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Abstract. A long-term trial was established in Oct. 2006 in western Oregon to identify organic production systems for maximum yield
and quality in highbush blueberry (Vaccinium corymbosum L.). The planting was transitional during the first year after planting and
was certified organic during fruit production (2008–16). Treatments included plantingmethod (on raised beds or flat ground), fertilizer
source (granular feather meal or fish solubles), and rate (‘‘low’’ and ‘‘high’’ rates of 29 and 57 kg·haL1 N during establishment,
increased incrementally as the planting matured to 73 and 140 kg·haL1 N, respectively), mulch [sawdust, yard debris compost topped
with sawdust (compost + sawdust), or black, woven polyethylene groundcover (weed mat)], and cultivar (‘Duke’ and ‘Liberty’).
Mulches were replenished, as needed, and weeds were controlled throughout the study. Raised beds resulted in greater yield than flat
ground during the establishment years but had less effect on yield once the plants weremature. After 9 years, cumulative yield was 22%
greater on raised beds than on flat ground in ‘Liberty’ but was unaffected by plantingmethod in ‘Duke’. Cumulative yield was also 10%
greater with feather meal than with fish solubles, on average, and 4% greater with the low rate than with the high rate of fertilizer.
‘Duke’ was particularly sensitive to fertilizer source and produced 35% less yield overall with fish solubles than with feather meal. By
contrast, there was relatively little effect of fertilizer source or rate on yield in ‘Liberty’. In five of 9 years, yield was 8% to 20% greater
with weedmat than with sawdust or compost + sawdust. Mulch type had no effect on cumulative yield of ‘Duke’, but cumulative yield of
‘Liberty’ was 11% greater with weedmat than with sawdust or compost + sawdust. Soil temperature was warmer under weedmat than
under sawdust, and plants on raised beds covered with weed mat required more irrigation than those grown on flat ground mulched
with sawdust. ‘Duke’ produced heavier, larger, and firmer berries with lower total soluble solids (TSS) than ‘Liberty’. However, other
treatment effects on berry quality were relatively small and inconsistent. For example, berry weight was greater on raised beds than on
flat ground, on average, but only by 3% (0.06 g/berry). Plants on raised beds also produced berries with slightly lower TSS than those on
flat ground (15.2%and 15.7%, respectively, in ‘Liberty’, and 13.1% and 13.3%, respectively in ‘Duke’). There was no effect of fertilizer
source or rate on TSS in ‘Liberty’ (15.5% on average), whereas in ‘Duke’, TSS was highest when fertilized at the high (13.7%) or low
(13.4%) rate of fish, and was lower when using feather meal (12.9% and 13.1% for low and high rate, respectively). Plants fertilized
with fish produced firmer fruit than with feather meal in five of the 7 years in which the measurements were taken. Also, fertilization
with the higher rate of either product increased berry firmness comparedwith the low rate in six of the 7 years. The impact ofmulch was
inconsistent through the study period. On average, ‘Duke’ berries were softest when fertilized with the low (173 g·mmL1 deflection) and
high (176 g·mmL1) rates of feathermeal andwere the firmest with the high rate of fish (182 g·mmL1). In ‘Liberty’, the low rate of feather
meal produced softer fruit (157 g·mmL1) than the other fertilizer treatments (162 g·mmL1 on average).When this study was initiated in
2006, the most common organic production system in this region was raised beds with sawdust mulch and fertilizing with a high rate of
fish solubles. For this production system, yield for mature plants in our study (2014L16) was the equivalent of 8.9L12.3 t·haL1 in
‘Duke’ and 11.8L23.7 t·haL1 in ‘Liberty’. However, when plants were grown on raised beds with weed mat and fertilized with the high
rate of feather meal, yield increased to 10.2L19.3 t·haL1, depending on year, in ‘Duke’. By contrast, there was little effect of production
system on yield of mature ‘Liberty’ plants. These yields, particularly for the best-performing treatment combination in ‘Duke’, are
similar to what are observed in commercial conventional fields or organic farms using similar management practices. Our results
showed that choice of organic production system can have significant impact on yield and economic costs and returns.

The Pacific northwestern United States is
an important growing region for northern
highbush blueberry (Vaccinium corymbosum
L.). According to recent U.S. surveys, this
region accounted for 20% of the total conven-
tional area of highbush blueberry (U.S. De-
partment of Agriculture, 2014) and 49% of the
total organic area (U.S. Department of Agri-
culture, 2010). Organic blueberry production
has increased in this region because of strong
consumer demand, price premiums of 20%
to 200% over conventional fruit, and a dry
summer climate, which reduces the potential

incidence for weeds, insect pests, and leaf and
fruit diseases (DeVetter et al., 2015; Fernandez-
Salvador et al., 2017; Strik, 2014). However,
there were some challenges specific to organic
production that needed to be addressed, in-
cluding greater production costs and inputs
(particularly for fertilization and weedmanage-
ment), limited Organic Materials Review In-
stitute (OMRI)-approved options for disease
and insect control, and potential or perceived
reduced yields of organic plantings and asso-
ciated returns (Strik, 2014). In 2006, the pro-
duction guides available for organic northern
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highbush blueberry in North America were
based on anecdotal information (Krewer and
Walker, 2006; Kuepper and Diver, 2004).
There was little research at that point
comparing organic production strategies in
blueberry, and most of the production re-
search done in conventional blueberry sys-
tems was not applicable to organic systems.

Highbush blueberry is typically planted
on raised beds. Raised beds improve soil
drainage (Strik, 2007), limit compaction
(Magdoff and Van Es, 2010), reduce inci-
dence of root pathogens such as Phytophthora
(Bryla and Linderman, 2007), and improve
efficiency of machine harvest (Strik and
Buller, 2002). However, planting on flat
ground can be beneficial to root growth in
southern highbush blueberry (complex hy-
brids based largely on V. corymbosum and
V. darrowiiCamp.) likely due to increased soil
moisture and reduced soil temperature during
the fruiting season (Spiers, 1995). Further-
more, mechanical weed-control methods are
more effective on flat ground than on raised
beds (Sciarappa et al., 2008; B. Strik, personal
observation).

Weed management is critical for success-
ful production of blueberries (Pritts et al.,
1992; Strik et al., 1993), but chemical herbi-
cide options available for organic systems
are expensive and limited and usually are
not very effective on established perennial
weeds (Julian et al., 2012; Larco et al., 2013a).
Other forms of weed control such as organic
mulches, propane flaming, string trimming,
and hand weeding are often used instead
(Burkhard et al., 2009; Granatstein and
Mullinix, 2008; Krewer et al., 2009; Sciarappa
et al., 2008). Organic mulches provide addi-
tional benefits in highbush blueberry, includ-
ing increased yield and plant growth (Clark
and Moore, 1991; Goulart et al., 1997; Karp
et al., 2006; Kozinski, 2006; Krewer et al.,
2009; Savage, 1942; White, 2006). Douglas
fir (Pseudotsuga menziesii M.) sawdust is
commonly used to mulch blueberry plant-
ings in Oregon, Washington, and British
Columbia, but sawdust has become expen-
sive in the region (Julian et al., 2011a), and
it tends to immobilize a considerable
amount of the N applied from fertilizers
(White, 2006). Some growers are using
compost in addition to sawdust to provide
additional nutrients and organic matter
(Gale et al., 2006; Larco et al., 2014).
Municipal yard debris compost is readily
available in many production regions and
may be suitable for commercial blueberry
production (Sullivan et al., 2014).

