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Simple Summary: Our findings support the enemies hypothesis in urban agroecosystems. Local fac-
tors, including increased mulch coverage, crop richness, and percent of non-crop areas, are predictors
of increased PH abundance and aphid parasitism rates. Our findings support and strengthen previous
findings in UA research. Urban farmers should be encouraged to diversify urban agroecosystem
spatial composition and implement APM practices to reduce pest impacts.

Abstract: Urban agriculture is practiced in spatially fragmented landscapes with unique characteris-
tics that can impact species occurrence in time and space. As a result, biological control services, an
ecosystem service from naturally occurring arthropod natural enemies, can be negatively impacted.
Many urban farms forgo pesticides and utilize agroecological pest-management strategies that rely
on natural enemies to help regulate pest populations. Understanding how these enemies are affected
by landscape composition and on-farm management practices is critical to understanding agroeco-
logical pest management in UA and furthering our understanding of landscape-mediated population
dynamics. Over two growing seasons, we sampled brassica crops in urban agriculture sites occurring
on a spectrum of surrounding landscape imperviousness, spatial composition, size, and manage-
ment practices to better understand parasitic Hymenoptera abundance, richness, and parasitism
rates on the common cabbage aphid (Brevicoryne brassicae). We found that on-farm agroecological
pest-management practices such as mulch coverage, floral richness, and overall crop-plant richness
impacted parasitic Hymenoptera abundance. Larger proportions of on-farm noncrop area increased
parasitoid abundance on urban farms. Aphid parasitism increased in relation to on-farm management
practices, including increased crop-plant richness. These findings add to a growing understanding of
urban agroecosystem function and support the enemies hypothesis in urban agroecosystems.

Keywords: agroecological pest management; conservation biological control; ecosystem services;
parasitic Hymenoptera; urban agriculture

1. Introduction

Crop pests in urban landscapes can be challenging to control, and they can have a
disproportionate impact on the smaller crop sizes common to urban farms. Herbivorous
insect populations in urban areas can persist for more extended periods, have increased
fecundity, and can even be larger [1–6]. Undermanaged or neglected urban landscapes
can exacerbate pest issues. Irregular irrigation, application of fertilizers or pesticides, and
higher levels of air pollution can induce plant stress or vigor, creating favorable conditions
and refuges for herbivorous pests that can emigrate to urban farms and gardens [7,8].
Urban agriculture (UA) is often practiced without pesticides for health and environmental
reasons despite these challenges. Instead, farmers find themselves relying on time and
labor-intensive cultural and mechanical practices for pest management. Consequently,
urban farmers have shown great interest in agroecological pest management (APM), a
proactive ecosystem-services-based approach that aims to reduce pest abundance and crop
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damage by increasing natural enemy populations through agroecological practices [9,10].
These practices increase the amount of shelter, nectar, and pollen resources on urban farms,
increasing natural enemy populations, resulting in increased biological control services [11].

In rural agroecosystems, APM practices, landscape effects, and conservation biological
control have been widely studied [12,13]. Meta-analyses have found that on-farm man-
agement practices such as intercropping, crop rotations, and increased structural diversity
increase natural enemies’ abundance, diversity, and ability to regulate pest populations [13].
Increased landscape diversity surrounding rural agroecosystems has been shown to medi-
ate arthropod diversity and abundance, with natural enemies showing a positive response
to increased landscape complexity [12]. The enemies hypothesis states that increased
structural complexity should increase natural enemy abundance, diversity, and associated
ecosystem services [14–17]. This hypothesis has been investigated and questioned in agroe-
cosystem management, with varying results at different spatial and temporal scales, most
often in rural contexts. Ostensibly, diversification effects observed in rural agroecosystems
should be observed in their urban counterparts. However, the effects of diversification on
biological control services and APM in urban agroecosystems regarding this hypothesis are
still being explored, especially in how natural enemies are affected by landscape factors
such as fragmentation and isolation, common in urban landscapes [18].

The extent of fragmentation effects on organisms in urban environments, and re-
lated ES, has been a persistent question, especially in urban agroecosystem manage-
ment [19]. Roads, parking lots, and buildings increase impervious surfaces, fragmenting
and reducing greenspace connectivity and impacting the quality and area of suitable habi-
tat [20,21]. The reduction in available and appropriate habitats for urban flora and fauna
decreases metapopulation connectivity and drives a decline in urban species diversity,
selecting for more disturbance-tolerant species and increasing the chance of localized ex-
tinctions [20,22–25]. Existing literature on the effects of urbanization on species occurrence,
abundance, and diversity often relies on urban–rural gradient studies [19,26,27]. These stud-
ies generally find that increased urbanization decreases the diversity of organisms [23,28].
Confirming these findings are an abundance of patch-matrix literature suggesting that the
quality of the habitat patch itself, its size, and the composition of the matrix surrounding
it are determining factors for species occurrence in fragmented landscapes [20,25,29,30].
Specific to UA, higher imperviousness surrounding urban farms has been related to de-
creased parasitoid abundance and richness [31,32], decreased predator abundance and
richness [33–35], and even decreased predation on sentinel prey [36].

While landscape effects in UA have also been shown to increase abundance [34,37,38]
and diversity [31,34,39] of natural enemies, the composition of the overall matrix in urban
areas is often outside of the scope of management of urban farmers. However, patch quality
is easily manipulated through management practices. Abundance of perennials, height of
herbaceous cover, and amount of seminatural or noncrop area on urban farms have been
measured in UA and have been shown to positively impact a wide diversity of natural
enemies [18]. Area of ground cover, especially mulch cover, has been correlated with
increased natural enemy abundance [31,32,37] and richness [31,39]. Increased proportions
of complex ground covers have been associated with increased rates of prey removal in
sentinel prey trials in urban gardens [36]. Increased floral abundance and diversity has been
shown to increase natural enemy abundance [32,35,40,41] and richness [26,40,41]. Moreover,
spatial configuration of working landscapes has become an increasingly important aspect
of species occurrence and related biological control services [24,42]. Understanding how
landscape and management may affect natural enemy abundance and diversity of natural
enemies is an important aspect of effective APM in UA [30,43–45].

