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ABSTRACT

Drought stress often occurs in soil surface although water may be adequate deeper in
the soil profile. The objective of this study was to investigate physiological responses of
tall fescue ( Festuca a rundinaceae S chreb.) to surface soil drying. S uch information is
important for further understanding of drought resistance mechanisms in turfgrasses.
Plants w ere grown in a greenhouse in split polyvinyl c hloride t ubes c onsisting o f t wo
sections (each 10 cm in dia., 20 cm long). Plants were subjected to three soil moisture
treatments: a) well watered control: the whole soil profile (40 cm) was well watered; b)
surface soil drying: the surface 20 cm of soil was allowed to dry down by withholding
irrigation and the lower 20 cm was watered; c¢) full drying: the whole soil profile (40 cm)
was allowed to dry down. Surface soil drying generally had no effects on turf quality and
leaf relative w ater content (RWC), except at 15 d for turf qualityand 17 d for RWC.
Canopy net photosynthetic rate (Pn) of surface—dried plants increased to the maximum
level at 11:00 h and decreased at 15:00 h, following the same diurnal pattern as well-
watered plants. Also, the absolute levels of Pn were not significantly different between
surface drying and control treatment during the day. Leaf growth rate (LGR) of surface-
dried plants decreased to below the control level, beginning at 8 d of treatment. Canopy
respiration rate (Reanopy) and root respiration rate (Ryo) of surface-dried plants were lower
than those o fthe control. R oot to shoot ratio (R/S) and the proportion o froots in the
deeper soil layer increased with surface drying. T hese results suggest that when water
was sufficient for plant uptake in the deeper soil profile, tall fescue could adapt to surface
soil drying gradually by developing deeper roots and lowering canopy and root

respiration. Full drying, however, had adverse effects on all the physiological parameters.



ABBREVIATIONS:
LGR, leaf growth rate; LSD, least significance difference; Pn, canopy photosynthetic
rate; R canopy, Canopy respiration rate; R 1oq1, T0Ot respiration rate; R/S, root to shoot dry

weight ratio; RWC, relative water content.



INTRODUCTION

Surface soil is often dry, although water may be sufficient for plant uptake deeper in
the soil profile in natural environments. Drying of the upper portion of the soil profile has
a profound impact on root functionality and growth in some plant species (Henson et al.,
1989; Jensen et al., 1989; Smucker et al., 1991). In contrast, other species can maintain
favorable water status and growth despite large ‘]Sartions of the root system being in dry
soil (Sadras et al., 1993; Gallardo et al., 1994; Melkonian and Wolfe, 1995; Zhang and
Kirkham, 1995; Huang et al.,1997). Huang et al. (1997) examined responses of several
warm-season turfgrasses to surface soil drying and found that shoot growth and leaf
water status were not affected for relatively drought-tolerant, deep-rooting species such
as buffalograss [Buchloe dactyloides (Nutt.) Engelm.], centipedegrass [Eremochloa
ophiuroides (Munro) Hack.], and seashore paspalum (Paspalum vaginatum Swartz.), but
were reduced for relatively drought-sensitive, shallow-rooting zoysiagrass (Zoysia
Jjaponica Steud.) and bermudagrass (Cynodon dactylon L.).

Previous studies have shown that plant adaptability to surface soil drying could be
partially attributed to maintenance of water status by utilizing available water deeper in
the soil profile via deep roots (Caldwell and Richards, 1987; Huang, 1998b). Blum and
Johnson (1992) found that water absorbed by roots of wheat [Triticum aestivum L.] in
deeper moist soil could be transported to the upper drying soil at night to maintain viable
roots and nutrient uptake, suggesting that growth can be maintained by efficient water use
when water availability is limited in surface soil.

Tall fescue has an extensive, deep root system and has been considered as a good

drought avoider (Carrow, 1996). Extensive root development is beneficial for water



uptake, but requires a large amount of carbon investment. Under drought stress
conditions, the rate of photosynthesis often is limited (Stoneman et al., 1994). Therefore,
efficient carbon expenditure and water use would prolong plant survivability in drying
soil (Sisson, 1989). Bryla et al. (1997) reported that citrus, a drought-tolerant, tropical
evergreen, down-regulates root respiration rates when grown in drying soil. Physiological
mechanisms of tall fescue adaptation to surface soil drying are not well documented.
Understanding growth and physiological responses of tall fescue to surface soil drought
stress is important for developing drought-resistant turfgrass species or cultivars.

The present study was designed to investigate how tall fescue responds to surface soil
drying when a small proportion of the root system is exposed to moist soil deeper in the

profile.



