively managing pest spillover
in the agricultural-wildland matrix

Calvin Penkauskas
Taylor Larson @ - Betsey Miller

+ Alejandro Brambila

Received: 30 November 2020/ Accepted: 30 July 2021

* Drew Donahue
« Lauren M. Hallett

© The Author(s), under exclusive licence to Springer Nature B.V. 2021

Abstract Pest spillover from wildlands to farms can
create conflict between habitat conservation and
agricultural production. For example, the key eco-
nomic pest of hazelnuts in Oregon’s Willamette
Valley is the filbertworm (Cydia latiferreana), a moth
hosted by the native Oregon white oak (Quercus
garryana). Oak habitat near hazelnut orchards can
sustain source populations that compound pest load in
hazelnuts throughout the growing season. This
dynamic is of conservational concern as historical
oak habitat has been greatly reduced and what remains
is almost entirely on private land, often in proximity to
hazelnut orchards. Here, we present a novel strategy to
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reconcile this regional conflict by using hogs (Sus
domesticus) to reduce pest populations through pre-
scribed foraging. From 2018 to 2020 we prescribed
hog-foraging in early fall to glean filbertworm-
infested acorns from an oak woodland understory.
Hogs were both highly successful at reducing the total
number of infested acorns and the ratio of infested
acorns the following year. Despite an oak-masting
year in 2019, foraging reduced both the emerging and
adult mating population of filbertworm the following
year. We did not measure significant changes in the
woodland understory, suggesting intermittent hog-
foraging may not entail tradeoffs for understory
vegetation. Our results demonstrate that prescribed
foraging in oak patches can be an effective strategy to
reduce filbertworm source populations. By benefiting
both conservation and farmers, this adaptive pest
management approach provides a model for similar
challenges and conflicts across the agricultural-wild-
land matrix.

Keywords Oaks - Silvopasture - Source-sink

dynamics - Foraging - Filbertworm - Non-timber forest
product
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Introduction

Agricultural lands are often embedded in a landscape
matrix that includes unmanaged or economically
unproductive land (Rusch et al. 2010) that maintain
wildlife populations — which we deem wildlands. A
common problem in these mosaic landscapes is pest
spillover, where wildlands sustain source populations
of agricultural pests (Damon 2000; Tonina et al. 2018;
Wilby and Thomas 2002). This is the case in Oregon,
where a booming hazelnut industry is threatened by
the filbertworm (FBW; Cydia latiferreana), a native
moth that can destroy over half of potential production
(AliNiazee 1998; Miller et al. 2019; Rusch et al. 2010)
and whose native host is the Oregon white oak
(Quercus garryana). Hazelnut orchards in the region
exist in close proximity to oak patches in the current
landscape (Mehlenbacher and Olsen 1997) with their
establishment continuing within historical oak habitat
on higher quality farmland throughout the floodplains
surrounding rivers, and oak habitat being restricted to
less favorable land patches of rocky and seasonally
saturated soils (Fischer and Bliss 2008; Vesely and
Tucker 2004). Our overarching question is whether
FBW source populations can be controlled in this
wildland habitat through prescribed foraging, reduc-
ing the potential of spillover onto farms.

Oregon hazelnut farming is a multi-million-dollar
industry, making up 99% of domestic hazelnut
production and covering over 80,000 acres in 2020
(Webber et al. 2020), the majority of which is found in
the Willamette Valley (Miller et al. 2019). As the
hazelnut industry is recovering from the effects of
eastern filbert blight (Anisogramma anomala), planted
acreage is expected to double between 2018-2025
with help from blight-resistant variants and increasing
market demand (Miller et al. 2019, Webber et al.
2020). Accordingly, hazelnut orchards are intensively
managed for FBW (Akbaba et al. 2011; AliNiazee
1998; Miller et al. 2019; Olsen 2002). Unfortunately,
spillover from infested oaks adjacent to hazelnut
orchards can lead to cyclical re-infestation throughout
the growing season (AliNiazee 1998; Coblentz 1980;
Rohlfs 1999). This makes oak habitat problematic to
hazelnut growers and incentivizes the removal of
remaining privately-owned oak patches to minimize
crop damage (Fischer and Bliss 2008, Hagar and Stern
2001, ODFW 2016). Since these wildlands in most
cases are left marginalized in otherwise managed
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farms, their persistence is in part to their natural legacy
for family farms (Fischer and Bliss 2008). As such,
these remnant oak stands are highly fragmented and
are dispersed throughout an otherwise-developed,
mostly agricultural landscape (Fig. 1).

Today, conserving and restoring oak habitat is a
major concern throughout the Pacific Northwest
(ODFW 2016). Oaks in the Willamette Valley have
historically shaped the landscape—consisting of
400,000 acres of continuous woodlands spreading
out from riparian areas before European colonization
(Christy and Alverson 2011; Kimmerer and Lake
2001), yet less than 5% of oak habitat remains today
(Vesely and Rosenberg 2010). This landscape was
regularly maintained by indigenous peoples and
depended on the fire disturbance they once provided
(Christy and Alverson 2011; Kimmerer and Lake
2001). Since colonization, fire exclusion, conifer
planting and encroachment, and land-use change have
been significant drivers of oak-habitat loss in the
region (Kimmerer and Lake 2001, ODFW 2016,
Vesely and Rosenberg 2010). Oak habitats support
levels of diversity rivaling old-growth conifer forests
and include numerous endemic species, of which, at
least 45 are at-risk for extinction (Altman 2011; Hagar
and Stern 2001; Ulrich 2010). Since Q. garryana is an
extremely slow growing species (Devine and Harring-
ton 2013; Jimerson and Carothers 2002; Stein 1990),
conservation groups and government agencies are
prioritizing the conservation of the remaining mature
oak habitat in Oregon. However, less than 1% of this
habitat is protected and its survival depends heavily on
individual landowners (ODFW 2016, Vesely and
Rosenberg 2010). Although there are a few large
conserved patches, most oaks persist in small scattered
patches of approximately 10 acres within productive
farmland (Vesely and Rosenberg 2010). These patches
represent the majority of total oak stands in the
Willamette Valley and are not closely monitored due
the large number of relatively small private land
holdings (ODFW 2016, Vesely and Tucker 2004),
which makes traditional conservation difficult.