This research continues to build on previous findings from studies of local and land-
scape effects on biological control services in UA by focusing on parasitic Hymenoptera
(PH) in urban agroecosystems. PH are important in provisioning biological control because
they utilize arthropod hosts during their juvenile life stages, leading to the termination of
hosts. Previous studies focused on UA in the context of local and landscape effects on PH
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have found both increased and decreased abundance with higher rates of imperviousness
between 200–500 m [26,31,37,40], and with larger gardens [32,41,46]. APM practices, in-
cluding floral provisioning, have been shown to increase both abundance and diversity of
PH [40,41]; increased mulch coverage has been shown to increase PH abundance [31,32];
and structural diversity increases PH richness [31,34]. Due to the mixed results of pervious
findings, especially in the context of potential beneficial affects to APM practices, further
research is necessary.

This research focuses on PH-mediated biological control services in brassica cropping
systems in UA. Specifically, we focus on intraurban effects (landscape composition, on-farm
spatial composition, and management practices) on the abundance of different taxa of PH
and the parasitism of aphids. We attempt to clarify previous findings by focusing solely on
brassica cropping systems ubiquitous across urban farming systems in the San Francisco
Bay Area, USA. We hypothesize that urban farmers can increase on-farm biological control
services by controlling for patch quality through agroecological pest-management practices,
further supporting evidence for the enemies hypothesis in fragmented landscapes. To test
this hypothesis, we investigate whether APM practices (mulch coverage, floral richness,
and increased crop richness) significantly affect the abundance of PH in UA. Secondly, we
question if surrounding imperviousness and on-farm spatial composition influence biologi-
cal control services. Lastly, we question whether APM practices impact PH abundance and
biological control services to a greater extent than landscape factors.

2. Methods
2.1. Field Sites and Sampling

To better understand PH richness and abundance in urban farms and associated
biological control services, we conducted an in-situ survey at urban community farms in
the East Bay of the San Francisco Bay Area, USA. Eleven farms participated in 2018 and ten
farms in 2019. Farms were asked to participate in research based on two factors: (1) farm
size, to ensure a comparative sample of small, medium, and large farms; and (2) high or
low levels of surrounding impervious surface per the National Landscape Cover Database
(NLCD) (see Appendix A). Landscape factors and APM practices of farms were measured.
APM practices included area of non-crop usage (includes all non-crop vegetation), area
of production, crop-plant abundance (brassica), crop richness, floral richness, and percent
of farm surface with complex ground covers including mulch and leaf litter. Landscape
factors included percent of impervious surface at 200-, 500-, and 1000-m radii. Sampling
iterations occurred from May to mid-October each year.

On-farm non-crop area was defined as a not actively managed area of the farm
occupied by non-crop flora. Farm size in m2 was calculated through Google Earth Pro
and ground-proofed during on-farm spatial measurements. Brassica abundance was
determined by counting all brassicas on the farm when sampling occurred. Crop-plant
richness was determined by eight-meter transects measured perpendicular to garden beds
three times during the growing season. Different cultivars of the same species (e.g., kale
and broccoli) were counted separately when measuring crop richness. Floral richness
was surveyed three times per growing season (early, mid, and late) by completing a
comprehensive count of each flowering plant at each survey site. Randomized 4 m2

quadrats were used to estimate percent of and type of cover (woody mulches or leaf litter).
Ground cover quadrats were measured across crop and non-crop areas. Percentages of
surrounding impervious surfaces (e.g., pavement, buildings, or other structures) for each
farm were measured using the NLCD at 8 m resolution (see Appendix A).

Collection of PH was accomplished by using an insect vacuum on Brassica oleracea
cultivars, including broccoli, kale, collards, and tree collards. Each sampled plant was
randomly selected and was only sampled if it was standing free of other herbaceous cover
and flowering plants. A total of nine plants of each cultivar present were sampled per
visit. Vacuum sampling occurred monthly from May to October. Vacuuming of each plant
lasted for five seconds. For this work, we assume that sampled wasps were performing
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foraging or host-seeking behaviors on selected plants [47]. Each sample was frozen until
processed by extracting all PH and identifying them to the lowest taxonomic level possible
per previous literature [26,31,34]. PH identification was accomplished using Hymenoptera
of the World [48]. Chalcidoidea were identified with the Annotated keys to the Genera of
Nearctic Chalcidoidea (Hymenoptera) [49], and Braconidae using the Manual of the New
World Genera of the Family Braconidae [50]. Collected specimens that were damaged were
identified to the closest identifiable morphospecies. Cabbage aphids, Brevicoryne brassicae,
were visually identified, and abundance was assessed by conducting a total count on
three random leaves on nine brassicas per cultivar, including counts of apterous, alate,
and parasitized aphids. Aphid abundance counts were performed monthly from May to
October on non-vacuum-sampling days to reduce PH disturbance. Parasitism rates were
calculated as number of parasitized aphids divided by number of total aphids on each leaf.

2.2. Data Analysis

Generalized linear mixed models (GLMM) were constructed using the MASS R pack-
age [51] to explore whether APM practices or landscape factors affected PH abundance on
common brassicas. Each response variable: All PH, PH superfamily, family, and subfamily
abundance, overall site PH diversity, and rates of aphid parasitism were modeled with both
local and landscape factors. Local factors include the percent of mulch ground cover, floral
and crop richness, production, and non-crop area. Landscape factors include percentage of
impervious surface at 200, 500, and 1000 m radii, and farm size. Seasonal factors included
both year and season and were assessed as categorical variables: early season (May–June),
midseason (July–August), and late season (September–October). The fitdistrplus package
in R was used to find appropriate distributions for modeling [52]. A negative binomial or
Poisson distribution with a log-link function was selected as appropriate given the zero
inflation of the count data. Models were fitted with the glmer.nb or glmer function in R
package MASS [51]. Preliminary models with all measured local and landscape factors were
constructed for each response variable. Explanatory variables of low importance for all
response variables were excluded from subsequent models. Final models (See Appendix A)
were assessed for fit using the Akaike Information Criterion (AIC) and diagnosed for over-
or underdispersion by comparing observed residuals with expected residuals using the
DHARMa package in R. Poorly fitted models were excluded from the results [53]. Partial
regression plots (predictor effect plots) for final models were developed using the “effects”
package in R and are reported in Results [54]. The slope of the line in these plots represents
the association between a single explanatory variable and a response variable accounting
for the effects of each other variable within the fitted model.

