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Abstract. Municipalities often restrict irrigation of urban landscapes, causing plants to
experience drought stress. Few data are available regarding drought resistance of non-
turfgrass landscape species. This study evaluated the performance of one turfgrass (Poa
pratensis L. ‘Apollo’) and eight herbaceous landscape species (Achillea millifolium L.,
Ajuga reptans L. ‘Bronze Beauty’, Liriope muscari Decne., Pachysandra terminalis Siebold
and Zucc., Sedum album L., Thymus serpyllum L., Vinca major L., and Vinca minor L.)
during a severe drydown and subsequent recovery. This greenhouse study was conducted
in the spring/summer and again in the fall of 2010. S. album performed the best, averaging
254 days to decline to a drought rating of 1 (1 to 9 scale, 1 = dead/dormant and 9 = best
quality). L. muscari and P. terminalis also performed well, averaging 86 days to a drought
rating of 1. V. minor and V. major declined faster than the previous species, averaging 63 days.
A. millifolium, A. reptans, P. pratensis, and T. serpyllum declined the fastest to a drought rating
of 1 (mean 52 days). Thereafter, the only species to recover after 60 days of resuming
irrigation were P. pratensis [46% pot cover (PC)], S. album (38% PC), and V. major (35% PC)
in the spring/summer study; no species recovered during the fall study. Results indicate
S. album, L. muscari, and P. terminalis are the most drought-resistant among the species
evaluated in landscapes where severe drought may occur. V. minor and V. major are good
selections in less severe droughts as is P. pratensis if periods of dormancy are acceptable.

Water resources continue to be depleted
as the world’s population grows. American
families can use up to 1500 L of water per day,
and more than 50% may be used outdoors
(Smith and Brown, 2003). Alig et al. (2004)
used population and land development models
to predict urbanization to increase by as much
as 80% between 2004 and 2025, indicating
more land will be used for irrigated residen-
tial and commercial landscapes. This, along
with already limited water supplies, illustrates
a need for conserving water in the lawn and
landscape. Selection of drought-tolerant spe-
cies for use in the landscape may be one
solution.

It is not uncommon for water municipal-
ities to impart water restrictions on residen-
tial landscapes, which can cause plants to
experience drought stress. Including plants in
the landscape that have the ability to maintain
their quality longer or experience dormancy
during drought, and recover afterward, would

be beneficial in areas with water restrictions
and contribute to reduced water use in areas
without water restrictions. A number of stud-
ies have evaluated drought tolerance of turf-
grass species in the greenhouse or growth
chamber (Huang and Gao, 1999; Jiang and
Huang, 2001; Liu et al., 2007; Qian and Fry,
1997) or in the field (Hook et al., 1992;
Karcher et al., 2008; Merewitz et al., 2010;
Richardson et al., 2008; Steinke et al., 2010).
Few studies, however, have assessed drought
resistance of ornamental landscape species or
directly compared drought resistance between
turf and non-turf groundcovers (Devitt and
Morris, 2008; Domenghini et al., 2013; Staats
and Klett, 1995).

Previous research has indicated succu-
lents such as those in the Sedum genus have
performed well on green roofs, where mois-
ture is typically a limiting factor (Bousselot
et al., 2010, 2011; Kircher, 2004; Monterusso
et al., 2005). One reason Sedum is well suited
for possible drought situations such as on
green roofs is that it has the ability to switch
from using a C3 photosynthetic pathway to a
crassulacean acid metabolism photosynthetic
pathway when growing in an environment
where water is limiting (Phillips and Burrell,
1993; Sayed et al., 1994). This minimizes
water loss during the day, when temperatures
and evaporation are highest.

Among cool-season grasses, Poa praten-
sis is the most commonly used in the United
States for residential and commercial lawns,
parks, and golf courses (Christians, 2004;
Lyman et al., 2007; Turgeon, 2005). One ad-
vantage of P. pratensis is its ability to survive
during extended drought through dormancy
(Christians, 2004; Goldsby, 2013). Drought
resistance of P. pratensis has been studied
by initiating severe drydowns and evaluating
plant responses (Keeley and Koski, 2001; Liu
et al., 2007; Merewitz et al., 2010; Richardson
et al., 2008, 2009). Richardson et al. (2009)
found wide variation in responses to drought
among P. pratensis cultivars and suggested
selection of better-performing cultivars could
result in water conservation.