Here, we present the use of domesticated pig (hog;
Sus domesticus) foraging in oak patches to reduce the
potential of FBW spillover into hazelnut orchards.
Livestock grazing and foraging are common practices
for managing pest populations within agricultural
systems (Wilson and Hardestry 2006). For example:
free-range chickens have been used to control pests in
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| Imperiled Oak Habitat in the Willamette Valley, Oregon

Fig. 1 Historical (circa 1850; Christy and Alverson 2011) and
2016 remnant Oregon white oak habitat (Kagan et al 2018) in
the Willamette Valley (ODFW 2016), Oregon (BLM 2001,
DLG 1970). Crops that have direct economic conflict with these

squash and blueberry fields (Clark and Gage 1996;
Wenig and Farm 2013), sheep have been used in grain
and alfalfa systems (Hatfield 2011), and hogs have
been used for pest control in apple orchards (Nunn
et al. 2007). In all of these cases, livestock remove
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remaining stands due to the spillover of pests, such as hazelnuts
(USDA 2016), have been the most at odds with conservation and
restoration goals

material that can harbor pest insects or disease. While
this can be effective within farms, pest populations can
re-invade agricultural land from wildland habitat.
Hog-foraging in oak woodlands has the potential to
impact source populations directly, reducing FBW
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spillover while creating additional revenue, and
incentivizing oak habitat conservation in the process.

Hogs and oaks are a particularly good fit; as oak
systems have widely been used as silvopasture for
hogs across the world and can increase sustainable
land-use while enhancing biodiversity across the
landscape (Diaz-Caro et al. 2019; Eichhorn, M.P.
et al. 2006; Nunn et al. 2007). The disturbance-
adapted nature of Oregon oak woodlands may mean
that the system is particularly well suited for hog-
foraging as a management practice. Oak habitat in the
Willamette Valley evolved with indigenous burning
and requires some level of disturbance to persist
(Christy and Alverson 2011; Kimmerer and Lake
2001; Ulrich 2010; Stein 1990). Likewise, the lack of
management in these remnant woodlands leads to
encroachment and vulnerability of invasive species
(ODFW 2016; Vesely and Rosenberg 2010). Hogs
have a strong preference for acorns, which can make
up a majority of their diet (Diaz-Caro et al. 2019), and
are competent woodland foragers and grazers (Dagar
and Tewari 2016; Nunn et al. 2007) with an extensive
history of beneficial use in European and Mediter-
ranean systems (De Oliveira, M. I. F. et al. 2013; Diaz-
Caro et al. 2019). In these systems, oak woodlands
may not be considered wildlands due to their historical
and current management for hog silvopastures—
unlike the Willamette Valley, where they have not
been actively managed for production since coloniza-
tion. Although hog-foraging in oak habitat is common
in other parts of the world, its implementation in the
Willamette Valley as an adaptive management strat-
egy for pest spillover is a novel one.

Infested nuts abort and drop early, providing a
window for their selective removal. Removing
infested nuts during this time could reduce FBW
populations (Chambers et al. 2010; Dohanian 1940;
Olsen 2002). When the nuts first fall, the FBW larvae
inside are vulnerable to predation and a well-timed
intervention has the potential to reduce populations by
interrupting the FBW life cycle. This fact is well-
understood by hazelnut farmers, who run multiple
early passes with harvesters to keep hazelnuts from
sitting on the ground for too long (AliNiazee 1998;
Mehlenbacher and Olsen 1997; Olsen 2002). The
same principle could be applied in nearby oak patches,
where infested acorn removal could reduce FBW
source populations. While mechanically removing
acorns is not practical, a carefully managed hog
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silvopasture program has the potential to be an ideal
pest management tool in the region.

Introducing an omnivore to a complex natural
system is a major intervention, however, as hogs
uproot areas of soil for forage and graze understory
plants (Ickes 2001; Wang et al. 2018). This behavior
may negatively impact understory vegetation by
removing native herbs or tree seedlings, or allowing
for the invasion of undesirable species (Anderson et al.
2016; Bevins et al. 2014; Lewis et al. 2019; Snow et al.
2017; Sytsma et al. 2007). Assessing the effects of
prescribed hog-foraging on understory vegetation will
be important to weigh potential co-benefits or trade-
offs of this management strategy. However, the use of
hog-foraging to adaptively control key pest popula-
tions in wildlands could help bridge the gap between
cost avoidance and ecological intensification practices
in the developing oak-hazelnut savanna landscape.

To test the effectiveness of hog-foraging on con-
trolling FBW, we conducted a three-year experiment
in an oak woodland near an adjacent hazelnut orchard.
Our expectation was that hogs would be effective at
reducing FBW populations, while controlled rotation
would minimize disturbance. Specifically, we hypoth-
esized that foraging in the oak woodland would
effectively reduce the number of infested acorns
relative to an un-foraged control. This reduction in
infested acorns should be reflected in a reduction of
both emerging FBW moths the following spring and in
the mating population of adults over the summer.
Since hogs have been known to cause severe under-
story damage, we hypothesized that foraging would
also reduce the percent cover of herbaceous vegetation
on the woodland floor and increase bare ground. Many
landowners have positive attitudes towards preserving
oaks as a legacy within the landscape, but also want to
reduce costs associated with their potential pest load
(Fischer and Bliss 2008; Vesely and Rosenberg 2010).
If successful, this approach could help reconcile this
conflict between oak conservation and hazelnut farms
by decreasing the potential of pest spillover from oak
habitat and incentivizing conservation through non-
timber forest production of previously unmanaged
patches within the agricultural-wildland matrix.
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Methods
Study site