3. Results
3.1. Parasitic Hymenoptera Sampling

Nine hundred and thirty-eight total vacuum samples yielded 2048 individual PH
in the period over 2018–2019. We identified six superfamilies of PH: Ceraphronoidea,
Chalcidoidea, Cynipoidea, Ichneumonoidea, Platygastroidea, and Proctotrupoidea, twenty-
seven families and fifty-one subfamilies. Our most commonly sampled taxa included the
family Braconidae (n = 852), and the superfamily Chalcidoidea (n = 582), both widely used
historically in biological control efforts. The Braconidae included two main subfamilies,
Aphidiinae (n = 813) and Opiinae (n = 39). Sampled families of Chalcidoidea included
Pteromalidae (n = 224), Aphelinidae (n = 136), Eulophidae (n = 133), Eucharitidae (n = 27),
and Encyrtidae (n = 19). Four hundred and thirty-three Cynipoidea were collected, includ-
ing the family Figitidae (n = 90), cynipoid subfamily Charipinae (n = 59), and the family
Eucoilidae (n = 47). Three superfamilies including two families and one subfamily were
collected in sufficient numbers to be included in the analysis (Table 1).
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Table 1. Overview of PH analyzed.

Parasitic Hymenoptera (Data Analysis)

Superfamily Family Subfamily n =

Chalcidoidea (All) * - - 582 A

Chalcidoidea Aphelinidae * Unk. 136
Chalcidoidea Eulophidae Unk. 133
Chalcidoidea Eulophidae Entedoninae 23
Chalcidoidea Pteromalidae Unk. 224

Cynipoidea (All) * - - 464 A

Cynipoidea Figitidae Charipinae 59
Cynipoidea Figitidae Unk. 31
Cynipoidea Eucoilidae Unk. 47

Ichneumonoidea Braconidae * - 852 A

Ichneumonoidea Braconidae Aphidiinae * 813
Ichneumonoidea Braconidae Opiinae 39

* = Included in final GLMM models. A = Total number of specimens per superfamily.

3.2. Influence of APM Practices and Local Factors on Parasitic Hymenoptera Abundance and
Aphid Parasitism

Final GLMM models (See Appendix A) showed significant effects of local and seasonal
variables on the sum abundance of several PH taxa at the superfamily, family, and subfamily
levels and the parasitism of aphids. No landscape variables had any effect on PH abundance
or rates of aphid parasitism.

3.3. All Parasitic Hymenoptera

Models for the abundance of all collected parasitic Hymenoptera showed significant
effects of season and local APM factors. The abundance of all PH collected increased with
larger noncrop areas on the farm (Figure 1A). All PH abundance decreased with increased
floral richness (Figure 1B). Despite an increase in collected PH in 2019 (2018, n = 872 and
2019, n = 1007), models that included season as an explanatory variable (early, mid, and
late) and year (2018 or 2019) showed a significant overall decrease in PH abundance in late
season (Figure 1C, z = −2.531, p = 0.011).
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sitic Hymenoptera.

3.4. Superfamily Chalcidoidea and Family Aphelinidae

The Chalcidoidea and Aphelinidae showed significant responses in abundance to
local explanatory variables. Final models for Chalcidoidea predicted both positive and
negative responses in abundance to local factors, including increased abundance with
increased crop richness (Figure 2A), and reduced abundance with increased on-farm floral
richness (Figure 2B). Increased mulch coverage was associated with increased chalcidoid
abundance (Figure 2C). Models for the family Aphelinidae showed significant effects from
local variables, including increased abundance with increasing non-crop area (Figure 2E),
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crop richness (Figure 2F), and mulch coverage (Figure 2G). Chalcidoidea had a midseason
increase (Figure 2D, z = 4.215, p ≤ 0.001), and late-season decrease in abundance (Figure 2D,
z = −3.947, p ≤ 0.001). Aphelinidae abundance increased in both the mid (Figure 2H,
z = 2.248, p ≤ 0.024), and late season (Figure 2H, z = 1.904, p = 0.056).
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3.5. Superfamily Cynipoidea

Final models for Cynipoidea showed an increase in abundance with a greater noncrop
area (Figure 3A), and an overall reduction in abundance between 2018 and 2019 sampling
periods (Figure 3B).
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3.6. Family Braconidae and Subfamily Aphidiinae

Final models for Braconidae showed a positive response in abundance to increased
non-crop area (Figure 4A). Floral richness reduced braconid abundance (Figure 4B). Mod-
els for aphidiine abundance included local and temporal explanatory variables in the
final model. Increases in the local factors’ non-crop area increased aphidiine abundance
(Figure 4D). Floral richness reduced aphidiine abundance (Figure 4E). Aphidiine wasps
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had a lower abundance in the late season over both sampling years (Figure 4F, z = −2.841,
p = 0.004), but generally had a greater abundance in samples during 2019 (Figure 4G,
z = 2.13, p = 0.033). Across both sampling years, braconid abundance was reduced in both
the mid (Figure 4C, z = −1.971, p = 0.048), and late season (Figure 4C, z = −4.615, p ≤ 0.001).
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Aphid Parasitism

Rates of aphid parasitism increased with crop richness (Figure 5A). In addition, par-
asitism rates varied greatly in 2019, with the highest levels measured in mid- (Figure 5B,
t = 7.371, p = 0.0001) and late-season 2019 (Figure 5B, t = 4.897, p = 0.0001).
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4. Discussion

To test the local and landscape effects on the enemies hypothesis vis-a-vis APM on
populations of PH in urban agroecosystems, we collected data from twelve urban farms
in the San Francisco Bay Area over a period of two growing seasons. Participating farms
were selected to represent a continuum of size, spatial composition, and surrounding
imperviousness. Non-crop area was a significant predictor for all PH, cynipoid, and
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braconid wasps. Effects of APM practices were varied, but increased crop richness and
mulch coverage were associated with increased abundance of all Chalcidoidea, including
the Aphelinidae. Increases in crop richness also showed an increase in parasitism rates of
aphids on brassica crop plants. Unexpectedly, floral richness showed a negative relationship
to the abundance of all PH, as well as chalcids, and all Braconidae. All PH showed a
significant decline in abundance during the late season of 2019. All measures of impervious
surface surrounding urban farms had no effect on PH abundance or aphid parasitism on
the urban farms. Landscape effects to arthropod-mediated ES continue to have mixed
results and this research supports previous findings in urban agriculture, which show both
negative and positive effects to natural enemy abundance and diversity [55].

