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Abstract. We examined the effectiveness of an elevated capillary mat system to maintain 
constant and different moisture levels in the growing medium and verify the potential 
of drought stress conditioning in producing small and compact bedding plants. To dif-
ferentiate between plant height and compactness, we determined compactness as the 
leaf area or dry mass per unit stem length. Marigold ‘Queen Sophia’ (Tagetes erecta L.) 
seedlings were grown in square, 9-cm-wide, 10-cm-high containers fi lled with a soilless 
growing medium. A capillary mat was laid on top of a greenhouse bench which was raised 
by 15 cm on one side compared to the other side to create an elevation effect. Seedlings 
were subirrigated by immersing the low end of the capillary mat in a reservoir of water. 
The amount of water moving to the higher end of the mat progressively decreased with 
elevation. The moisture content in the growing medium averaged from 26 to 294 mL/pot 
at different elevations. Regression analysis indicated that growth parameters including, 
shoot dry mass, leaf area, leaf number, and plant height decreased linearly with decreasing 
soil moisture content in the growing medium. Of all the measured growth parameters, 
plant height was found to be least sensitive to decreasing moisture content in the growing 
medium. Plants in high moisture treatments had more dry mass and leaf area per unit 
length of the stem compared to those in low moisture treatments. Our results indicate that 
drought stress can produce small, but not truly compact bedding plants.

Excessive elongation of bedding plants 
during greenhouse production is common and 
results in low-quality plants. Excessively tall 
plants generally are considered to be of low 
quality due to the increased shipping costs of 
these plants and their increased susceptibility 
to lodging. One method to limit elongation is 
to limit water uptake by plants. Drought stress 
conditioning involves exposing plants to non-
lethal water defi cits (Latimer and Severson, 
1997). Imposing drought stress not only con-
trols plant growth, but also conditions plants 
for stresses during shipping, marketing, and 
after planting in the landscape (Latimer and 
Oetting, 1998). Drought stress is commonly 
used to condition bedding plants in greenhouse 
production (Brown et al., 1992; Latimer, 
1992; Latimer and Severson, 1997; Latimer 
and Oetting, 1998). Generally, drought stress 
is imposed by withholding water from the 
plants until they wilt or a targeted, low water 
potential of the growing medium is reached 
(Brown et al., 1992). With both methods, the 
time interval between subsequent irrigations 
may vary, because plant water use and evapo-
ration from the growing medium depend on 
the environmental conditions (Brown et al., 
1992). Therefore, plants are not subjected to 
identical drought stresses during subsequent 
wetting and drying cycles.

Drought stress conditioning can also be 

done by growing plants at a constant,but low, 
moisture content of the growing medium, al-
though maintaining a constant moisture level 
may be diffi cult. By spreading a capillary mat, 
normally used for subirrigating greenhouse 

plants (Dole, 1994; Morvant et al., 2001), on 
a sloped surface and immersing the lower end 
of the mat in water reservoir, the amount of 
water in the capillary mat will progressively 
decrease with increasing elevation from the 
source of water. Thus, by growing plants on 
a sloped capillary mat, they can be exposed 
to different drought stresses, depending on 
the height of the pot above the level of water 
in the reservoir. Such a system can be used 
to determine how water supply affects plant 
growth and quality.

When plants are exposed to drought stress, 
stomates normally close to reduce water loss 
from the leaves (Chapman and Augé, 1994; 
Jones, 1998). Closure of stomates reduces 
transpiration, but at the cost of decreased 
photosynthesis (Jones, 1998). Compared to 
the decline in leaf photosynthesis, leaf ex-
pansion is more sensitive and ceases earlier 
in moisture-stressed plants (McCree, 1986). 
Although leaf expansion ceases, it is possible 
that stem elongation can continue at the same 
drought stress level. Due to lower resistance to 
water movement in the xylem tissue in stems 
compared to the water conducting veins in the 
leaves (Steudle, 2000), it is possible for stem 
cells to maintain a higher turgor pressure than 
leaf cells at a particular drought stress level. 
The higher turgor pressure may enable elon-
gation of stem cells during periods of drought 
stress, although not necessarily at a rate seen 
in well-watered plants. Since stem cell elonga-
tion increases plant height, it is possible that 
height could be less sensitive to drought stress 
than leaf area development. Thus, regulating 
elongation by withholding water may result 

Fig. 1. Diagram of the experimental setup. Pots were arranged on a sloped capillary mat in 7 columns and 
12 rows (indicated by the numbers on the pots). The highest pots were about 15 cm above the water 
level in the reservoir.
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in severe reductions in leaf area. In addition, 
drought may result in leaf abscission. In the 
drought-tolerant species Zizyphus rotundifolia 
Lam. for example, carbon is remobilized from 
leaves and preferentially distributed to stem 
and roots, while leaves are shed as water stress 
increases (Arndt, 2001).

