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Shifts in species interactions and farming contexts mediate net
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Abstract. Some birds are viewed as pests and vectors of foodborne pathogens in farmlands, yet birds also benefit growers by consuming pests. While many growers seek to prevent
birds from accessing their farms, few studies have attempted to quantify the net effects of bird
services and disservices, let alone how net effects shift across farm management strategies. We
quantified the net effect of birds on crop production across 20 California strawberry (Fragaria 9 ananassa) farms that varied in local management practices and landscape context. We
surveyed farms for berry damage and bird droppings (as potential sources of pathogens) and
implemented a large-scale exclusion experiment to quantify the impact of birds on production.
We found that birds had only a slightly negative overall impact on strawberry production,
reducing economic value by 3.6%. Direct bird damage and intraguild predation contributed
equally to this net effect, underscoring the importance of indirect trophic interactions that may
be less apparent to growers. In simple landscapes (e.g., low proportions of surrounding seminatural habitat), birds provided pest control in the interiors of farm fields, and costs from bird
damage to crops peaked at field edges. In complex landscapes (e.g., high proportions of seminatural habitat), birds were more likely to disrupt pest control by feeding as intraguild predators. Nonetheless, seminatural habitat dampened bird services and disservices, and our models
predicted that removing habitat around farm fields would increase costs from bird damage to
crops by up to 76%. Fecal contamination of crops was extremely rare (0.01%). However, both
fecal contamination and bird damage did increase on farms with higher densities of fencing
and wires, where birds often perch. Our results demonstrate that maintaining seminatural habitat around farms may enhance bird diversity and mitigate bird damage without increasing food
safety risks. We also show that the net effects of birds depend on farming context and vary in
complex ways in relation to locations within a farm, local farm attributes, and the surrounding
landscape. This context-specific variation must be considered in order to optimize the management of wild birds in agroecosystems.
Key words: agroecology; bird; California agriculture; diversified farming; ecosystem services; foodborne
pathogens; pest control; strawberry.
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INTRODUCTION
Promoting biodiversity in agriculture is associated
with both costs and benefits to humans. The net effect of
the services and disservices associated with on-farm
biodiversity often depends upon farming practices and
the characteristics of surrounding seminatural habitats
(Zhang et al. 2007). Diversified farming systems,
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production systems that integrate crop and noncrop
components on farms and in surrounding landscapes,
can help balance conservation and livelihood goals (Kremen and Miles 2012, Kremen et al. 2012). Indeed, multiple studies have shown that, by planting polycultures
and restoring vegetation in grass strips, hedgerows, or
adjacent forest patches, growers can sustain biodiversity
on their farms and enhance valuable ecosystem services
such as pest control, pollination, and soil fertility
(Jedlicka et al. 2011, Klein et al. 2012, Karp et al. 2013,
Blaauw and Isaacs 2014, Bender et al. 2016, Schulte
et al. 2017, Kremen and Merenlender 2018). Yet diversified production systems may also promote species that
threaten farmer livelihoods by consuming crops or beneficial organisms (Seward et al. 2004, Gebhardt et al.
2011, Martin et al. 2013), spreading pathogens (Lejeune
et al. 2007, Jay-Russell 2013), damaging farm infrastructure (Dolbeer et al. 1994, Steele et al. 1996), and harming livestock (Woodroffe et al. 2005).
Birds in particular are often very abundant on farms
(Sekercioglu et al. 2016) and are known to both benefit
and threaten crop yields. For centuries, farmers and
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scientists alike have observed birds feeding on crops and
reducing crop yields (Whelan et al. 2015). More recently,
there has been growing recognition that birds can
increase yields by consuming insect pests (Mols and Visser 2002, Karp et al. 2013, Maas et al. 2013, Classen
et al. 2014, Kross et al. 2016, Peisley et al. 2016, Heath
and Long 2019). Despite these dual roles, the net effects
of bird-mediated services and disservices on agricultural
systems are rarely quantified due to the difficulties of
measuring direct and indirect effects and considering tritrophic interactions between birds, arthropods, and
crops (Whelan et al. 2015, Pejchar et al. 2018; but see
Hooks et al. 2003, Martin et al. 2013, 2015). In fact, bird
impacts may be even more complicated as recent studies
suggest that birds may also feed upon arthropod predators of crop pests (i.e., intraguild predation) and defecate
on crops, potentially contaminating them with foodborne pathogens (Carlson et al. 2011, Martin et al.
2013).
As a high-value crop with strict quality controls,
strawberries (Fragaria 9 ananassa) are vulnerable to the
costs and benefits associated with wild birds (CDFA