Weed mat (perforated landscape fabric) is
approved for use as a weed barrier by the
United States Department of Agricul-
ture (USDA) Organic National Program
(USDA-AMS-NOP, 2011), and because of
economic advantages, it has been adopted by
both organic and conventional blueberry
growers (Julian et al., 2012; Strik and Vance,
2017). However, increased soil temperature
under the weed mat can reduce plant growth
(Neilsen et al., 2003;Williamson et al., 2006)
and yield (Krewer et al., 2009). Larco et al.

(2013a) reported that northern highbush
blueberry grew less with weed mat than with
sawdust mulch by the end of the first two
growing seasons; however, the plants had
greater yield with weed mat in the second
year, which was the first season of fruit
production.

In addition to weed management, avail-
ability and affordability of fertilizers are of
critical importance for the economical pro-
duction of organic blueberry (Strik, 2014).
Fish solubles and feather meal are common
fertilizers used by organic blueberry growers.
Fish solubles are typically applied by ferti-
gation through the drip irrigation system,
especially when weed mat is used and other
application methods are less practical or
more expensive. Feather meal is a granular
product applied to the soil surface. Both
fertilizers mineralize readily on application
and quickly release N and other nutrients
(Bary et al., 2016; Hartz and Johnstone,
2006). Northern highbush blueberry requires
fertilizer applications of 25–100 kg·ha–1 N
per year to maximize growth and production
in conventional plantings (Ba~nados et al.,
2012; Chandler and Mason, 1942; Eck,
1988; Griggs and Rollins, 1947; Hanson,
2006; Hart et al., 2006), but little information
is available on the fertilizer requirements in
organic systems.

The objectives of this research trial were
to evaluate the impact of planting method,
cultivar, mulch, and fertilizer source and rate
on plant growth, yield, and fruit quality from
establishment through maturity. Yield for the
first fruiting season (2008) as well as treatment
impacts on growth are reported elsewhere
(Larco et al., 2013a, 2013b, 2014). Impacts
of treatments from 2008 to 2016 are included
here. We reported on the economic impacts of
mulch and weed-control options during estab-
lishment in Julian et al. (2012) and throughout
the study in Strik and Vance (2017).

Materials and Methods

The 0.4-ha trial was established in Oct.
2006 at Oregon State University’s North
Willamette Research and Extension Cen-
ter (Aurora, OR; lat. 45�16#47$N, long.
122�45#23$W). The planting was certified
organic in the first cropping year (2008)
by a USDA-accredited agency (Oregon Tilth,
Certified Organic, Corvallis, OR). The
soil, which is mapped as a Willamette silt
loam (a fine-silty, mixed, superactive mesic
Pachic Ultic Argixeroll), contained 3.7%
organic matter content at planting. This
study was conducted from 2008 through
2016. Further details on planting establish-
ment are provided elsewhere (Larco et al.,
2013a, 2013b).

Treatments. There were 48 treatment
combinations arranged in a balanced factorial
(2 · 4 · 2 · 3) split-split-plot design with five
replicates. The main plots were planting
method [raised beds (�0.3-m high) or flat
ground], the subplots were fertilizer rate and
source (2 rates· 2 sources), and the sub-subplots
were mulch treatment (‘‘compost + sawdust,’’

sawdust, or weed mat) and cultivar (early-
season ‘Duke’ and midseason ‘Liberty’). Sub-
subplots were 4.6-m long with six plants in
each sub-subplot at establishment. One plant
was removed from each plot for biomass
measurements in Oct. 2007 and 2008 (Larco
et al., 2013a, 2013b). The plants removed in
2007 were replaced with new plants, but those
removed in 2008 were not replaced because it
was considered too late for good establish-
ment among the older plants. Plant spacing
was 0.8 m by 3.0 m (4385 plants/ha).

Mulch treatments were a) a 9-cm-deep
layer of douglas fir sawdust (360 m3·ha–1);
b) a 4-cm-deep layer of municipal yard
debris compost (152 m3·ha–1) covered by
5-cm-deep douglas fir sawdust (200 m3·ha–1)
(compost + sawdust); and c) weed mat
[black, woven polyethylene groundcover
(water flow rate of 6.8 L·m–2·h–1; 0.11
kg·m–2; TenCate Protective Fabrics; OBC
Northwest Inc., Canby, OR)]. Holes (20-cm
diameter) cut in the weed mat for the plants
were mulched with 5-cm-deep douglas fir
sawdust (1.4 m3·ha–1). The intent of the
compost + sawdust treatment was to have
the sawdust mulch act as a barrier to weed
seed germination in the more nutrient-rich
compost layer. The organic mulches were
initially applied in 2006, just after planting,
and were replenished in Jan. 2011 and 2013
and Feb. 2015; in 2015, additional mulch was
only needed on raised beds. The weed mat
(1.5-m wide) was centered over the row and
installed just before planting. It was replaced
with ‘‘zippered’’ weed mat (two overlapping
pieces placed on each side of the row and
secured in the middle using landscape sta-
ples) in the winter of 2010–11. This allowed
us to ‘‘open’’ the weed mat and apply
granular fertilizers, as needed. The mulches
are further characterized for their properties in
Sullivan et al. (2015).

A permanent grass cover crop (certified
organic Festulolium braunii K. Richt.) was
grown in the row aisles and mowed during
the growing season, as required. Depending
on the year, weeds in the plots mulched
with compost + sawdust were controlled
by various methods, including using OMRI-
approved postemergent acetic acid (20%;
WeedPharm�, Pharm Solutions, Inc., Port
Townsend, WA), lemon grass oil or d-limonene
(GreenMatch EX� and Avenger�, respec-
tively, Cutting Edge Formulations, Inc.,
Buford, GA), propane flaming, and hand-
weeding. Propane flaming was only used in
2007, as it was found ineffective, and there
were concerns of fire danger and plant damage,
as noted by others (Granatstein and Mullinix,
2008). The sawdust plots and the planting-hole
area of the weed-mat plots were hand-weeded
only, as needed during the season. Labor and
product costs are reported elsewhere (Julian
et al., 2012; Strik and Vance, 2017).

Fertilizer source and rate treatments were
granular feather meal (11% to 13% N,
depending on product or batch) or fish solu-
bles (pH-stabilized; 4% to 5% N). Both were
applied at either a ‘‘low’’ or ‘‘high’’ rate of 29
and 57 kg·ha–1 N, respectively, in 2007–09
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and then increased incrementally as the plant-
ing matured to 73 and 140 kg·ha–1 N, re-
spectively, by 2013. Feather meal was
applied in two equal split applications in
March and May. In weed-mat plots, the
feather meal was concentrated in the open-
ings in 2007–10, and later, once the zippered
weed mat was installed, it was broadcast on
the entire plot. Fish fertilizer was diluted with
10 parts water (v/v) and applied by hand as
a drench around the base of the plants in
2007–09, side dressed with a sprayer on each
side of the row in 2010, and injected through
the drip system (fertigation) in 2011–16.
Fertilization with fish was split into seven
equal applications every 2 weeks from mid-
April to early July.

The cultivars were chosen because of
their popularity at the time and their different
fruiting seasons. Fertility management was
also expected to be more difficult in ‘Duke’
(more sensitive to N rate and soil pH) than in
‘Liberty’, based on our experience in con-
ventional systems.

