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SUMMARY. Equipment with hydraulic implements are often used to maintain turf-
grass surfaces. Hydraulic implements can malfunction and lead to leaks or spills of
hydraulic fluid, which is phytotoxic to turfgrass. Previous research has documented
extensively hydraulic fluid injury on warm-season turfgrasses, but these effects have
not been evaluated on cool-season grasses and warrant further investigation.
Therefore, the objectives of this study were to compare phytotoxicity of petroleum,
vegetable, and synthetic hydraulic fluids on a creeping bentgrass (Agrostis stoloni-
fera) putting green and to evaluate the influence of postapplication remediation
practices on reducing turfgrass injury. Turfgrass injury was evaluated over a 4-week
period in 2011 and 2012 after simulated hydraulic fluid leak and remediation
practices were applied. Complete necrosis was observed after 28 days for all hy-
draulic fluid types. However, water rinse (RO) or detergent soap solution drench
followed by brushing in/water rinse (SBR) remediation practices effectively elim-
inated turfgrass injury by the end of the 4-week period for synthetic polyalkylene
glycol fluid treatments, but no other hydraulic fluid types. Turfgrass managers
might consider the synthetic polyalkylene glycol hydraulic fluid tested in this study
as a less phytotoxic alternative to petroleum hydraulic fluids if a remediation
practice is implemented after a leak or spill.

T
urfgrass managers routinely use
mowers and other machinery
that operate hydraulic imple-

ments tomaintain turfgrass surfaces and
surrounding landscapes. These hydrau-
lic implements rely on highly pressur-
ized fluids tomove various components
and activatemotors on equipment. Not
unlike other pieces of equipment, hy-
draulic implements have the capability
to malfunction or break down during
operation. When this happens, highly
pressurized and hot hydraulic fluid has
the potential to leak or spill onto the
turfgrass. Most conventional hydraulic
fluids are phytotoxic to turfgrass and, if
the leak is not detected and turf not
immediately remediated, can create ex-
tensive turfgrass necrosis (Johns and
Beard, 1979).

Conventionally, hydraulic fluids
are petroleum-based oils comprised

significantly of hydrocarbons.Hydrocar-
bons are toxic to plants and animal life,
and leaks or spills can create long-term
environmental hazards (Aislabie et al.,
2004; Bai and Li, 2013). In addition,
these introduced hydrocarbons are hy-
drophobic and coat soil particles while
also increasing carbon-to-nitrogen ratios
in the soil that limit plant nutrient
availability (Aislabie et al., 2004; Everett,
1979).

Conventional petroleum-based
hydraulic fluids leaks often result in
rapid phytotoxic effects on turfgrass.
Reports have noted drying and curl-
ing of leaves that darken in color
immediately after a spill, with leaf
chlorosis taking place within 24 h
on ‘Tifgreen’ hybrid bermudagrass
(Cynodon dactylon · C. transvaalen-
sis) (Elliott and Prevatte, 1995;
Johns and Beard, 1979). Complete
necrosis to all aboveground plant

tissue has been observed within
48 h, and residual effects in the soil
are reported to impact turfgrass per-
formance from 4 months to 1 year
after the spill (Bai and Li, 2013;
Elliott and Prevatte, 1995). In addi-
tion, Berndt et al. (2018a) docu-
mented significant reductions in
visual green color for the first 3 d after
a petroleum-based hydraulic fluid
spill on a ‘TifEagle’ hybrid bermuda-
grass putting green using digital im-
age analysis. After 3 d, the turf
appeared fully necrotic and there
were no further significant reduc-
tions in visual green color.

During the early 1990s, vegetable-
based oils for hydraulic fluids were de-
veloped as an environmentally safe and
nontoxic alternative to petroleum-based
fluids (Cheng et al., 1991).When tested
on turfgrass, both petroleum- and veg-
etable-based fluids resulted in complete
leaf necrosis. However, the rate of
necrosis was much slower on turfgrass
applied with the vegetable hydraulic
fluid, occurring 7 d after application
compared with petroleum hydraulic
fluid producing full necrosis after 2 d
(Elliott and Prevatte, 1995). No differ-
ences in percent turf recovery were
observed, but chlorosis as a result of
petroleum-based fluid remaining in
the soil for a longer period was still
evident more than 1 year later. Berndt
et al. (2018b) provided further confir-
mation when simulated spills resulted
in significantly greater injury area for
petroleum-based fluid compared with
a vegetable oil-based fluid over a 139-
d period. Nonlinear regression mod-
eling and simulation of these data
predicted full recovery after 494 and
303 d for petroleum and vegetable oil
hydraulic fluids, respectively.