MATERIALS AND METHODS

Plant Materials and Growth Conditions

Sod pieces of 'Falcon II' tall fescue were collected from field plots and transplanted
into split polyvinyl chloride tubes consisting of two sections (each 20 cm long, 10 cm in
diameter) filled with autoclaved fritted clay (Profile, ALMCOR, Deerfield, IL) and kept
in a greenhouse. Fritted clay is a granular material made of firing coarsely milled, dry
clay in a rotary kiln. It was used as a growing medium for the following reasons (van
Bavel et al., 1978): it has a relatively low dry-bulk density; drains very rapidly; retains a
large quantity of plant-available water; can be easily washed off the roots; and contains
no organic matter, which minimizes the confounding effects on root respiration by soil
microbial respiration.

The split PVC tubes consisted of two sections, each 20 c¢cm in length. The two
sections of the PVC tubes were taped externally with duct tape to hold the columns in
place. Four drainage holes (5 mm in diameter) were drilled on the side wall at the bottom
of each section to allow drainage of excess water and soil aeration. The holes were
plugged d uring root r espiration m easurements. Soil layers in all three treatments w ere
separated hydraulically with waxed paper and a sheet of nylon screen coated with
Vaseline, which allowed root penetration but minimized water and gas exchanges
between the top and bottom soil layers. This technique also provided a suitable system
for simulating the field situation in which only the surface soil layers dry down, while
enabling plant response to soil drying to be examined under controlled conditions. Drip
irrigation tubes were positioned about 2 cm beneath the soil surface in each layer to allow

separate 1rrigations, w hich w ere automated with a pressure and flow controller. W ater



content and temperature in each soil layer were monitored hourly using the dual-probe,
heat-pulse t echnique (Tarara and Ham, 1997). T wo probes (28 mm long) w ere buried
horizontally at 10 and 30 cm soil depths in each split PVC tube.

Plants were grown in the PVC tubes for about 60 d, allowing roots to penetrate
and establish in the bottom section before treatments were imposed. During this period,
tubes with plants and with soil only were watered on alternate days until water drained
freely from the holes on the side walls at the bottom of each section and were fertilized
weekly with full-strength Hoagland’s solution (Hoagland and Armon, 1950). Turf was
hand clipped weekly at about 4 cm height. Plants were maintained in a greenhouse, with
daily maximum/minimum temperatures of 24°C/18°C and a 16-h photoperiod. The light
regime in the greenhouse was supplemented with 1 kw metal halide lamps.
Photosynthetically active radiation on a horizontal plane just above the canopy at 12:00 h

averaged 900 umol m? s

Treatments

The e xperiment c onsisted o f t hree s oil moisture treatments. A ) Control: w ater
content in the entire soil profile was maintained at field capacity (25%, v/v) by watering
every other day. During the experimental period, soil water content ranged from 80 to
100% of field capacity. B) Upper drying: the surface 20 cm of soil was allowed to dry
down by withholding irrigation, while the lower 20 cm of soil was maintained at field
capacity by drip irrigation. At the end of the treatment, the surface soil was very dry, with
a water content of only about 5% (v/v), whereas water content was about 80% of field

capacity in the bottom 20 cm of soil. C) Full drying: the whole soil profile (40 cm) was



allowed to dry down by withholding irrigation. At the end of this treatment, soil water
contents in both layers were only 5% (v/v). The configuration of split PVC tubes and

treatment set-up have been presented in Huang and Fu (2000).

Measurements

Turf quality was rated visually based on color, density, and uniformity using a scale
of 0 (brown, dry turf) to 9 (green, turgid turf), with a rating of 6.0 or higher indicating
acceptable quality.

Leaf relative water content (RWC) was calculated based on leaf fresh weight, dry
weight, and weight of leaves at full turgor after soaking in water for 24 h at room
temperature (22 °C).

Leaf growth rate (LGR) was estimated by the difference in turf canopy height before
and after cutting in two-day intervals. A sheet of paper was rested on the canopy surface
to measure canopy height as the distance from the paper to plant base. Canopy height was
measured in four positions in each tube.

Canopy photosynthetic rate (Pn), canopy respiration rate (Rcanopy), and root
respiration rate (Ro0t) in the top 20 cm soil were measured from 7:00 to 21:00 h at 17 and
28 d of treatment with a LI-6400 portable gas exchange system (LICOR Inc., Lincoln,
NE) following the method described in Huang and Fu (2000). Pn and Reanepy Were
measured by enclosing the whole canopy in a transparent plexiglass chamber (15x10x10
cm). The chamber was covered by an opaque box to exclude light exposure of the canopy

during respiration measurement. The canopy chamber was attached to the CO; analyzer



of the LI-6400 gas exchange system. Pn and Reanopy Were expressed as CO, uptake and
evolution per unit canopy area, respectively.