Data collection. Plants were irrigated
using a single line of polyethylene drip tubing
(Netafim, Fresno, CA) containing 2-L·h–1

pressure-compensating, inline emitters every
0.3 m. Lines were located along the row near
the base of plants and covered with the mulch
or weed mat. A second line of drip (located
on the other side of the plant crown) was also
installed right after planting in weed-mat
plots in anticipation of possible requirements
for additional irrigation associated with
higher temperatures in the treatment (Cox,
2009; Neilsen et al., 2003; Williamson et al.,
2006). Irrigation was controlled by electric
solenoid valves and an automatic timer set
weekly and scheduled based on changes in
soil water content. Rows planted on raised
beds or flat ground (main plot effect)
and with organic mulch (sawdust and com-
post + sawdust) or weed mat could be
irrigated independently. The total amount
of irrigation water applied to these treat-
ments was recorded using water meters.
Irrigation was adjusted in the treatments to
maintain soil water content at 25% to 30%
during the growing season. Soil water content
was measured between two plants in each
plot to a depth of 30 cm using a time domain
reflectometry system and waveguides (model
Trase System 1; SoilMoisture Equip. Corp.,
Santa Barbara, CA). Leaf water potential was
also measured periodically in the plots using
a pressure chamber (model 600; PMS In-
strument Co., Corvallis, OR) (Larco, 2010) to
ensure the plants were well watered (Bryla
and Strik, 2007). Irrigation was generally
applied from mid to late May through Sep-
tember each year.

Soil temperature data were collected
using HOBOS 8K (Onset Corporation,
Bourne, MA) from 2007 to 2009 and using
copper-constantan wire thermocouples and
a CR1000 data logger (Campbell Scientific
Instruments, Logan, UT) from 2010 to 2014.
All readings were taken from June through
December each year. The sensors and
thermocouples were installed in two random

plots each of the flat ground and raised
bed treatments mulched with sawdust and
weed mat (high rate of fish solubles only).
In each case, temperature was measured
0.1 m from the plant crown at a depth of
5 cm below the soil–mulch interface.
Monthly mean, maximum, and minimum
soil temperatures collected during the first
2 years after planting were presented by
Larco (2010). Here, we present diurnal
changes in temperature that were measured
every 15 min during a midsummer period in
July 2014, when the planting had reached
maturity.

Plant tissue (most-recent fully expanded
leaves in late July to early August from three
replicates) and soil (autumn, ‘Duke’ plots
only; five reps) samples were collected each
year. Soil samples were collected between
plants to a depth of 0.2 m at the center of the
row using a 2.4-cm diameter chrome-plated
steel soil probe (Soil Sampler Model Hoffer;
JBK Manufacturing, Dayton, OH). Mulch
was removed from the soil surface before
taking the samples and replaced afterward.
Soil and tissue samples were analyzed for
macro- and micronutrients, organic matter,
and pH by a commercial testing labora-
tory (Brookside Laboratories, New Bremen,
OH). Leaf tissue analyses indicated that the
concentration of B was low in the leaves
(<30 ppm) in 2009 and 2012–15 (Hart et al.,
2006). Therefore, borate was applied to the
soil in Autumn 2010 and Spring 2013 and
2014, and boric acid was applied to the
foliage in Spring 2010, 2015, and 2016, at
rates of 0.7–2.2 kg·ha–1 B per year. The
concentration of Ca and Mg were also low
in the leaves in 2012. Therefore, gypsum
and epsom salt were applied at rates of
245 kg·ha–1 Ca and 56 kg·ha–1 Mg, respec-
tively, before the 2013 growing season.

Ripe fruit were harvested by hand about
every 7 d from each experimental unit (plot).
‘Duke’ was harvested two to three times per
year, somewhere between 13 June and 27
July each year, and ‘Liberty’ was harvested
three to four times per year, somewhere
between 6 July and 24 Aug. The fruit were
weighed from each plot to calculate yield and
sold to a commercial organic berry packer
(fresh and processed markets) to estimate the
returns in each treatment (Strik and Vance,
2017). During the course of the study, any
presence of the commonly occurring pollen-
borne Blueberry shock virus (BlShV) was
noted, and the proportion of the plot showing
symptoms (necrotic flowers), and thus not
producing fruit, was estimated annually. We
did not see a high incidence of BlShV in the
planting but adjusted yield to account for any
fruit loss from the virus. There was no
evidence that infection by B1ShV was treat-
ment related.

A random subsample of 25 berries was
also taken from the plots on each harvest
date to determine average berry weight
(a weighted seasonal average mass was then
calculated) and berry firmness and diameter.
Berry firmness and diameter were mea-
sured using a firmness tester (FirmTech II;

BioWorks, Inc., Wamego, KS). The subsam-
ples were then macerated by hand in a zip-
pered plastic bag and measured for percent
TSS using a temperature-compensated digital
refractometer (Atago, Bellevue, WA). Berry
diameter, firmness, and TSS are reported as
seasonal averages. There were insufficient
resources to take these measurements in 2015
and 2016.

Planting management. Other than the
aforementioned treatments, all plots were
managed similarly. Scouting or trapping to
monitor any incidence of virus, disease, or
insect pests was done annually, per standard
practice (DeFrancesco et al., 2016). To help
control spotted wing drosophila [Drosophila
suzukii (Matsumura)], the planting was
sprayed with either a spinosad (metabolites
of Saccharopolyspora spinosa) insecticide
(Entrust� SC; Dow Agro Science, Indian-
apolis, IN) or a pyrethrin (PyGanic EC 1.4;
Valent, Walnut Creek, CA) in 2011–16. The
products were applied once every 7–14 d
from the time when ‘Liberty’ fruit first turned
blue through the end of harvest. ‘Duke’ was
only sprayed in 2015 and 2016 (one time per
year) because of an earlier presence of the
pest, as determined by monitoring traps in the
field. Bacillus subtilis fungicide (Serenade�

MAX; AgraQuest, Davis, CA) was applied
to the field at the recommended label rate
in spring 2013–16 to control gray mold
(Botrytis cinerea Pers.). A scare alarm (Bird
Gard LLC, Sisters, OR) and laser (AgriLaser;
Bird Control Group, Delft, the Netherlands;
2016 only) were used to reduce depredation
from birds. No other pests were observed or
identified in the planting through the course of
the study.

Plants were pruned each winter to main-
tain a balance of vegetative growth and fruit
production (Strik and Buller, 2005; Strik
et al., 1990, 1993).

Statistical analysis. Data were analyzed
using PROC MIXED in SAS software pack-
age ver. 9.3 (SAS Institute, Cary, NC). Yield
and fruit quality traits were first characterized
across years using a split-split-split plot de-
sign [year as the main effect (n = 7–9),
planting method as the subplot (n = 2),
fertilizer rate and source as the sub-subplot
(n = 4), and combinations of cultivar and
mulch as sub-sub-subplots (n = 6)] and then
reanalyzed within years using a complete
factorial of the original split-split-plot design.
Contrasts were used to compare the effect of
fertilizer source and rate and mulch type on
measured variables. Means were separated at
the 5% level using Tukey’s honest significant
difference test.

Results and Discussion

The impacts of planting method, fertil-
izer, mulch, and cultivar on fruit quality traits
and yield over this 10-year study were com-
plex with many interactions among treat-
ments (Table 1).

Yield. Yield increased as the plants ma-
tured (Figs. 1–3) and reached a maximum or
‘‘mature’’ level by the eighth growing season
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Table 1. Results of analysis of variance for the impact of year (2008–16; n = 9 for yield; n = 7 for fruit quality variables), plantingmethod (raised bed or flat ground;
n = 2), fertilizer source and rate (feather meal or fish solubles at low or high rate of nitrogen; n = 4), mulch (sawdust, yard debris compost topped with sawdust,
weed mat; n = 3) and cultivar (Duke, Liberty; n = 2). Actual P value provided unless nonsignificant.