Our study was conducted at My Brothers’ Farm in
Creswell, Oregon. This 320-acre farm in the southern
Willamette Valley experiences a Mediterranean cli-
mate, with cool-wet winters and warm-dry summers
(Taylor and Bartlett 1993). The twenty-six-acre
hazelnut orchard at My Brothers’ Farm was planted
in 2014 and consists of over 2000 trees. The orchard is
managed organically, with an integrated pest man-
agement strategy for controlling FBW and other pests.
The approximately twenty-acre oak patch used for this
study is an intermittent woody-wetland with silty clay-
loam soil branching off the Coast Fork Willamette
River (USGS 2020), and represents a typical remnant
oak patch within the landscape. This oak woodland is
approximately 500 m from the hazelnut orchard
(Online Resource 1). Aerial photography indicated
that it has had a consistent mixed-oak canopy during
the last century (University of Oregon 2019). Cur-
rently, the canopy includes Q. garryana, Fraxinus
latifolia, Acer macrophyllum, and Aluns rubra, and the
understory is dominated by non-native Himalayan
blackberry (Rubus armeniacus) with various native
and non-native grasses and forbs in the herbaceous
layer.

Hog-foraging

Using a Before-After-Control-Impact (BACI) exper-
imental design, we divided the oak woodland into
foraged and un-foraged control sections in 2018.
Within the foraged section, we established five
approximately two (£ 0.3) acre paddocks with elec-
tric fencing, which were used to rotate hogs through
the paddocks in October of 2018 (20 hogs) and 2019
(26 hogs). The increased number of hogs used in 2019
was in part due to commercial demand and compen-
sated for the higher than average acorn production.
The foraging treatment was timed for when infected
acorns were dropping but the majority of intact nuts
had yet to fall (this was slightly earlier in 2019 than
2018 and 2020). To minimize disturbance, hogs spent
only four to five days in each paddock, with more time
allowed in the slightly larger paddocks. In one
instance, the hogs escaped the study area for several
hours and were given an additional day to forage when

returned to their paddock. Additionally, when four
hogs were removed from the study due to a scheduled
slaughter in 2019, an additional day of foraging was
added for the remaining paddocks.

To count the number of infested and intact acorns,
we selected five mature, productive oak trees (DBH >

6”) in both the foraged and control sections. We
measured the farthest distance from the center of each
tree to the outermost edge of the canopy, and cleared
all tall vegetation in a 4 m” plot at the midpoint. This
process was repeated on the opposite side of the tree.
To assess the success of hog-foraging at removing
acorns, we counted all acorns in situ before and after
foraging took place in 2018 and 2019. Acorns were
visually inspected for physical integrity, bore holes,
and/or insect frass as evidence of infestation (Perry
and Mangini 1997; Rohlfs 1999). We considered the
proportion of infested acorns before foraging each
year as a baseline infestation rate. We repeated
baseline infestation monitoring again in 2020 to
evaluate the 2019 foraging effect.

We monitored FBW moth baseline populations in
2018 and evaluated the effect of previous year
foraging in 2019 and 2020. We used two types of
traps to monitor FBW moth populations: aerial sticky
traps placed in trees to capture mating adults (Miller
et al. 2019), and a ground-based emergence trap to
capture adult FBW moths in the spring as they emerge
from pupae in the leaf litter (Chambers et al. 2010;
Dohanian 1940). For the aerial sticky traps, we used
commercially available Pherocon VI traps manufac-
tured by Trécé Inc. with pheromone lures to attract
FBW. Four aerial sticky traps were installed 15-20 m
up in the oak canopy of both the foraged and control
sections (AliNiazee 1998; Miller et al. 2019). We
replaced the sticky bottoms and installed a new lure
every four weeks during the FBW flight season, from
June through September (AliNiazee 1998; Olsen
2002). Concurrently, we installed and sampled from
ten ground emergence traps in each section. These
half-meter by half-meter traps were constructed eco-
nomically, using wooden dowels, window screening,
automotive funnels, and plastic food containers (On-
line Resource 2). Emergence traps were staked to the
ground underneath oak trees halfway between the
trunk and canopy edge. We placed a Trécé FBW
pheromone lure at the top of each emergence trap and
replaced it every six weeks. During all three years, we
also monitored 20 emergence and 8 sticky traps in the
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adjacent hazelnut orchard using the same methods. All
traps were removed prior to introduction of hogs in the
fall.

Vegetation monitoring

To determine the effects of hog-foraging on the
understory vegetation, we measured vegetative cover
using 24 plots along six transects. We estimated total
percent cover of the following categories: bare ground,
litter and herbaceous layer, native shrubs, and intro-
duced shrubs. Each group’s cover was estimated
independently, leading to cover estimates over 100
percent. The foraged and control sections each had
three 50 m transects, spaced 30 m apart. We visually
estimated percent cover in four 4 m* quadrats along
each transect at 5, 20, 35, and 50 m. Baseline cover
was collected in September of 2018, prior to the
introduction of hogs two weeks later. To see how two
years of hog-foraging affected vegetation, we re-
surveyed the same transects in September of 2020.