Root respiration rate in the upper 20 cm soil layers was measured by monitoring
changes in the concentration of CO, in the air stream pumped out from this soil layer
with the LI-6400 g as e xchange s ystem using the method o f Boumaetal. (1997) with
modification (Huang and Fu, 2000). Prior to R, measurements, the gas in the soil was
mixed and circulated inside for about an hour using a circulating pump. During the
measurement, soil gas was diverted into LI-6400 CO, analyzer to determine changes in
CO, concentration.

At the end of the experimental period (42 d), shoots and roots were harvested. Roots
in each soil layer were washed free of soil. Both shoots and roots were dried in an oven at
85 °C. Root and shoot dry weights were determined, and root to shoot biomass ratio (R/S)

was calculated.

Experimental Design and Statistical Analysis
Soil moisture treatments e ach with four replications w ere arranged in a completely
randomized design. Treatment effects were determined by analysis of variance according
to the general linear model procedure of the Statistical Analysis System (SAS Institute
In., Cary, NC). Differences among treatment means were separated by least significant

difference (LSD) at the 0.05 level of probability.



RESULTS
Turf quality in the surface-drying treatment was maintained at the same level as that
in the w ell-watered c ontrol d uring most o f the e xperimental p eriod, exceptat15d of
treatment (Fig. 1). When the soil profile was fully dried, turf quality decreased below the
control level, beginning at 14 d.

Leaf RWC of surface-dried plants was not different from that of control plants at
7 d, decreased to below the control level at 17 d, and recovered at 28 d (Table 1). Full
drying reduced RWC at 17 and 28 d. By 28 d of full drying, the majority of leaves
became p ermanently wilted and brown, w hereas s urface-dried p lants m aintained green
and turgid leaves, similar to control plants.

Leaf growth rate decreased with surface and full drying, starting at 9 d (Fig. 2).
The LGR of surface-dried plants recovered to about 50% of the control level by 30 d of
drying. The LGR of fully dried plants continued to decline to near zero at 16 d. LGR of
surface-dried was significantly higher after 16 d.

Figures 3, 4, and 5 shows diurnal changes in Pn, Reanopy, and Ryoo at 17 d of
treatment which followed the same pattern as at 28 d (data not shown). No significant
difference in canopy Pn was observed between control and surface-dried plants during
the day. Canopy photosynthesis.rates of control and surface-dried plants increased to the
maximum level at 13:00 h and declined thereafter (Fig. 3). Canopy Pn of fully dried
plants remained at a constant level lower than that of surface-dried and well-watered
plants during most time of the day, except at 7:00 and after 19:00 h.

Reanopy Of control plants peaked at 17:00 h and then declined (Fig. 4). Reanopy

values of surface-dried and fully dried plants remained relatively constant during the day,
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but were lower than that of control plants. Fully dried plants had lower Reanopy than
surface-dried plants.

Root respiration rates of surface-dried and control plants did not exhibit apparent
diurnal patterns in any treatment (Fig. 5). However, Ry, for fully dried plants increased
to the highest level at 13:00 h and then decreased rapidly in the afternoon. The Ry
values of surface and fully- dried plants were lower than that of well-watered controls
during the day.

Shoot dry weight decreased with surface and full drying, but to a greater extent
with full drying (Fig. 6). However, plants in surface-dried soil had significantly higher
root dry weight than control plants in both soil layers. With surface soil drying, the
proportion of roots dry weight decreased in the top 20 cm soil, but increased in the lower
20 cm. With full drying, root dry weight in the top 20 cm of soil was not affected, but
decreased in the lower 20 cm soil. Both surface soil drying and full drying significantly
increased the R/S ratio, compared to the well-watered control (Fig. 7). No difference in

the R/S ratio was detected between the two drying treatments.
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DISCUSSION

Turf quality and leaf water content declined only during the initial period of surface
drying. With prolonged surface drying, turf quality and leaf water status recovered to the
same levels as control plants, despite half of the soil volume or the majority of roots
(80%) being exposed to drying conditions. However, when the entire root systems were
exposed to drying soil, turf quality, water status, and photosynthetic rate declined
dramatically, although tall fescue is considered as a good drought-resistant species
(Beard, 1973). These results suggest that watering is required to maintain quality turf, but
frequent wetting of surface soil may not be necessary for tall fescue as long as water is
available deeper in the soil profile.