In addition, synthetic hydraulic
fluids are often designed to improve
lubrication, stability, and optimal
performing conditions in compari-
son with petroleum- and vegetable/
seed-based oils and are derived from
six major base stock types including
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polyalkylene glycols and diesters
(Beatty and Greaves, 2006; Sumer-
lin, 2010). Synthetic hydraulic fluids
were first developed for the turfgrass
industry beginning in 2005 and were
marketed as biodegradable and less
phytotoxic than petroleum and vegeta-
ble oil hydraulic fluids (Berndt, 2007).
In a greenhouse experiment on ‘TifEa-
gle’ ultradwarf hybrid bermudagrass,
a synthetic polyalkylene hydraulic fluid
resulted in 40% necrosis 4 d after treat-
ment (DAT) but recovered completely
by 10 DAT, whereas turfgrass treated
with vegetable and petroleum hydraulic
fluid were completely dead (Berndt,
2007). In field experiments on putting
greens of multiple warm-season turf-
grass varieties, Berndt (2007) reported
that a synthetic hydraulic fluid treat-
ment consistently produced signifi-
cantly smaller injury area, less necrosis,
and quicker recovery than both vegeta-
ble and petroleum oil treatments. Fur-
thermore, injured area on a ‘TifEagle’
hybrid bermudagrass putting green de-
creased by 30.9% from 1 DAT to 38
DAT following a simulated spill of
a synthetic hydraulic fluid, whereas pe-
troleum- and vegetable oil-based fluids
increased the injury area by 120.3% and
73.9%, respectively (Berndt et al.,
2017). Despite these observations, syn-
thetic hydraulic fluids have yet to be
tested on cool-season turfgrass putting
greens. Considering the less aggressive
rhizomatous growth habit of cool-sea-
son turfgrasses such as creeping bent-
grass (Agrostis stolonifera), the potential
for synthetic hydraulic fluid to serve as
a viable replacement to conventional
petroleum-based hydraulic fluids re-
quires additional evaluation.

In addition, posthydraulic spill
remediation practices are important
in limiting turfgrass phytotoxicity and
necrosis, and accelerating recovery.
Powell (1981) evaluated various
methods of remediation practices af-
ter spills on a ‘Penncross’ creeping
bentgrass putting green that included
various detergents soaps, activated
charcoal, and calcined clay. A diluted
detergent applied to the turfgrass
immediately after spill, scrubbed in,
and rinsed thoroughly was the rec-
ommended practice to promote the
quickest recovery (Powell, 1981). In
a separate study on ‘Tifgreen’ hybrid
bermudagrass, a granular detergent
drenched to form suds and then
rinsed off provided 90% recovery
within 4 weeks, whereas activated

charcoal and calcined clays achieved
25% and 15% recovery, respectively
(Johns and Beard, 1979). However,
visual observations have indicated that
high concentrations and quantities of
detergent soap could cause phytotox-
icity to the turf, exacerbating phyto-
toxicity even further (Berndt, 2018).
Berndt et al. (2017) used nonlinear
regression modeling of the hydraulic
fluid injury area to demonstrate that
a water rinse after spill reduced healing
time from 224 to 65 d from spill of
a synthetic polyalkylene glycol fluid on
a ‘TifEagle’ hybrid bermudagrass
green. However, the water rinse treat-
ment was not effective for petroleum

and vegetable hydraulic fluid spills,
with a healing time longer than 400
d regardless of whether rinse treatment
was applied. If synthetic hydraulic
fluids are to become widely adapted
for use in the turfgrass industry, addi-
tional evaluation of remediation
methods after synthetic hydraulic fluid
spills on cool-season turfgrass is
needed to develop best management
practices to limit turfgrass injury and
promote recovery.

Therefore the objectives of this
study were 1) to compare the phyto-
toxic effects of four hydraulic fluids of
different types when applied to
a creeping bentgrass putting green

Table 1. Analysis of variance table of turfgrass injury evaluation main effects and
interactions on a ‘PennA-4’ creeping bentgrass putting green in 2011 and 2012.
Probability values in bold are highest order significant (P £ 0.05) treatments
interactions that warrant further discussion.

