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Abstract

Native managed bees can improve crop pollination, but a general framework for evaluating the associated economic
costs and benefits has not been developed. We conducted a cost-benefit analysis to assess how managing blue
orchard bees (Osmia lignaria Say [Hymenoptera: Megachildae]) alongside honey bees (Apis mellifera Linnaeus
[Hymenoptera: Apidae]) can affect profits for almond growers in California. Specifically, we studied how adjusting
three strategies can influence profits: (1) number of released O. lignaria bees, (2) density of artificial nest boxes, and
(3) number of nest cavities (tubes) per box. We developed an ecological model for the effects of pollinator activity
on almond yields, validated the model with published data, and then estimated changes in profits for different
management strategies. Our model shows that almond yields increase with O. lignariaforaging density, even where
honey bees are already in use. Our cost-benefit analysis shows that profit ranged from -US$1,800 to US$2,800/
acre given different combinations of the three strategies. Adding nest boxes had the greatest effect; we predict an
increase in profit between low and high nest box density strategies (2.5 and 10 boxes/acre). In fact, the number of
released bees and the availability of nest tubes had relatively small effects in the high nest box density strategies.
This suggests that growers could improve profits by simply adding more nest boxes with moderate number of
tubes in each. Our approach can support grower decisions regarding integrated crop pollination and highlight the
importance of a comprehensive ecological economic framework for assessing these decisions.

Key words: blue orchard bee, Osmia lignaria, cost-benefit analysis, foraging density, net benefit

Globally, the production of 70% of crops is dependent on or
enhanced by animal-mediated pollination (Klein et al. 2007); these
crops account for 35% of the global food production. In 20035, the
total estimated value of pollination worldwide was about 10% of
the world agricultural crop production of human-consumed foods
(i.e., $172 billion) (Gallai et al. 2009). Bees are the major group
of animal pollinators in temperate regions (Kevan 1999), especially
the European honeybee (Apis mellifera L. [Hymenoptera: Apidae]),
which is managed in the United States to enhance production of a
wide variety of crops (National Research Council 2007). For exam-
ple, 60-75% of U.S. commercial honeybee hives are transported to
California from as far as Florida and Texas before February to pol-
linate about 0.9 million acres of almonds (Souza 2011, Bond et al.
2014). However, threats to domestic honeybee stocks in United
States and the European Union increase the risk to agricultural food
supplies (Potts et al. 2010, Goulson et al. 2015, Kerr et al. 2015)
and consequently also increase the cost of honeybee rentals (Bond

et al. 2014, USDA National Agricultural Statistics Service 2016a).
In response to these risks and increasing costs, other native bee spe-
cies are being developed as managed pollinators (hereafter, ‘native
managed bees’) to supplement or substitute honey bees’ role in crop
pollination.

While it is well understood that the use of honey bees can
improve yields, the efficacy of large-scale management of native bees
for crop pollination is less well substantiated (Bosch et al. 2006, Artz
et al. 2013). In particular, a broader economic framework for eval-
uating the financial benefits of employing native managed bees as
crop pollinators is missing. Although recommended honeybee stock-
ing rates are often incorporated into crop management, farmers can
find few economic-based recommendations for managing bees, and
it seems the recommendations are based on legacy. The few studies
that have evaluated how varying bee management and habitat resto-
ration efforts can impact yield clearly provide informative insights.
For example, Cunningham et al. (2016) explored how to optimally
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integrate honey bees into crop pollination, Morandin and Winston
(2006) showed that yields and profits of canola fields can be maxi-
mized when growers retain 30% of land uncultivated within 750 m
of field edges to provide source habitats of wild bees, and Morandin
et al. (2016) conducted cost—benefit analysis for hedgerow restora-
tion effects on pest control and pollination by beneficial insects and
native pollinators. However, a similar cost and benefit framework
for native managed pollinators is lacking.

The blue orchard bee (Osmia lignaria Say [Hymenoptera:
Megachildae]) is one of a few native bees managed for orchard pol-
lination in the United States and has been shown to be an effective
almond pollinator. Artz et al. (2013) found that releasing O. lignaria
along with a half-recommended stocking rate of honey bees pro-
vided at least an equivalent nut yield as when using honey bees alone
at full stocking rate in a large almond orchard (151 acres). While this
previous work on the use of O. lignaria in almonds shows improved
nut yield, questions remain about whether these improvements ex-
ceed the added costs, and therefore whether the use of O. lignaria
would improve profits and how to maximize them.