Turfgrasses are often singled out for re-
placement by presumably more water-efficient
plant species to save water. For example, in
2006, the U.S. Environmental Protection
Agency (EPA) created a voluntary program
called WaterSense to promote water effi-
ciency (WaterSense, 2008). This program lists
criteria for builders to follow to have a home
labeled a WaterSense home. At the inception
of WaterSense in 2006, the outdoor water
efficiency component of the program required
a reduction in the area of turfgrass in the
landscape for the home to qualify for the
WaterSense label. Research is needed, how-
ever, to either validate or refute claims that
turfgrass uses more water or is less drought-
resistant than herbaceous ornamentals.

The objectives of this study were to:
1) evaluate visual drought stress and water
status of one turfgrass and eight herbaceous
non-turf ornamental landscape species during
a severe drydown; and 2) evaluate percent-
age of green groundcover of the same species
during recovery from the severe drydown.

Materials and Methods

Preparation and maintenance of plants in
nursery containers. Two studies were con-
ducted to evaluate performance among spe-
cies during severe drydowns. One study was
conducted in the spring/summer and a second
in the fall of 2010. Large nursery containers
(25 cm diameter · 29.5 cm deep) were used to
minimize root restrictions among species. The
containers were filled with field soil from the
Rocky Ford Turfgrass Research Center near
Manhattan, KS. The soil was a Chase silt loam
(fine, smectitic, mesic, Aquertic, Argiudolls).
The bulk density inside the nursery containers
was 1.53 g·cm–3. Plant species were estab-
lished in the Throckmorton Plant Sciences
Center greenhouse complex in Manhattan, KS
(lat. 39�11#40$ N, long. 96�35#5$ W). One
turfgrass species, P. pratensis ‘Apollo’, a com-
pact type known for good drought tolerance
(Christians, 2004; Goldsby, 2013; Turgeon,
2005), and eight commonly used ornamental
landscape species were selected for the
study. The ornamental species were Achillea
millifolium, Ajuga reptans ‘Bronze Beauty’,
Liriope muscari, Pachysandra terminalis,
Sedum album, Thymus serpyllum, Vinca major,
and Vinca minor. Turfgrass was established in
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nursery containers with sod from the Rocky
Ford Turfgrass Research Center. The orna-
mental species were established by washing
the substrate from the roots of three plants
grown in nursery containers (11.4 cm di-
ameter · 9.5 cm deep), purchased from a
local garden center, and transplanted to the
25-cm diameter containers. Three nursery
containers of each species were established
in each study as replicates.

Continuous measurements of air temper-
ature, relative humidity, and photosyntheti-
cally active radiation (PAR) were recorded at
canopy height in the same vicinity as the
containers during establishment and through-
out each study. Air temperature and relative
humidity were measured using a shaded, ven-
tilated sensor (CS500; Campbell Scientific,
Logan, UT) and PAR was measured using a
quantum sensor (LI-190SA; LI-COR, Lincoln,
NE). Measurements were automatically logged
every minute and then averaged and re-
corded every hour with a micrologger (CR10;
Campbell Scientific).

Establishment of plants for the spring/
summer study took place in the greenhouse
from 19 Nov. 2009 through 17 May 2010.
Average day/night air temperature was 25/
23 �C and supplemental light was included for
12 h·d–1. Plants for the fall study were also
established in the greenhouse from 6 June
2010 through 26 Sept. 2010. Average day/
night air temperature was 26/26 �C and no
supplemental light was used because estab-
lishment was during the summer. Daily max-
imum PAR during establishment of the plants
ranged from 296 to 874 mmol·m–2·s–1 (spring/
summer) and 362 to 1207 mmol·m–2·s–1 (fall).
Containers were maintained well watered dur-
ing establishment of both studies and fertilized
�60 d before the beginning of the drydown at
a rate of 49 kg nitrogen/ha (46N–0P–0K).
Turfgrass in the containers was mowed once
weekly at 9 cm and both turfgrass and orna-
mentals were kept trimmed to the outside edge
of the container to keep the area of vegetation
cover consistent among species. Establish-
ment periods lasted until full pot cover was
reached and the drydowns did not begin until
the establishment period ended. Full pot cover
was reached sooner during the establishment
of the fall study because establishment was
during the summer.

