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Abstract. Crabapple [Malus ×zumi (Rehd.) ‘Calocarpa’] and maple (Acer ×freemanii E.
Murray ‘Jeffersred’) trees were grown in containers from 22 June to 3 Oct. with three
fertilizer concentrations (50, 100, and 200 mg·L–1 N) and two levels of moisture tension in
the medium [low setpoint (moist) = 5 kPa and high setpoint (dry) = 18 kPa]. Whole-plant
growth was enhanced more by minimizing water stress than by increasing fertilizer
concentration. Shoot length and whole-plant dry weight were greater (>29% for crabapple
and >90% for maple) in low tension treatments (low water stress) but were unaffected by
fertilizer concentration. Moisture tension also had a dominant effect on dry-weight
allocation to leaves, stems, and roots. In contrast, foliar nutrient concentrations increased
with fertilizer concentration but were affected to a lesser degree by moisture tension.
Seasonal patterns in biomass allocation were little affected by treatments; the largest
proportions of leaf and root biomass accumulated during summer and fall, respectively.
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higher irrigation frequency) = 5 kPa, and high
tension (dry, lower irrigation frequency) = 18
kPa. Irrigation events were controlled by a
Richdel 446 Controller (Hardie Irrigation, El
Paso, Tex.) and mechanical switching tensi-
ometers (model LTA; Irrometer Co., River-
side, Calif.). The controller queried tensiom-
eters four times daily; irrigation occurred when
setpoints were exceeded. Irrigation events
never occurred more than three times per day.
A single tensiometer was used to control each
MT setpoint within each species. Each me-
chanical tensiometer was paired with an elec-
tronic recording tensiometer (Rose, 1994) that
was placed in the same MT group, but not in
the same pot. Data from recording tensiom-
eters were collected via a real-time acquisition
system (Rose, 1994). These data were closely
inspected to ensure proper functioning of me-
chanical tensiometers and to determine irriga-
tion frequency. Tensiometers were placed so
that ceramic cups were 5 cm from the bottom
of the pot, equidistant from the side of the pot
and the stem axis.

Gravimetrically, the low-MT and high-
MT treatments represented 30% to 45% and
60% to 75% container capacity deficits, re-
spectively. Crabapples received ≈1200 mL of
fertilizer solution at each irrigation; maples
received 800 mL. These irrigation volumes
represented ≈30% container capacity for the
two container sizes. Thus, the goal of each
irrigation was to restore container capacity in
low, but not in high, MT treatments.

Three representative plants were harvested
before treatments began to assess initial dry-
weight and nutrient status. One of two trees in
each block × treatment (n = 4) combination
was harvested on each of two harvest dates.
One plant was destructively harvested 22 Aug.
after terminal buds had set, and the other 10
Oct., just prior to leaf coloration. Leaf area
was measured on the first date only (LI-3100
Area Meter; LI-COR, Lincoln, Nebr.). On
both dates, shoot length, defined as the sum of
all current-season shoot lengths, was mea-
sured, and leaves, stems, and roots were har-
vested for dry-weight and tissue N, P, K analy-
sis (The Ohio State Univ. Research Extension
Analytical Laboratory, Wooster). Plant N, P,
and K contents were calculated by multiplying
dry weights by nutrient concentrations. Leaf,
stem, and root dry-weight gains for the sum-
mer (22 June–22 Aug.) and fall (22 Aug.–10
Oct.) growth periods were calculated by sub-
tracting initial from final dry weights. Treat-
ment effects were tested with separate analy-
ses of variance for each species using PROC
GLM, SAS statistical software (SAS Institute,
Cary, N.C.). The regression of selected vari-
ables on total nitrogen applied also was per-
formed using PROC GLM.

Results and Discussion

Plant growth. The statistical significance
of treatments with respect to whole-plant
growth measurements did not change between
the two harvests, so data are presented from
only the final harvest (Table 1). High MT
significantly reduced whole-plant dry weight,

Water quality regulations and economics
are pressuring container growers to use nutri-
ents and water efficiently. Decreasing fertil-
izer runoff and water use without compromis-
ing plant quality are key challenges. Many
studies have focused on the optimal fertiliza-
tion rates required to produce the best plant
with the least input (Bilderback, 1985; Jull et
al., 1994; Stubbs et al., 1997) or on both timing
and rate of fertilization (Maust and Williamson,
1994; Rose and White, 1994; Yeager, 1996).
Another approach is to quantify the plant nu-
trient requirement by determining whole-plant
recoveries (Rose et al., 1994; Struve, 1995).