Here, we describe a general ecological economic framework to
determine how to evaluate profits through the exploration of dif-
ferent managed bee strategies. We apply the approach to almond
orchards in California. Integrating O. lignaria in orchard system
entails three decisions: how many adult O. lignaria should be
released (hereafter, ‘released females’), what the stocking density
of artificial nests should be (hereafter, ‘nest box density’), and how
many cavities should be provided per nest (hereafter, ‘tubes per
box’). To answer these questions, we developed and validated an
ecological model of almond pollination and then used the model to
simulate almond yields and profits resulting from these three man-
agement decisions. Finally, we evaluate how much the profit varies
with different strategies of using O. lignaria.

Methods

Study System and Conceptual Model
Almonds are the top agricultural export of the state of California
as well as the largest U.S. specialty crop export (The Almond Board

of California 2015). California produces about 1.9 billion Ibs. of
nuts from approximately 890,000 nut-bearing acres of almond in
2015 (USDA National Agricultural Statistics Service 2016b), provid-
ing 80% of the world’s almonds and 100% of the U.S. commercial
supply. About 67% of California almonds are exported to more than
90 countries. The value of the U.S. almond production was $5.3 bil-
lion in 2015, $6,050 per acre (USDA National Agricultural Statistics
Service 2016b).

Most almond tree varieties are self-incompatible, so they need
the activity of insects that carry and transfer pollen from flowers of
one almond variety to the flower of another variety to accomplish
cross-fertilization. Orchards are composed of alternating rows of al-
mond varieties. Growers are largely dependent on honey bees for
almond pollination, but O. lignaria is considered a promising native
managed bee for almond pollination once supplies are more readily
available and management practices are optimized.

O. lignaria is a solitary bee, meaning each female establishes her
own nest in a pre-existing cavity (e.g., natural holes in plant stems or
tree trunks, or provided artificial tunnels). She uses mud to partition
cells in a linear series in the cavity then lays an egg each cell, deposit-
ing both pollen and nectar as a lifetime supply of food for developing
larvae (Bosch and Kemp 2001). Growers take advantage of these
nesting behaviors and provide O. lignaria with artificial nests made
from materials such as bundled hollow reeds, cardboard tubes, and
wooden blocks containing holes (Bosch and Kemp 2001). Having
spent the winter as cocooned adults in cold storage, O. lignaria are
incubated to initiate emergence. After artificial nests are placed in the
orchards, and once almond flowers have begun to bloom, growers
release pre-emerged or just-about-to emerge O. lignaria within nest-
ing shelters housing tunnels or from various locations within almond
orchards. Once O. lignaria females mate, they establish their nests
in the artificial nest cavities and forage on nearby almond trees. If
O. lignaria foraging distance is relatively short, then the amount of
nesting activity near an almond tree is likely an indicator of the pol-
lination service they provide locally.

Conducting cost-benefit analysis of O. lignaria implementation
for almond pollination requires understanding and integrating three
steps (Fig. 1). The first step is to predict how many nests are made

Honey bee Blue orchard bee Nest

stocking rate release

(density + size) Cost

Nest
establishment

l Ecology

Foraging
Pollination

- Bee yield Nut yield Benefit

Fig. 1. Conceptual model for integrating costs and benefits of blue orchard bee (O. lignaria) in almond orchard systems. Costs include honeybee rentals and

cost of O. lignaria plus their artificial nest materials. Density indicates artifici

al nest site density and size indicates number of available tubes per nest site in

which the O. lignaria can nest. Bee yield indicates O. lignaria reproduction, but this component (dashed line) is beyond of the current study scope (solid lines).
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by introduced female O. lignaria given a specific nest box density.
Once the released O. lignaria females mate with males they search
for suitable nests for laying eggs. From the perspective of O. lignaria
female, establishing a nest site likely depends on density of potential
nest sites. Thus, the number of nests established by females can be
predicted by two variables: the number of released female O. lig-
naria and nest box density. According to Bosch and Kemp (2001),
approximately 300 nesting O. lignaria females are needed to pol-
linate an acre of almonds. Male O. lignaria are usually deployed
with females at sex ratios obtained from wild-trapped and orchard-
produced populations (Bosch and Kemp 2001).