Treatment Yield (kg/plant) Berry wtz (g) Berry diam (mm) TSSy (%) Firmness (g·mm–1 deflection)

Year (yr) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Planting Method (PM) <0.0001 <0.0001 0.001 <0.0001 NS

Yr · PM <0.0001 0.0027 NS
x

NS NS

Fertilizer (Fert) <0.0001 0.0031 0.002 <0.0001 <0.0001
Yr · Fert <0.0001 0.0113 0.0001 NS <0.0001
PM · Fert NS NS NS 0.0477 NS

Yr · PM · Fert NS NS NS 0.0131 0.0404
Mulch <0.0001 0.0095 NS NS 0.0088
Yr · Mulch 0.0042 NS NS <0.0001 <0.0001
PM · Mulch 0.001 NS NS NS NS

Yr · PM · Mulch 0.0116 NS NS NS NS

Fert · Mulch <0.0001 NS NS NS NS

Yr · Fert · Mulch 0.0014 NS NS NS 0.0455
PM · Fert · Mulch NS NS NS NS NS

Yr · PM · Fert · Mulch NS NS NS 0.0308 NS

Cultivar (cv.) <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
Yr · cv. <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PM · cv. <0.0001 NS NS <0.0001 NS

Yr · PM · cv. 0.012 NS 0.0027 NS NS

Fert · cv. <0.0001 0.0002 0.0002 <0.0001 <0.0001
Yr · Fert · cv. <0.0001 0.0173 NS 0.0011 0.0006
PM · Fert · cv. 0.0002 NS NS 0.0379 NS

Yr · PM · Fert · cv. NS NS NS NS NS

Mulch · cv. <0.0001 NS 0.0005 NS NS

Yr · Mulch · cv. 0.0017 0.0085 NS 0.0324 NS

PM · Mulch · cv. 0.0005 NS NS NS NS

Yr · PM · Mulch · cv. 0.0386 NS NS NS NS

Fert · Mulch · cv. <0.0001 NS NS NS NS

Yr · Fert · Mulch · cv. NS NS NS NS NS

PM · Fert · Mulch · cv. NS NS 0.043 NS NS

Yr · PM · Fert · Mulch · cv. NS NS NS NS NS

zBerry weight was the seasonal weighted average for each year (2008–14).
yTSS = average total soluble solids for the year (2008–14).
x
NS = nonsignificant at P > 0.05.

Fig. 1. Effect of using organic mulch (compost + sawdust or sawdust only) or weed mat on yield of (A, C) ‘Duke’ and (B, D) ‘Liberty’ northern highbush
blueberry. The plants were grown on (A, B) flat ground or (C, D) raised beds in a certified organic planting in western Oregon and harvested from the second
through the 10th growing season (2008–16).Means are averaged over four fertilizer treatments [feather meal and fish solubles applied at low (29–73 kg·ha–1 N
per year) or high (57–140 kg·ha–1 N per year) rates]. Error bars represent ±1 SE.
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(2014), which is typical for western Oregon
(Julian et al., 2011a, 2011b). Yield was un-
usually low in ‘Duke’ in 2013 because of
a high level of bird depredation (B. Strik,
personal observation). Yield significantly de-
clined in both cultivars from 2014 to 2015 (P#
0.05) but was similar in 2015 and 2016. Based
on our experience, once plants reach full
maturity, yield tends to fluctuate from year
to year as a result of differences in pruning
andweather conditions. Similar fluctuations in
yield were noted in another long-term organic
study on 10 cultivars of northern highbush
blueberry (Strik et al., 2017).

There was an interaction between plant-
ing method, mulch type, and cultivar on yield
over the study period (Table 1; Fig. 1A–D).
Planting on raised beds hadmore of a positive
effect on yield compared with flat ground
during the establishment years than when

plants became mature (Table 2; Larco et al.,
2013a). There was more of a mulch effect on
yield in ‘Liberty’ grown on flat ground
(Fig. 1B) or raised beds (Fig. 1D) and ‘Duke’
grown on flat ground (Fig. 1A), particularly
in the later years, as compared with little
effect of mulch when ‘Duke’ was grown on
raised beds (Fig. 1C). On average, plants
grown on raised beds had a significantly
greater cumulative yield (17%) than those
planted on flat ground (Table 3). However,
there was a significant interaction between
planting method and cultivar with ‘Liberty’
grown on raised beds producing 22% greater
cumulative yield (2008–16) than those on flat
ground (31.0 vs. 25.4 kg/plant, respectively),
whereas there was no effect of planting
method in ‘Duke’ (averaged 21.3 kg/plant).
Larco et al. (2013a) found no significant
effect of planting method on root dry weight

at the end of the first fruiting season (2008).
However, we did findmore root production in
raised beds than on flat ground for ‘Duke’
during the establishment years (Valenzuela-
Estrada et al., 2011). Although the soil type at
this location would be considered ideal for
blueberry production in our region, it is
possible that improved plant growth and
yield on raised beds were due to better
aeration and root growth during the study
period.

There was a significant interaction of
fertilizer (source and rate) and cultivar on
yield over the study period (Table 1). In
‘Duke’, plants fertilized with feather meal
had a greater yield in most years of the study
compared with those fertilized with fish, with
yield being particularly low at the high rate of
fish (Fig. 2A). By contrast, there was rela-
tively little effect of fertilizer source or rate in
‘Liberty’ (Fig. 2B). When treatment effects
were analyzed by year, plants fertilized with
feather meal had a greater average yield than
those fertilized with fish (significant contrast
for fertilizer source) in six of the nine study
years (Table 2). There was no significant
effect of fertilizer rate in any year except for
2015, when plants fertilized with the low rate
of N had a greater yield than those receiving
the high rate, on average.

Cumulative yield was significantly affected
by fertilizer, fertilizer · mulch, fertilizer ·
cultivar, andmulch · cultivar (Table 3). Plants
fertilized with feather meal averaged 10%
greater yield than those fertilized with fish.
In addition, plants receiving the low rate of
fertilizer had a 4% greater cumulative yield
than those at the high rate. ‘Duke’ plants
fertilized with feather meal had a greater
cumulative yield (24.3 kg/plant) than those
fertilized with the low (20.0 kg/plant) or
high rate (16.1 kg/plant) of fish (data not
shown). By contrast, the cumulative yield of
‘Liberty’ was similar when fertilizing with
the low or high rate of fish and the high rate
of feather meal (averaging 28.4 kg/plant),
and only plants fertilized with the low rate of
feather meal had significantly reduced yield
(26.5 kg/plant) compared with the low rate
of fish (29.2 kg/plant) (data not shown). It is
clear that ‘Duke’ was particularly sensitive
to fertilizer source, with fish leading to a
35% reduction in cumulative yield com-
pared with feather meal.

When plants were mature, the relative
fertilizer product costs were $2,128/ha and
$4,235/ha for the high rate of feather meal
($15.20/kg of N) and fish ($30.25/kg of N),
respectively. Although fertilizing with the
low rate of feather meal would thus reduce
product costs considerably compared with
the high rate of fish (�$3,171/ha less), there
is risk that there would be insufficient N
available at critical times with an associated
reduction in yield, as we noted in ‘Liberty’.
Application of feather meal also requires
opening and closing the weed mat twice per
year (or once if left open in between appli-
cations) compared with fertigation with fish
solubles. Although the weed mat may need to
be opened for other reasons (e.g., checking

Fig. 2. Effect of fertilizing with low (29–73 kg·ha–1 N per year) or high (57–140 kg·ha–1 N per year) rates of
feather meal or fish solubles on yield of (A) ‘Duke’ and (B) ‘Liberty’ northern highbush blueberry. The
plants were grown in a certified organic planting in western Oregon and harvested from the second
through the 10th growing season (2008–16). Means are averaged over a combination of two planting
method (flat ground and raised beds) and three mulch (compost + sawdust, sawdust, and weed mat)
treatments. Error bars represent ±1 SE.
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the irrigation system and adding organic
matter or other granular fertilizers), this
would add an estimated $2,625/ha in labor
costs (at $15/h) per year (Julian et al., 2011b).