Analysis

All analyses were conducted in R (Version 3.6).
Foraging effects on acorns and FBW were evaluated
with two-way ANOV A, paralleling our BACI design
with timing (before vs. after foraging) and foraging
treatment as independent variables with a Tukey post-
hoc analysis. Effects on vegetation were evaluated
with mixed models, using transect as a random factor
and foraging treatment and year as interacting fixed
factors. To test whether FBW had a resident popula-
tion in the hazelnut orchard, we tested whether
emergence was significantly different from zero,
aggregating counts from 2018-2020. To test whether
hogs effectively removed infected acorns, we aggre-
gated 2018 and 2019 counts based on whether they
were taken before or after foraging implementation
(our timing variable). To test the effect of foraging on
the baseline proportion of infested acorns, we com-
pared counts taken before foraging took place each
year to capture the ratio of infested to intact acorns
produced early in the masting season. Additionally,
we ran parallel analyses to see if foraging affected
FBW emergence and abundance in the oak wood-
lands; in which we used each trap as a replicate and
grouped their counts within years (our timing variable)
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and looked for an interaction with hog-foraging.
Finally, we compared 2018 and 2020 vegetation cover
by type and foraging status to see if foraging modified
cover. We considered a p-value less than 0.05 to be
significant, and less than 0.1 to be marginally
significant.

Results
Acorns

There was high variability in the total number of
acorns produced each year, with moderate production
in 2018 (7.9 per acorns m?), a high-production masting
event in 2019 (19.7 acorns per m?) and very low
production in 2020 (0.4 acorns per m?® Online
Resource 3). In 2018 and 2019, the number of infested
acorns on the woodland floor decreased significantly
following foraging but not in the control. The average
infested acorn density in the foraged section decreased
following foraging from 4.6 to 1.9/m> (P = 0.046) in
2018, and from 5.8 to 0.1 per m? (P < 0.001) in 2019
(Fig. 2). This represents a 73.03% reduction in the
density of infested acorns averaged across both years
immediately following foraging. In contrast, density
in the control increased on average by 67.02%.
Foraging significantly reduced the baseline proportion
of infested acorns from 51.4 to 29.7% between 2018
and 2019 (P = 0.066), whereas the baseline proportion
of infested acorns in the control section did not change
significantly between these years. Across both treat-
ments, the baseline proportion of infestation was very
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Fig. 2 Density of infested acorns on the woodland floor in
foraged (dashed line) and un-foraged control (solid line)
sections before and after hog-foraging. Foraging significantly
reduced infested acorns during 2018 and 2019. This resulted in a
high significant divergence from the control during the same
time during both years, respectfully
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high in 2020 (90% and near 100% in foraged and un-
foraged sections, respectively) but the sample size was
very low this year due to limited acorn production.
Although acorn sampling plots were cleared of
vegetation, potentially allowing easier access to
acorns, we qualitatively observed similar reductions
of acorn density throughout the woodland.

FBW Populations

Between 2018-2020, only 3 FBW were ever sampled
emerging in the hazelnut orchard. When averaged
across samples throughout the season, this was not
significantly different from zero (Fig. 3, P = 0.99). By
comparison, 33 FBW were captured in oak-woodland
emergence traps over the duration of the experiment.
At the same time, aerial FBW moths were consistently
found in both oak and hazelnut canopies, suggesting
spillover from the oak habitat.

FBW population levels followed the pattern of
acorn infestation rates (Fig. 4). Overall FBW emer-
gence increased from 1.7/m” in 2018 to 3.2/m? in
2019, but this was driven by an increase of 138% in the
control section (P = 0.004), with no significant
increase in the foraged section (Fig. 4). In 2020,
FBW emergence dropped in both foraged (0.16/m?)
and un-foraged control (1.86/m?) sections despite a

heavy masting year in 2019. Over the three years,
emergence in the foraged section remained low and
statistically unchanged (P = 0.96), while it varied
significantly (2019, P = 0.001; 2020, P < 0.001) in
the control section. In 2019, emergence was signifi-
cantly lower in the foraged section than in the control
(P < 0.001). FBW canopy abundance measured with
sticky traps showed an overall increase in the control
from 2018 to 2020 (P = 0.008), with no overall
change in the foraged section.

Vegetation monitoring

Overall, foraging had no effect on vegetative cover
from 2018 to 2020 (Fig. 5), as measured by the
interaction between year and foraging treatment for
bare ground (P = 0.91), herbaceous/litter (P = 0.48),
native shrub (P =0.93), and introduced shrub
(P = 0.91). While there were occasionally significant
differences in the main effect of foraging between
sections like bare ground (P = 0.03), herbaceous/litter
(P =0.083), and introduced shrub (P = 0.03), these
effects were present in 2018 before foraging began.
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populations from oak habitat spill over into hazelnuts, increas-
ing pest load
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Discussion
Our results demonstrate that prescribed hog-foraging

in oak patches can be effective at reducing FBW
populations by removing infested acorns from the
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prescribed hog-foraging, there was no significant change in
percent cover of vegetation when compared to the un-foraged
control

woodland floor, while minimizing impact on vegeta-
tive cover. We observed a consistent effect in which
foraging reduced the rate of acorn infestation and
subsequent FBW emergence. Consequently, the aerial
abundance of FBW was suppressed in the foraged
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section even as it climbed in the un-foraged control.
The fact that foraging reduced infested but not intact
acorns suggests that infested acorns drop earlier and
that our prescribed foraging was well-timed to remove
the majority of infested acorns without affecting the
viability of oak populations. As such, our findings
indicate a win—win solution for agriculture and
conservation by providing a model for addressing
similar challenges across the agricultural-wildland
matrix through adaptive management and cost-avoid-
ance strategies.

Although we observed an immediate effect of
foraging on acorn infestation rates and FBW emer-
gence, we did not observe a significant effect on aerial
abundances until the final year. This difference in
response time between FBW emergence and aerial
abundance can be accounted for by the same issues of
scale and spillover that motivated our experiment.
Adult FBW moths can migrate up to five acres
throughout the landscape, especially when aided by
wind (AliNiazee 1998). Our use of both ground
emergence and aerial sticky-trap methods for moni-
toring FBW populations allowed us to begin to
disentangle the effect foraging has at different scales.
Emergence traps are a very localized method of
capturing FBW that emerge from pupa from the
understory (Perry and Mangini 1997). By contrast,
aerial traps are designed to attract and trap moths from
up to two acres (Davis and Mcdonough 1981). While
our emergence traps showed a reduction in the locally
pupated FBW population, we expect that FBW
emerging outside our foraged section migrated in
and were caught in our aerial traps. This is not
surprising given the proximity and relatively small
size of our foraged and un-foraged sections, and
indicates that for hog-foraging to be most effective, it
must be done at scale.

