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ABSTRACT. Nursery producers depend on clean irrigation and efficient soilless
substrates to successfully produce salable plants. Little information is available
regarding the quality of irrigation and pine bark used in large eastern Virginia
nurseries, despite the impact eastern Virginia nurseries have on Virginia
horticulture sales. The objective of this case study was to investigate whether
large nurseries located in eastern Virginia maintained irrigation and substrate
quality within recommended standards. Irrigation pondwater (n 5 8) samples
were collected and tested for chemical properties, including pH, electric
conductivity, alkalinity, total suspended solids, hardness, calcium, iron, and sodium.
Additionally, pine bark-based substrates (n 5 9) were collected and tested for
substrate physical properties, including water storage, air-filled porosity, total
porosity, and bulk density. The results of this case study showed that nursery
irrigation pondwater had lower alkalinity values than recommended standards,
while pine bark-based substrates used by large nurseries slightly exceeded air-filled
porosity recommendations. However, all other parameters measured were generally
within acceptable recommended standards.

The Virginia horticulture industry
generated nearly $370 million of
US farmgate sales and comprised

approximately 1500 farms in 2022
(US Department of Agriculture 2023).
Virginia nurseries contributed approxi-
mately 41% of Virginia horticulture
sales (�350 farms) and was nation-
ally ranked 16th in nursery produc-
tion in 2022 (Stallknecht and South
2025). Large nurseries located within
eastern Virginia account for a sizable
portion (�2800 acres; Virginia nursery
producers) of the total acreage of nurs-
ery stock grown in the state (�9100
acres) (Stallknecht and South 2025).

Nursery operations rely on con-
sistent and clean resources to produce
container plants and ensure produc-
tion fruition, including high-quality
irrigation and soilless substrates (Raviv
et al. 2019). Many eastern Virginia
nursery growers use on-site retention

ponds to collect and recirculate leached
irrigation water with the aim of reduc-
ing groundwater consumption and
limiting runoff (Fain et al. 2000;
Virginia nursery producers). Addition-
ally, nearly all outdoor Virginia nursery
growers produce container crops in a
pine bark-based substrate (Virginia
nursery producers).

Poor water quality in irrigation
retention ponds such as adverse pH
levels, undesired salts, or imbalanced
minerals can lead to crop losses, non-
uniform growth, and costly setbacks
(Fulcher et al. 2016). Additionally, in-
consistent substrate quality, including
nonideal physical properties, such as
suboptimal water storage or air-filled
porosity (AFP), can result in superflu-
ous irrigation applications and exacer-
bate fertilizer loss, negatively impacting
plant growth and production sustain-
ability (Mathers et al. 2007).

Despite the importance of irriga-
tion water and substrate quality for
successful production, limited infor-
mation is available regarding the cur-
rent state of irrigation pondwater and
soilless substrates used by large nurs-
eries in eastern Virginia. The objective
of this case study was to investigate
whether large nurseries located in
eastern Virginia maintained irriga-
tion and substrate quality within rec-
ommended standards.

Materials and methods
Samples of irrigation pondwater

(n5 8) and soilless substrates (n5 9)
were collected from willing eastern
Virginia nurseries. Individual nurseries
are not identified because of privacy con-
cerns. The nursery operations ranged
across six counties (Hanover, Nelson,
Northampton, Suffolk, Virginia Beach,
and Westmoreland) in Virginia and
primarily spanned across central and
eastern Viginia. All samples were col-
lected at the beginning of the produc-
tion season (May–Jun 2025) between
1000 and 1200 HR.

IRRIGATION AND COLLECTION OF

PONDWATER. Irrigation pondwater sam-
ples were collected as described by Park
et al. (2020). High-density polyethylene
(HDPE) bottles (0.5 L) were used to
collect pondwater samples (n 5 1 nurs-
ery�1). Each HDPE bottle was thor-
oughly rinsed with pondwater three
times before the final collection. All
pondwater samples were collected close
to the submersible intake pump at a
depth of 0.6 m. After collection, sam-
ples were placed in a cooler with cold
packs and then placed in a freezer set
to �2 �C until samples were shipped
for analysis.