4.1. On-Farm Spatial Composition

Non-crop areas identified in this research are difficult to identify explicitly as either
managed or unmanaged, and existed on a spectrum that was often difficult to quantify
in interviews or through survey work. However, these areas had most frequently been
improved with flowering perennials or annuals and medicinal or “native” flora, and
farmers typically stated the purpose as providing a resource for wildlife or beneficial
insects. Previous research supports farmer efforts. Structural diversity has been found to
elicit positive responses with regard to diversity and abundance of predators and PH in
previous UA studies [31,34,36,56]. These areas may provide critical overwintering habitat
in annual cropping systems, additional hosts or prey, shelter, and floral nectar resources
for nectarivorous insects [11,14]. Our findings suggest that these non-crop areas have the
potential to influence agroecosystem function in UA, and may be an important part of
APM practices, even in highly fragmented landscapes. Moreover, floral richness had little
effect on PH abundance, or parasitism of aphids, signaling that increases in PH abundance
were not due to floral nectar within these non-crop areas. Another mechanism that may
be of importance are the spatial composition (or configuration) of the agroecosystem. Our
research did not take into account the overall distribution of the non-crop area within the
farm, which may have failed to account for spatial heterogeneity that has been found to
elicit positive and negative biological control responses in agroecosystems [42]. Future
research on urban farms should account not only for the proportion of non-crop areas, but
also spatial heterogeneity to further explore these effects.

4.2. APM Practices

Overall, APM practices, such as increased mulch coverage and crop-plant richness
were important predictors of PH abundance, and increased aphid parasitism rates. The
connection between mulch, complex groundcovers, and increased abundance and diversity
of parasitic wasps has been previously observed in urban agroecosystems [31,32], a variety
of natural habitats, and rural agroecosystems [57]. It is unlikely that mulch would provide a
direct resource for PH, but PH may benefit from mulch as a potential overwintering habitat
or it may provide habitat for potential hosts. Many of the collected PH were parasitoids of
dipteran larvae; these larvae are herbivorous but complete part of their life cycle in soils. I
suggest that the overall biodiversity of urban farms with increased mulch coverage may
create a bottom-up trophic cascade that increases overall soil arthropod diversity benefiting
PH populations.

Floral richness had a negative effect on PH abundance in all models. Floral richness
was chosen as an explanatory variable, as it has previously been found to increase PH
abundance in UA [41]. The vast majority of PH are nectarivorous, and this additional nectar
resource has been suggested frequently as a strategy for increasing populations, potentially
leading to increased parasitism [11,14,57,58]. However, conflicting data raise questions
about this on-farm manipulation and whether PH seek hosts in the same area they feed,
or they disperse to increase fecundity [59]. A large proportion of our overall sample of
PH were cynipoids, potentially from the genus Alloxysta, known hyperparasitoids of both
dominant primary aphid parasitoids in our sample, Aphidiinae, and Aphelinidae [60].
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These reductions in primary aphid parasitoid populations may be due to direct or indirect
negative effects from this hyperparasitoid that also feeds on floral nectar [59,61,62]. In
urban agroecosystems, floral provisioning as a habitat manipulation may be complicated
by the inherent fragmentation and quality of the urban matrix. For floral resources to be an
effective APM practice, this resource must be limited. Potential concentrations of alternate
off-farm floral resources may complicate this affect.

Crop-plant richness positively affected the abundance of all Chalcidoidea and the
subfamily Aphelinidae. Crop richness was also a predictor of greater parasitism rates of
cabbage aphids on sampled brassica. Similar findings in rural and urban agroecosystems,
including increased PH abundance and biological control services in relation to increased
crop diversity have been previously documented [13,31,35,38,56,63]. Given that intercrop-
ping is commonly practiced in UA, these results validate the efficacy of the practice, and
offer an opportunity to investigate the extent of the effect in future research efforts.

While this research expanded upon previous findings and can be of utility for urban
agroecosystem management, questions remain. Notably, the effects of hyperparasitism on
biological control in UA. Our third most collected taxon was Cynipoidea, many of which
are often hyperparasitoids of aphid-parasitizing wasps [64]. Given that these cynipoids
were collected from plant foliage in close proximity to many primary aphid parasitoids,
there is some anecdotal evidence that these cynipoids were engaging in host-seeking
behavior. If some of the measured on-farm management practices, such as increased
noncrop areas, also increase abundance of Cynipoidea, this could result in decreased
biological control services. In this case, floral provisioning may potentially be acting as an
ecosystem disservice [59,61,65,66]. Unfortunately, we were unable to collect parasitized
aphids and rear any hyperparasitoids during this research, but these findings suggest
that hyperparasitism in fragmented UA landscapes may be a mechanism affecting APM
strategies in UA.

4.3. Seasonal Factors

Seasonal effects on PH abundance were mixed, but many effects were measured in the
second year of our sampling. Of note, in 2019, we had fewer sampling events as one farm
was unable to participate in our study, but more PH were collected in that year despite the
smaller sampling pool. Rates of aphid parasitism were significantly decreased between the
mid and late season in 2019. It is unknown what drove these effects, but it is notable that
such a significant difference could occur between sampling seasons. Future research efforts
should consider seasonal differences and weather when drawing conclusions about on-farm
or landscape factors to PH abundance or diversity or associated biological control services.
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Appendix A

Farm characteristics table.

Table A1. Farm spatial characteristics and location.