FIG. 1. Four pathways by which bird communities affect strawberry yield and profit. (P1) Pathway 1 refers to the negative
impact of fecal contamination from birds like European Starlings (Sturnus vulgaris). (P2) Pathway 2 refers to the negative impact of
strawberry damage via seed removal and frugivory by birds such as the American Robin (Turdus migratorius). (P3) Pathway 3 refers
to the positive impact of pest control, such as suppression of lygus bugs (Lygus hesperus), mediated by birds such as Barn Swallows
(Hirundo rustica). (P4) Pathway 4 refers to the negative impact of intraguild predation, such as the consumption of arthropod natural enemies like big-eyed bugs (Geocoris spp.). The net effect of birds on strawberry systems is the sum of these four pathways.
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2018). The net effect of birds on strawberry yield and
profit can be parsed into at least four pathways (Fig. 1).
First, strawberries are highly susceptible to damage from
insect pests (Swezey et al. 2007). Birds may increase
strawberry yields by limiting insect pest infestations
(e.g., Lygus hesperus) and preventing crop damage
(M€antyl€a et al. 2011, Gonthier et al. 2019). Second,
however, birds may consume other beneficial organisms
like pollinators or arthropod natural enemies, indirectly
reducing yields (Martin et al. 2013). Third, birds may
reduce strawberry yields directly via frugivory (Tracey
et al. 2007). For example, annual crop damage from
European Starlings (Sturnus vulgaris) alone has been
estimated at a staggering US$800 million in the United
States (Pimentel et al. 2005). Finally, because of increasing concern about birds transmitting foodborne diseases
such as Salmonella enterica and enterohemorrhagic
Escherichia coli, birds foraging near strawberries may
contribute to yield loss through fecal contamination and
mandatory removal of potentially contaminated crops
(Carlson et al. 2011, 2014, California Leafy Green Products Handler Marketing Agreement (LGMA), 2019). As
outbreaks of foodborne illnesses trigger sweeping
reforms to farming practices (FDA 2015, California
Leafy Green Products Handler Marketing Agreement
(LGMA), 2019), buyers often require growers to refrain
from harvesting produce within a given distance of fecal
contamination and to take action to deter or eliminate
birds on their farms (Stuart 2009, Lowell et al. 2010,
California Leafy Green Products Handler Marketing
Agreement (LGMA), 2019).
Here, we seek to elucidate how local and landscape
diversification influence the net effects of birds on strawberry farms in the Central Coast region of California.
We investigate how local farming practices and the
amount of surrounding seminatural habitat (forest,
shrub, grasslands, pasture, wetlands, and water features)
in the landscape influence each of the four pathways by
which bird communities affect crop yields and profits.
To measure bird net effects, we manipulated bird access
to strawberries in an exclosure experiment and quantified arthropod communities, berry damage, and bird
fecal contamination on farms that ranged from locally
homogenized (growing only strawberries) to diversified
(growing multiple crops), across a gradient of simple,
e.g., low proportions of surrounding seminatural habitat) to complex (e.g., high proportions of surrounding
seminatural habitat) landscapes.
Based on conversations with growers, we predicted
that the overall impact of birds on yields would be negative and that the primary pathway by which birds impact
yields would be through direct consumption. We hypothesized that bird net effects would shift in response to
position within the farm and landscape, such that birdmediated pest control would be bolstered at field edges
in complex landscapes, where insectivorous birds may be
more abundant, and reduced at field centers in simple
landscapes. We also predicted that local diversification,
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fences, and wires would increase bird abundance and
activity, eliciting more crop damage and fecal contamination. Finally, we predicted that pest bird deterrent
practices would reduce bird disservices.
METHODS
Study system
We selected 20 focal organic strawberry farms for
study in the Central Coast of California, an economically important agricultural region that produces 43% of
strawberries in the United States (USDA NASS 2019).
Both large, industrial monocultures and smaller, diversified farms exist in this region, as well as seminatural
habitats, such as chaparral, woodlands, grasslands, and
wetlands interspersed between farms (Appendix S1: Figure S1). We selected farms across a gradient of local and
landscape diversification using surveys of grower practices and aerial imagery from the National Agricultural
Imagery Project 2016 (available online).11 We chose sites
that maximized variation of local and landscape factors
within a region to avoid spatial autocorrelation of farm
sites.
Local practices and diversification
To characterize local farm management practices, we
defined a farm as contiguous land managed by a single
grower or operation. We quantified a variety of local
farm diversification metrics within one to six circles
(50 m radius) arrayed throughout the farm. We aimed
to characterize practices within the farm, and more sampling was needed to thoroughly characterize the larger
farms. Within each sampling circle, we documented the
percent cover of seminatural habitat (noncrop vegetation
such as trees, shrubs, grasses, weeds, and floral strips;
standing water), percent cover of weeds within crop
fields (1, 0–5%; 2, 5–50%; 3, >50%), crop diversity
(Simpson’s index), the number of vegetative strata
(ground cover and row crops, shrubs, trees), and the
length of wildlife fencing and electrical wires
(Appendix S2: Table S1). For farms with multiple sampling circles, we selected circle locations so that at least
one-half of the circles included strawberries, and if farms
bordered natural habitat, one-third of the circles
included natural habitat and were centered at least 30 m
into a crop field. We averaged values across subsampling
circles on farms with more than one circle. Then, we calculated a local farm diversification index by scaling (subtracting the mean and dividing by the standard
deviation) and averaging the percent cover of seminatural habitat, percent cover of weeds, vegetative strata, and
crop diversity (Appendix S2: Table S1). We also documented the total number of pest bird deterrent practices
that we observed on each farm, including (1) noise
11