Insecticide applications for controlling
aphids, white fly, spider mites, and scale
during the establishment period included imi-
dacloprid {1-[(6-chloro-3-pyridinyl)methyl]-
N-nitro-2-imidazolidinimine} at 0.014 kg
a.i./ha on 12 Jan. 2010 and 2 Feb. 2010;
spinosad [mixture of (spinosyn A, R=H) and
(spinosyn D, R=CH3)] at 0.2 kg a.i./ha on
12 Jan. 2010; bifenazate {hydrazine carbox-
ylic acid, 2-[4-methoxy-(1,1-biphenyl)-3-yl]
1-methylethyl ester} at 0.06 kg a.i./ha on
2 Feb. 2010 and 10 Sept. 2010; buprofezin (2-
tert-butylimino-3-isopropyl-5-phenylperhydro-
1,3,5-thiadiazin-4-one) at 0.4 kg a.i./ha on
9 Mar. 2010; and pymetrozine [6-methyl-4-
(pyridine-3-ylmethylideneamino)-2,5-dihydro-
1,2,4-triazin-3-one] at 0.37 kg a.i./ha on
10 Sept. 2010.

Once plants were established, containers
were arranged in the greenhouse in a random-
ized complete block design with three replica-
tions. To begin the severe drought, irrigation
of the containers ceased on 18 May 2010 for
the spring/summer study and 27 Sept. 2010 for
the fall study. No irrigation was applied dur-
ing each drydown. Drought effects ratings,
container weight, soil moisture, and a number
of physiological factors described below were
measured until the plants were either dormant
or dead. Irrigation was then applied to the
container and percentage of green ground-
cover was evaluated for 60 d to determine
the level of recovery, if any, from the severe
drought.

Supplemental light was not used during
the spring/summer study but was used in the
fall study for 16 h·d–1 to simulate the longer

daylengths during the spring/summer study.
Daily maximum PAR during each study ranged
from 267 to 909 mmol·m–2·s–1 (spring/summer)
and 301 to 1180 mmol·m–2·s–1 (fall).

Container water loss, soil moisture, drought
ratings, and stomatal conductance. Measure-
ments of container water loss, volumetric soil
water content (qv), and drought ratings were
taken three times per week. Container water
loss was measured by weighing containers
to the nearest gram using an electronic
balance (Model GMBH; Sartorius, Gottingen,
Germany). Measurements of qv in the 0- to
20-cm soil profile were taken using a time
domain reflectometer (Model 6050X1; Soil-
moisture Equipment Corp., Santa Barbara,
CA). Measurements of container water loss
and qv were taken until the plant in the container
had declined to a drought rating of 1.

Fig. 1. Visual estimates of plant drought ratings of each species for Weeks 1, 3, and 6 of the spring/summer
[(A) (began 18 May 2010)] and the fall [(B) (began 27 Sept. 2010)] drydown. Termination dates of
each study varied with species (see text for details). Horizontal dashed line indicates minimal
acceptability (drought rating of 6). Means followed by the same letter within each week are not
significantly different (P = 0.05).
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Drought ratings were evaluated visually
using a scale of 1 to 9 (1 = brown/dead, 6 =
minimally acceptable for home landscape,
and 9 = optimum quality). This scale is the
standard for evaluating turfgrass in the Na-
tional Turfgrass Evaluation Program (NTEP;
Morris, 2000). To maintain as much consis-
tency as possible in drought ratings among
ornamental and turfgrass species, the standard
scale used for evaluating drought by NTEP
was adapted to ornamentals. The amount of
wilt or leaf firing affected the drought rating
with greater wilt or leaf firing resulting in a
lower drought rating. Percentage of green
groundcover was evaluated during the re-
covery phases of both studies using a similar
scale of 1 to 9 (1 = no green cover, 6 =�50%
green cover, 9 = 100% green cover).