Greenhouse growers normally use plant 
growth regulators to reduce seedling height 
(Brown et al., 1992; Latimer and Oetting, 
1998). Relatively short bedding plants are 
preferred in the market due to their appearance, 
reduced shipping costs, and ease in handling 
during landscape planting. Since drought stress 
can reduce plant height, it can be an alternative 
to plant growth regulators. Although it is clear 
that drought stress can result in shorter seed-
lings (Latimer, 1992; Latimer and Severson, 
1997), effects on other growth parameters such 
as leaf area, dry mass and fl owering have not 
been studied in much detail. In most previous 
growth regulation research, compactness has 
been poorly defi ned and normally is considered 
to be the same as plant height. However, here 
we defi ne compactness as an increase in leaf 
area or dry mass per unit plant height instead 
of just a reduction in height. For example, if 
drought reduces dry mass and/or leaf area 
more than stem elongation, it may result in 
smaller, but less compact plants. Therefore, the 
objectives of this research are to 1) study the 
effectiveness of a sloped capillary mat system 
to maintain constant, but different moisture 
levels in pots, 2) study the effects of drought 
stress on plant height and growth of marigolds, 
and 3) examine the potential of drought stress 
in producing compact marigolds.

Materials and Methods

Plant material and treatments. Marigold 
‘Queen Sophia’ was seeded in plug trays (288 
cells/fl at). At 11 d after seeding, seedlings 
were transplanted into 9-cm-wide, 10-cm-high, 
square pots (500 mL) made out of compressed 
peat (#240, Jiffy products, Batavia, Ill.). The 
pots were fi lled with a soilless growing me-
dium (a mixture of sphagnum peat, perlite, 
vermiculite, and aged bark; Fafard 4P, Fafard, 
Anderson, S.C.) and 13 g of a 14N–6.2P–12K 
slow release fertilizer (Osmocote 14–14–14, 
The Scotts Co., Marysville, Ohio) was incor-
porated into the growing medium in each pot 
before transplanting. In total, 84 pots were 
fi lled with the growing medium, but only 36 
pots were transplanted with seedlings.

The irrigation system was based on the ap-
proach of Buxton and Jia (1999), who showed 
that the moisture content in a capillary mat, 
and thus in the pots on that mat, depends on 
the height of the mat above the water level 
in the water reservoir. Both transplanted and 
non-transplanted pots were placed on a capil-
lary mat (Vattex F; OS Plastics, Norcross, 
Ga.) (1.8 × 1.8 m) spread over a rigid plastic 
sheet on top of a greenhouse bench (Fig. 1). 
To improve the capillary contact between the 
pots and the capillary mat, the perforated plastic 
which normally covers the capillary mat was 
not used. Prior to placing the capillary mat on 
the bench, it was treated with wetting agent 

(Suffusion, Olympic horticultural products, 
Bradenton, Fla.) to facilitate absorption of 
water. About 30 cm of the mat extended down 
one side of the bench, and this section of the 
mat was placed in a water reservoir attached 
to the side of the bench. The water level in this 
reservoir was maintained at a steady level. The 
bench side opposite from the water reservoir 
was raised by about 15 cm (≈7° angle) to place 
the capillary mat at a slope.

The 84 pots were placed in a grid of 12 rows 
and 7 columns, with the rows parallel and the 
columns perpendicular to the water reservoir 
at the base of the mat. Thus, the pots within 
a column were at different elevations above 
the water reservoir, resulting in differences in 
the moisture content of the growing medium 
in those pots, while pots within a row were 
at the same elevation. The sides of the pots 
within each column touched each other, while 
different columns were spaced by about 10 cm. 
Every alternate column contained transplanted 
pots (columns 2, 4, and 6), while the remaining 
columns (1, 3, 5, and 7) each contained twelve 
non-transplanted pots. 

Measurements. All the pots were weighed 
at weekly intervals. At the end of the experi-
ment, pots were dried in a forced-air oven for 
a week at 80 °C. The dry mass of the pots was 
subtracted from the fresh mass of the pots 
throughout the experiment to determine the 
moisture content in the pots without plants. 
We assumed that within a row, the moisture 
content was similar in pots with and without 
plants. However, it is possible that plant water 
use reduced the water content in the pots with 
plants, as compared to those pots where water 
loss was by evaporation only.