A masting event in 2019, where oaks produce
acorns in a multi-year boom and bust cycle to control
predator populations (Peter and Harrington 2009;
Stein 1990), exaggerated the divergence between
ground emergence and aerial abundance from 2019
to 2020. While we saw nearly 100% infestation rates
in 2020; this was likely due to many FBW competing
over a small number available acorns. We expect it is
likely that 2021 will be a corresponding bust year for
FBW, as the next generation responds to the lack of
resources provided in 2020. Our ability to control
FBW populations despite the presence of a mast year

suggests that adjusting stocking rates based on avail-
ability of acorns, as was done in this experiment, is an
important consideration for a successful hog silvopas-
ture program (Diaz-Caro et al. 2019; Fischer and Bliss
2008).

While our results suggest that hog-foraging has the
potential to be an effective biological control method,
this practice will only be implemented widely if
hazelnut farmers are receptive to the economic
benefits it can provide. Traditionally, hazelnut orch-
ards use costly pesticides in an attempt to reactively
control FBW (Mehlenbacher and Olsen 1997; Miller
et al. 2019; Pscheidt et al. 2016) and applications need
to be repeated multiple times per year as they re-
invade (AliNiazee 1998; Miller et al. 2019). As such,
focusing solely on the control of local populations in
orchards will likely be insufficient to minimize
infestation rates. Controlling pest populations at their
wildland source can reduce farmers’ dependence and
expenditures on pesticides, potentially allowing them
to take advantage of increasing organic market
demand (Akbaba et al. 2011; Demiryurek and Ceyhan
2008; Julian et al. 2009; Mehlenbacher and Olsen
1997; Thompson 1998). The reduction of pesticides
also benefits pollinators and other beneficial insects
that support diverse farm systems (Demiryurek and
Ceyhan 2008; Fischer 2018; Miller et al. 2019;
Thompson 1998). Finally, there is growing market
demand for ecologically-friendly farm practices (Hat-
field 2011) and feed-varied pork (Dagar and Tewari
2016; Orefice et al. 2017; Rocadembosch et al. 2016),
as demonstrated by gourmet acorn-finished pork from
Spain and Germany (Danz et al. 2018; Diaz-Caro et al.
2019). In addition to creating a premium product,
silvo-pasturing hogs also reduces their feed costs
by up to 75% (Dagar and Tewari 2016; Orefice et al.
2017; Rocadembosch et al. 2016). These additional
benefits may help make the extra work involved in hog
silvopasture more attractive to farmers.

Despite our concerns, two years of prescribed
foraging did not affect vegetative cover. Specifically,
we did not see increases in bare ground or shrubs like
R. armeniacus. While this is promising, our study site
began with an already highly invaded understory. This
is a common condition throughout remnant wood-
lands, but further research is needed on the effects of
hog-foraging on high-quality or restored understories.
Technical options for abating escapement, such as
training and standard operating procedures, should be
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considered for prevention and response (Lewis et al.
2019; Mack et al. 2000; Sytsma et al. 2007, ODFW
2016) as the Willamette Valley is similar to other areas
with problematic feral hogs, suggesting that their
absence is likely from lack of introduction rather than
unsuitable habitat (Barrios-Garcia and Ballari 2012;
Bevins et al. 2014; Mack et al. 2000). Greater effects
may also be seen in wetter years or riparian areas
where hogs have more destructive impacts (Barrios-
Garcia and Ballari 2012; Wang et al. 2018). While we
did not look explicitly at the effects of foraging on
oak-recruitment and seedlings, care should be taken to
allow for natural regeneration.

Although there are likely hesitancies surrounding
hog-foraging in oak habitat, the long-term sustainable
use of hog silvopastures in southern Europe suggests
that hogs can be a part of healthy ecosystem manage-
ment in the Pacific Northwest (Diaz-Caro et al. 2019,
Eichhorn, M.P. et al. 2006). Further research will
suggest if, and how, hogs can be integrated with
landscape management practices such as prescribed
fire—which is used to control FBW populations in
northern California and encourages the presence of
native shrubs (Long et al. 2016). Likewise, incorpo-
rating oak thinning and release can facilitate hog-
foraging by increasing acorn production and oak
vitality (Devine et al. 2013), while increasing foraging
access and reducing fuel load. These actions taken in
combination, offer landowners adaptive management
strategies that can increase production and diversify
their farms, ultimately, preserving oak legacy and
intensifying  ecological processes across the
landscape.

Conclusion

In a nutshell, this study demonstrates that prescribed
foraging by hogs can be a practical and effective tool
for controlling FBW source populations in remnant Q.
garryana habitat. Agriculture and wildlands are inter-
woven, and conflicts between production and conser-
vation in these landscapes are more and more
common. Without landowner buy-in, pressure on
conservation will increase as the global population
rises and more land is required for farming. Our study
provides a model for working with rural landowners to
solve challenges that develop at the interface of
agriculture and wildlands for the mutual benefit of

@ Springer

their livelihood and regional conservation goals.
While specific local conflicts may vary, considering
production and conservation goals is general across
the agricultural-wildland matrix and is necessary to
create future win—win scenarios.