Growers who prefer fertigation could use
fish solubles at a lower rate (reducing
product costs by $1,585/ha in our study),
as we found that yield of plants was

equivalent or higher at the low rate of fish
compared with the high rate. Of note is that
these fertilizer products are considerably
more expensive than what might commonly
be used for conventional production—$169/ha
for granular urea and $206/ha for liquid
urea (fertigation), if applied at an equivalent
high rate of N per hectare. Fertilization in
organic production systems thus adds a
considerable management cost as compared
with conventional.

Plants grown with weed mat had a greater
yield than those grown with sawdust or
compost + sawdust (contrast) in five of the
9 years (Table 2). During the first 3 years of
establishment, plants mulched with compost +
sawdust had a greater yield than when
sawdust was used (contrast, Table 2), but
there was no difference between these two
mulches in the later years of the study. Our
results of improved growth in young, estab-
lishing blueberry when using compost as
a mulch agree with the findings of Burkhard
et al. (2009); however, their study did not go
long enough to test long-term impacts. Choi
et al. (2011) reported no effect of a wood chip
mulch compared with weed mat in organic
apple trees (Malus ·pumilaMill.) in a 6-year
study, although cultivars did respond differ-
ently. In a 5-year study, the yield of rabbiteye
blueberry plants was greater with pine straw
or pine bark mulch than with weed mat
(Krewer et al., 2009).

When plants were grown with weed mat
mulch, fertilization with fish at either rate led
to particularly low yield in 2011–14 compared
with compost + sawdust or sawdust mulch
alone (Fig. 3). This is a rather important
finding as weed mat is the most commonly
used mulch in organic plantings established
since 2006 in this region. There was less of an
effect of fertilizer source with sawdust mulch
(a reduction in yield occurred mainly for the
high rate of fish). In compost + sawdustmulch,
fertilization with fish reduced yield relative to
feather meal in 2011 and 2012.

Cumulative yield was greatest for plants
grown with weed mat and fertilized with
feather meal, whereas when plants were
fertilized with fish yield was reduced with
no effect of mulch type (Fig. 4). There was no
effect of mulch type on cumulative yield of
‘Duke’ (21.2 kg/plant, on average), but in
‘Liberty’, cumulative yield was greater with
weed mat (29.8 kg/plant) than with sawdust
or compost + sawdust (26.9 kg/plant) (data
not shown).

Berry weight and size. Berry weight was
affected by all treatments (main effect), as
well as many significant interactions (Ta-
ble 1). Berry weight was greater on raised
beds than on flat ground when plants were
young (2008–09) or mature (2013–14), but
not during the other establishment years (data
not shown). Although average berry weight
for the entire study period was significantly
greater on raised beds than on flat ground
(Table 3), it is unlikely the difference found
(3% or 0.06 g) would be significant to the
industry or markets. In ‘Duke’, berry weight
was significantly lower for plants fertilized

Fig. 3. Effect of fertilizing with low (29–73 kg·ha–1 N per year) or high (57–140 kg·ha–1 N per year) rates of
feather meal or fish solubles on yield of northern highbush blueberry. The plants were mulched with
(A) compost + sawdust, (B) sawdust, or (C) weed mat in a certified organic planting in western Oregon
and harvested from the second through the 10th growing season (2008–16). Means are averaged over
a combination of two planting method (flat ground and raised beds) and two cultivar (‘Duke’ and
‘Liberty’) treatments. Error bars represent ±1 SE.
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with the high rate of fish during several of the
establishment years, whereas ‘Liberty’ plants
fertilized with fish had a greater berry weight
in several years (Table 1; Fig. 5). There was
a significant year · mulch · cultivar interac-
tion for berry weight (Table 1). Berry weight
was lower with weed mat in ‘Duke’ in
2010–11 than the other mulches, whereas in
‘Liberty’, weed mat and compost + sawdust
had similar berry weight in all years, whereas
sawdust had the greatest berry weight in
2013 (data not shown).

‘Duke’, on average, produced signifi-
cantly larger berries than ‘Liberty’ over the
course of the study (Table 3). Although there
was a significant fertilizer · cultivar · mulch
interaction, the response of berry diameter to
treatments was similar to that described pre-
viously for berry weight (data not shown). In
addition, treatments differed <1 mm in berry
diameter and thus were likely not of eco-
nomic significance.

Berry TSS and firmness. Berry TSS was
affected by year, fertilizer, and cultivar (main
effects), and by several interactions (Table 1).
In ‘Liberty’, plants fertilized with the low
rate of feather meal had lower TSS than the

other fertilizer treatments in 2011, but there
was little treatment effect in other years (data
not shown). In ‘Duke’, plants fertilized with
the high rate of fish had a greater TSS than
other treatments from 2008 to 2012 (data not
shown). Over the study period, on average,
plants fertilized with the low rate of N had
a lower berry TSS than those receiving the
high rate, and those fertilized with fish had
a higher berry TSS than when feather meal
was used (Table 3). However, the cultivars
differed, as there was no effect of fertilizer
source or rate on TSS in ‘Liberty’ (15.5% on
average), whereas in ‘Duke’, TSS was high-
est when fertilized at the high (13.7%) or low
(13.4%) rate of fish and was significantly
lower when using feather meal (12.9% and
13.1% for low and high rate, respectively;
data not shown).

While there was a year ·mulch · cultivar
interaction on TSS (Table 1), the differences
were inconsistent and relatively small (data
not shown), and there was no effect of mulch
on TSS over the study period, on average
(Table 3). There was a year · planting
method · mulch · fertilizer interaction on
TSS (Table 1). For plants grown on flat

ground, TSS was higher when fertilized
with the high rate of fish and when grown
with compost + sawdust and weed mat; with
sawdust mulch, the high rate of fish was
similar to the other fertilizers except for
a lower TSS when the low rate of feather
meal was used (data not shown). Burkhard
et al. (2009) found increased TSS in blue-
berry mulched with seafood waste compost
as compared with other mulches in Nova
Scotia, Canada, whereas Tertuliano et al.
(2012) found little effect of mulch type on
berry weight and TSS in rabbiteye blue-
berry in Georgia. In addition, there was no
effect of various organic fertilizers on TSS
in southern highbush blueberry at harvest
in Chile (Echeverría et al., 2009).

When plants were grown on raised beds,
fertilization with the high rate of fish in-
creased TSS only in plants grown with
sawdust or weed mat mulch (data not shown).
Over the course of the study (Table 3), plants
grown on raised beds produced berries with a
lower TSS than those on flat ground, particu-
larly in ‘Liberty’ (15.2% vs. 15.7%, respec-
tively) as compared with ‘Duke’ (13.1% vs.
13.3%, respectively) (data not shown).

Table 2. Impact of planting method, fertilizer source and rate, mulch type, and cultivar on the average yield per plant of northern highbush blueberry from the
second growing season or first fruiting year (2008) through 2016 when grown in a certified organic planting in western Oregon.