At the end of the experiment (5 weeks 
after transplanting, when plants fl owered), 
plant height, number of leaves, leaf area and 
shoot dry mass of each plant were measured. 
To assess the compactness of the plants, the 
ratios of shoot dry mass and leaf area to plant 
height were calculated, with a higher value 
indicating a more compact plant (i.e., more 
dry mass or leaf area per unit height).

Statistical design and analysis. Since all 

treatments were arranged on the same sloped 
capillary mat, true replications were not used. 
Instead, there were three pseudo-replications 
for plant growth measurements and four 
pseudo-replications for growing-medium 
moisture measurements. In addition, due to 
the method of applying different substrate 
moisture levels (height above and distance 
from the water reservoir), randomization of the 
treatments was not possible. The lack of true 
replications had little effect on data analysis, 
since linear and non-linear regression analyses 
(statistical analysis software, SAS institute, 
N.C.) were used, with P < 0.05 considered to 
be statistically signifi cant. Regression analysis, 
unlike analysis of variance, is not dependent 
on replications.

Since the plants closest to the water reser-
voir only had neighboring plants on one side, 
they received more light than the rest of the 
plants, which resulted in faster growth. There-
fore, they were not included in the analyses. 
Plants in the two driest treatments died before 
the end of the experiment. Plants in the driest 
treatment with surviving plants also had neigh-
boring plants on only one side. In this treatment 
however, growth clearly was limited more by 
water availability than by light, so the results 
from those plants are included in the analyses. 
Therefore, plotted plant data contained results 
from nine moisture treatments. Because the 
moisture content in the growing medium was 
not constant throughout the experiment, the 
average moisture content was used in regres-
sion analyses of moisture content versus plant 
growth parameters.

Results and Discussion

Moisture content in the growing medium. At 
any time, the moisture content of the growing 
medium was greatly affected by the distance 
from the water reservoir (Fig. 2). The sloped 
capillary mat was only able to maintain a con-
stant moisture level in the growing medium at 
low elevations (i.e., rows 6 through 12). Since 
pots were watered thoroughly after transplant-
ing, the growing medium subsequently dried 

Fig. 2. Moisture content in the growing medium at different times during the experiment (A) and mean 
moisture content (±SE, n = 4) over the duration of the experiment (B). Data were collected from pots 
without plants. Symbols indicate different rows or treatments and are arranged in an ascending order 
[row 1 (driest) to 12 (wettest)] from bottom to top (A). Average moisture content = 330 × (1 – e–0.174 

× row number), R2 = 0.96.
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out gradually, in particular in pots at higher 
elevations. Averaged over the duration of 
the experiment, the moisture content in the 
growing medium was highest in the pots 
closest to the water reservoir (row 12) and 
lowest in the pots at the highest elevation 

(row 1) (Fig. 2B). The average 
moisture content throughout the 
experiment ranged from 26 (row 
1) to 294 mL/pot (row 12) (or a 
volumetric water content of about 
5% to 59%). The relationship 
between the moisture content in 
the growing medium and eleva-
tion was non-linear. Differences 
in the moisture content of the 
growing medium in adjacent rows 
increased with increasing eleva-
tion (or distance form the water 
reservoir). This may be due to the 
non-linear relationship between 
substrate volumetric moisture 
content and matric potential 
(Karlovich and Fonteno, 1986) 
and/or evaporative water losses 
from the capillary mat. Pots in 
rows 1 and 2 dried out almost 
completely, resulting in the death 
of these plants.

Growth measurements. Plant 
growth, including shoot dry mass, 
leaf area, leaf number, and plant 
height, decreased linearly with 
decreasing moisture content in 

the growing medium (Fig. 3) (P < 0.001 for all 
measured parameters). The decrease in leaf area 
was caused both by a reduction in the number 
of leaves per plant, and by a linear decrease in 
average area per leaf with increasing drought 
(results not shown). Leaf expansion decreases 
with drought stress due to the inherent slow 
osmotic adjustment (ability to maintain turgor) 
and low membrane extensibility (loosening 
ability) of leaf cells (Frensch,1997; Hsiao 
and Xu, 2000). Turgor pressure is particularly 
important for cell elongation, since it provides 
the driving force for irreversible enlarge-
ment of cells or organs (Hsiao and Xu, 2000; 
Lockhart, 1965). Thus, differences in turgor 

pressure result in smaller leaf areas for plants 
grown under drought stress as compared to 
well-watered plants. A decrease in leaf area 
and subsequent decline in photosynthesis 
due to closure of stomates results in overall 
decrease in growth of plants. Reduction in plant 
height due to drought stress has been reported 
earlier for tomato (Lycopersicon esculentum 
Mill.), marigold (Tagetes erecta L.) (Brown et 
al., 1992), New Guinea impatiens (Impatiens 
×hybrida L.) (Latimer and Oetting, 1998), and 
broccoli (Brassica oleracea L.) (Latimer and 
Severson, 1997). However, an important dif-
ference between those studies and our work is 
that in the previous studies, substrate moisture 
level fl uctuated. The growing medium dried out 
between irrigations, but was replenished at each 
irrigation, thus resulting in episodic drought. 
In the current study, the substrate moisture 
content in the drier treatments declined gradu-
ally throughout the experiment. Such a gradual 
imposition of drought stress may affect plants 
differently from episodic drought.