Effect

Turfgrass injury

2011 2012

df P > F df P > F

Block 3 — 3 —
Hydraulic fluid 4 <0.0001 4 <0.0001
Remediation 2 <0.0001 2 <0.0001
Hydraulic fluid · Remediation 8 <0.0001 8 <0.0001
Days after treatment (DAT) 4 <0.0001 4 <0.0001
Hydraulic fluid · DAT 16 <0.0001 16 <0.0001
Remediation · DAT 8 <0.0001 8 <0.0025
Hydraulic fluid · Remediation · DAT 32 <0.0001 32 <0.0001

Fig. 1. Visual turfgrass injury severity ratings (0–5 scale, where 2 is minimum
acceptability and 5 is brown, dead turf) of a creeping bentgrass putting green as
affected by hydraulic fluid treatment with no remediation practice by days after
treatment (DAT) in 2011 and 2012. The line at the turfgrass severity rating of
2 indicates a visual reference of minimum acceptability. The least significant
difference (LSD) bar indicates the LSD value to make treatment comparisons within
the evaluation date. PHF, petroleum hydraulic fluid; VHF, vegetable hydraulic
fluid; SHF1, synthetic polyalkylene hydraulic fluid; SHF2, synthetic diester
hydraulic fluid.
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and 2) to determine the influence of
postapplication remediation treat-
ments on reducing injury.

Materials and methods

EXPERIMENTAL AREA. This trial
was conducted during the 2010 and
2011 growing seasons on a mature
‘Penn A-4’ creeping bentgrass modi-
fied, sand-based, root-zone putting
green at the Joseph E. Valentine Turf-
grass Research Center in University
Park, PA. The trial was initiated on
29Aug. and concluded 26 Sept. 2011,
and was repeated from 27 Aug. to 24
Sept. 2012. Soil physical properties of
the putting green were a sandy loam
with a pH of 7.1 and 1.8% organic

matter. Mowing was performed six
times weekly at 3.1 mm.

TREATMENTS. Five hydraulic
fluid treatments were applied to the
turfgrass surface as follows: one con-
ventional petroleum-based hydrau-
lic fluid [PHF (Toro Premium All
Season; Toro, Bloomington, MN)],
one vegetable oil hydraulic fluid
[VHF (Greens Care Plus 46; Terre-
solve Technologies, Eastlake, OH)],
two synthetic hydraulic fluids—
a polyalkylene glycol [SHF1 (EnBio
TCS; EnBio Industries, Lake Worth,
FL)] and a diester [SHF2 (Mobil
EAL Envirosyn 46H; Mobil, Irving,
TX)]—and an untreated control.
Each hydraulic fluid was heated to
a temperature of 60 �C with an
electric ceramic hot plate to mimic

temperature during equipment op-
eration. Fluid treatments were ap-
plied linearly at a flow rate of 15mL/
ft to ensure consistent spill width
using a funnel-equipped oil can
(Plews Funnel 75-444; Plews-Edell-
man, Dixon, IL) within individual
3 · 6-ft plots.

Each hydraulic fluid treatment
was subjected to three postapplica-
tion remediation treatments. The
three remediation treatments in-
cluded RO, SBR, and no remedia-
tion (untreated control) applied
within 12 min after application. RO
treatments were applied to the fluid
spill with a carbon dioxide backpack
sprayer at 50 psi equipped with a sin-
gle flat-fan nozzle (TP8015E; Tee-
Jet, Wheaton, IL) and delivered
a total of 8.5 L water to each spill
area. For SBR treatments, 333 mL of
5% soapy detergent water (Ajax Dish
Liquid; Colgate-Palmolive Co., New
York, NY) was applied along the fluid
spill as described previously and then
was scrubbed in with a stiff-bristled
brush perpendicular to the fluid spill.
This process was repeated until 2 L of
the detergent soap–water solution
had been applied to the turfgrass, at
which point a 6.5-L water rinse was
applied.

EVALUATIONS. Ambient tempera-
ture, relative humidity, and wind speed
were recorded at the time of applica-
tion using a handheld weather meter
(Kestrel 3000; Nielsen-Kellerman,
Boothwyn, PA). Turfgrass injury was
evaluated on 0 to 5 scale, where 0 = no
visible turfgrass injury, 2 = minimal
acceptable injury, and 5 = brown or
dead turfgrass. Evaluations of turfgrass
injury were evaluated 3, 7, 14, 21, and
28 DAT.