Site Coordinates
(Plus Code)

Farm
Size (m2)

Production
Area (m2)

Noncrop
Area (m2)

Impervious Surface
% (200 m Radii)

Impervious Surface%
(500 m Radii)

Impervious Surface%
(1 km Radii)

VMJX + P8
Berkeley, California 8903 1028 784 69 67 67

VPCR + QH
Berkeley, California 5712 2300 0 75 67 62

RPC7 + VJ
Oakland, California 5308 381 1213 84 78 80

WMWM + 4F
Richmond, California 4477 966 595 56 49 41

QR5P + PQ
Oakland, California 3892 1998 162 62 61 57

VP87 + 2J
Berkeley, California 2348 760 188 66 60 61

VPH6 + FF
Berkeley, California 2299 1007 277 55 57 58

XM23 + R6
Richmond, California 1428 206 77 34 57 64

QR27 + MX
Oakland, California 968 111 247 64 71 75

QPVQ + V8
Oakland, California 932 140 52 52 64 74

VP39 + 46
Berkeley, California 799 178 247 63 62 64

Table A2. Final GLMM Models.

Final Models AIC

All parasitic Hymenoptera ~ Date + Season + Average mulch coverage + Crop richness + Floral richness + Noncrop area + Site * 1425
All Chalcidoidea ~ Date + Season + Average mulch coverage + Crop richness + Floral richness + Site * 529
Chalcidoidea Aphelinidae ~ Date + Season + Average mulch coverage + Crop richness + Total size + Production size + Site * 331
All Cynipoidea ~ Date + Season + Crop richness + Noncrop area + Site * 407
Ichneumonoidea Braconidae ~ Date + Season + Average mulch coverage + Crop richness + Floral richness + Site * 332
Ichneumonoidea Braconidae Aphidiinae ~ Date + Season + Floral richness + Noncrop area + Site * 1768
Rate of parasitism ~ Date * season + Crop richness A −143

* = Site as random effect to control for pseudoreplication. A = Modeled as GLM as the variable “site” had no effect.

Table A3. GLMM Results.

Response Variable Explanatory Variable Est. Std. Err z-Value Pr (>|z|)

All parasitic Hymenoptera Area of noncrop 0.0013 0.0004 3.559 0.000372
- Floral richness −0.031483 0.0136 −2.319 0.020402
- Season (Late) −0.828814 0.3274 −2.531 0.011363

Chalcidoidea Crop richness 0.2099 0.065 3.228 0.00125
- Floral richness −0.0247 0.0133 −1.858 0.06311
- Mulch coverage 0.0377 0.0132 2.855 0.0043
- Season (Mid) 0.5145 0.1221 4.215 0.000025
- Season (Late) −0.62076 0.1573 −3.947 0.000079

Aphelinidae Area of noncrop 0.0012 0.0006 1.875 0.0608
- Crop richness 1.4113 0.3204 4.405 0.000011
- Mulch coverage 0.0589 0.0135 4.353 0.000013
- Season (Mid) 1.29 0.5738 2.248 0.0246
- Season (Late) 1.1325 0.5947 1.904 0.0569

Cynipoidea Area of noncrop 0.0023 0.0006 3.872 0.000108
- Year (2019) −0.650749 0.3389 −1.92 0.05481
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Table A3. Cont.

Response Variable Explanatory Variable Est. Std. Err z-Value Pr (>|z|)

Braconidae Area of noncrop 0.0018 0.0004 4.298 0.000017
- Floral richness −0.044612 0.013 −3.43 0.000603
- Season (Mid) −0.695516 0.353 −1.971 0.048778
- Season (Late) −1.820861 0.3945 −4.615 0.000004

Aphidiinae Area of noncrop 0.0015 0.0003 5.449 5.08 × 10−8

- Floral richness −0.012649 0.0068 −1.856 0.06345
- Season (Late) −0.714486 0.2515 −2.841 0.0045
- Year (2019) 0.4209 0.1976 2.13 0.0332

Est. Std. err t-Value Pr (>|t|)
Aphid parasitism A Crop richness 0.0468 0.0092 5.086 4.59 × 10−7

- Date (2019):season (Mid) 0.1419 0.0193 7.371 4.34 × 10−13

- Date (2019):season (Late) 0.0942 0.0192 4.897 4.34 × 10−13

A = When modeled in GLMM, the random effect (Site) was not present. Therefore, modeling for rates of parasitism
were completed with GLM.

References
1. Bowler, D.E.; Buyung-Ali, L.; Knight, T.M.; Pullin, A.S. Urban Greening to Cool Towns and Cities: A Systematic Review of the

Empirical Evidence. Landsc. Urban Plan. 2010, 97, 147–155. [CrossRef]
2. Dale, A.G.; Frank, S.D. Urban Warming Trumps Natural Enemy Regulation of Herbivorous Pests. Ecol. Appl. 2014, 24, 1596–1607. [CrossRef]
3. Dale, A.G.; Frank, S.D. Urban Plants and Climate Drive Unique Arthropod Interactions with Unpredictable Consequences. Curr.

Opin. Insect Sci. 2018, 29, 27–33. [CrossRef]
4. Douglas, M.R.; Tooker, J.F. Large-Scale Deployment of Seed Treatments Has Driven Rapid Increase in Use of Neonicotinoid

Insecticides and Preemptive Pest Management in U.S. Field Crops. Environ. Sci. Technol. 2015, 49, 5088–5097. [CrossRef]
5. Parsons, S.E.; Frank, S.D. Urban Tree Pests and Natural Enemies Respond to Habitat at Different Spatial Scales. J. Urban Ecol.

2019, 5, juz010. [CrossRef]
6. Tooker, J.F.; Hanks, L.M. Influence of Plant Community Structure on Natural Enemies of Pine Needle Scale (Homoptera:

Diaspididae) in Urban Landscapes. Environ. Entomol. 2000, 29, 1305–1311. [CrossRef]
7. Galway, K.E.; Duncan, R.P.; Syrett, P.; Emberson, R.M.; Sheppard, R.P. Insect Performance and Host-Plant Stress: A Review from a

Biological Control Perspective. Curr. Biol. 1997, 7, R126. [CrossRef]
8. Raupp, M.J.; Shrewsbury, P.M.; Herms, D.A. Ecology of Herbivorous Arthropods in Urban Landscapes. Annu. Rev. Entomol. 2010,

55, 19–38. [CrossRef]
9. Altieri, M.A.; Nicholls, C.I. (Eds.) Applying Agroecological Concepts to Development of Ecologically Based Pest Management Strategies;

The Compass Series; National Academy Press: Washington, DC, USA, 2000.
10. Deguine, J.-P.; Ferron, P.; Russell, D. Crop Protection: From Agrochemistry to Agroecology; Science Publishers: Enfield, NH, USA, 2009.
11. Landis, D.A.; Wratten, S.D.; Gurr, G.M. Habitat Management to Conserve Natural Enemies of Arthropod Pests in Agriculture.