Acknowledgements We thank the Larson family at My
Brother’s Farm for providing the study site and managing the
hog-foraging, along with the UO Environmental Studies
Program and the United States Department of Agriculture
grant 2021-67019-33418 for funding support. We also thank
members of the Hallett Lab for their constructive feedback on
earlier versions of this manuscript, in no particular order:
Andrew Muehleisen, Anna Brown, Ashley Shaw, Eliza
Hernandez, Gabriella Altmire, Hunter Mackin, Laura Johnson,
Lina Aoyama, Madeline Case, Marissa Lane-Massee, and Paul
Reed. Lastly, we thank the UO Division of Student Life for
providing opportunities for undergraduate research throughout
the project.

Funding Funding was provided by the University of Oregon
(UO) Environmental Studies Seed Grant, the United States
Department of Agriculture grant 2021-67019-33418, with help
from the UO Center of Undergraduate Engagement and
Undergraduate Research Opportunity Program.

Availability of data and material The datasets generated and
analyzed during this study are available on Github: https://
github.com/HallettLab/hogsandhazelnuts

Code availability The code developed during this study is
available on Github: https://github.com/HallettLab/
hogsandhazelnuts

Declarations

Conflict of interest Not applicable.
Ethical approval Not applicable.
Consent to participate Not applicable.

Consent for publication Not applicable.

References

Akbaba U, Sahin Y, Tiirkez H (2011) Comparison of element
contents in hazelnuts grown under organic and conven-
tional farming regimes for human nutrition and health.
Fresenius Environ Bull 20(3):1655-1660

AliNiazee MT (1998) Ecology and management of hazelnut
pests. Annu Rev Entomol 43(1):395-419. https://doi.org/
10.1146/annurev.ento.43.1.395

Altman B (2011) Historical and current distribution and popu-
lations of bird species in prairie-oak habitats in the pacific



Agroforest Syst

northwest. Northwest Sci 85(2):194-222. https://doi.org/
10.3955/046.085.0210

Anderson A, Slootmaker C, Harper E, Holderieath J, Shwiff SA
(2016) Economic estimates of feral swine damage and
control in 11 US states. Crop Prot 89:89-94. https://doi.
org/10.1016/j.cropro.2016.06.023

Barrios-Garcia MN, Ballari SA (2012) Impact of wild boar (Sus
scrofa) in its introduced and native range: a review. Biol
Invasions  14(11):2283-2300. https://doi.org/10.1007/
$10530-012-0229-6

Bevins SN, Pedersen K, Lutman MW, Gidlewski T, Deliberto
TJ (2014) Consequences associated with the recent range
expansion of nonnative feral swine. Bioscience
64(4):291-299. https://doi.org/10.1093/biosci/biu015

Bureau of Land Management (BLM), Oregon State Office
(2001) Oregon Washington State Boundary Polygon.
http://www.blm.gov/or/gis/data.php. Accessed August
2019

Chambers U, Bruck DJ, Olsen J, Walton VM (2010) Control of
overwintering filbertworm (Lepidoptera: Tortricidae) lar-
vae with Steinernema carpocapsae. J Econ Entomol
103(2):416-422. https://doi.org/10.1603/EC09255

Christy JA, Alverson ER (2011) Historical vegetation of the
Willamette valley, Oregon, circa 1850. Northwest Sci
85(2):93-107. https://doi.org/10.3955/046.085.0202

Clark MS, Gage SH (1996) Effects of free-range chickens and
geese on insect pests and weeds in an agroecosystem. Am J
Altern Agric 1:39-47

Coblentz BE (1980) Production of Oregon white oak acorns in
the Willamette valley Oregon. Wildlife Society Bulletin
(1973-2006) 8(4):348-350

Dagar JC, Tewari JC (2016) Agroforestry research develop-
ments: anecdotal to modern science. In: Agroforestry
research developments. Nova Publishers, New York,
pp 1-45. ISBN: 978-1-63485-094-0

Damon A (2000) A review of the biology and control of the
coffee berry borer, Hypothenemus hampei (Coleoptera:
Scolytidae). Bull Entomol Res 90(6):453—465. https://doi.
org/10.1017/S0007485300000584

Danz R, Miiller A, Gibis M, Weiss A, Schmidt H, Weiss J (2018)
Recent advances in cured raw ham manufacture. Crit Rev
Food Sci Nutr 58(4):610-630. https://doi.org/10.1080/
10408398.2016.1208634

Davis HG, Mcdonough LM (1981) Sex attractant for the fil-
bertworm, Melissopus latiferranus (Walsingham). Environ
Entomol 10(3):390-391. https://doi.org/10.1093/ee/10.3.
390

De Oliveira MIF, Lamy E, Bugalho M, Vaz M, Pinheiro C,
d’Abreu MC, e Silva FC, Sales-Baptista E (2013) Assess-
ing foraging strategies of herbivores in Mediterranean oak
woodlands: a review of key issues and selected method-
ologies. Agrofor Syst 87(6):1421-1437. https://doi.org/10.
1007/s10457-013-9648-3

Demiryurek K, Ceyhan V (2008) Economics of organic and
conventional hazelnut production in the Terme district of
Samsun Turkey. Renew Agric Food Syst 23(3):217-227

Devine WD, Harrington CA (2013) Restoration release of
overtopped Oregon white oak increases 10-year growth
and acorn production. For Ecol Manage 291:87-95. https://
doi.org/10.1016/j.foreco.2012.10.053

Diaz-Caro C, Garcia-Torres S, Elghannam A, Tejerina D,
Mesias FJ, Ortiz A (2019) Is production systems a relevant
attribute in consumers’ food preferences? The case of
Iberian dry-cured ham in Spain. Meat Sci 158:107908.
https://doi.org/10.1016/j.meatsci.2019.107908

DLG data files (1970) Major Cities. 1970 National Atlas of the
United States of America, National Mapping Program.
Oregon Spatial Data Library. Accessed 12 February 2019