The second step is to predict the foraging activity of female
O. lignaria at trees given the location and occupancy of nest cavities.
Once O. lignaria females locate a suitable nest site, they forage from
the nest site to nearby flowers and bring pollen back to their nest for
their potential offspring. From the perspective of the almond tree,
pollination occurs from O. lignaria foraging from nearby nests, and
so0, we assume that as the distance between a nest and tree increases,
the less likely a bee from that nest is to visit a tree. The last step is
to predict nut yields of individual almond trees based on pollination
activity.

We combined the three steps to conduct a cost-benefit simulation
based on how many O. lignaria and artificial nests are deployed into
an almond orchard. In our cost calculation, we included expenses of
honeybee stocking and other almond production costs, as well as the
number of O. lignaria and artificial nest boxes. In the benefit calcu-
lation, we consider nut yield. Another benefit of managed native pol-
linators is the perennial reproduction of O. lignaria, and this could
help to reduce the annual cost of purchasing O. lignaria. However,
practices to sustain O. lignaria populations in commercial orchard
are not well developed, so we excluded this step in our cost-benefit
analysis. We report profits (revenue from yield minus costs) on a per-
acre basis instead of per-hectare, because this is the most common
and relatable unit of measure for stakeholders in the U.S. almond
and blue orchard bee industries.

Published Field Data set

To evaluate the economic costs and benefits of integrating of O. lig-
naria into crops, we revisited a published experimental study (Artz
et al. 2013) that revealed a relationship among nesting rate, nest
site density, and nut yields of Nonpareil almond trees. We used data
from the study to parameterize a predictive model, so we briefly de-
scribe the study site, experimental design, and field data set that we
obtained from the study.

The experimental study examined the effects of nest box density
on nest production rate of female O. lignaria and almond nut yields
on a 151-acre conventional almond orchard near Lost Hills, Kern
County, CA (35° 44" N-119° 53’ W) in 2011. The researchers
released a total of 64,000 O. lignaria females (~400 females/acre)
with 153,600 male O. lignaria (Fig. 2a) in an almond orchard with
half the recommended honey bee colony stocking density (one hive
per acre). Each nest site was a suspended plastic box containing bun-
dles of cardboard tubes with inserted, thin paper straws, so cocooned
bees could be excised later in the winter (Fig. 2b and c). Then, they
released 4,000 fully emerged O. lignaria females and 9,600 males
in the center of each sixteen 10-acre plot that had either of two dif-
ferent nest box densities, low and high density (2.5 boxes/acre in 4
plots and 10 boxes/acre in 12 plots) and the same number of tubes
(10,000 per plot) (Fig. 2d). They recorded how many nest tubes were
completed (i.e., mud-sealed tube; see Fig. 2b) and how many brood
were created in each completed, mud-sealed tube in the nest box.

They also measured nut yields that were sampled by a standard area
around 235 individual trees in each of eight plots in the middle sec-
tions of the orchard for a total of 200 yield samples (Fig. 2d).

Nesting Rate

Because O. lignaria females’ activity data on flowers were not
available, we used nesting rate to represent pollination activity.
We defined nesting rate as the number of completed nest tubes per
released O. lignaria female in an orchard. Nesting rates were highly
correlated with the number of provisioned cells (7 > 0.99), so we used
nesting rates for O. lignaria nest activity. Based on the additional in-
sight from the experimental study, we assumed that the nesting rate
increases with the number of released O. lignaria female and nest
box density. We also assumed that the number of nest tubes per box
does not influence nest-seeking behavior, because 60-80% of the
number of tubes in a box within high and low nest box density plots
remained empty. Recent experiments of nest box density in almond
and cherry fields also observed that high nesting rate occurs in high
nest box density plots (Artz et al. 2014, Boyle and Pitts-Singer 2017).
Together, these assumptions allow us to predict how many tubes are
completed when an O. lignaria female is released under the condi-
tions of a certain nest box density. Thus, we obtained two nesting
rates based on two different nest box densities that were set in the
experiment of Artz et al. (2013): 0.47 = 0.11 SE and 0.90 = 0.017
tubes were completed per released O. lignaria female in low (2.5
boxes/acre) and high (10 boxes/acre) nest box densities, respectively.