With few exceptions, in most studies on
nutritional requirements of container plants,
water (and usually nutrients) has been applied
on a poorly defined time-interval basis; water
status of the plant or growing medium at the
time of irrigation was not determined. The
problem with this approach is that nutrient
uptake is not a static response to nutrient
availability; instead, it is a function of the
plant’s integrated response to its environment
(Chapin, 1991). In agronomic crops, water
stress at key growth stages limits crop re-
sponse to applied nitrogen (Rhoads, 1984).
Adequate water content in soils is required for

nutrient uptake. Low soil water potentials (high
moisture tension) reduce nutrient movement
to roots via diffusion or mass flow (Tisdale
and Nelson, 1975).

Field-grown nursery stock generally re-
sponds more consistently to irrigation than to
increasing N rate (Ponder et al., 1984; Wright
and Hale, 1983). The primary objective of this
experiment was to determine the relative ef-
fects of fertilizer rate and moisture availability
on growth of container nursery plants, and to
study biomass allocation in this context. Two
woody perennials of importance to the land-
scape industry were chosen for this study.

Materials and Methods

Bare-root liners of crabapple (120 cm
height) and maple (45 cm height) were potted
in 8.6- and 6.2-L plastic containers, respec-
tively, using Metro Mix 510 growing medium
(The Scotts Co., Marysville, Ohio). Trees were
placed in an outdoor container yard in Colum-
bus, Ohio, and were hand-watered for 6 weeks
until roots were well established. Trees were
blocked by stem diameters in a randomized
complete-block design with four blocks. Treat-
ments were applied between 22 June and 3
Oct., and consisted of factorial combinations
of three fertilizer concentrations and two mois-
ture tension levels. Fertilizer concentrations
(FC) were 50, 100, and 200 mg·L–1 N from
soluble 24N–3.5P–13.3K fertilizer (Peters 24–
8–16, The Scotts Co.). A system of Dosatron
injectors (Dosatron International, Inc.,
Clearwater, Fla.), polyethylene tubing, and
drip emitters (4 L·h–1) delivered fertilizer solu-
tions to pots, which were covered to exclude
rainfall.

 Moisture tension (MT) levels consisted of
two tensiometric setpoints: low tension (moist,
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shoot length, and leaf area in both species.
Fertilizer concentration had no effect on dry
weight or shoot length. Although there was a
significant linear response of maple leaf area
to FC, the relative effect of FC was much less
than that of MT.

Previous studies of the relationship be-
tween FC and MT have been conducted pri-
marily with greenhouse container crops. Lieth
and Burger (1989) grew chrysanthemums
[Dendranthema ×grandiflora (Ramat.) Kitam.]
at four levels of MT (1.5–15 kPA), using
soluble fertilizer with each irrigation. They
observed biomass reduction at the two highest
levels of MT, but were unable to distinguish
MT effects from nutritional effects on biom-
ass because plants at high MT received lower
total amounts of fertilizer. In the current ex-
periment, the total amount of nutrients applied
at equivalent FCs was 35% to 39% lower at
high than at low MT (Table 1). Nonetheless,
results suggested that whole-plant growth (dry
weight, stem length) was not affected by FC or
amounts of nutrients applied. Coefficients for
the regression of dry weight and shoot length
on total N applied were quite low (Table 2).
Furthermore, the lowest levels of FC and MT
supplied 62% less fertilizer than did the high
FC/high-MT treatment, but dry weight of the
crabapples was 30% greater with the former.
In maple, the low FC/low-MT trees received
59% less fertilizer than the high FC/high-MT
treatments, but dry weight was 120% greater.
These results paralleled those of Shuch et al.
(1995), who observed that moisture deficit
had a much greater effect on biomass in poin-
settias than did fertilizer concentration.