Dohanian SM (1940) Melissopus latiferreanus as a pest of fil-
berts in the Northwest. J Econ Entomol 33(6):852-856.
https://doi.org/10.1093/jee/33.6.852

Eichhorn MP, Paris P, Herzog F, Incoll LD, Liagre F, Mantzanas
K, Mayus M, Moreno G, Papanastasis VP, Pilbeam DJ,
Pisanelli A (2006) Silvoarable systems in Europe—past,
present and future prospects. Agrofor Syst 67(1):29-50.
https://doi.org/10.1007/s10457-005-1111-7

Fischer AP (2018) Forest landscapes as social-ecological sys-
tems and implications for management. Landsc Urban Plan
177:138-147. https://doi.org/10.1016/j.1andurbplan.2018.
05.001

Fischer AP, Bliss JC (2008) Behavioral assumptions of con-
servation policy: conserving oak habitat on family-forest
land in the Willamette valley Oregon. Conserv Biol
22(2):275-283. https://doi.org/10.1111/j.1523-1739.2007.
00873.x

Hagar JC, Stern MA (2001) Avifauna in Oak Woodlands of the
Willamette Valley Oregon. Northwest Nat 82(1):12-25.
https://doi.org/10.2307/3536642

Hatfield P, Goosey H, Lenssen A, and Blodgett S (2011) Sheep
grazing to manage crop residues, insects and weeds in
northern plains grain and alfalfa systems. National SARE
Fact Sheet. https://www.sare.org/resources/sheep-grazing-
to-manage-crop-residues-insects-and-weeds-in-northern-
plains-grain-and-alfalfa-systems. Accessed 7 July 2019

Ickes K, Dewalt S, Appanah S (2001) Effects of native pigs (Sus
scrofa) on woody understorey vegetation in a Malaysian
lowland rain forest. J Trop Ecol 17(2):191-206. https://doi.
org/10.1111/§.1744-7429.2001.tb00225

Jimerson TM, Carothers SK (2002) Northwest California oak
woodlands: environment, species composition, and eco-
logical status. In: Proceedings of the fifth symposium on
oak woodlands: oaks in California’s challenging land-
scape, U.S. Department of Agriculture, PSW-GTR-
184:705-717

Julian J, Seavert C, Olsen JL (2009) Establishing and producing
hazelnuts in the Willamette valley — standard versus double
density. Acta Hortic 845:769-774. https://doi.org/10.
17660/ActaHortic.2009.845.121

Kagan J, Zaret K, Bernert J, Henderson E (2018) 2018 Oregon
Habitat Map. Oregon Biodiversity Information Center,
Institute for Natural Resources. Portland State University
and Oregon State University, Oregon Spatial Data Library.
Accessed October 2020

Kimmerer RW, Lake FK (2001) The role of indigenous burning
in land management. J Forest 99(11):36-41. https://doi.
org/10.1093/j0t/99.11.36

Lewis JS, Corn JL, Mayer JJ, Jordan TR, Farnsworth ML,
Burdett CL, VerCauteren KC, Sweeney SJ, Miller RS
(2019) Historical, current, and potential population size
estimates of invasive wild pigs (Sus scrofa) in the United

@ Springer



Agroforest Syst

States. Biol Invasions 21(7):2373-2384. https://doi.org/10.
1007/s10530-019-01983-1

Long JW, Anderson MK, Quinn-Davidson L, Goode RW, Lake
FK, Skinner CN (2016) Restoring California black oak
ecosystems to promote tribal values and wildlife. Gen.
Tech. Rep. PSW GTR-252. Albany, CA: US Department of
Agriculture, Forest Service, Pacific Southwest Research
Station. 110 p.

Mack RN, Simberloff D, Lonsdale WM, Evans H, Clout M,
Bazzaz FA (2000) Biotic invasions: causes, epidemiology,
global consequences, and control. Ecol Appl
10(3):689-710. https://doi.org/10.1890/1051-
0761(2000)010[0689:BICEGC]2.0.CO;2

Mehlenbacher SA, Olsen J (1997) The hazelnut industry in
Oregon, USA. Acta Hortic 445:337-346. https://doi.org/
10.17660/ActaHortic.1997.445.45

Miller B, Dalton DT, Xue L, Rossi Stacconi MV, Walton VM
(2019) Use of filbertworm (Cydia latiferreana) mating
disruption within a hazelnut IPM program. Crop Prot
122:118-124.  https://doi.org/10.1016/j.cropro.2019.04.
030

Nunn L, Embree C, Hebb D, Bishop SD, Nichols D (2007)
Rotationally grazing hogs for orchard floor management in
organic apple orchards. Acta Hortic 737:71. https://doi.org/
10.17660/ActaHortic.2007.737.9

Olsen JL (2002) Oregon State university’s integrated pest
management program for the Oregon hazelnut industry.
HortTechnology 12(4):623-625. https://doi.org/10.21273/
HORTTECH.12.4.623

Oregon Department of Fish and Wildlife (ODFW) (2016)
Oregon Conservation Strategy. https://www.
oregonconservationstrategy.org/overview and Oregon
Spatial Data Library. Accessed August 2019

Orefice J, Carroll J, Conroy D, Ketner L (2017) Silvopasture
practices and perspectives in the Northeastern United
States. Agrofor Syst 91(1):149-160. https://doi.org/10.
1007/510457-016-9916-0

Perry RW, Mangini A (1997) A comparison of trap versus
ground collection of acorns to assess insect infestation.
J Entomol Sci 32(4):412-415. https://doi.org/10.18474/
0749-8004-32.4.412

Peter DH, Harrington CA (2009) Synchronicity and geographic
variation in Oregon white oak acorn production in the
Pacific Northwest. Northwest Sci 83(2):117-130. https://
doi.org/10.3955/046.083.0203