Ecological Model of Pollination Activity

We assume that greater density of completed nests nearby represents
greater density of foraging O. lignaria and thus greater pollination
activity, since pollen is collected to fill each nest. We, thus, assumed
that the number of O. lignaria foraging on an individual tree T from
each nest 7 is a function of the nest size C, (number of completed
tubes) and the distance between nest site i and tree T, D, such that
the total number of foraging O. lignaria on an individual tree, BOB,,
is the sum of bees foraging from all nest boxes:

N
BOB; =ZC,-exp(—DiT/a), (1)
i=1

where N is the total number of nest boxes in the orchard. The second
term in the summation is an exponential decay function representing
the decreasing likelihood of bees foraging from nest box i to tree T
as the Euclidean distance between them, D, , increases, where «a is
the distance decay parameter that represents the average foraging
distance of an O. lignaria female. In the same manner, we modeled
the foraging density of A. mellifera per tree (HB.).

Parameterization and Prediction of AlImond Yields

We used multiple regressions to determine how well our ecologi-
cal model of O. lignaria forager density predicts almond yield per
tree. The regression included the modeled density calculation for
both O. lignaria and A. mellifera. Because bee density estimates
were themselves a function of the distance decay parameter, which is
unknown, we used the regression model to parameterize their values.
Specifically, we evaluated a range of distance decay parameter values
from 20 m to 400 m by 20 m for each of the two managed bees and
then calculated the densities of foraging O. lignaria and A. mellifera
(BOB, and HB_, respectively) for a total of 400 parameter combi-
nations. Along with pollination activity, we also included two envi-
ronmental factors: an orchard block (Block) effect of tree location
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400m N

200 m

Fig. 2. The almond orchard study site with a native managed bee near Lost Hills, Kern County, CA (35° 44’ N, 119° 53' W) used to parameterize the ecological
model. (a) blue orchard bees (O. lignaria). The female is larger than male. (b) O. lignaria nest box with 400 nest tubes. Mud-sealed tube indicates completed
O. lignaria nests. (c) Nest box with 100 nest tubes. (d) Experimental design and summary of field data. Symbol size indicates relative number of completed nest
tubes (gray rectangular) and sampled nut yields (orange circle). O. lignaria release sites are indicated as X. Two different colors of X indicate the center of two
different types of plots with low (white X) and high (blue X) nest box densities, respectively. White dashed square lines for eight 10-acre plots in the middle area
of the almond orchard. Images: a is photographed by Theresa Pitts-Singer and b and ¢ by Derek Artz.

(north or south; Fig 2d) and distance of the tree to the edge of the
orchard (Dist, , ),
location of the trees in the orchard, particularly the trees at orchard
edges, which receive more sunlight than those trees in the interior
regions of orchards (Artz et al. 2013). Using these four variables
(BOB,, HB, Block, and Dist, ),

yields of trees for the 250 regression models that have the distance

because nut yields are also influenced by the

we fitted the sampled almond

decay parameters for O. lignaria and A. mellifera. In the regression
model, the HB,, BOB_, and Dist, were logl0-transformed.

Last, we applied a model-selection process for all of the 250 re-
gression models to retain significant variables in the model based on
Akaike information criterion (AIC) (Burnham et al. 2011). In the
model-selection process, we retained the model with the lowest AIC
for each of distance decay parameter sets. Through this process, we
determined the distance decay parameter set when the best-fit model
(the highest 7?) appeared. Additionally, for this best-fit model, we
derived Bayesian posterior distributions to quantify the uncertainty
of the distance decay parameters and regression parameters. To com-
plete this Bayesian specification, we assigned noninformative priors
[~Normal (mean = 0, SD = 100)] to all the parameters. Therefore, we
used the best-fit model with specified parameters to predict sampled
almond nut yield of each tree in cost-benefit simulation.