Stomatal conductance (gS) was measured
at the beginning stages of the drydown 2 to
8 d to eight days, when sky conditions were
clear, using a steady-state diffusion porometer
(SC-1; Decagon Devices, Pullman, WA). One
living leaf of the ornamentals was randomly
selected near the top of the canopy and five or
six P. pratensis leaves growing close to one
another (enough to cover the measurement
chamber orifice) were selected for measure-
ments. One measurement was taken per con-
tainer. Stomatal conductance was no longer
detectable in any species after 35 and 36 d of
treatment (DOT) during the spring/summer
and fall studies, respectively.

To evaluate possible effects of PAR on gS,
PAR was measured with a quantum sensor
(LI-190SA; LI-COR) between each gS mea-
surement. All measurements of gS and PAR
generally required �30 min on each mea-
surement day. Stomatal conductance was not
measured on three species (A. millifolium,
T. serpyllum, and S. album) because their
leaves were too small to cover the measure-
ment chamber orifice of the porometer.

Data analysis. Weekly averages of total
water loss, drought ratings, and qv data were
calculated among species. Water loss, drought
ratings, and qv were analyzed for differences
among species using the general linear model
procedure in SAS as a randomized complete
block design (SAS Institute, Cary, NC). Means
were separated using Fisher’s protected least
significant difference (LSD) at P = 0.05.

Stomatal conductance data were evaluated
for differences among species on each mea-
surement day. As a result of missing data
points in gS, the mixed model procedure in
SAS was used. Means were separated using
LSD at P = 0.05. Stomatal conductance was
below detectable limits in some containers
within a species treatment near the end of
each drydown, resulting in no recorded
measurement.

Results and Discussion

There was a significant interaction between
the two studies; therefore, data from each study
are presented separately.

Drought ratings. To illustrate transient
trends among species, average drought ratings
are presented for Weeks 1, 3, and 6 (Fig. 1).

During the spring/summer study, individual
containers of some species had declined to
a drought rating of 1 by Week 6 (i.e., no data
were collected from those containers thereaf-
ter). On average, all species maintained min-
imal acceptable drought ratings (6 or higher)
through Week 3 in both studies with the ex-
ception of P. pratensis in the fall. In a field
study conducted in the summer in New Jersey,
visual turf quality in two P. pratensis culti-
vars also dropped below a rating of 6 by 2 to

3 weeks after irrigation was curtailed (Merewitz
et al., 2010). In a field study conducted in the
summer near the present greenhouse study, the
visual quality of P. pratensis declined below 6
by �2 weeks after beginning a water-deficit
treatment of 20% of evapotranspiration re-
placement (Fu et al., 2004).

S. album and L. muscari maintained drought
ratings higher than 6 through Week 6 of both
drydowns (Fig. 1), longer than all other
species. The drought ratings of P. terminalis

Fig. 2. Number of days to decline to a drought rating of one among species during the spring/summer
[(A) (began 18 May 2010)] and fall [(B) (began 27 Sept. 2010)]; termination dates of each study varied
with species (see text for details). Means followed by the same letter within each study period are not
significantly different (P = 0.05).

Table 1. Average percentage of pot cover after 60 d of recovery from each drydown.

Species
Spring/summer 2010 Fall 2010
Recovery after 60 d Recovery after 60 d

Achillea millifolium NRz NR
Ajuga reptans NR NR
Liriope muscari NR NR
Pachysandra terminalis NR NR
Poa pratensis 46% PCy NR
Sedum album 38% PC NR
Thymus serpyllum NR NR
Vinca major 35% PC NR
Vinca minor NR NR
zNR = no recovery. The plants did not recover within 60 d; therefore, no data were collected.
yPC = pot cover. The area of the container that was covered with vegetation after 60 d.
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also remained higher than 6 through Week 6
of the spring/summer study. V. minor and V.
major maintained higher drought ratings
longer than the remainder of the species in
both studies with the exception of P. terminalis,
which varied more between the spring/summer
and fall studies than the other species. Thus,
S. album, L. muscari, V. major, V. minor, and
P. terminalis may be able to maintain quality
longer than other species evaluated in land-
scapes experiencing extended periods of
drought. The drought ratings of A. millifolium,
A. reptans, P. pratensis, and T. serpyllum
dropped below 3 by Week 6 in both studies
(Fig. 1), indicating that they may have less
ability to maintain their quality during se-
vere drought than the remainder of species.