STAT I S T I CAL DE S IGN AND

ANALYSIS. This trial was designed as
a 5 · 3 factorial design in a random-
ized complete block design with
four replications. Each replication
included treatments of simulated
hydraulic fluid spills from five differ-
ent hydraulic fluid treatment factors
that included PHF, VHF, SHF1,
SHF2, and an untreated control. In
addition, each replication included
three remediation factors of RO,
SBR, and an untreated control post-
hydraulic spill in combination with
each hydraulic fluid treatment.

Data were analyzed as a repeated-
measures experiment using the PROC
MIXED procedure of SAS (version

Fig. 2. Visual turfgrass injury severity ratings (0–5 scale, where 2 is minimum
acceptability and 5 is brown, dead turf) of a creeping bentgrass putting green as
affected by water rinse only (RO), detergent soap solutionD brushed inD water
rinse (SBR), and no remediation practice (untreated control) after simulated spill
of (A) petroleum hydraulic fluid, (B) vegetable hydraulic fluid, (C), synthetic
polyalkylene hydraulic fluid, and (D) synthetic diester hydraulic fluid by days after
treatment (DAT) in 2011. The line at the turfgrass severity rating of 2 indicates
a visual reference of minimum acceptability. The least significant difference (LSD)
bar indicates the LSD value to make treatment comparisons within the evaluation
date.
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9.3; SAS Institute Inc., Cary, NC)
using a compound symmetry covariate
structure. Treatment means for signif-
icantmain effects and interactions were
separated using Fisher’s protected least
significant difference test. An alpha
value of 0.05 was used to determine
statistical significance.

Results and discussion
During both trial years, there

was a significant three-way treatment
interaction of hydraulic fluid, remedi-
ation practice, and DAT on turfgrass
injury (Table 1), which indicates that
the effect of hydraulic fluid type by
remediation practice interaction var-
ied with DAT. The treatment effect
of year on the three-way treatment
interactionwas significant and, therefore,

data from each year were analyzed
separately.

HYDRAULIC FLUID. Regardless of
year, the untreated control never dis-
played symptoms of turfgrass injury
on any date (Fig. 1). In addition, all
hydraulic fluid treatments injured
turfgrass to unacceptable levels by 3
DAT and resulted in plant death by
14 DAT when no remediation prac-
tices were applied (Fig. 1). In 2011,
PHF and SHF1 treatments resulted
in plant death by 3 DAT, whereas
VHF and SHF2 did not cause plant
death until 14 DAT (Fig. 1). Simi-
larly, the following year, in 2012, the
SHF1 treatment resulted in plant
death 3 DAT, but PHF did not kill
turfgrass until 7 DAT (Fig. 1). As in
2011, VHF did not result in plant

death until 14 DAT in 2012, but
SHF2 caused more rapid plant death
than the previous year at 7 DAT
(Fig. 1).

Over both years, data indicate
that turfgrass death was most rapid
with SHF1 hydraulic fluid whereas
VHF was the slowest among evalu-
ated hydraulic fluids if no remediation
measures were taken. The other two
hydraulic fluids, PHF and SHF2, var-
ied in pace of injury during the 2
years, with plant death occurring be-
tween 7 and 14 DAT. Regardless of
the pace of injury, all hydraulic fluid
treatments resulted in plant death.

REMEDIATION PRACTICE. Reme-
diation practice effectiveness was
influenced by hydraulic fluid type
during both years of this trial (Table
1). The RO and SBR remediation
practice treatments were effective in
reducing injury in plots treated with
SHF1, but not with SHF2, VHF, and
PHF (Figs. 2 and 3). On turf treated
with SHF1, both remediation prac-
tice treatments lowered turfgrass in-
jury significantly compared with no
remediation on all evaluation dates,
and resulted in acceptable levels of
turfgrass injury 14 DAT in both years
(Figs. 2 and 3). The RO remediation
treatment resulted in less turfgrass
injury compared with the SBR treat-
ment on two and four evaluation
dates in 2011 and 2012, respectively
(Figs. 2 and 3). Conversely, for the
other three hydraulic fluid treat-
ments, neither RO nor SBR remedi-
ation treatments were able to reduce
injury to acceptable levels over the
28-d evaluation period (Figs. 2 and
3). However, in 2011, it did appear
that the SBR treatment began to re-
duce turfgrass injury compared with
no remediation at the 28-d evaluation
date for the PHF and SHF2 hydraulic
treatments (Fig. 2).