Samples were sent to a commer-
cial laboratory (Brookside Laborato-
ries Amplify; New Bremen, OH, USA).
Each sample was analyzed to determine
calcium (Ca; ppm), hardness (ppm),
iron (Fe; ppm), sodium (Na; ppm), and
total suspended solids (TSS) (Brookside
Laboratories Amplify). Pondwater pH
and electrical conductivity (EC) were
measured in-house with a portable
probe (GroLine HI 9814; Hanna In-
struments, Woonsocket, RI, USA). Al-
kalinity (ppm) was also measured in-
house with a handheld colorimeter
(HI775; Hannah Instruments). These
specific parameters were chosen to rep-
resent common challenges that pro-
ducers have with irrigation pondwater
quality.

SOILLESS SUBSTRATE COLLECTION.
Samples of aged pine bark were col-
lected from bark piles that the nurser-
ies used to produce most of their
crops. Sampling procedures were based
on modified methods described by
Kaderabek (2017); at each sampling
location, sub-samples were collected
by removing approximately 3 L of
bark at different horizontal depths
(0.3, 0.6, 0.9, and 1.2 m; n 5 1) and
at a constant vertical depth (1.5 m).
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This sampling method was used to
best represent and mimic how pro-
ducers sample their pine bark materials.
Samples were stored indoors in sealed
4-mm polyethylene bags to minimize
moisture loss in a 20 �C temperature-
controlled room. Within 30 d, all sam-
ples were analyzed to determine sub-
strate physical properties.

The North Carolina State Uni-
versity porometer method was used to
characterize substrate physical proper-
ties (n 5 3) (Fonteno and Harden
2010). Substate physical properties in-
cluded the container capacity (CC;
maximum water storage under gravi-
tational drainage), AFP (minimum air
space under gravitational drainage),
total porosity (total pore space), and
bulk density (dry mass per volume).

STATISTICAL ANALYSIS. All means
and standard deviations (SDs) were
calculated using JMP Pro (18.0.0; SAS
Institute, Inc., Cary, NC, USA).

Results and discussion
IRRIGATION. Irrigation pondwater

from large nurseries in eastern Virginia
generally exhibited suitable chemical
properties for production, with most
parameters within or near recom-
mended ranges (Cabrera and Johnson
2015; Robbins 2018). While some
values exceeded recommendations, re-
sults were comparable with irrigation
water quality from other east coast
specialty crop producers (Argo et al.
1997).

Irrigation water pH plays a critical
role in determining the solubility and
availability of mineral ions in the root
zone (Peterson 1982). Recommended

pondwater pH ranges between 5.2
and 8.0 (Cabrera and Johnson 2015).
Pondwater pH among surveyed nurs-
eries averaged 7.6 ± 0.9 (m ± SD),
with three nurseries exceeding 8.0
(Table 1). In principle, slightly alka-
line pH levels are generally acceptable
if alkalinity values are low (<60 ppm).
Alkalinity indicates the capacity of wa-
ter to resist changes in pH; therefore,
low alkalinity can help manage high
pH caused by low buffering capacity
and rapid changes in pH (Lopez et al.
2010; Robbins 2018). However, al-
kalinity that is too low can result in
inconsistent or declining pH values
throughout production. Eastern Vir-
ginia nurseries generally exhibited low
alkalinity (38.8 ± 23.3 ppm; recom-
mended range, 60–120 ppm) (Cabrera
and Johnson 2015) (Table 1), which
highlighted that producers should be
aware of potential challenges regarding
maintaining pH levels or pH decline
during cropping cycles. High alkalinity
is a more common challenge among
nurseries because high alkalinity resists
acidification and can result in gradual
increases in pH (Lopez et al. 2010).

Water hardness measures the com-
bined concentration of Ca and mag-
nesium (Mg) ions and can provide
additional context for alkalinity (Lopez
et al. 2010). Recommended hardness
values range from 20.0 to 150.0 ppm,
while recommended Ca values range
from 40.0 to 100.0 ppm (Robbins
2018). Average nursery pondwater
hardness (43.0 ± 33.0 ppm) and Ca
(12.2 ± 10.6 ppm) were within or
below these recommended ranges
(Table 1). While low Ca may limit

nutrient availability, high hardness
or Ca can produce residues on fo-
liage (Boser 2023), clog or damage
irrigation equipment (Cabrera and
Johnson, 2015), or result in nutri-
tional imbalances in the root zone.
These measurements indicated that
treatment for hardness is not needed
(Bilderback et al. 2017).