When evaluating the overall period of
decline in quality to a drought rating of 1
among species, S. album persisted two to three
times longer than the next best performing
species during drought; S. album required
266 d in the spring/summer and 241 d in the
fall before declining to a drought rating of 1
(Fig. 2). The drought ratings of L. muscari and
P. terminalis also declined slower than the
remainder of species in the spring/summer,
taking 122 d and 62 d, respectively, to decline
to a drought rating of 1. In the fall, L. muscari
and P. terminalis also persisted well although
their superiority was not as pronounced as in
the spring/summer.

In the spring/summer, the fastest decline
to a drought rating of 1 among species was in
A. reptans, A. millifolium, and P. pratensis
(39 d each) and in T. serpyllum (42 d) (Fig. 2).
This is similar to the initial trend observed
among these four species during the first 6
weeks in both studies (Fig. 1). In the fall,
T. serpyllum declined the fastest followed by
A. millifolium, P. pratensis, and V. minor.
Thus, in both studies, the persistence in
higher drought rating was generally least in
T. serpyllum, A. millifolium, and P. pratensis.
Although the drought rating of A. reptans
remained above 1 longer than the latter three
species in the fall, its low drought rating by
Week 6 (Fig. 1) combined with its rapid decline
in the spring/summer (Fig. 2) indicates a gen-
erally low endurance to prolonged drought.

Only three species recovered from the
drought during the spring/summer: P. pratensis,
S. album, and V. major (Table 1). Given the
general lack of recovery among species, it is
likely that most had surpassed the permanent
wilting point by the time they received a
drought rating of 1. The recovery in P.
pratensis, which was the highest among spe-
cies at the end of the 60-d recovery period,
indicates its capacity to recover well from
complete dormancy. Richardson et al. (2009)
reported similar results in the recovery of 14
cultivars of P. pratensis after a severe dry-
down, in which irrigation was withheld until
plots reached 25% green cover. Those authors
found that all cultivars recovered to 50% green
cover after 4.2 to 18.9 d of recovery. Also,
Merewitz et al. (2010) evaluated four P.
pratensis cultivars through a 5-week drought
and the recovery after resuming irrigation.
They reported almost full recovery of all four

cultivars after 30 d. Goldsby (2013) reported
complete recovery in P. pratensis after 60 to
88 d without irrigation, although after 88 d in
the first year of a 2-year study, full recovery
was not observed until the next spring.
Bousselot et al. (2011) reported that drought-
stressed S. album recovered to 58% pot cover,
which was higher than in the present study; the
length of the recovery period was not reported
in their study.

In the present study, none of the species
recovered from prolonged drought in the fall
(Table 1), probably because of a 51% increase
in vapor pressure deficit (VPD) that was
caused, in part, by the presence of artificial
lights and the evaporative greenhouse cooling
system not operating for the season; daytime
(0600 to 2000 HR Central Standard Time) VPD
inside the greenhouse averaged much lower
in the spring/summer (1.04 kPa) than the fall

(2.13 kPa). For reasons unknown, the leaves
retained green pigment longer than in the
spring/summer, even after the leaves were
completely desiccated. The delayed loss of
green pigment in the fall probably delayed
the time when most species received a rating
of 1 compared with the spring/summer study.
This probably confounded the results and
contributed to the interactions observed be-
tween the spring/summer and fall studies.