All hydraulic fluids tested in this
trial, regardless of chemical compo-
sition, resulted in eventual turfgrass
death by 14 DAT after treatment
if no remediation practices were
taken immediately after application
(Fig. 1). Observations of turfgrass
death following spills of petroleum-
based hydraulic fluids resulting from
phytotoxicity agree with previ-
ous findings (Berndt, 2007; Elliott
and Prevatte, 1995; Johns and
Beard, 1979). As reported previ-
ously on warm-season turfgrasses
(Berndt, 2007; Berndt et al.,

Fig. 3. Visual turfgrass injury severity ratings (0–5 scale, where 2 is minimum
acceptability and 5 is brown, dead turf) of a creeping bentgrass putting green as
affected by water rinse only (RO), detergent soap solutionD brushed in D water
rinse (SBR), and no remediation practice (untreated control) after simulated spill
of (A) petroleum hydraulic fluid, (B) vegetable hydraulic fluid, (C) synthetic
polyalkylene hydraulic fluid, and (D) synthetic diester hydraulic fluid by days after
treatment (DAT) in 2012. The line at the turfgrass severity rating of 2 indicates
a visual reference of minimum acceptability. The least significant difference (LSD)
bar indicates the LSD value to make treatment comparisons within the evaluation
date.
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2017), these results demonstrated
that vegetable-based hydraulic fluids
caused complete turfgrass necrosis
and are not considered a less phyto-
toxic alternative to petroleum hy-
draulic fluids. Without remediation
practices, both synthetic hydraulic fluid
treatments killed turfgrass.Other reports
have noted initial turfgrass injury with
synthetic hydraulic fluids on ultradwarf
bermudagrass, but necrosis was not
complete and slow regeneration of the
turfgrass stand was observed (Berndt,
2007; Berndt et al., 2017). This discrep-
ancy is likely related to the vigorous
rhizomatous growth habit of ultradwarf
bermudagrass compared with creeping
bentgrass that can accelerate regenera-
tion of healthy tissue posthydraulic fluid
application (McCarty, 2005) and, possi-
bly, to chemical composition (Berndt
et al., 2018b). The RO and SBR post-
application remediation practices were
not effective in lessening turfgrass injury
for petroleum hydraulic fluid tested in
our study despite previous work noting
the effectiveness of SBR treatments
(Johns and Beard, 1979; Powell,
1981). More recently, Berndt et al.
(2017) reported slight decreases in in-
jury expansion time if RO treatments
were used after petroleum hydraulic
spills, but suggested these differences
might not be practical to turf managers.
In addition, remediation practices were
not significant in reducing injury from
vegetable-based hydraulic oils in this
study, as confirmed previously (Berndt
et al., 2017). However, both remedia-
tion practices reduced injury in SHF1
treatments significantly, but were not
effective in reducing injury from SHF2.
Berndt et al. (2017) also demonstrated
that an RO treatment could reduce
significantly turfgrass injury from
SHF1. The disparity of remediation
practice efficacy between the two syn-
thetic hydraulic fluids in this study could
potentially be the result of differences in
chemical composition and properties
(Berndt et al., 2018b), although this
study did not seek to confirm this claim.

Discussion
The findings of this research in-

dicate the severity of turfgrass injury

that can occur on creeping bentgrass
putting greens when hydraulic spills
occur. Hydraulic fluid type did not
ultimately influence turfgrass injury
if no remediation practices were
taken. However, remediation prac-
tices were able to minimize turfgrass
injury effectively for synthetic poly-
alkylene glycol treatments, confirm-
ing previous reports (Berndt et al.,
2017), but not synthetic diester hy-
draulic fluid treatments. Due to this
finding, turfgrass managers might
consider the synthetic polyalkylene
glycol hydraulic fluid evaluated in
this study as a viable alternative to
conventional hydraulic fluids as long
as the product meets performance
expectations. Additional research is
needed to confirm these results on
cool-season turfgrass injury in this
trial between petroleum, vegetable,
and synthetic hydraulic fluids. Further-
more, testing of additional hydraulic
fluid types and remediation practices
on turfgrass injury in conjunction with
performance characteristics to deter-
mine top-performing hydraulic fluids
for the turfgrass industry would be
beneficial.
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