The EC serves as a common proxy
for soluble salt concentrations in irriga-
tion pondwater and is a critical param-
eter in managing cS in the root zone.
Because most container producers rely
on controlled-release fertilizers, rec-
ommended irrigation pondwater EC
is typically low (0.0–0.3 mS·cm�1)
(Robbins 2018). Eastern Virginia
nursery pondwater EC levels were
within recommended levels (0.15 ±
0.1 mS·cm�1) (Table 1). Nursery re-
tention ponds generally collect re-
cycled surface runoff from applied
irrigation, which can inflate pond-
water EC values. High pondwater
EC (>1.0 mS·cm�1) may require in-
creased leaching fractions (volume
of water leached � volume of water
applied) to prevent salt accumulation
in the root zone (Owen et al. 2019);
however, the measured values indi-
cated that increased leaching fractions
are not necessary.

The Na and chloride levels are
common concerns for nursery pro-
ducers because of the potential to in-
duce imbalanced cS and salt stress
(Robbins 2018). Elevated Na levels
can interfere with Ca, Mg, and potas-
sium (K) uptake, modify K:Na ratios,
and increase pH over time. However,
sodium concentrations across surveyed

Table 1. Irrigation pondwater quality of eight large nurseries within eastern Virginia.

Nursery pH EC Alkalinity TSSi Hardness Calcium Iron Sodium

mS·cm21 parts per
million (ppm)

1 7.9 0.23 50.0 80.0 111.5 35.6 <0.1 11.7
2 6.8 0.09 27.0 <1.0 28.4 5.4 <0.1 5.4
3 8.4 0.12 30.0 <1.0 28.8 8.4 <0.1 9.2
4 7.2 0.07 20.0 <1.0 12.3 3.6 <0.1 2.5
5 7.9 0.10 27.0 <1.0 28.8 6.7 <0.1 7.5
6 8.2 0.18 52.0 10.0 44.7 15.0 <0.1 7.5
7 8.7 0.30 87.0 50.0 70.7 17.4 <0.1 28.2
8ii 5.9 0.08 17.0 <1.0 18.6 5.5 <0.1 6.6
m ± SDiii 7.6 ± 0.9 0.15 ± 0.1 38.8 ± 23.3 19.3 ± 35.1 43.0 ± 33.0 12.2 ± 10.6 � 9.8 ± 7.0
Rec. Std.iv 5.2–8.0 0.0–0.3 60.0–120.0 0.0–192.0 20.0–150.0 40.0–100.0 1.0–3.0 0.0–30.0
i Total suspended solids.
iiWater in the retention pondwater was pretreated with chlorine and filtration.
iii m ± SD 5 mean ± standard deviation.
iv Recommended standards by Robbins (2018) and Cabrera and Johnson (2015).
EC 5 electrical conductivity; TSS 5 total suspended solids.
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nurseries averaged 9.8 ± 7.0 ppm and
were within the recommended ranges
(0.0–30.0 ppm).

Additionally, Fe is an important
micronutrient for plant development.
However, high Fe levels can intensify
the growth of Fe-born bacteria pop-
ulations and result in unesthetic foliar
deposits (Bilderback et al. 2017). Pond-
water Fe levels were consistently low
(<0.1 ppm) (Table 1) across surveyed
nurseries and caused little concern
(1.0–3.0 ppm) (Cabrera and Johnson
2015).

Irrigation pondwater can have
high TSS from organic particulates,
sediments, plant debris, or chemical
precipitates from recirculated irriga-
tion or surface runoff. High TSS can
clog emitters or transport pathogens
or residual agrochemicals (Abdi and
Fernandez 2019). Average TSS values
across surveyed nurseries were low
(19.3 ± 35.1 ppm) and within rec-
ommended limits (0.0–192.0 ppm).
Filtration is often recommended for
producers to mitigate potential set-
backs and is necessary when TSS is
high (Fischer et al. 2018).

SOILLESS SUBSTRATES. Large
eastern Virginia nursery producers pri-
marily source their pine bark substrates
from North Carolina because of cost
and local availability (Virginia nursery
producers). The substrates physical
properties measured in this case study
are comparable to those reported by
Altland et al. (2018), who surveyed
physical properties of pine bark from
commercial bark suppliers in North
Carolina.