Volumetric soil water content. The decline
in qv was more rapid in the fall than in the
spring/summer, illustrating the effects of
higher VPD on evapotranspiration rates in
the fall (Figs. 3 and 4). By Week 6 in the
spring/summer, qv in pots containing S. album,
P. terminalis, and L. muscari remained higher
than 12%, which was just above the perma-
nent wilting point; soil moisture release curves
for this soil indicated the permanent wilting

Fig. 3. Volumetric soil water content (qv) of each species for Weeks 1, 3, and 6 of the spring/summer [(A)
(began 18 May 2010)] and the fall [(B) (began 27 Sept. 2010)] drydown. Termination dates of each
study varied with species (see text for details). Means followed by the same letter within each week are
not significantly different (P = 0.05).
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point (soil water potential = –1.5 MPa) was
equivalent to qv = 11.1% (data not shown).
This (qv greater than 12%) was significantly
higher than the other species with the excep-
tion of P. terminalis, which was similar to
A. reptans (Fig. 3A). This, along with the
number of days for S. album, P. terminalis,
and L. muscari (266 d, 62 d, and 122 d,
respectively) to decline to a drought rating of
1 in the spring/summer (Fig. 2A), indicates
these species were using less water than the
other species. In the fall, qv was similar among
species and all were below 10% by Week 6,
indicating soil water potential was below
–1.5 MPa and had reached permanent wilting
point (Fig. 3B). Bousselot et al. (2011) re-
ported the average number of days for qv to
drop below 10% was just over 6 d for four
Sedum species being evaluated for use on
a green roof. However, the Sedum species in
their study were being grown in smaller
nursery pots (15.2 cm diameter · 10.8 cm
deep) with a lightweight potting mix as a
substrate.

Water loss rates from well-watered
containers. Because landscape plants are often
maintained under well-watered conditions,
this study afforded an opportunity to compare
relative rates of water use [evapotranspiration
(ET)] among species. We assumed that all
species were well watered during the first 3 d
of the drydown, when soils were at or near
field capacity. It is important to note that as the
study progressed and the soils dried, leaves
desiccated and dropped, and the water status
and physiology changed in the plants; the
relationships in ET among species also prob-
ably changed. Thus, the ET rates under well-
watered conditions may not be reflected in the
long-term volumetric water content presented
in the previous section.

Because the nursery containers were not
sealed on the bottom, the observed water losses
from the containers could not be attributed
entirely to ET. Although free drainage had
ceased before the containers were first

weighed, it is likely that some water evapo-
rated through the holes in the bottom of the
containers (Bremer, 2003). However, because
all containers were the same, it is likely that
evaporation through the holes, although
small, was similar among containers. Thus,
the differences in water loss among species are
likely caused by differences in ET. In the first
3 d, water loss likely represented relative
differences in ET among species under well-
watered conditions (Fig. 4).

During the first 3 d of the spring/summer
study, water loss was highest among species
in P. pratensis at 3.17 mm·d–1 (Fig. 4), al-
though evapotranspiration in the greenhouse
does not always equate to ET in the field,
especially under windy conditions. During the
same period, water loss rates of A. millifolium
and A. reptans were also high at 2.78 mm·d–1

and 2.62 mm·d–1, respectively, although the
rate of water loss in T. serpyllum was similar to
A. reptans. By Week 3, water loss continued to
be the highest among species in A. millifolium,
A. reptans, P. pratensis, and T. serpyllum (data
not shown). Higher water loss in these four
species early in the spring/summer likely con-
tributed to their faster decline in visual quality
among species as soils dried (Figs. 1 to 3).

In the spring/summer study, water loss
rates in the remaining five species were sim-
ilarly low during the first 3 d under well-
watered conditions (Fig. 4). By Week 3,
however, S. album and L. muscari had the
lowest water loss rates among species (data
not shown). Interestingly, high visual quality
in the latter two species also persisted longer
among species in the spring/summer.

In the fall study, under well-watered con-
ditions, water loss rates among species aver-
aged 37% higher than in the spring/summer
(Fig. 4), primarily because of higher VPD in
the fall. The highest water loss rate during
the first 3 d of the fall was in P. pratensis at
5.32 mm·d–1. After P. pratensis, the highest
water loss rates were in T. serpyllum (3.97
mm·d–1), A. millifolium (3.91 mm·d–1), and

L. muscari (3.84 mm·d–1). Higher water use
rates in these species probably contributed to
their faster decline in quality among species
with the notable exception of L. muscari,
which maintained acceptable quality even
by Week 6 (Figs. 1B and 2B). It is possible
that L. muscari may have retained sufficient
pigments during the rapid drydown in the
fall to receive inflated drought ratings even
after the plants had died.