Annu. Rev. Entomol. 2000, 45, 175–201. [CrossRef]
12. Chaplin-Kramer, R.; O’Rourke, M.E.; Blitzer, E.J.; Kremen, C. A Meta-Analysis of Crop Pest and Natural Enemy Response to

Landscape Complexity: Pest and Natural Enemy Response to Landscape Complexity. Ecol. Lett. 2011, 14, 922–932. [CrossRef]
13. Letourneau, D.K.; Armbrecht, I.; Rivera, B.S.; Lerma, J.M.; Rrez, C.G.; Rangel, J.H.; Rivera, L.; Saavedra, C.A.; Torres, A.M.;

Trujillo, A.R. Does Plant Diversity Benefit Agroecosystems? A Synthetic Review. Ecol. Appl. 2011, 21, 13. [CrossRef]
14. Andow, D.A. Vegetational Diversity and Arthropod Population Response. Annu. Rev. Entomol. 1991, 36, 561–586. [CrossRef]
15. Pimentel, D. The Influence of Plant Spatial Patterns on Insect Populations. Ann. Entomol. Soc. Am. 1961, 54, 61–69. [CrossRef]
16. Root, R.B. Organization of a Plant-Arthropod Association in Simple and Diverse Habitats: The Fauna of Collards (Brassica

Oleracea). Ecol. Monogr. 1973, 43, 95–124. [CrossRef]
17. Tahvanainen, J.O.; Root, R.B. The Influence of Vegetational Diversity on the Population Ecology of a Specialized Herbivore,

Phyllotreta Cruciferae (Coleoptera: Chrysomelidae). Oecologia 1972, 10, 321–346. [CrossRef]
18. Arnold, J.E.; Egerer, M.; Daane, K.M. Local and Landscape Effects to Biological Controls in Urban Agriculture—A Review. Insects

2019, 10, 215. [CrossRef]
19. Burkman, C.E.; Gardiner, M.M. Urban Greenspace Composition and Landscape Context Influence Natural Enemy Community

Composition and Function. Biol. Control 2014, 75, 58–67. [CrossRef]
20. Driscoll, D.A.; Banks, S.C.; Barton, P.S.; Lindenmayer, D.B.; Smith, A.L. Conceptual Domain of the Matrix in Fragmented

Landscapes. Trends Ecol. Evol. 2013, 28, 605–613. [CrossRef]
21. Forman, R.T.T.; Godron, M. Patches and Structural Components for a Landscape Ecology. BioScience 1981, 31, 733–740. [CrossRef]
22. Alberti, M. The Effects of Urban Patterns on Ecosystem Function. Int. Reg. Sci. Rev. 2005, 28, 168–192. [CrossRef]

http://doi.org/10.1016/j.landurbplan.2010.05.006
http://doi.org/10.1890/13-1961.1
http://doi.org/10.1016/j.cois.2018.06.001
http://doi.org/10.1021/es506141g
http://doi.org/10.1093/jue/juz010
http://doi.org/10.1603/0046-225X-29.6.1305
http://doi.org/10.1016/S0960-9822(97)70976-X
http://doi.org/10.1146/annurev-ento-112408-085351
http://doi.org/10.1146/annurev.ento.45.1.175
http://doi.org/10.1111/j.1461-0248.2011.01642.x
http://doi.org/10.1890/09-2026.1
http://doi.org/10.1146/annurev.en.36.010191.003021
http://doi.org/10.1093/aesa/54.1.61
http://doi.org/10.2307/1942161
http://doi.org/10.1007/BF00345736
http://doi.org/10.3390/insects10070215
http://doi.org/10.1016/j.biocontrol.2014.02.015
http://doi.org/10.1016/j.tree.2013.06.010
http://doi.org/10.2307/1308780
http://doi.org/10.1177/0160017605275160


Insects 2022, 13, 467 12 of 13

23. Faeth, S.H.; Bang, C.; Saari, S. Urban Biodiversity: Patterns and Mechanisms: Urban Biodiversity. Ann. N. Y. Acad. Sci. 2011, 1223,
69–81. [CrossRef]

24. Fahrig, L.; Nuttle, W.K. Population Ecology in Spatially Heterogeneous Environments. In Ecosystem Function in Heterogeneous
Landscapes; Springer: Berlin/Heidelberg, Germany, 2005; pp. 95–118.

25. Kennedy, C.M.; Grant, E.H.C.; Neel, M.C.; Fagan, W.F.; Marra, P.P. Landscape Matrix Mediates Occupancy Dynamics of
Neotropical Avian Insectivores. Ecol. Appl. 2011, 21, 1837–1850. [CrossRef] [PubMed]

26. Bennett, A.B.; Gratton, C. Local and Landscape Scale Variables Impact Parasitoid Assemblages across an Urbanization Gradient.
Landsc. Urban Plan. 2012, 104, 26–33. [CrossRef]

27. Turrini, T.; Sanders, D.; Knop, E. Effects of Urbanization on Direct and Indirect Interactions in a Tri-Trophic System. Ecol. Appl.
2016, 26, 664–675. [CrossRef]

28. Alberti, M. Maintaining Ecological Integrity and Sustaining Ecosystem Function in Urban Areas. Curr. Opin. Environ. Sustain.
2010, 2, 178–184. [CrossRef]

29. Hanski, I. Metapopulation Dynamics. Nature 1998, 396, 41–49. [CrossRef]
30. Prugh, L.R.; Hodges, K.E.; Sinclair, A.R.; Brashares, J.S. Effect of Habitat Area and Isolation on Fragmented Animal Populations.