All analyses were conducted in the R statistical environment (R
Development Core Team 2015). For the regression model selection

process, we used MuMIn package (Barton 2015) and confirmed
that residuals of the regression model were normally distributed.
We employed the rstan package (Stan Development Team 2015)
for the Bayesian computation that simulated three Markov chain
Monte Carlo chains for 20,000 iterations after a burn-in of 10,000
iterations.

Cost-Benefit Simulation

We used the obtained nesting rate, the ecological model of pollin-
ation activity, and the best predictive model of almond yields to
simulate almond vyields resulting from the potential management
decisions. In this simulation, we assessed O. lignaria management
strategies by varying three management inputs: 1) the number of
released females per acre, 2) nest box density, and 3) the number of
tubes per box. The ranges of each management input to generate the
strategies were restricted to the inference range of the past empir-
ical analyses. For example, we used the experiment levels from Artz
et al. (2013) as bounds in our strategies. We varied the number of
released females from 380 to 500/acre with increments of 20/acre
and, following the methods described in Artz et al. (2013), assumed
the number of O. lignaria males released is two times the number of
females released. We used the two nest box density levels, low and
high densities (2.5 and 10 nest boxes/acres, respectively) used in the
Artz et al. (2013) experiment. Finally, we varied the number of tubes
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per box from 40 to 400 with increments of 60, which is similar to
the range used in the Artz et al. (2013) experiment. This resulted in
98 different strategies.

For each management strategy, we predicted almond nut yield
of individual trees in the experimental orchard. To predict almond
yields, we followed the three consecutive steps in the conceptual
model with additional assumptions (Fig. 1). First, we used the
obtained nesting rate to predict the number of completed tubes in an
orchard with a given number of released female and a given nest box
density. Then, we distributed the number of completed tubes (i.e.,
nest size) evenly across the nest boxes. Second, we input the informa-
tion of the nest size and location into the parameterized ecological
model of foraging activity (Eq. 1) to estimate the density of foraging
O. lignaria on individual trees. Last, we applied the best regression
model to predict almond yield.

Grower Profit Estimation

We defined profit as the monetary value of almond yield that remains
after subtracting annual management costs, including O. lignaria,
honeybee rental, and all other operating costs (Table 1). To calcu-
late annual management costs for the 151-acre orchard (a total of
13,080 trees) for each management strategy, we assumed that grow-
ers need to purchase O. lignaria and rent honeybee hives every year,
as well as replace 10% of nest boxes and 100% of paper straws
every year (Table 1). We applied the current approximate (often
negotiated) cost of purchasing O. lignaria and O. lignaria nest mate-
rials and half the recommended honeybee stocking rate (one hive per
acre; US$200/acre, Yaghmour et al. (2016)). For all other almond
production costs, we used the reported cost of management and pro-
duction (US$3,600/acre) given in Yaghmour et al. (2016). Resulting
total annual cost of almond production ranged between US$6,398
and US$7,015/acre depending on the variation of O. lignaria man-
agement cost (range: US$398-US$1,015/acre, Supp Table 1 [only
online]).

To estimate gross revenue, we multiplied the average market
price of almonds over the last 10 years (2006-2015), $5.14/kg
($2.33/Ib, USDA National Agricultural Statistics Service 2016b), by
the predicted nut yields from the entire orchard. Because the nut
yield prediction of individual trees was based on samples, rather
than total yield, we used a scale factor to project the nut yields of the
entire 151-acre orchard. The scale factor, 18.655, was calculated by

Table 1. Annual production costs in an almond orchard.

dividing the estimated nut yield of an entire Nonpareil tree (18.58 kg
per tree; estimated using Nonpareil yield data, 4,004 kg/ha [3,573
Ib/acre], reported from Wonderful Orchard Co.) by the average sam-
pled nut yield per tree (0.996 kg per tree; reported data in Artz et al.
2013).

We report 50% credible interval for low and high profits along
with mean profit for each proposed strategy. To do this, we incor-
porated the uncertainty of O. lignaria foraging distance into predic-
tions of yield. We then estimated profit sample variance using the
credible interval range (Higgins and Green 2008). Finally, we used
one-way analysis of variance to determine significant difference in
profits among proposed strategies.