https://nrcs.app.box.com/v/naip/folder/18144379349
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deterrents such as sound canons, whistlers, and raptor
recordings; (2) visual deterrents such as sparkler streamers, scarecrows, owl and dead crow decoys, and kites
resembling raptors; (3) habitat removal; (4) raptor
perches; and (5) bird seed as an alternative food source
(Appendix S2: Table S1).
Landscape diversification and crop diversity
We manually digitized maps from National Agricultural
Imagery Project imagery and classified seminatural habitat
(forest, shrub, grasslands, pasture, wetlands, and water
features) within a 1 km radius of all sampling points
(exclosure and transect locations) using ArcMap 10.3.1
(ESRI, Redlands, California, USA). Previous research
indicated that 1 km was an appropriate radius to analyze
landscape effects on ecological communities (Gonthier
et al. 2014). First, we calculated the proportion of seminatural habitat surrounding each sampling point within
concentric buffer rings (every 50 m from 50 to 1,000 m).
Then, we applied a Gaussian decay function to buffer
rings to weigh seminatural habitat closer to sites more
than areas further away based on the formula
W ¼ expðI 2 =ð2  d 2 ÞÞ
where W is the weight assigned to each buffer ring, I is
the inner edge distance of the ring, and d is the decay
rate parameter (in this case, 250, 750, or 1,250; Karp
et al. 2016). We calculated the proportion of seminatural
habitat within 1 km without decay, and within 1 km
with the three decay functions that placed greater
emphasis on land cover closer to sites (Appendix S2:
Table S1). We refer to simple and complex landscapes as
opposite ends of the seminatural landscape gradient represented by our study sites, from simple landscapes with
little seminatural habitat, to complex landscapes with
more natural habitat.
To calculate crop diversity surrounding farms, we drew
a polygon connecting all sampling points on a farm, and
then created a 500-m buffer around the polygon. We then
manually digitized maps from in-field surveys, assigning
crop types within crop fields and orchards. From these
maps, we calculated crop diversity using Simpson’s index
for each farm (Appendix S2: Table S1).
Exclosure experiment
We excluded birds from strawberry plants with meshnet cages and compared berry damage and insect communities between exclosure (no birds) and control (bird
accessible) plots. We constructed exclosure cages from
PVC pipe frames (1.5 m long 9 0.6 m wide 9 0.4 m
high) designed to fit over strawberry rows and envelop
8–24 (mean = 12) plants. We covered cages with
monofilament gill netting (1.5 in stretched square mesh;
Memphis Net & Twine, Memphis, Tennessee, USA) and
secured cages to rows using metal garden staples to
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exclude birds and allow insects to pass through. Cages
also excluded large rodents and bats, but likely allowed
access to small rodents and lizards. We constructed control plots that were the same dimensions as exclosure
plots by loosely wrapping caution tape around bamboo
stakes to delineate the plot perimeter. We needed to use
caution tape to ensure that farmworkers did not harvest
berries in control plots. The risk of crops being harvested
during our study may be higher than other systems;
strawberries are harvested every 2–3 d during the peak
season, and workers move quickly through the fields. We
were careful not to stretch the caution tape too tightly,
so it moved less than typical streamers used as bird
deterrents, yet was not stable enough for birds to perch.
We also added caution tape to the exclosure treatment
plots to account for any effects that the caution tape
could have on bird activity. In the field, we observed
birds moving freely through control treatment plots and
around caution tape. Importantly, any decline in bird
activity due to caution tape would mute the effects of the
exclosure experiment, making our results conservative.
We erected three paired exclosure and control plots on
15 farms for one month each during the spring (April–
May, when strawberry yields were low) and summer
(June–July, during peak strawberry production). Within
each farm, we spaced paired plots at least 1 m apart
(mean  SE of distance between paired plots:
2.32  0.42 m) and placed plots at the farm edge with
the most seminatural habitat, as far from a farm edge as
possible, and halfway in between. Paired plots included
the same berry variety (Albion, Big Sur, Camarosa,
Chandler, Maverick, Monterey, or Sweet Anne). Each
week, we harvested berries from treatment plots and
scored all ripe berries for damage. We defined bird damage as berries with angular wounds to strawberry flesh,
berries with evidence of seed removal by seed-eating
birds, or berries directly contaminated by bird feces
(only 2 of ~10,000 berries).
We defined invertebrate damage as lygus bug (also
known as Western tarnished plant bug, L. hesperus)
damage (berry puckering or the characteristic “cat face”
malformation; Zalom et al. 2011); leaf-rolling caterpillar
(Tortricidae spp.) damage (tunneling with the presence
of webbing; Zalom 2010); slug or snail damage (hollowed out wounds with mucous present); and other
invertebrate damage (presence of small wounds and tunnels potentially attributed to early instar caterpillar damage, cucumber beetle damage, or thrips damage;
Gonthier et al. 2019). L. hesperus feeds on developing
strawberry seeds, causing the berry flesh around those
seeds not to develop, in the same way that berry flesh
fails to develop around seeds that have not been pollinated. Both L. hesperus damage and poor pollination
can produce “cat face” malformations (Zalom et al.
2011); therefore, we included cat-faced berries as part of
invertebrate damage, as the exact cause of berry damage
could not be determined. We further categorized berries
with economic damage, or damage attributed to
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vertebrates and invertebrates that would prevent berries
from being sold (any vertebrate damage, bird fecal contamination, berries with >25% malformation due to
L. hesperus or under-pollination, and other damage
attributed to slugs, snails, or leaf-rolling caterpillars). We
also calculated economic damage attributed to invertebrates only. We pooled all berry harvests within a plot
for each season. We defined economic damage through
conversations with growers while showing them berries
that we had already scored for damage.
Exclosures: Invertebrate sampling
We used a shredder vacuum (Stihl BG56; Stihl, Virginia
Beach, Virginia, USA) retrofitted with a collection bag to
sample invertebrates in exclosure and control plots and
quantify abundances of pest and predatory invertebrates.
At the beginning and end of each round of the exclosure
experiment, we vacuum-sampled invertebrates from eight
plants within each plot, using 1-s suction blasts (Zalom
et al. 1993), and pooled samples by plot across each season. We sorted most invertebrates to order, but identified
important pests and natural enemies of strawberries to
family, genus, or species when possible. Natural enemies