Proc. Natl. Acad. Sci. USA 2008, 105, 20770–20775. [CrossRef] [PubMed]
31. Burks, J.M.; Philpott, S.M. Local and Landscape Drivers of Parasitoid Abundance, Richness, and Composition in Urban Gardens.

Environ. Entomol. 2017, 46, 201–209. [CrossRef] [PubMed]
32. Morales, H.; Ferguson, B.; Marín, L.; Gutiérrez, D.; Bichier, P.; Philpott, S. Agroecological Pest Management in the City: Experiences

from California and Chiapas. Sustainability 2018, 10, 2068. [CrossRef]
33. Egerer, M.; Li, K.; Ong, T. Context Matters: Contrasting Ladybird Beetle Responses to Urban Environments across Two US

Regions. Sustainability 2018, 10, 1829. [CrossRef]
34. Egerer, M.H.; Arel, C.; Otoshi, M.D.; Quistberg, R.D.; Bichier, P.; Philpott, S.M. Urban Arthropods Respond Variably to Changes

in Landscape Context and Spatial Scale. J. Urban Ecol. 2017, 3, jux001. [CrossRef]
35. Mace-Hill, K.C. Understanding, Using, and Promoting Biological Control: From Commercial Walnut Orchards to School Gardens.

Ph.D. Dissertation, University of California Berkeley, Berkeley, CA, USA, 2015.
36. Philpott, S.M.; Cotton, J.; Bichier, P.; Friedrich, R.L.; Moorhead, L.C.; Uno, S.; Valdez, M. Local and Landscape Drivers of

Arthropod Abundance, Richness, and Trophic Composition in Urban Habitats. Urban Ecosyst. 2014, 17, 513–532. [CrossRef]
37. Lagucki, E.; Burdine, J.D.; McCluney, K.E. Urbanization Alters Communities of Flying Arthropods in Parks and Gardens of a

Medium-Sized City. PeerJ 2017, 5, e3620. [CrossRef]
38. Sperling, C.D.; Lortie, C.J. The Importance of Urban Backgardens on Plant and Invertebrate Recruitment: A Field Microcosm

Experiment. Urban Ecosyst. 2010, 13, 223–235. [CrossRef]
39. Otoshi, M.D.; Bichier, P.; Philpott, S.M. Local and Landscape Correlates of Spider Activity Density and Species Richness in Urban

Gardens. Environ. Entomol. 2015, 44, 1043–1051. [CrossRef]
40. Egerer, M.H.; Liere, H.; Lin, B.B.; Jha, S.; Bichier, P.; Philpott, S.M. Herbivore Regulation in Urban Agroecosystems: Direct and

Indirect Effects. Basic Appl. Ecol. 2018, 29, 44–54. [CrossRef]
41. Lowenstein, D.M.; Minor, E.S. Herbivores and Natural Enemies of Brassica Crops in Urban Agriculture. Urban Ecosyst. 2018, 21,

519–529. [CrossRef]
42. Haan, N.L.; Zhang, Y.; Landis, D.A. Predicting Landscape Configuration Effects on Agricultural Pest Suppression. Trends Ecol.

Evol. 2020, 35, 175–186. [CrossRef]
43. Kruess, A.; Tscharntke, T. Habitat Fragmentation, Species Loss, and Biological-Control. Science 1994, 264, 1581–1584. [CrossRef]
44. Kruess, A.; Tscharntke, T. Species Richness and Parasitism in a Fragmented Landscape: Experiments and Field Studies with

Insects on Vicia Sepium. Oecologia 2000, 122, 129–137. [CrossRef]
45. Tscharntke, T.; Tylianakis, J.M.; Rand, T.A.; Didham, R.K.; Fahrig, L.; Batáry, P.; Bengtsson, J.; Clough, Y.; Crist, T.O.; Dormann, C.F.; et al.

Landscape Moderation of Biodiversity Patterns and Processes—Eight Hypotheses. Biol. Rev. 2012, 87, 661–685. [CrossRef]
46. Egerer, M.H.; Liere, H.; Bichier, P.; Philpott, S.M. Cityscape Quality and Resource Manipulation Affect Natural Enemy Biodiversity

in and Fidelity to Urban Agroecosystems. Landsc. Ecol. 2018, 33, 985–998. [CrossRef]
47. Godfray, H.C.J. Parasitoids: Behavioral and Evolutionary Ecology; Monographs in Behavior and Ecology; Princeton University Press:

Princeton, NJ, USA, 1994.
48. Goulet, H.; Huber, J.T. (Eds.) Hymenoptera of the World: An Identification Guide to Families; Centre for Land and Biological Resources

Research: Ottawa, ON, Canada, 1993.
49. Gibson, G.A.P.; Huber, J.T.; Woolley, J.B. (Eds.) Annotated Keys to the Genera of Nearctic Chalcidoidea (Hymenoptera); NRC Research

Press: Ottawa, ON, Canada, 1997.
50. Dangerfield, P.C.; Fernandez-Triana, J.L.; Kittel, R.N.; Kula, R.R.; Marsh, P.M.; Quicke, D.; Sharkey, M.J.; Shaw, S.R.;

van Achterberg, C.; Wharton, R.A.; et al. Manual of the New World Genera of the Family Braconidae (Hymenoptera), 2nd ed.;
Wharton, R.A., Marsh, P.M., Sharkey, M.J., Eds.; The International Society of Hymenopterists: Washington, DC, USA, 2017.

51. Venables, W.N.; Ripley, B.D.; Venables, W.N. Modern Applied Statistics with S, 4th ed.; Statistics and Computing; Springer:
New York, NY, USA, 2002.