Eastern Virginia nursery substrates
were, on average, within the recom-
mended CC (0.46 ± 0.08 cm3·cm�3)
and total porosity values (0.81 ±
0.08 cm3·cm�3); the recommenda-
tions for these range from 0.45 to
0.65 cm3·cm�3 and from 0.65 to
0.85 cm3·cm�3, respectively (Bilderback
et al. 2013). Outdoor nursery pro-
ducers in the eastern US will typically
use substrates with lower water stor-
age to mitigate waterlogged con-
tainers and maintain optimal physical
properties during potentially long pe-
riods of high precipitation (Raviv et al.
2019).

Many large eastern Virginia nurs-
ery producers create a single unique
substrate composite or use a pine bark-
based substrate to produce most of
their crops (Virginia nursery producers).
The nurseries surveyed primarily use
pine bark (stand-alone) without mineral
sand (Virginia nursery producers).
Pine bark used in nursery 1 contained
the greatest CC (0.59 cm3·cm�3),
and the producer typically incorpo-
rated two bark substrates (finer par-
ticles and coarser particles) from
different sources (Virginia nursery
producer). The finer particles likely
settle within pores space and contrib-
ute to the increased CC (Table 1)
(Bilderback et al. 2005). Bark sub-
strates from nursery 6 also contained
greater CC (0.55 cm3·cm�3); however,
this is likely attributable to finer bark
particles used for 1-gallon container
production (Virginia nursery pro-
ducer). Nursery 3 produced trees in
larger containers (>15 gallons) and

typically sourced coarser pine bark to
increase drainage.

The substrates surveyed were
slightly above the recommended AFP
values (m ± SD; 0.36 ± 0.08 cm3·cm�3);
recommended values ranged from 0.10
to 0.30 cm3·cm�3 (Table 2). Altland
et al. (2018) also reported average AFP
values >0.30 cm3·cm�3 for aged pine
bark from North Carolina suppliers.
This assessment suggested that Virginia
nursery producers may need to irrigate
at greater volumes or frequently apply
irrigation throughout a singular day to
maintain suitable moisture conditions
or avoid water-related stress (Mathers
et al. 2007). Cyclic irrigation is an ef-
fective irrigation management tech-
nique that can help producers manage
water availability and moisture distribu-
tion in bark-based substrates (Criscione
et al. 2024).

Conclusion
A case study of nine large nurs-

eries located in eastern Virginia was
conducted to investigate whether pro-
ducers maintained irrigation pond-
water and substrate physical properties
within recommended standards. The
results of this case study showed that
irrigation pondwater quality was gen-
erally within recommended standards.
Pondwater alkalinity was, on average,
low across nurseries and highlights that
producers should be aware of poten-
tially quick changes or inconsistent
pondwater pH.

Pine bark substrates used by large
nurseries located in eastern Virginia,

Table 2. Physical propertiesi of pine bark substrates used in outdoor container production for >1-gal. containers within
nine Eastern Virginia nurseries.

Nursery Container capacity Air-filled porosity Total porosity Bulk Density

cm3·cm-3 g·cm-3

1 0.59 0.02ii 0.34 0.04 0.92 0.03 0.18 0.01
2 0.36 0.02 0.37 0.01 0.73 0.01 0.17 0.00
3 0.35 0.03 0.38 0.03 0.73 0.03 0.16 0.01
4 0.42 0.03 0.33 0.07 0.74 0.05 0.21 0.01
5 0.42 0.02 0.42 0.04 0.84 0.06 0.17 0.01
6iii 0.55 0.01 0.22 0.03 0.77 0.02 0.19 0.01
7 0.45 0.01 0.46 0.03 0.91 0.03 0.16 0.01
8 0.44 0.03 0.41 0.05 0.85 0.02 0.16 0.01
9 0.52 0.04 0.28 0.06 0.79 0.02 0.17 0.00
m ± SDiv 0.46 ± 0.08 0.36 ± 0.08 0.81 ± 0.08 0.18 ± 0.02
Rec. Std.v 0.45–0.65 0.10–0.30 0.65–0.85 0.19–0.70
iMeasured during the North Carolina State University porometer analysis.
ii Standard deviation (n 5 3).
iii Primarily used for 1-gal. containers.
iv m ± SD 5 mean ± standard deviation.
v Recommended standards by Bilderback et al. (2013).
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on average, have suitable water stor-
age values; however, average AFP val-
ues were slightly above recommended
values. This highlights that nursery
producers may need to irrigate with
greater volumes or more frequently
apply irrigation to avoid water-related
stress.
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