Pscheidt JW, Peachey RE, Wiman NG, Walton VM (2016) 2016
Hazelnut Pest Management Guide for the Willamette
Valley. Oregon State University Extension Service. https://
ir.library.oregonstate.edu/downloads/x346d458p. Acces-
sed 15 July 2019

Rocadembosch J, Amador J, Bernaus J, Font J, Fraile LJ (2016)
Production parameters and pig production cost: temporal
evolution 2010-2014. Porcine Health Manag 2(1):11.
https://doi.org/10.1186/s40813-016-0027-0

Rohlfs DA (1999) A study of acorn feeding insects: filbert
weevil (Curculio occidentis (Casey)) and filbertworm
(Cydia latiferreana (Walsingham)) on Garry oak (Quercus
garryana) (Dougl.) in the southeastern Vancouver Island
area. Dissertation, University of British Columbia. http://
hdl.handle.net/2429/9149

@ Springer

Rusch A, Valantin-Morison M, Sarthou JP, Roger-Estrade J
(2010) Biological control of insect pests in agroecosys-
tems: effects of crop management, farming systems, and
seminatural habitats at the landscape scale: a review. In:
Sparks DL (ed) Advances in agronomy. Academic Press,
Cambridge, pp 219-259

Snow NP, Jarzyna MA, VerCauteren KC (2017) Interpreting
and predicting the spread of invasive wild pigs. J Appl Ecol
54(6):2022-2032. https://doi.org/10.1111/1365-2664.
12866

Stein WI (1990) Quercus garryana Dougl. ex Hook. Oregon
white oak. Silv N Am 2:650-660

Sytsma M, Sytsma R, Arick C (2007) Feral swine action plan for
Oregon. center for lakes and reservoirs publications and
presentations. http://archives.pdx.edu/ds/psu/4792.
Accessed 12 February 2020

Taylor GH, Bartlett A (1993) The climate of Oregon: climate
zone 2, Willamette Valley. Oregon Climate Service,
Agricultural Experiment Station. Oregon State University,
Corvallis.  https://ir.library.oregonstate.edu/downloads/
w9505154d. Accessed 15 July 2019

Thompson GD (1998) Consumer demand for organic foods:
what we know and what we need to know. Am J Agr Econ
80(5):1113-1118. https://doi.org/10.2307/1244214

Tonina L, Mori N, Sancassani M, Dall’Ara P, Marini L (2018)
Spillover of Drosophila suzukii between noncrop and crop
areas: implications for pes t management. Agric For
Entomol  20(4):575-581.  https://doi.org/10.1111/afe.
12290

Ulrich ND (2010) Restoring oak habitats in the Southern Wil-
lamette Valley, Oregon: A multi-objective tradeoffs anal-
ysis for landowners and managers Graduate Thesis,
University of Oregon. https://scholarsbank.uoregon.edu/
xmlui/handle/1794/11087

University of Oregon (2019) Knight library aerial photography
collection 1934-2017. University of Oregon Libraries.
Retrieved March 2019

USDA (2016) National Agricultural Statistics Service Cropland
Data Layer. Published crop-specific data layer. https:/
nassgeodata.gmu.edu/CropScape. Accessed 12 February
2020

(USGS) Soil Survey Staff (2020) Web Soil Survey. Natural
Resources Conservation Service, United States Geological
Survey. http://websoilsurvey.sc.egov.usda.gov. Accessed
12 February 2020

Vesely DG, Rosenberg DK (2010) Wildlife conservation in the
Willamette Valley’s remnant prairies and oak habitats: A
research synthesis. Interagency Special Status Sensitive
Species Program, US Forest Service and Bureau of Land
Management. http://w.oregonwildlife.org/documents/
Wildlife%20Synthesis%20Vers%201_1_final.pdf. Acces-
sed 15 July 2019

Vesely D, Tucker G (2004) A landowner’s guide for restoring
and managing Oregon white oak habitats. U.S. Bureau of
Land Management. Salem, OR

Wang H, Zhang Y, Chen G, Hettenhausen C, Liu Z, Tian K,
Xiao D (2018) Domestic pig uprooting emerges as an
undesirable disturbance on vegetation and soil properties in
a plateau wetland ecosystem. Wetl Ecol Manage
26:509-523. https://doi.org/10.1007/s11273-017-9588-1



Agroforest Syst

Webber J, Putnam M, Serdani M, Pscheidt J, Wiman G,
Stockwell V (2020) Characterization of isolates of Xan-
thomonas arboricola pv. corylina, the causal agent of
bacterial blight from Oregon hazelnut orchards. J Plant
Pathol. https://doi.org/10.1007/342161-020-00505-6

Wenig G & Farm RCV (2013) Chickens and Trap Crops—An
integration of sustainable approaches to insect pest control
in vegetable production. https://www.researchgate.net/
profile/Jaime_Pinero/publication/281088383_Chickens_
and_Trap_Crops_-_An_integration_of_sustainable_
approaches_to_insect_pest_control_in_vegetable_
production_-_USDA_SARE_2013_Final_Report/links/
55d4419308ae0a3417227bal.pdf. Accessed 15 July 2019

Wilby A, Thomas MB (2002) Natural enemy diversity and pest
control: patterns of pest emergence with agricultural

intensification. Ecol Lett 5(3):353-360. https://doi.org/10.
1046/j.1461-0248.2002.00331.x

Wilson LM, Hardestry LH (2006) Targeted grazing with sheep
and goats in orchard setting. In: Targeted Grazing: A
Natural Approach to Vegetation Management and Land-
scape Enhancement. American Sheep Industry Association
pp 99-106. https://www.webpages.uidaho.edu/rx-grazing/
Handbook/Chapter_11_Targeted_Grazing.pdf. Accessed
19 March 2019

Publisher’s Note Springer Nature remains neutral with
regard to jurisdictional claims in published maps and
institutional affiliations.

@ Springer