52. Delignette-Muller, M.L.; Dutang, C. Fitdistrplus: An R Package for Fitting Distributions. J. Stat. Soft. 2015, 64, 1–34. [CrossRef]

http://doi.org/10.1111/j.1749-6632.2010.05925.x
http://doi.org/10.1890/10-1044.1
http://www.ncbi.nlm.nih.gov/pubmed/21830722
http://doi.org/10.1016/j.landurbplan.2011.09.007
http://doi.org/10.1890/14-1787
http://doi.org/10.1016/j.cosust.2010.07.002
http://doi.org/10.1038/23876
http://doi.org/10.1073/pnas.0806080105
http://www.ncbi.nlm.nih.gov/pubmed/19073931
http://doi.org/10.1093/ee/nvw175
http://www.ncbi.nlm.nih.gov/pubmed/28334278
http://doi.org/10.3390/su10062068
http://doi.org/10.3390/su10061829
http://doi.org/10.1093/jue/jux001
http://doi.org/10.1007/s11252-013-0333-0
http://doi.org/10.7717/peerj.3620
http://doi.org/10.1007/s11252-009-0114-y
http://doi.org/10.1093/ee/nvv098
http://doi.org/10.1016/j.baae.2018.02.006
http://doi.org/10.1007/s11252-018-0738-x
http://doi.org/10.1016/j.tree.2019.10.003
http://doi.org/10.1126/science.264.5165.1581
http://doi.org/10.1007/PL00008829
http://doi.org/10.1111/j.1469-185X.2011.00216.x
http://doi.org/10.1007/s10980-018-0645-9
http://doi.org/10.18637/jss.v064.i04


Insects 2022, 13, 467 13 of 13

53. Hartig, F. DHARMa: Residual Diagnostics for Hierarchical (Multi-Level/Mixed) Regression Models. 2021. Available online:
http://florianhartig.github.io/DHARMa/ (accessed on 4 January 2022).

54. Fox, J.; Weisberg, S. An R Companion to Applied Regression; Sage: Thousand Oaks, CA, USA, 2019.
55. Karp, D.S.; Chaplin-Kramer, R.; Meehan, T.D.; Martin, E.A.; DeClerck, F.; Grab, H.; Gratton, C.; Hunt, L.; Larsen, A.E.;

Martínez-Salinas, A.; et al. Crop Pests and Predators Exhibit Inconsistent Responses to Surrounding Landscape Composition.
Proc. Natl. Acad. Sci. USA 2018, 115, E7863–E7870. [CrossRef]

56. Tamburini, G.; Bommarco, R.; Wanger, T.C.; Kremen, C.; van der Heijden, M.G.A.; Liebman, M.; Hallin, S. Agricultural
Diversification Promotes Multiple Ecosystem Services without Compromising Yield. Sci. Adv. 2020, 6, eaba1715. [CrossRef]

57. Langellotto, G.A.; Denno, R.F. Responses of Invertebrate Natural Enemies to Complex-Structured Habitats: A Meta-Analytical
Synthesis. Oecologia 2004, 139, 1–10. [CrossRef]

58. Lee, J.C.; Heimpel, G.E. Impact of Flowering Buckwheat on Lepidopteran Cabbage Pests and Their Parasitoids at Two Spatial
Scales. Biol. Control 2005, 34, 290–301. [CrossRef]

59. Heimpel, G.E. Linking Parasitoid Nectar Feeding and Dispersal in Conservation Biological Control. Biol. Control 2019, 132, 36–41. [CrossRef]
60. Menke, A.S.; Evenhuis, H.H. North American Charipidae: Key to Genera, Nomenclature, Species Checklists, and a New Species

of Dilyta Forster (Hymenoptera: Cynipoidea). Proc. Entomol. Soc. 1991, 93, 136–158.
61. Heimpel, G.E.; Jervis, M.A. Does Floral Nectar Improve Biological Control by Parasitoids? In Plant-Provided Food for Carnivorous

Insects; Wäckers, F.L., van Rijn, P.C.J., Bruin, J., Eds.; Cambridge University Press: Cambridge, UK, 2005; pp. 267–304. [CrossRef]
62. Araj, S.-E.; Wratten, S.D. Floral Resources Effect on the Longevity of the Aphid Parasitoid Aphidius ErviHaliday (Hymenoptera:

Braconidae) and Its Hyperparasitoid Alloxysta VictrixWestwood (Hymenoptera: Charipidae). JJAS 2013, 9, 63–71. [CrossRef]
63. Isbell, F.; Calcagno, V.; Hector, A.; Connolly, J.; Harpole, W.S.; Reich, P.B.; Scherer-Lorenzen, M.; Schmid, B.; Tilman, D.;

van Ruijven, J.; et al. High Plant Diversity Is Needed to Maintain Ecosystem Services. Nature 2011, 477, 199–202. [CrossRef]
64. Ronquist, F. Phylogeny, Classification and Evolution of the Cynipoidea. Zool. Scripta 1999, 28, 139–164. [CrossRef]
65. Gillespie, M.A.K.; Wratten, S.D. The Role of Ecosystem Disservices in Pest Management. In Environmental Pest Management;

Coll, M., Wajnberg, E., Eds.; John Wiley & Sons, Ltd.: Chichester, UK, 2017; pp. 175–194. [CrossRef]
66. Zhang, W.; Ricketts, T.H.; Kremen, C.; Carney, K.; Swinton, S.M. Ecosystem Services and Dis-Services to Agriculture. Ecol. Econ.

2007, 64, 253–260. [CrossRef]

http://florianhartig.github.io/DHARMa/
http://doi.org/10.1073/pnas.1800042115
http://doi.org/10.1126/sciadv.aba1715
http://doi.org/10.1007/s00442-004-1497-3
http://doi.org/10.1016/j.biocontrol.2005.06.002
http://doi.org/10.1016/j.biocontrol.2019.01.012
http://doi.org/10.1017/CBO9780511542220.010
http://doi.org/10.12816/0001092
http://doi.org/10.1038/nature10282
http://doi.org/10.1046/j.1463-6409.1999.00022.x
http://doi.org/10.1002/9781119255574.ch8
http://doi.org/10.1016/j.ecolecon.2007.02.024

	Introduction 
	Methods 
	Field Sites and Sampling 
	Data Analysis 

	Results 
	Parasitic Hymenoptera Sampling 
	Influence of APM Practices and Local Factors on Parasitic Hymenoptera Abundance and Aphid Parasitism 
	All Parasitic Hymenoptera 
	Superfamily Chalcidoidea and Family Aphelinidae 
	Superfamily Cynipoidea 
	Family Braconidae and Subfamily Aphidiinae 

	Discussion 
	On-Farm Spatial Composition 
	APM Practices 
	Seasonal Factors 

	Appendix A
	References