Results

Ecological Model Validation
We found that almond yields were significantly related to the density
of foraging O. lignaria (BOB.), block effect (Block), and distance

to orchard boundary (Dist, ) (Fig. 3). All regression coefficients

were significant at the 95 ‘%)) cdredible interval except for the inter-
cept (Table 2). In the best model, sampled nut yields increased with
BOB_, decreased with Dist, . and were higher in the South block
than North block (Fig. 3¢ and d). The best model also set the forag-
ing distance parameter, P,op, at 60 m (Fig. 3a). The parameter space
of P, , was specified to be in the range of 35-156 m at the 95%
credible interval (60-97 m at 50% credible interval) in Bayesian par-
ameter inference (Fig. 3b). The regression model explained about
17% of the variation in almond yields.

Our ecological model predicted that nut yields and resulting
gross revenue ranged from US$4,713 to US$9,441/acre given differ-
ent management strategies (Fig. 4). The foraging O. lignaria density
values, Log (BOB,), modeled from the observed distribution of nests
was consistent with the range of density values expected from differ-
ent management strategies (i.e., compare x-axes in Figs. 3¢ and 4).
Predicted nut yields (the second axis in Fig. 4) at the orchard level
in low (2.5 boxes/acre) and high (10 boxes/acre) nest box densities
were below and above, respectively, the reported average Nonpareil
nut yield (3,500 Ib/acre) from the experimental orchard, which had
a combination of both nest box densities.

Item Unit cost ($) Quantity/acre ARR (%) Cost/acre ($)
1. O. lignaria management
O. lignaria female with two males 1.00 380 bees 100 380.00
Plastic nest box with a metal hook 8.64 10 boxes 10 8.64
Card board tube and plug 0.20 400 tubes 10 8.00
Paper straw for a card board tube 0.09 400 straws 100 36.00
Labor of managing nest tubes and boxes per hour 16.00 1.17 hour 100 18.67
Subtotal O. lignaria management cost 451.31
2. Honeybee hive rental 200.00 1 hive 100 200.00
3. Other operating costs 3600.00
4. Overhead costs 2200.00
Total cost 6,442.21

Notes: The costs include blue orchard bee (Osmia lignaria), nest materials, and labor for O. lignaria, honeybee rental, and other operating costs. This table

shows the itemized costs of a strategy that releases 380 O. lignaria females in an acre of orchard with 10 nest boxes, 40 tubes per box, and 1 honeybee hive. We

apply 10% annual replacement rate (ARR) for managing nest box and card board tube materials. O. lignaria, nest materials, and labor costs based on Artz et al.

(2013). The labor for managing nest tubes and boxes was estimated by assuming that managing 20 tubes and 1 box require 1 and 5 min, respectively, are based

on Artz et al. (2013). Honeybee hive rental and other operating and overhead costs (e.g., irrigation, pesticides, fertilizer, pruning, hull and shell nuts, etc.) are based

on Yaghmour et al. (2016), who report sample costs in San Joaquin Valley South, CA, where Kern County is located.
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from Bayesian computation. (c) Relationship between BOB, and sampled nut yields for individual trees in the best-fit regression model.
and sampled nut yields in the best-fit regression model.

Table 2. Summary of posterior distributions of parameters from Bayesian models of almond yield

Parameter Mean SD 2.5% 25% 75% 97.5%
Puow 81.03 31.46 35.42 59.23 96.74 156.26
Intercept -1.50 1.23 -4.35 -2.20 -0.64 0.46
BOB, 0.88 0.37 0.25 0.61 1.10 1.72
Block 0.10 0.02 0.05 0.08 0.11 0.14
Dist, . -0.27 0.10 -0.48 -0.33 -0.20 -0.11

Comparing Strategies

Estimated profit ranged from -US$1,800 to US$2,800/acre for
all the proposed strategies (Fig. 4, Supp Table 1 [online only]).
The lowest profits occurred in low nest box densities and
numbers of tubes per box (gray rectangles in Fig. 4). In these
strategies, there are fewer total tubes per acre than the num-
ber of released O. lignaria females. Intermediate profits were
predicted with low nest box densities and high number of tubes
per box, and these profits depend significantly on the number
of released females (Fig. 4, comparison A: F(1, 29) = 29.06;
P <0.001). Largest profits occurred with high nest box densities
(Fig. 4, comparison B: F(1, 29) = 16.18; P < 0.001). However,
these profits were not significantly changed by the numbers
of released females and tubes per box (Fig. 4, comparison C:
F(1,28) = 1.4; P = 0.24).