Plant height was less sensitive to decreas-
ing moisture content in the growing medium 
than leaf area, shoot dry mass, or the number 
of leaves (Fig. 3). Relative to the plants grown 
at the highest moisture level, plant height at 
the lowest moisture level decreased by 51% 
compared to 70%, 73%, and 92% for number 
of leaves, shoot dry mass, and leaf area, respec-
tively. Osório et al. (1998) reported that leaf 
expansion of eucalyptus (Eucalyptus globulus 
Labill.) seedlings under severe drought condi-
tions was 1.5 to 2.0 times greater for leaves 
on the main stem axis compared to those on 
branches. Apparently, under drought stress 
conditions, higher growth rates may be seen 
in stem and parts closely associated with stem 
compared to those parts further away from 
the stem (e.g., leaves on branches). Results 
from Osório et al. (1998) and our experiment 
indicate that stem elongation, and therefore 
plant height, are less sensitive to drought stress 
than leaf expansion.

Compactness in plants. Drought stress did 
not result in compact plants. Shoot dry mass 
per unit plant height increased linearly with 
increasing moisture content in the growing 
medium (Fig. 4). This indicates that the plants 
grown at the lowest moisture level weighed 
less per unit stem length than those grown at 
the highest moisture level. Similar to shoot 
dry mass per unit plant height, leaf area per 
unit plant height also decreased linearly with 
decreasing moisture content in the growing 
medium (Fig. 4). Our results indicate drought 
stress results in shorter, but not more compact, 
plants. Although regression analysis suggested 
a linear relationship between moisture content 
and plant growth and compactness (Figs. 3 
and 4), it is interesting to note that treatment 
effects were negligible in the range of moisture 
contents from 240 to 280 mL/pot (48% to 56%). 
This likely is related to the hydraulic proper-
ties of peat-based substrates. A large fraction 
of the water in peat-based media is held at a 
water potential between 0 and –5 kPa and this 
water is readily available to plants (Karlovich 
and Fonteno, 1986). Therefore, small changes 
in the volumetric water content of moist media 

Fig. 3. Effect of different moisture levels in the growing medium on shoot dry mass, leaf area, leaf number, 
and plant height of marigolds at the end of the experiment. Data points are the average of three replica-
tions.  Shoot dry mass = –1.91 + 0.0232 × moisture content (r2 = 0.71), plant height = 0.97 + 0.035 × 
moisture content (r2 = 0.63), leaf number = –27.0 + 0.33 × moisture content (r2 = 0.57), and leaf area 
= –762 + 5.92 × moisture content (r2 = 0.73), P < 0.001 for all regressions.

Fig. 4. Effect of different moisture levels in the 
growing medium on the ratio of shoot dry mass 
to plant height and leaf area to plant height of 
marigolds at the end of the experiment. Data are 
the average of three replications (±SE). Shoot dry 
mass/plant height = 0.026 + 0.0015 × moisture 
content (r2 = 0.58), leaf area/plant height = –0.65 
+ 0.0055 × moisture content (r2 = 0.69), P < 
0.001 for all regressions.
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are unlikely to have much effect on water 
availability and plant growth.

Conclusions

The sloped capillary mat system was able 
to produce different moisture levels in the 
growing medium, but moisture levels in the 
drier treatments were not constant during the 
experiment. Although drought stress can pro-
duce small plants, plant height was less sensi-
tive to drought stress than leaf area, number 
of leaves, or dry mass. Thus, the measures of 
compactness (dry mass or leaf area per unit 
plant height) indicated that plants grown at 
high moisture content were more compact, but 
also taller. Although drought stress can be used 
to reduce growth and produce small bedding 
plants, drought-stressed plants may not be truly 
compact if grown with a gradually declining 
low moisture level. However, under production 
conditions the moisture level of the growing 
medium fl uctuates, since the growing medium 
is generally resaturated at each irrigation. If the 
growing medium dries out between irrigations, 
this results in periodic drought stress, which 
may affect plants differently from gradually 
decreasing moisture levels. The effect of such 
episodic drought stress on compactness war-
rants further investigation.
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