Yield (kg/plant)

Treatments 2008 2009 2010 2011 2012 2013 2014 2015 2016
Planting method (PM)
Flat 0.30 bz 1.48 b 1.51 b 2.36 b 2.76 b 2.68 b 4.33 b 3.78 a 3.58 b
Raised 0.40 a 1.90 a 1.98 a 2.75 a 3.27 a 3.07 a 4.94 a 3.65 a 4.35 a

Fertilizer (Fert)
Low Feather 0.27 c 1.64 b 1.73 a 2.85 a 3.31 a 3.06 ab 4.96 a 3.93 a 3.83 a
Low Fish 0.46 a 1.83 a 1.81 a 2.29 b 2.87 b 2.79 bc 4.52 b 3.95 a 3.98 a
High Feather 0.32 bc 1.87 a 1.83 a 2.91 a 3.30 a 3.15 a 5.03 a 3.53 b 3.94 a
High Fish 0.35 b 1.43 c 1.61 b 2.07 c 2.58 c 2.50 c 4.02 c 3.46 b 4.11 a

Mulch
Compost + sawdust 0.36 b 1.73 a 1.86 a 2.49 a 2.90 b 2.78 b 4.63 a 3.75 a 3.78 b
Sawdust 0.29 c 1.52 b 1.67 b 2.50 a 2.97 b 2.83 ab 4.64 a 3.57 a 3.85 b
Weed mat 0.39 a 1.83 a 1.70 b 2.61 a 3.17 a 3.02 a 4.63 a 3.84 a 4.26 a

Cultivar (cv.)
Duke 0.29 b 1.66 a 1.33 b 2.45 b 2.71 b 1.90 b 3.91 b 3.35 b 3.58 b
Liberty 0.40 a 1.72 a 2.16 a 2.62 a 3.32 a 3.85 a 5.36 a 4.09 a 4.35 a

Significancey

PM 0.0163 0.0009 0.0391 0.0057 0.0051 0.0008 0.0015 NS 0.0031
Fert <0.0001 <0.0001 0.0045 <0.0001 <0.0001 0.0033 <0.0001 0.0241 NS

PM · Fert NS NS NS NS NS NS NS NS NS

Mulch <0.0001 <0.0001 0.0041 NS 0.0221 0.0442 NS NS 0.0061
PM · Mulch NS 0.0185 NS NS NS NS NS NS 0.0096
Fert · Mulch NS NS NS NS NS 0.0093 NS 0.0011 0.0078
PM · Fert · Mulch NS NS NS NS NS NS NS 0.0119 NS

cv. <0.0001 NS <0.0001 0.0115 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PM · cv. NS NS 0.0010 NS 0.0158 0.0046 0.0019 NS 0.0050
Fert · cv. <0.0001 0.0002 0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 0.0004
PM · Fert · cv. NS NS NS NS NS NS NS NS NS

Mulch · cv. NS NS NS NS NS NS 0.0244 0.0183 0.0020
PM · Mulch · cv. NS NS NS NS NS NS 0.0042 NS 0.0479
Fert · Mulch · cv. NS 0.011 NS NS 0.0150 NS NS NS NS

PM · Fert · Mulch · cv. NS NS NS NS NS NS NS NS NS

Contrastsx

Feather vs. Fish <0.0001 0.0213 NS <0.0001 <0.0001 0.0008 <0.0001 NS NS

Low rate vs. High rate NS NS NS NS NS NS NS 0.0028 NS

Organic mulch vs. Weed mat <0.0001 <0.0001 NS NS 0.0072 0.015 NS NS 0.0015
Compost vs. Sawdust <0.0001 <0.0001 0.0021 NS NS NS NS NS NS

zMeans followed by the same letter are not significantly different as determined by analysis of variance using Tukey honest significant difference test (P > 0.05).
yActual P values provided unless nonsignificant (NS; P > 0.05).
xContrasts for fertilizer source (‘‘Feather vs. Fish,’’ averaged over nitrogen rate); N rate (‘‘Low rate vs. High rate,’’ averaged over source); the average response of
sawdust and compost + sawdust mulch compared with weed mat (‘‘Organic mulch vs. Weed mat’’); and compost + sawdust mulch compared with sawdust mulch
alone (‘‘Compost vs. Sawdust’’).
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Berry firmness was affected by year,
fertilizer, mulch type, cultivar, and many
interactions (Table 1). Over the study years,
there was an interaction between fertilizer
and planting method as well as fertilizer ·
mulch. During the first and second fruiting
seasons (2008–09), berries were firmest when
plants were fertilized with the high rate of fish
and least firm when fertilized with the low
rate of feather meal, regardless of planting
method. The greater firmness found during
the establishment years when fertilizing with
the high rate of fish may have been related
to the smaller berries produced in this treat-
ment. On flat ground, fertilization with
feather meal at either rate reduced firmness
in 2011–12. By contrast, only plants fertil-
ized with the low rate of feather meal had
reduced firmness when grown on raised beds
(2011–13 only) (data not shown). The pattern
in berry firmness from 2008 to 2014 was
quite similar across the fertilizer treatments,
regardless of mulch type (Fig. 6). However,
the difference between fish (firmer fruit) and

Table 3. Impact of planting method, fertilizer source and rate, mulch type, and cultivar on the cumulative yield per plant of northern highbush blueberry from the
second (first fruiting year) through the 10th growing season (2008–16) and average fruit quality (2008–14) when grown in a certified organic planting in
western Oregon.

Cumulative yield (kg/plant) Berry wtz (g) Berry diam (mm) TSSy (%) Firmness (g·mm–1 deflection)

Planting method (PM)
Flat 22.8 bx 2.18 b 17.8 a 14.5 a 168 a
Raised 26.7 a 2.24 a 17.9 a 14.2 b 170 a

Fertilizer (Fert)
Low Feather 25.5 a 2.20 b 17.8 ab 14.1 c 165 c
Low Fish 24.6 a 2.25 a 17.9 a 14.4 b 169 b
High Feather 25.8 a 2.21 b 17.8 ab 14.3 b 169 b
High Fish 22.2 b 2.20 b 17.8 b 14.6 a 173 a

Mulch
Compost + sawdust 24.3 b 2.21 ab 17.9 a 14.4 a 170 a
Sawdust 23.9 b 2.23 a 17.9 a 14.3 a 168 a
Weed mat 25.4 a 2.19 b 17.8 a 14.3 a 169 a

Cultivar (cv.)
Duke 21.2 b 2.29 a 18.4 b 13.2 b 177 a
Liberty 27.9 a 2.14 b 17.3 a 15.5 a 161 b

Significancew

PM 0.0377 0.0008 NS 0.0002 NS

Fert <0.0001 0.0195 NS <0.0001 <0.0001
PM · Fert NS NS NS NS NS

Mulch 0.008 0.0442 NS NS NS

PM · Mulch NS NS NS NS NS

Fert · Mulch 0.0255 NS NS NS NS

PM · Fert · Mulch NS NS NS NS NS

cv. <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
PM · cv. 0.0004 NS NS 0.0021 NS

Fert · cv. <0.0001 0.0017 0.009 <0.0001 0.0021
PM · Fert · cv. NS NS NS NS NS

Mulch · cv. 0.0107 NS 0.0192 NS NS

PM · Mulch · cv. NS NS NS NS NS

Fert · Mulch · cv. NS NS NS NS NS

PM · Fert · Mulch · cv. NS NS NS NS NS

Contrastsv

Feather vs. Fish <0.0001 NS NS <0.0001 <0.0001
Low rate vs. High rate 0.0295 NS 0.0474 0.0003 <0.0001
Organic mulch vs. Weed mat 0.0028 0.024 NS NS NS

Compost vs. Sawdust NS NS NS NS 0.0261
zSeasonal weighted average calculated for each year and the mean presented here (2008–14).
yTSS = average total soluble solids for study period (2008–14).
xMeans followed by the same letter are not significantly different as determined by analysis of variance using Tukey HSD test (P > 0.05).
wActual P values provided unless nonsignificant (NS; P > 0.05).
vContrasts for fertilizer source (‘‘Feather vs. Fish,’’ averaged over nitrogen rate); N rate (‘‘Low rate vs. High rate,’’ averaged over source); the average response of
sawdust and compost + sawdust mulch compared with weed mat (‘‘Organic mulch vs. Weed mat’’); and compost + sawdust mulch compared with sawdust mulch
alone (‘‘Compost vs. Sawdust’’).