included big-eyed bugs (Geocoris spp.), minute pirate bugs
(Orius spp.), damsel bugs (Nabis spp.), green lacewings
(Neuroptera: Chrysopidae), brown lacewings (Neuroptera: Hemerobiidae), lacewing larvae (Order: Neuroptera), lady beetles (Coleoptera: Coccinellidae), hover
flies (Diptera: Syrphidae), wasps (Order: Hymenoptera),
and spiders (Order: Araneae). Pests included Lygus Hesperus and other Lygus spp., aphids (Hemiptera: Aphidae),
spotted cucumber beetle (Diabrotica undecimpunctata),
whiteflies (Hemiptera: Aleyrodidae), spotted-wing drosophila (Drosophila suzukii), and slugs and snails (Class:
Gastropoda).
Exclosures: Net effects of birds on berry damage and
invertebrate communities
To compare the relative amount of bird vs. invertebrate damage to strawberries, we first calculated the proportion of bird and insect damage in each exclosure and
control plot. Then, to assess the net effects of birds on
strawberry damage, we calculated the change in the proportion of berries with damage attributed to invertebrates and vertebrates in exclosure relative to control
plots. For the net effect of birds on invertebrate communities, we calculated the change in the proportion of
invertebrate natural enemies or pests (from the beginning to the end of the experiment) in exclosure relative
to control plots. For more information on how net
effects of birds were calculated, see Appendix S3.
Berry damage and fecal transect surveys
We surveyed bird damage, invertebrate damage, and
bird fecal contamination along three parallel, 20-m
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transects in strawberry rows on each farm. We used transect surveys as a complement to our exclosure study,
both to validate findings from the exclosures in ambient
conditions and to expand our bird damage surveys
across the farms. We also used transect surveys to quantify fecal contamination and bird flick damage (defined
as small bits of scattered berries that indicates previous
bird feeding). We used the flick damage measure because
farmworkers frequently cull berries with bird damage.
Even when bird-damaged berries are harvested, bird
flick damage remains on the plastic mulch, providing a
longer-term picture of where birds have been eating berries. We employed separate analyses for vertebrate berry
damage and flick damage.
We located transects at the farm edge with the most
seminatural habitat, as far from a farm edge as a possible,
and halfway in between. Within 20 1-m2 plots, we centered adjacent quadrants along each transect and
recorded the number of bird fecal droppings on strawberry fruits, strawberry plants, plastic mulch, and within
furrows. We also noted the presence of bird flick damage.
Next, we recorded the number of strawberry fruits and
scored berry damage, as in the exclosure experiment, on
20 plants per transect, sampling every five plants. We
scored both white (under-ripe) and red berries; however,
we focused analyses on red berries only as they were much
more prone to damage and closer to being harvested.
Statistical analyses
To evaluate the effects of birds on strawberry damage
and insect communities, we modeled net effects from the
exclosure study, the proportion of damaged berries from
the exclosure experiment and transect surveys, and the
presence or absence of vertebrate berry damage and bird
flick damage using linear mixed models (LMMs) and
generalized linear mixed models (GLMMs; Zuur et al.
2009). We included random intercept effects of farm (to
account for spatial autocorrelation) and strawberry variety for exclosure experiment models, and random intercept effects of sampling week and farm for transect
survey models. We first attempted to model all responses
with a Gaussian distribution. We used square root (the
density of fecal contamination in crop fields and on
strawberry plants) and fourth root transformations (vertebrate berry damage from transect surveys) to increase
normality of response variables from transect surveys.
Vertebrate berry damage in the exclosure study and bird
flick damage from transect surveys were infrequent;
thus, we created binary responses (presence/absence of
vertebrate berry damage or bird flick damage) and used
binomial distributions. We included fixed effects for season (exclosure models only), local diversification, fencing and wire density, number of bird deterrent practices,
distance from a noncrop edge, crop diversity (500 m),
and seminatural habitat; none of these variables were
collinear. We included interactions between season and
local diversification (exclosure models only), season and
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seminatural habitat (exclosure models only), local diversification and seminatural habitat, distance from a noncrop edge and seminatural habitat, as well as crop
diversity and seminatural habitat. For each response
variable, we used R2 values from linear models to choose
the most predictive decay rate (spatial scale), and in
most cases (7 out of 11 response variables), the proportion of seminatural habitat within 1 km (no decay) was
the most predictive.
We used binomial models with a fixed effect of treatment to test whether berry damage types differed between
exclosure treatments. We used paired t test or Wilcoxon
signed-rank tests to test for exclosure treatment effects on
arthropod communities due to high variability in invertebrate data. To test the significance of fixed effects, we performed backward model selection, comparing nested
models with likelihood ratio tests (Zuur et al. 2009). We
stopped removing terms when likelihood ratio tests were
<0.05 for all retained fixed effects.
Economic analysis
To assess the impact of economic berry damage and
fecal contamination, we received approval from the
University of British Columbia’s Behavioral Research
Ethics Board (#H18-01018) to conduct surveys with
growers and farm managers (n = 20) to determine the
average price for a flat of berries across the growing season, the packing method used for berry flats (e.g., pint
baskets [1 dry pint = 550.60 cm3], 1-pound clamshells, 2pound clamshells [1 pound = 453.59 g]), and the use and
size of no-harvest buffer zones (not harvesting produce
within a given distance) around bird fecal contamination
in crop fields. National and industry regulations regarding the implementation of no-harvest buffers are not
standardized, so a survey was necessary to determine
common regional practices and associated economic
costs (Bihn et al. 2014, California Leafy Green Products
Handler Marketing Agreement (LGMA), 2019). Ultimately, however, surveys revealed that growers experienced minimal loss due to no-harvest buffers around
bird fecal contamination, and we chose not to include
potential economic loss associated with no-harvest buffers. We did, however, include the loss of berries that
were directly contaminated.
We estimated the net economic impact of birds on
strawberry production (N, US$/m2 crop field/yr) for
growers in our region by pairing the model for economic
berry damage from the exclosure experiment with data
from grower surveys and field measurements of the mass
of berries in a strawberry flat. We used the formula
US$
mass berries
N ¼ PD 