The lack of effects of surface drying on turf quality, water relations and
photosynthesis may have been due to the development of a relatively large root system
following a prolonged period of surface drying. Root to shoot biomass ratio increased
under drying conditions. This suggested that a relatively larger root system provided
water and nutrients to support a relatively smaller canopy, which is conductive to plant
adaptation to d rought stress ( Chartzoulakis et al., 1993; Xu and Bland, 1993; Carrow,
1996; Huang, 1998a). Furthermore, the absolute amount of roots in the deeper moist soil
increased with surface soil drying, which could facilitate water uptake and contribute to
the maintenance of turf quality, leaf water status, and canopy Pn.

Huang and Fu (2000) reported that canopy and root respiration rates of tall fescue
decreased after about 8 d of surface and full drying. In the present study, canopy and root
respiration rates remained at lower levels during the day under surface and full drying

than under well-watered conditions. Because respiratory costs represent a major carbon
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expenditure of plants (Lambers et al., 1982; Lambers 1987), maintaining low respiration
rate when water and nutrient uptakes are minimum in drying soil also may increase the
possibility of plant survival during extended drought periods (Sisson, 1989; Dhopte and
Ramteke, 1991).

Leaf growth rate and shoot dry weight, unlike turf quality, water status, and
photosynthesis, decreased with surface soil drying. Although LGR recovered somewhat
after a prolonged period of surface soil drying, it was still lower than the control levels.
Several other split-root studies also found that leaf growth rates were reduced even
though leaf water potential and turgor of the half-watered plants were no lower than those
of well-watered plants (Zhang and Davies, 1987, 1989; Blum and Johnson, 1992; Zhang
and Kirkham, 1995). These results suggest that soil drying influences plant growth not
only by supplying water, but possibly by nonhydraulic signals transmitted to leaves from
roots. Abscisic acid (ABA) in roots has been found to be the chemical messenger that
mediates plant responses to drought (Zhang and Davies, 1987, 1989). Water-stressed
roots accumulate ABA and transport it to leaves quickly, which inhibits leaf growth
(Creelman et al., 1987; Zhang and Davies, 1989).

In summary, the results demonstrated that tall fescue was able to adjust root to
shoot relations, root distribution patterns, and carbon expenditure to sustain water status,
photosynthesis, and acceptable turf quality in soils with heterogeneous moisture. Leaf
growth and shoot dry matter production decreased with surface drying, which actually
could be desirable in terms of reducing mowing. However, drying of the entire soil

profile should be prevented to maintain vigorous turf of tall fescue.
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Table 1. Leafrelative water content (RWC) response to drought stress.

Days of treatment
Treatments
7 17 28
Control 97.8 a* 983a 97.4a
Surface drying 949a 86.2b 91a
Full drying 954a 66.03 ¢ 52.87b

*Means within a column followed by the same letters are not significantly different based

on LSD (P=0.05) test.

18



(=]

£

Turf quality

-+~ Surface drying -®-Full drying -+ Control

0 5 10 15 20 25 30 35 40
Days of treatment

Fig. 1. Turf quality of tall fescue in response to soil drying. Vertical
bars are LSD values (P=0.05) for treatment comparisons at a given
day of treatment
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Figure 2. Leaf growth rate of tall fescue in response to soil drying.
Vertical bars are LSD values (P=0.05) for treatment comparisons at a
given day of treatment
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Figure 3. Diurnal changes in canopy net photosynthetic rate (Pn) of tall
fescue in response to soil drying at 17 DOT. Vertical bars are LSD
values (P=0.05) for treatment comparisons at a given time of the days,
and those on the right are for comparisons between time of the day for a
given treatment
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Figure 4. Diurnal changes in canopy dark respiration rate (R ;) of
tall fescue in response to soil dryingat 17 DOT. Vertical bars are
LSD values (P=0.05) for treatment comparisons at a given time of
the days, and those on the right are for comparisons between time of
the day for a given treatment
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Figure 5. Diurnal changes in root respiration rate (R,,,) of tall fescue in the
surface 20-cm soil in response to soil drying at 18 DOT. Vertical bars are
LSD values (P=0.05) for treatment comparisons at a given time of the days,
and those on the right are for comparisons between time of the day for a
given treatment
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Figure 6. Shoot dry weight and weight of roots in the top 20 cm and lower
20 cm of soil and shoot dry weight of tall fescue at 42 d of soil drying. The
letters on the right of the columns are for treatment comparisons of dry
weight of shoots, top roots and bottom roots. Columns labeled with the same
letters were not significantly different based on an LSD test (P=0.05).
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Fig.7. Root to shoot ratio in dry weight for tall fescue at 42 d of soil drying.
The letters on the columns are for treatment comparison. Columns labeled
with the same letters were not significantly different based on an LSD test
(P=0.05)
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