Fig. 4. Effect of organic mulch (compost + sawdust or sawdust only) or weed mat and fertilizing with low
(29–73 kg·ha–1 N per year) or high (57–140 kg·ha–1 N per year) rates of feather meal or fish solubles on
cumulative yield of northern highbush blueberry. The plants were grown in a certified organic planting
in western Oregon and harvested from the second through the 10th growing season (2008–16). Means
are averaged over a combination of two planting method (flat ground and raised beds) and two cultivar
(‘Duke’ and ‘Liberty’) treatments. Error bars represent ±1 SE. Different letters above the bars in the
graph indicate the means are significantly different at P # 0.05, as determined by LSMEANS.
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feather meal (least firm) was more pro-
nounced for weed mat than for sawdust or
compost + sawdust mulch when plants were
young. Plants grown with compost + sawdust
and fertilized with the high rate of fish also
had firmer fruit than with the other fertilizer
treatments from 2011 to 2013. When data
were analyzed by year, plants fertilized with
fish produced firmer fruit than with feather
meal in five of the 7 years (data not shown).
Also, fertilization with the higher rate of
either product increased berry firmness com-
pared with the low rate in six of the 7 years.
The impact of mulch was inconsistent with
weed mat decreasing berry firmness com-
pared with the organic mulches (sawdust and
compost + sawdust) in two of the 7 years, but
increasing firmness in three of the 7 years.
Adding compost to the mulch increased berry
firmness in two of the 7 years relative to
sawdust mulch alone (data not shown).

There was a fertilizer · cultivar interac-
tion on the overall average berry firmness
(2008–14) (Table 3) and throughout each

year of the study (data not shown). In
‘Duke’, berries were the softest when fer-
tilized with the low (173 g·mm–1 deflection)
and high (176 g·mm–1) rate of feather meal
and were the firmest with the high rate of
fish (182 g·mm–1). In ‘Liberty’, plants
grown with the low rate of feather meal
produced softer fruit (157 g·mm–1) than the
other fertilizer treatments (162 g·mm–1 on
average). The inconsistent results that we
found for mulch effects on TSS and firmness
agree with what has been reported in apple
(Choi et al., 2011).

Soil temperature and irrigation water
applied. Hourly average soil temperature
over a 9-d period in July 2014 averaged 2
and 3 �C warmer under weed mat than
sawdust mulch when grown on raised beds
and flat ground, respectively (Fig. 7). Larco
(2010) measured a 3 and 6.5 �C higher soil
temperature under weed than sawdust on
a warm day in July 2007; these differences
were likely larger as plants were in their first
growing season in 2007, thus exposing more

of the weed mat to the sun compared with the
mature plants in our study. Larco (2010) also
noted a reduced net difference in soil tem-
perature under weed mat and sawdust from
2007 to 2008 and reduced soil temperature
fluctuations from day to night and with the
seasons. Similar effects of plastic mulch or
weed mat compared with a mulch of organic
material on soil temperature has also been
reported by others (Cox, 2009; Runham et al.,
2000; Strik et al., 2006). Magee and Spiers
(1995) found that white-on-black plastic
polyethylene based mulches led to greater
plant growth and yield than black plastic or
black woven fabric mulches in southern
highbush cultivars because of a decreased
soil temperature in the more reflective
mulches. During the early establishment
years, we found that plants had a greater
root dry weight when grown with sawdust
(114 g/plant, on average) as compared with
weed mat (87 g/plant) (Larco et al., 2013a)
and had greater root production under saw-
dust than weed mat at the high fertilizer rate
(Bryla et al., 2017). Larco (2010) reported
a greater soil bulk density under weed
mat as compared with sawdust mulch in
2008 and speculated that this led to re-
duced root growth under weed mat in early
establishment. We will report on the longer-
term impact of these mulches on root growth
separately.

Raised beds required greater amounts of
irrigation water (4424 L/plant, on average,
from 2008 to 2014) to maintain similar levels
of soil water content than did flat ground
plantings (3843 L/plant; Table 4). Raised
beds likely had lower holding water capacity
than flat ground because of enhanced drain-
age (Magdoff and Van Es, 2010; Spiers,
1998; White, 2006). However, planting
method may also have affected plant water
requirements. Larco et al. (2013a) found that
plants grown on raised beds had greater shoot
to root ratios, and therefore, potentially use
more water per unit root volume than plants
grown in flat ground.

Plantings grown with weed mat required
as much as 1072 to 1760 L/plant more
cumulative irrigation than those grown
with sawdust mulch on flat ground and
raised beds, respectively (Table 4). Larco
(2010) speculated that the increase in irri-
gation water requirement in 2007–08 was
likely due to the higher soil temperature
and canopy temperature with weed mat,
as he measured no mulch effect on plant
biomass in Oct. 2008. However, Larco
et al. (2013a) did report an increased top
(wood, leaves, and fruit) to root (crown and
root) ratio in plants grown with weed mat in
both cultivars. It is unknown at this time
whether the mature plants in this trial dif-
fer in biomass allocation, perhaps account-
ing for continued differences in irrigation
requirement.

A lower soil water content under weed
mat relative to a wood chip mulch was also
reported in organic apple production sys-
tems (Choi et al., 2011). In our study, the
added irrigation required for the weed mat

Fig. 5. Effect of fertilizing with low (29–73 kg·ha–1 N per year) or high (57–140 kg·ha–1 N per year) rates of
feather meal or fish solubles on berry weight of (A) ‘Duke’ and (B) ‘Liberty’ northern highbush
blueberry. The plants were grown in a certified organic planting in western Oregon and harvested from
the second through the eighth growing season (2008–14). Means are averaged over a combination of
two planting method (flat ground and raised beds) and three mulch (compost + sawdust, sawdust, and
weed mat) treatments. Error bars represent ±1 SE.
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mulch treatment may have affected nutrient
uptake, as has been shown in apple (Neilsen
et al., 2007) although we did irrigate all
treatments to achieve a similar soil water

content. Weed mat mulch may have also
limited the volume of water from rainfall
penetrating into the plant row, particularly
in raised beds where water would more

likely roll off the surface of the mulch.
Whereas this would not have been likely
during most of the growing season as this is
a period of very limited rainfall (data not
shown) and plants were drip irrigated un-
der the mulch, infiltration of rain water
through the weed mat may have been an
issue from October through May, when
irrigation was not required but root growth
was active (L. Valenzuela-Estrada, unpub-
lished data). Changes in root growth pat-
terns and possibly nutrient availability
under the mulches studied may have af-
fected plant and fruit nutrient status (Krewer
et al., 2009; Lang et al., 2001; Larco et al.,
2013b).

Soil and plant nutrient status. We have
reported the impact of mulch on soil and plant
nutrient status during planting establishment
elsewhere (Larco et al., 2013b, 2014; Strik,
2016; Sullivan et al., 2015). Soil pH remained
in the desirable range for blueberry (4.5–5.5;
Hart et al., 2006) during the entire study
period for all treatments (data not shown).
However, the addition of the high-pH yard
debris compost (pH 7.3) under the sawdust
mulch helped mitigate the decline in soil pH
that occurred over the study from fertilization
and increased soil organic matter content
relative to the other mulch types (Sullivan
et al., 2015). By contrast, when a high-pH on-
farm compost (pH 7.5) was incorporated as
an amendment before planting blueberry,
there was a significant reduction in yield over
10 years (Strik et al., 2017). Differences in
these responses may be due to the different
application methods (mulch vs. amendment),
but also the pH buffering capacity of the
composts (Costello and Sullivan, 2014). In
our study, use of yard debris compost as part
of the mulch increased soil K during the
establishment years (Larco et al., 2014;
Sullivan et al., 2015), which may have
long-term implications for plant nutrient
status, especially for Mg (Eck, 1988; Krewer
and Ruter, 2012). In a 2-year study, Burkhard
et al. (2009) noted that the use of seafood
waste compost increased soil pH and plant leaf
K concentration. Although they found greater
vigor and yield in the compost-mulched plots,
the yield of the 5- to 7-year-old plants in their
study was very low (0.03–0.2 kg/plant). In our
study, the addition of yard debris compost to
the mulch had no significant effect on cumula-
tive yield as compared with sawdust mulch
alone (Table 3). We will report the long-term
treatment effects on soil and plant nutrient
status separately.