mass berries m2 crop field=yr
where PD is the change in the proportion of berries with
economic damage in exclosure relative to control plots.
This variable varied as a function of distance from a

noncrop edge and the proportion of surrounding seminatural habitat (see Results). First, we calculated the
average berry price (US$/mass berries) using the average
price that growers reported for a flat of berries across
the growing season, the packing method used for berry
flats, and the average mass of berries in a flat based on
the packing method (Appendix S2: Table S1). Strawberry flats vary in mass and are packed in three common
ways that affect mass: 12-pint baskets; eight small (1pound) clamshells; four large (2-pound) clamshells. We
weighed two berry flats harvested from different rows at
each of five farms to calculate the average mass of berries in a flat for each packing method.
Then, we calculated the average berry yield (mass/m2
crop field/year) using the average mass of berries harvested from exclosure plots (exclosure treatment only)
per
week;
the
area
of
exclosure
plots
(0.6 9 1.5 m = 0.9 m2); the percent of crop fields dedicated to strawberry production (75% with typical 48inch bed spacing [1 inch = 2.54 cm]: 36 inches for a
strawberry bed and 12 inches for the furrow); and the
length of the strawberry growing season in our study
region (32 weeks from mid-March to mid-November;
California Strawberry Commission 2018).
RESULTS
Exclosure treatment effects
The proportion of berries with overall economic damage (mean  SE; control 13.0%  1.4%; exclosure
9.4%  1.0%; P < 0.01), economic invertebrate damage
(control 11.1%  1.3%; exclosure 8.9%  1.0%;
P = 0.03), and economic vertebrate damage (control
1.9%  0.7%; exclosure 0.6%  0.3%; P < 0.001) were
greater in control than exclosure plots. The proportion
of berries with invertebrate damage (control
33.0%  1.9%; exclosure 32.0%  1.7%; P = 0.33) did
not differ between treatments (Appendix S1: Figure S2;
Appendix S4: Table S1). There were no significant differences between exclosure and control plots in the abundance of arthropod natural enemies (control
0.98  0.57; exclosure 0.28  0.56; P = 0.28) and pests
(control 0.42  0.76; exclosure 0.07  0.61; P = 0.80),
or the proportion of natural enemies (control
0.03  0.03; exclosure 0.04  0.03; P = 0.68) and pests
(control 0.02  0.03; exclosure 0.01  0.03; P = 0.77).
Relative importance of bird service and disservice
pathways
We scored a total of 18,650 berries (10,770 from the
exclosure study and 7,880 from transect surveys) and
found relatively little vertebrate damage compared with
invertebrate damage to berries. Direct bird damage and
intraguild predation (e.g., greater economic invertebrate
damage in control treatments) contributed equally to the
net effects of birds on economic berry damage
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(Appendix S1: Figure S2), although the relative importance of these pathways shifted in response to location
within farms and surrounding landscape context. Vertebrates damaged a relatively small portion of berries (exclosure control plots 1.9%  0.7%; transect surveys
2.5%  0.83%). Birds were most likely responsible for
most of this damage. We confirmed that at least 58%
and 67% of vertebrate berry damage in exclosure plots
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and transect surveys, respectively, was caused by birds,
and observed birds damaging berries much more often
than other vertebrates (e.g., squirrels, rabbits). In contrast, invertebrates damaged nearly a third of berries,
and approximately half of these berries were deformed
due to under-pollination and/or L. hesperus damage
(control 48.3%  2.8%; exclosure 44.4%  2.5%).
Additionally, bird fecal contamination directly on