Stomatal conductance. Stomatal conduc-
tance was highest among species early in both
studies and generally began to decline around
Day 10 in the spring/summer and Day 5 in
the fall as the soil dried (Fig. 5). Declines in
gS may have helped the plants maintain leaf
water status by slowing the rate of water loss
from the leaves (Hopkins, 1999; Kirkham,
2005; Taiz and Zeiger, 2006). In the spring/
summer, the increase in gS on the second
measurement day DOT 7) was associated
with an increase in PAR from 472 to 697
mmol·m–2·s–1.

In the spring/summer, gS in P. pratensis
was high early in the study but declined
sooner than the other species with the excep-
tion of L. muscari, which was consistently low
(Fig. 5A), and A. reptans. By Day 17, gS in
P. pratensis had decreased to less than V.
major, V. minor, and P. terminalis. Stomatal
conductance in A. reptans was also lower than
V. major and V. minor on Day 23. The faster
decline in gS in P. pratensis and, to a lesser
degree, A. reptans may have resulted from
their higher water use among species early in
the study, which would presumably deplete
soil moisture faster (Fig. 4).

Although measurements of gS are useful
indicators of water relations in plants, differ-
ences in leaf area index among species may
have confounded our measurements of gS as
they relate to total water use. For example,
overall ET may be less from a species with
high gS but low leaf area index than in another
species with lower gS and greater leaf area
index. Unfortunately, we were not able to
measure green leaf area index because plants
had either died or were dormant by the end of
the drydowns.

In L. muscari, gS was never higher than
100 mmol·m–2·s–1 in the spring/summer and
130 mmol·m–2·s–1 in the fall (Fig. 5). In P.
terminalis, gS was also consistently low in the
fall with measurements never higher than
170 mmol·m–2·s–1. Interestingly, gS in P.
terminalis started moderately low in the spring/
summer study but then increased slightly on
Days 7 and 11 to Day 17, after which it
declined rapidly. Lower gS of L. muscari and
P. terminalis undoubtedly contributed to their
low ET among species (Fig. 4).

No significant differences were found in
gS among the species after 31 DOT in the
spring/summer and 26 DOT in the fall (Fig. 5).
All gS measurements were below detectable
limits by 35 DOT in both studies, indicating
complete stomatal closure. Other studies eval-
uating drought stress of plants grown in a
greenhouse reported similar results. Ranney
et al. (1991) reported gS of six birch (Betula)
trees was no longer detectable around Day

Fig. 4. Average water loss (mm·d–1) of each species for the first 3 d of the spring/summer (began 18 May
2010) and the fall (began 27 Sept. 2010) drydowns. Termination dates of each study varied with species
(see text for details). Means followed by the same letter within each drydown (spring/summer and fall)
are not significantly different (P = 0.05).
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32 of a drydown; and Huang and Gao (1999)
were not able to detect gS of Festuca spp.
after 28 d of drought.

Conclusions

Results indicate S. album, L. muscari, and
P. terminalis may be more successful in
landscapes where severe drought may occur
than the other species evaluated because of
their ability to maintain higher drought rat-
ings and qv for longer periods during drought.
V. major and V. minor may also be good se-
lections in landscapes with intermittent or
less severe droughts. P. pratensis may also be
a good selection if periods of reduced quality
or dormancy are acceptable to homeowners.
Although the quality of P. pratensis declined
relatively quickly among species, our results
as well as research by others has demonstrated
P. pratensis has a remarkable ability to
recover from severe drought-induced dor-
mancy (Goldsby, 2013). A. millifolium, A.

reptans, and T. serpyllum appeared least
adaptable to severe drought.

Because this study was conducted in
a greenhouse, further research is needed to
investigate the drought stress and water status
of A. millifolium, A. reptans, L. miscari, P.
pratensis, P. terminals, S. album, T. serpyllum,
V. major, and V. minor under field conditions.
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