Overview. Blueberry plants in our study
performed better (‘Duke’) or similarly (‘Lib-
erty’) when fertilized at the lower rate of N
than at the higher rate. Cultivar differences in
performance with fertilizer N has also been
reported for southern highbush blueberry in
Florida (Wilber and Williamson, 2008). In
our study, it was clear that plants did not
require more fertilizer N than what was
provided by the low rate of N, either through
the split application of feather meal or the
seven equal applications of fish solubles that
were fertigated. Other than the first year of

Fig. 6. Effect of fertilizing with low (29–73 kg·ha–1 N per year) or high (57–140 kg·ha–1 N per year) rates of
feather meal or fish solubles on berry firmness (seasonal average) in northern highbush blueberry. The
plants were mulched with (A) compost + sawdust, (B) sawdust, or (C) weed mat in a certified organic
planting in western Oregon and harvested from the second through the eighth growing season (2008–
14). Means are averaged over a combination of two planting method (flat ground and raised beds) and
two cultivar (‘Duke’ and ‘Liberty’) treatments. Error bars represent ±1 SE.
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growth, when feather meal was applied too
late (Larco et al., 2013a), the fertilizer N was
apparently available when plants needed it in
spring (Ba~nados, 2006; Ba~nados et al., 2012;
Throop and Hanson, 1997). Any additional N
provided by the ‘‘slow-release’’ N available
in the yard debris compost (Gale et al., 2006;
Sullivan et al., 2003) in the compost +
sawdust mulch did not lead to an increase
in yield. The added N in the compost was
either not available at a time when plants
require it (Hartz and Johnstone, 2006) or
provided N above plant requirements. In
conventional production, blueberry has not
shown increased yield with higher rates
of N above 50 kg·ha–1 (Ba~nados, 2006;
Cummings, 1978; Ehret et al., 2014; Strik
and Buller, 2014; White, 2006). Additional
N fertilizer is recommended when using
a mulch with a high C:N ratio (e.g., sawdust
compared with compost + sawdust or weed
mat) (Hart et al., 2006; Williamson et al.,
2006), as these mulches immobilize some
of the fertilizer N (White, 2006). However,
even the low rate of N was likely sufficient
to account for any such immobilization.
Although higher rates of N have reduced
yield in some blueberry studies (Ba~nados
et al., 2012; Eck, 1977), we did not find a
reduced yield at the ‘‘high’’ rate, except when
using fish solubles in ‘Duke’. There may have

been differences in availability or distribu-
tion of N in the root zone when fertilizing
with feather meal or fish solubles. In addition,
it is possible that other nutrients present in the
fish fertilizer, particularly K, may have re-
duced yield in ‘Duke’.

Adding yard debris compost to the mulch
increased weed presence likely because the
more inert and drier top layer of sawdust
eroded from wind or was disturbed when
weeds were pulled by hand, and weed seeds
that blew into the field quickly germinated
in the exposed compost layer. The added
weed management required in the com-
post + sawdust mulch thus made this treat-
ment the least cost effective (especially as
there was no benefit to yield) (Julian et al.,
2012; Strik and Vance, 2017). Strik and
Vance (2017) reported total weed manage-
ment costs over the 2006–14 study period
(including installation, replenishment, and
weed-control products and labor) of $16,088,
$31,977, and $45,656 per hectare, for the
weed mat, sawdust, and compost + sawdust
mulch treatments, respectively. In ‘Duke’,
even with no significant effect of mulch on
cumulative yield, net returns would be greater
when using weedmat mulch (Strik and Vance,
2017). In ‘Liberty’, weed mat increased cu-
mulative yield 11% compared with the other
mulches, further increasing net returns.

There may be some disadvantages to
using weed mat mulch in the long-term, in
addition to the higher irrigation require-
ment we measured in our study. We noted
a greater presence of voles (Microtus spp.)
under the weed mat, as noted by Granatstein
and Mullinix (2008), but this did not reduce
yield in our study. The reduction in soil
organic matter that has been observed over
time (Atucha et al., 2011; Choi et al., 2011;
Larco et al., 2014; Neilsen et al., 2003;
Sullivan et al., 2015) may be avoided by
adding organic matter as a mulch, under-
neath the weed mat; this has looked prom-
ising in blueberry (Strik et al., 2017).
Mulches have also had an effect on soil
nutrient availability, microfauna, and nu-
trient fluxes (e.g., Forge et al., 2003;
Goulart et al., 1997; Sullivan et al., 2015).
We will address the long-term impact of
mulches and fertilizer source on blueberry
plant and soil nutrient status in a subsequent
article.

When this study was initiated in 2006,
the most common organic production sys-
tem in this region was growing plants on
raised beds with a sawdust mulch and
fertilizing with a high rate of fish. In our
study, the yield of ‘Duke’ and ‘Liberty’
during the mature production years (2014–16)
was the equivalent of 8.9–12.3 t·ha–1 and

Fig. 7. Diurnal changes in soil temperature in flat ground and raised beds of northern highbush blueberry mulched with sawdust or weed mat. The planting was
certified organic and located in western Oregon. Temperature was measured at a depth of 5 cm below the soil–mulch interface. Data are presented for 3–11
July 2014.

Table 4. The total amount of irrigationwater applied to northern highbush blueberry during the first 8 years after planting (2007–14). The plants were grown on flat
ground or raised beds mulched with sawdust or weed mat in a certified organic planting in western Oregon.

Irrigation applied (L/plant)

Treatment 2007 2008 2009 2010 2011 2012 2013 2014 2007–14

Flat ground
Sawdust 247 69 242 480 517 561 506 685 3,307
Weed mat 449 190 227 506 616 650 938 802 4,379

Raised beds
Sawdust 282 170 295 480 517 561 506 733 3,544
Weed mat 651 465 287 556 685 730 952 977 5,304

HORTSCIENCE VOL. 52(9) SEPTEMBER 2017 1211



11.8–23.7 t·ha–1, respectively, for this pro-
duction system, depending on year. Grow-
ing plants on raised beds with weed mat
instead of sawdust, yet still fertilizing with
a high rate of fish (now common in our
region) increased yield 16% in ‘Duke’, but
had no effect on yield of ‘Liberty’. How-
ever, when plants were fertilized with the
high rate of feather meal, instead of fish, and
were still grown with weed mat, yield in-
creased by an additional 20% in ‘Duke’ (to
10.2–19.3 t·ha–1), but again had little effect
in ‘Liberty’ (13.5–22.7 t·ha–1). These yields,
particularly for the best-performing treat-
ment combination in ‘Duke’, are similar to
those observed in commercial conventional
fields or organic farms using similar man-
agement practices (B. Strik, personal obser-
vation). They are also similar to what was
reported for mature ‘Duke’ and ‘Liberty’
grown in differing amendment and mulch-
ing systems in long-term organic production
(Strik et al., 2017). Tertuliano et al. (2012)
reported similar yields of rabbiteye blue-
berry in Georgia when comparing organic
and conventional production systems. How-
ever, they did note higher production costs
for some of their organic treatments, as we
noted for fertilizer costs above and for weed
management in Strik and Vance (2017). It is
clear that choice of the organic production
system used in our region can have a signif-
icant impact on yield, production costs, and
net returns.
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