FIG. 2. Relationship between (A) net effect of birds on economic berry damage (difference between paired exclosure and control
plots in the proportion of berries with severe damage that would prevent sale) and distance from a noncrop edge for farms in landscapes with different proportions of seminatural habitat; (B) net effect of birds on invertebrate berry damage (difference between
paired exclosure and control plots in the proportion of berries with invertebrate damage) and distance from a noncrop edge for
spring (April–May) and summer (June–July). The net effect of birds on berry damage is positive when birds provide net benefits,
and negative when birds are associated with net costs. (C) Relationship between net effect of birds on the proportion of natural enemies (difference between paired exclosure and control plots in the proportion of natural enemies) and distance from a noncrop edge
for farms in landscapes with different proportions of seminatural habitat. The net effect of birds on the proportion of natural enemies is positive when birds decrease the proportion of natural enemies in invertebrate communities, and negative when birds
increase the proportion of natural enemies in invertebrate communities. (D) The relationship between probability of any vertebrate
berry damage in control plots and fencing and wire density on farms. Points represent paired exclosure plots, lines indicate coefficient estimates from linear mixed models (LMM) and general linear mixed models (GLMM) parameters, and shaded regions represent standard errors of coefficient estimates. These graphs show that farms in more simple landscapes experience more extreme
positive and negative net effects of birds compared with simple landscapes, birds are more likely to disrupt pest control services near
noncrop edges and provide pest control services far from edges and birds are most likely to consume arthropod natural enemies (potentially disrupting pest control services) in more complex landscapes. Vertebrate damage (primarily caused by birds) increased on
farms with a higher density of fencing and wires.
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berries was extremely rare (0.01%, two berries in the
exclosure experiment on one farm and no berries from
transect surveys).
Influence of location on bird net effects
The overall slight negative effect of birds on strawberries masked significant impacts that shifted as a function
of location within a farm and landscape context. First,
we found that the net effect of birds on economic berry
damage was more negative near noncrop edges and
more positive further from edges (Fig. 2a; Appendix S4:
Table S3). The proportion of berries with vertebrate
damage was negatively correlated with distance to a noncrop edge, providing partial evidence that birds also
cause more direct berry damage near noncrop edges but
this trend was not significant (Appendix S1: Fig. S3;
Appendix S4: Table S3). However, birds were associated
with significantly increased invertebrate damage to berries near noncrop edges, especially during the summer
compared with spring. Within field centers, birds
decreased invertebrate berry damage and provided pest
control (Fig. 2b; Appendix S4: Table S3).
These analyses suggest that landscape may interact
with these on-farm factors. The influence of distance
from a noncrop edge was dampened in complex
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landscapes with more seminatural habitat (Fig. 3a, c;
Appendix S4: Table S3), and amplified in simple landscapes, where birds were associated with more extreme
net economic costs near edges and benefits farther away
from edges (Fig. 3b, d). As an example to illustrate this
idea, switching the landscape context of the two farms
depicted in Fig. 3 (one surrounded by natural habitat
and the other by crop fields) illustrates the protective
effective of seminatural habitat in reducing the cost of
bird disservices to strawberries. If the farm in the complex landscape were in the simple landscape (Fig. 3a, d),
the reduction in seminatural habitat would increase the
cost of birds by 76%. If the farm in the simple landscape
were in a complex landscape (Fig. 3b, c), the increase in
seminatural habitat would decrease the cost of birds by
23% (Appendix S4: Table S4).
In simple landscapes, excluding birds caused an
increase in the proportion of natural enemies near crop
edges (indicative of higher intraguild predation in control plots) and a decrease in the proportion of natural
enemies far from crop edges (indicative of higher pest
consumption in control plots). These trends reversed in
complex landscapes (Fig. 2c; Appendix S4: Table S3).
No predictors explained differences in the proportion of
arthropod pests between exclosure treatments
(Appendix S4: Table S3).

FIG. 3. Maps showing the net economic effects of birds on strawberry production across two farms in simple and complex landscapes that differ in the amount of surrounding seminatural habitat (within 1 km radius). Net economic effects are expressed as $US/
m2 of strawberry crop field across the strawberry growing season for (A) a farm with 49% seminatural habitat in the surrounding landscape and (B) a farm with 1% seminatural habitat in the surrounding landscape. Panels C and D show differences in the amount of
surrounding seminatural habitat for farms in panels A and B, respectively, and black boxes outline farm locations. Farm maps demonstrate how the amount of seminatural habitat surrounding farms dampens the more extreme net economic effects of birds.
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FIG. 4. Relationship between the probability of bird flick damage and (A) fencing and wire density on farms, (B) crop diversity
(500 m radius) surrounding farms, (C) the total number of bird deterrent practices used on the farm, and (D) the proportion of
seminatural habitat in the landscape. Lines indicate coefficient estimates from GLMM parameters, and shaded regions represent
standard errors of coefficient estimates. Bird flick damage increased on farms that were surrounded by more crop diversity and had
a higher density of fencing and wires, and decreased on farms that were surrounded by more seminatural habitat and used more bird
deterrent practices.

The probability of bird flick damage also increased on
farms that were surrounded by more crop diversity
(500 m radius; Fig. 4a) and decreased on farms that
were surrounded by a higher proportion of seminatural
habitat (Fig. 4b).

(Figs. 2d, 4c; Appendix S4: Table S3), as well as higher
rates of fecal contamination (Fig. 5a, b). We found no
evidence that local diversification influenced the net
effects of birds on strawberries; however, farms that used
more bird deterrent practices were less likely to experience bird flick damage (Fig. 4d).