Across the full range of proposed strategies, profit was always
higher in the high nest box densities than in the low nest box densi-
ties (Fig. 5). Holding tubes per box constant at 220, profit increased
continuously with the number of released O. lignaria for both low
and high nest box density strategies (Fig. 5a). Slopes in Fig. 5a indi-
cate that profit increased an average of $6.3 and $6.2 per female
per acre for low and high nest box densities, respectively. Holding
released females constant at 480/acre, profit was highest with an
intermediate number of tubes per box, peaking at 100 tubes for both
nest box densities (Fig. Sb). Profit varied from -$1,800 to $910/
acre in low nest box densities and from $1,000 to $2,800/acre in
high nest box densities (Fig. 5S¢ and d). On average, profit increased
by 10.5 times in high nest box density ($190/acre vs $2,200/acre).
Highest profits are predicted for 10 boxes per acre, 100 tubes per
box, and 500 females released per acre (Fig. 5d).
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Discussion

We integrated a validated ecological model into a cost—benefit frame-
work to investigate how almond growers’ profits may change under
different strategies using native managed bees. Our ecological model
indicates that O. lignaria improves almond yield when half the rec-
ommended honey bee colonies stocking rate is used (Fig. 3), and the
cost-benefit analysis showed that profit varies between management
strategies (Figs. 4 and 35). In particular, we find that expected profit
increases by distributing nest boxes more densely throughout the
orchard with a moderate number of nest tubes per box, rather than
purchasing additional bees each spring or increasing the number of
tubes per box. We predict that by doing so, profit would improve by
10.5 times, increasing from $190 to $2,200 per acre, between low
and high nest box density strategies (i.e., 2.5 and 10 boxes/acre).
Our study illustrates the potential value of native managed bees to
orchard growers, and illustrates the utility of an ecological economic
framework to inform such decisions.

Why is nest box density important for increasing profit? First,
high nest densities may retain O. lignaria. Bosch and Kemp (2001)
indicate that high nest box density reduces the possibility that pre-
nesting females disperse and nest away from the orchard. Indeed,
the observed nesting rate was twice as high in high nest box density
compared with low nest box density in the experimental orchard
(see Materials and Methods). Second, O. lignaria has a short for-
aging distance (Fig. 3) and high nest box density can reduce the

distance between trees and nest sites. We found that compared to the
average foraging distance (660 m) for other native bees (Ricketts et
al. 2008), O. lignaria foraging distance within orchards is relatively
short, averaging 80 m (Fig. 3 and Table 2). Solitary bees such as O.
lignaria tend to forage on pollen sources nearby their nests (Williams
and Tepedino 2003), only flying as far as needed to find resources.
Our finding is consistent with that of Biddinger et al. (2013), who
showed that another mason bee, Osmia cornifrons Radoszkowski
[Hymenoptera: Megachilidae], has a maximum 60 m foraging range
in cherry orchards.

Profits always increased with additional released O. lignaria if
sufficient nest tubes were provided (Fig. 5a). We expected this effect
to be stronger (i.e, higher rate of increase) in high nest box density;
however, we did not find this effect. Our analysis calculates profit
on a per-acre basis, when, in fact, the profit increase rate likely var-
ies spatially across the orchard field. For instance, profit might vary
more in low nest box density strategies, because the spatial location
of trees relative to the number of local nest boxes will be different
at edge and interior sites. Improved spatial arrangement of honeybee
colonies is known to enhance crop pollination services (Cunningham
etal. 2016). Thus, a future study could test the yield effects of spatial
arrangements of nest boxes within a given nest box density.

Although averaged profit steadily increases with additional
females released, the amount of increase was still less than that of
additional nest boxes (Figs. 4 and 5a). In addition, when we consider
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the uncertainty in our estimates, growers could expect similar profit
for both 380 and 500 released females within the high nest box den-
sity strategy (Fig. 4). Thus, purchasing additional O. lignaria could
be less cost-effective than increasing nest box density.

In contrast to releasing additional females, the effect of the num-
ber of tubes per box on profit was more hump shaped (Fig. 5b).
At low number of tubes per box, O. lignaria females may simply
be unable to find unoccupied tubes reducing nesting rates and pol-
lination activity. For very high nest box densities, profits begin to
decline again, probably because O. lignaria females were no longer
limited by nest sites, so the high number of tubes per box resulted in
higher costs without additional pollination and yield. For example,
annual paper straw replacement costs only $36/acre when each nest
box has 40 tubes in the high nest box density strategy (see Table 1),
but it costs $360/acre when each nest box has 400 tubes. Because
nest tube occupancy rate is proportional to the number of released
O. lignaria females (see Materials and Methods), providing the most

cost-effective number of tubes can optimize management and maxi-
mize grower’s profit.

In contrast to the significant effect of density of foraging
O. lignaria on almond nut yield, we did not find that yield depended
on estimates of honeybee foraging distance and visitation (Table 2).
However, this result does not mean that honey bees are unimportant
in almond yields. Honey bees likely forage across the entire orchard
due to their larger foraging distances, and thus, their visitation
rates are less likely to vary spatially. This might mean that although
O. lignaria ensure adequate pollination near their nests, honey
bees provide pollination coverage at the scale of the entire or-
chard. Furthermore, there is evidence of synergistic effects between
O. lignaria and honey bees on almond pollination (Brittain et al. 2013).
Thus, spatial variation of local almond yields is more likely explained
by the spatial distribution and number of active O. lignaria nests.

In developing a cost-benefit framework for evaluating native
managed pollinators, two caveats are worth mentioning. First, we
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were able to explain only 17% of the variation in almond yields with
our spatial model, including not only bee abundance but also prox-
imity to the orchard boundary and a block effect based on north
or south sections of the orchard. Boundary effects could be due to
greater access to sunlight and warmth, ease of orientation and recog-
nition of nest sites, or adjusted foraging behaviors along the orchard
perimeter. Block effects may be the result of spatial heterogeneity of
farming practices, such as irrigation, or natural variation in orchard
slope or soil quality, but we have no information on such variables.
To increase predictive power, the model may need to consider add-
itional factors that determine almond yields, including leaf nitrogen
pool (Zarate-Valdez et al. 2015), irrigation (Romero et al. 2004),
and tree size (Hill et al. 1987). In particular, leaf nitrogen pool can
explain up to 75% of variation in nut yields (Zarate-Valdez et al.
2015).

Second, we assumed that all O. lignaria were purchased each
year, so we did not allow for potential cost savings from maintaining
one’s own supply by managing for O. lignaria reproduction (Fig. 1).
If O. lignaria are able to reproduce in orchards and maintain popu-
lation from year to year, it would considerably reduce management
costs. Cells counts produced in Artz et al. (2013) revealed that ap-
proximately 60% of released O. lignaria females returned to nest.
Thus, it is also important to determine whether populations could
become self-sustaining within a commercial orchard environment.
Including O. lignaria reproduction in the modeling framework will
be an important component for optimizing bee management prac-
tices as well as achieving sustainable orchard pollination.

Regardless of the caveats, using a cost-benefit analysis can pro-
vide valuable insights for specialty crop management, as indicated by
a potential 10 times increase in profit per acre between low and high
nest box density practices. Using published data, we suggest that
growers are most likely to increase profit by providing more artifi-
cial nest boxes, each containing a moderate number of nest tubes,
in their orchards. Despite the ubiquity of honey bees in specialty
crops, exploring the costs and benefits of alternative pollinators
remains a surprisingly understudied area. This novel approach of
‘integrated crop pollination®—whereby honey bees, native managed
bees, and wild bees are managed jointly (Isaacs et al. 2017)—could
improve the efficiency, cost effectiveness, and reliability of crop pol-
lination services. Our cost-benefit analysis that integrates ecological
knowledge with growers’ management decisions offers a general
ecological economic framework for understanding these integrated
crop pollination systems.

Supplementary Data

Supplementary data are available at Journal of Economic
Entomology online.
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