Influence of local management practices and
diversification on bird net effects

DISCUSSION

Our findings from both the exclosure experiment and
transect surveys indicate that fencing and wires on farms
increased both direct bird berry damage and fecal contamination. We found vertebrate damage to berries (primarily caused by birds) and bird flick damage at half of
our farm sites. Farms with more fencing and wires were
more likely to experience these types of damage

Ecologists increasingly recognize the many benefits
that nature provides to society. To realize the full potential of working landscapes to support biodiversity conservation and provide sustainable resources for
humanity, we must consider both the benefits and costs
associated with biodiversity (Zhang et al. 2007, Kremen
and Merenlender 2018). Our research highlights the
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FIG. 5. Relationship between fecal density and fencing and wire density on farms for (A) fecal contamination in crop fields and
(B) fecal contamination on strawberry plants. Points represent a single transect survey, lines indicate coefficient estimates from
LMM parameters, and shaded regions represent standard errors of coefficient estimates. Fecal density, both in crop fields and on
strawberry plants only, increased on farms with a higher density of fencing and wires.

potential for mismatch between management actions
and goals when the net effects associated with biodiversity are not fully recognized, which can result in negative
outcomes for wildlife conservation and agricultural production.
Net effects of birds
Our research demonstrates that birds have a slightly
negative effect on strawberry production, but this overall
trend masks complex shifts in bird services and disservices across farming contexts. Although prior research
often documents the highly visible damage that pest
birds can inflict on crops (Peisley et al. 2015), our
research shows that direct bird damage is responsible for
relatively little berry damage compared with invertebrate
damage. We found vertebrates (primarily birds) damaged only 1.9% of berries in the control exclosure plots
and 2.5% of berries in transect surveys. These rates of
bird damage to berries are similar to those documented
in the literature in California strawberry systems (2–3%;
Gebhardt et al. 2011, Gonthier et al. 2019), but pale in
comparison with the damage inflicted by invertebrates
(~32–33% of berries). However, while berries damaged
by birds have no market value, berries with minor invertebrate damage can be sold. In contrast, a previous,
smaller study in the same region found that direct and
indirect interactions cancelled each other out, such that
low levels of damage caused by birds were essentially
balanced by bird control of invertebrate strawberry pests
(Gonthier et al. 2019). It is possible that both studies
provide an accurate assessment of bird services and disservices in years with different relative bird and invertebrate damage levels.

Although direct crop damage is always more apparent
to growers than indirect trophic interactions (e.g., pest
control and intraguild predation), our study demonstrates that less apparent indirect effects are at least
equally important as direct effects. Indeed, both direct
and indirect interactions contributed roughly equally to
the slightly negative overall effect of birds on economic
berry damage. This net negative effect was likely tempered by bird-mediated pest control, making indirect
trophic interactions an even more critical aspects of
birds’ impacts in agroecosystems. The relative importance of direct vs. indirect effects also appeared to
depend on farming context. For example, apart from
field edges in simple landscapes, effects of pest control
and intraguild predation outweighed direct strawberry
consumption in dictating effects on crop yields.
Influence of location within a farm and landscape context
We showed that the net effects of birds strongly
depend on interactions between position within a farm
field and the amount of seminatural habitat in the surrounding landscape. Specifically, the net effects of birds
changed as a function of the distance from a noncrop
edge, with more extreme costs and benefits on farms
with less seminatural habitat in the landscape (Fig. 4).
At field edges, birds harmed berries via both direct damage and intraguild predation, especially in more simple
landscapes and during peak summer strawberry production. Away from edges, birds inflicted less berry damage,
and were also more likely to provide (or not interfere
with) pest control, especially in more simple landscapes.
This may be because (1) birds that forage aerially over
crop fields (e.g., swallows) specialize on arthropod pests;
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(2) arthropod natural enemies may be more prevalent at
field edges compared with field interiors (Macfadyen
and Muller 2013); and (3) more simple landscapes may
have a higher relative abundance of insectivorous birds
that prefer to forage aerially compared with birds that
prefer to perch and hunt.
In more complex landscapes, birds also acted as intraguild predators away from edges, whereas in more simple
landscapes, birds had less of an effect on natural enemies, and only acted as intraguild predators near edges.
These trends may occur because (1) natural enemies are
more abundant on farms in complex landscapes (Chaplin-Kramer et al. 2011); (2) densities of some natural
enemies are higher near noncrop edges than field interiors (Duelli and Obrist 2003, Tscharntke et al. 2005); and
(3) birds may prefer to consume larger natural enemies,
such as spiders and lady beetles, over smaller pests, such
as aphids and spotted-wing Drosophila, because larger
prey items are more energetically profitable (Krebs et al.
1977). At field edges, insectivorous birds that prefer to
perch and hunt (i.e., snatching prey from the ground,
gleaning prey from plants, hawking prey from the air)
may have an advantage in spotting larger prey items
compared with birds that prefer to forage aerially over
crop fields, resulting in greater intraguild predation at
edges. In simple landscapes with limited seminatural
habitat, the few trees and hedgerows that border fields
may concentrate perching bird foraging activity, which
may explain why intraguild predation is more common
near edges in simpler landscapes. In more complex landscapes, birds may be selectively feeding on arthropod
natural enemies throughout farm fields, or communities
may be composed of different species that prefer natural
enemy prey. Intraguild predation may also have a stronger cascading effect during the summer, when strawberry
production peaks and arthropods are more abundant,
compared with the spring.
Regarding direct bird damage to berries (probability
of bird flick damage), we found birds caused less damage
on farms surrounded by more seminatural habitat, but
more damage in landscapes with higher crop diversity
(within a 500 m radius surrounding farms). While it is
possible that birds relocated berries to eat them, resulting in flick damage in different areas of the field, we
never observed this behavior. Additionally, crop diversity
(500 m) was calculated at the farm level, and there was
minimal variation in seminatural habitat (1 km) between
transects on the same farm. If birds did relocate berries,
these landscape-level predictors would still be significant.
Greater crop diversity surrounding farms could result
in more direct berry damage if strawberry-eating birds
prefer strawberries to the other crop types available
nearby and thus concentrate in strawberry fields. In
more simple landscapes, strawberry-eating birds may
spend more time foraging on farms, compared with seminatural habitat, or these landscapes may support a
higher proportion of strawberry-eating birds, both
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resulting in more direct bird berry damage. Casta~
neda
(2018) found, for example, that Barn Owls (Tyto alba)
spent more time foraging in agricultural habitats when
there was less seminatural habitat in the surrounding
landscape, and the same may be true of strawberry-eating birds. Our models predicted that removing seminatural habitat around farms would increase the cost of bird
disservices by 76%, suggesting that maintaining noncrop
habitat can provide significant benefits to growers.
Influence of local farm practices and characteristics
While we found no evidence that local diversification
practices affected the net effects of birds, farms with
more fencing and wires, where birds are often perch, had
more direct berry damage (higher probability of berries
with vertebrate damage and bird flick damage) and fecal
contamination. By increasing the availability of perches,
fencing and wires may encourage birds that are centralplace foragers to increase foraging pressure on nearby
strawberries, and defecate more often nearby. We also
found that bird berry damage (probability of bird flick
damage) was less likely on farms that implemented a
suite of bird deterrent practices, suggesting that when
used in tandem, these practices can disrupt foraging by
strawberry-eating birds. These findings are encouraging
given that an earlier study found bird management practices to be ineffective (Gonthier et al. 2019) and that
growers often express skepticism about the efficacy of
auditory and visual scare devices, as well as other bird
management practices (Anderson et al. 2013). Growers
were often ambiguous when asked how frequently different bird deterrent practices were used, and we lacked resolution in our data to test each bird deterrent practice
individually. Very few studies address the efficacy of
specific bird management practices (Rivadeneira et al.
2018), and investigating how specific practices influence
the net effects of birds would require a more focused
study. Still, direct bird damage was not a major problem
on most farms; thus, growers should consider the costs
of implementation compared with direct bird damage
when deciding whether or not to utilize bird deterrent
practices.
Fecal contamination and food safety
Growers in the study area have been pressured to
remove habitat near crop fields in response to food
safety concerns that equate birds and other wildlife with
increased food safety risks (Stuart 2009, Karp et al.
2015a). Habitat removal is often recommended to
decrease bird fecal contamination and bird berry damage, yet our results suggest that more seminatural habitat in the landscape can actually buffer against these
bird disservices. While artificial structures (fencing and
wires) increased fecal contamination by birds, we found
no evidence that seminatural habitat, in the surrounding
landscape or at field edges, increased food safety risks.
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Moreover, recent analyses suggest that birds in our study
area rarely carry foodborne diseases (Navarro-Gonzalez
et al. 2019).
Although growers reported that birds perched in trees
at field edges would defecate in crop fields, we found no
evidence that trees and hedgerows at field edges
increased fecal contamination in crops, perhaps because
trees and hedgerows were not overhanging crop fields at
our study sites. Similarly, Sellers et al. (2018) found that
hedgerows did not increase the risk of fecal contamination in crop fields by rodents in California walnut and
tomato systems. These results align with recent studies
in the region that failed to find increased pathogen
prevalence on farms with more surrounding seminatural
habitat and reported preliminary trends of pathogen
increases on farms that removed habitat (Karp et al.
2015b). Our results demonstrates that maintaining seminatural habitat around farms may thus constitute a winwin by enhancing bird diversity and mitigating bird
damage without increasing food safety risk.
Our findings have important implications for food
safety management. First, fecal contamination to berries was rare (0.01%) in our study. Growers are deeply
invested in providing safe and healthy food to consumers, and all growers expressed that berries with
fecal contamination would be culled. Because strawberries are harvested and inspected by hand, farmworkers
are able to identify and cull contaminated berries. If
birds are perching on fences and wires and defecating
while they are perching, then crop fields adjacent to
fences or beneath wires are most likely to be affected.
It is also important to note that many growers
reported installing fences to prevent wildlife intrusion
into farm fields in response to food safety concerns.
While fencing may help to prevent fecal contamination
from wildlife such as deer and pigs, we found that
fencing was associated with increased bird fecal contamination. Areas near fencing and wires could be
more closely monitored for fecal contamination, or
growers could choose not to plant crops in these areas
that are packaged without washing and likely to be
consumed fresh. While careful management can reduce
the risk of fecal contamination, some growers incur
additional economic costs associated with implementing no-harvest buffer zones around fecal contamination
in crop fields. Popular guidelines in the Central Coast
recommend a minimum 1.5-m buffer distance around
fecal contamination unless the risk can be adequately
controlled (LGMA, 2019), but some growers are
required by buyers to implement larger buffers. However, these guidelines are subjective and do not distinguish between different types and size of fecal matter,
or crops with aerial vs. drip irrigation, which likely
affect pathogen transfer (LGMA, 2019, Weller et al.
2019). Growers in our study region reported variable
required buffer distances (0.6–6.1 m), and the potential
economic costs of implementing large buffers would be
steep.

CONCLUSION
We found that the net effects of birds on strawberry
production shift in complex but predictable ways that
were driven by trophic interactions and farming context.
Although the net effects of birds were slightly negative
overall, our research demonstrates that seminatural
habitat can help to mitigate bird disservices. When considered in concert with how growers manage risks
related to fecal contamination, our findings can provide
general management recommendations that optimize
bird services and minimize bird disservices, and may be
applicable across other cropping systems and regional
contexts.
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