A gradient in water potential from high (in
growing medium) to low (in atmosphere) is
necessary for plants to absorb and transport
water and minerals. A decrease in either major
component of the water potential of the me-
dium, osmotic or matric potential, can restrict
water absorption (Marshall and Holmes, 1979).
Other researchers (Dole et al., 1994; Shuch et
al., 1995; Yelanich and Biernbaum, 1993,
1994) have found low or even negative corre-
lations between plant growth and moderate
rates of fertilization, and this may be related to
fertilization effects on the water potential of
the medium. Yelanich and Biernbaum (1990)
observed no growth response in poinsettia to a
10-fold increase in fertilizer concentration.
However, when electrical conductivity (EC)
in the medium exceeded 2 to 3 mS·cm–1, fresh
weight and bract area of poinsettias were re-
duced. Their data suggested that a decrease in
the osmotic potential of the medium (higher
EC) reduced growth and limited plant re-
sponse to higher levels of nutrients. In the
current experiment, the matric potential of the
medium was manipulated by MT treatments
and this had an overriding effect on growth
relative to FC or total amounts of nutrients.

Foliar nutrient concentrations. Fertilizer
concentration had linear and quadratic effects
on foliar nutrient concentrations in both spe-
cies (Table 1). Thus, while FC did not affect
whole-plant dry weights, higher FC produced
plants with higher nutrient concentrations
(Table 1) and contents (data not shown). Ac-

Table 1. Effects of moisture tension level and fertilizer concentration on total quantity of N applied, growth,
and foliar nutrient concentrations at final harvest (10 Oct.) for maple and crabapple (1996).

Whole-
Moisture Nitrogen plant Shoot Leaf
tension N concn applied dry wt length areaz Foliar nutrient concn (%)
(Kpa) (mg·L–1) (g) (g) (cm) (cm2) N P K

Maple
5 50 4.8 335 360 1.1 2.0 0.2 1.3

100 9.6 332 416 1.2 2.6 0.3 1.9
200 19.2 365 412 1.4 3.7 0.6 2.2

18 50 2.9 164 223 0.5 2.0 0.2 1.4
100 5.9 174 202 0.6 2.3 0.2 1.6
200 11.8 147 203 0.5 3.2 0.4 2.3

Tension *** *** *** ** ** NS

Fertilizer rate NS NS L**y L*** , Q** L*** , Q*** L***

F × T NS NS * NS * **

Crabapple
5 50 6.5 809 799 0.8 2.0 0.2 1.2

100 13.0 879 1004 1.1 2.2 0.3 1.4
200 25.9 846 841 0.9 2.6 0.4 1.9

18 50 4.2 654 573 0.6 2.0 0.2 1.4
100 8.5 690 595 0.8 2.2 0.2 1.4
200 17.0 618 642 0.8 2.5 0.4 2.5

Tension *** *** * NS NS *
Fertilizer rate NS NS NS L*** L*** L*** , Q**

F × T NS NS NS NS NS NS

zLeaf areas were measured on 22 Aug., not at final harvest.
yL = linear; Q = quadratic.
NS, *, **, *** Nonsignificant or significant at P ≤ 0.05, 0.01, and 0.001, respectively.

Table 2. Coefficient of determination (R2) for the linear regression of whole-plant dry weight, shoot length,
and percentage of foliar N, P, and K on total N appliedz to maple and crabapple, 1996.

Dry Shoot Foliar nutrient
Harvest date weight length N P K

Maple
22 Aug. 0.27 0.23 0.89 0.92 0.80
10 Oct. 0.22 0.23 0.90 0.88 0.72

Crabapple
22 Aug. 0.31 0.31 0.89 0.80 0.57
10 Oct. 0.10 0.19 0.76 0.66 0.40
zTotal N applied is proportional to total P and K applied, so coefficients would be the same for regressions
of these variables on total P and K applied.

cordingly, correlations between whole-plant
dry weight and nutrient concentrations were
very low (average for both species R2 < 0.12).

High MT significantly reduced foliar N, P,
and K concentrations of maple at one or more
harvests (Table 1, only final harvest data
shown). The 39% decrease in total fertilizer
may have accounted for the small reduction in
foliar nutrient concentrations in high- vs. low-
MT treatments. Regression of foliar nutrient
concentrations on N applied revealed a rela-
tively strong association (Table 2).

Shuch et al. (1995) observed that moisture
deficit did not affect foliar N concentrations.
Results from the current experiment were simi-
lar in that MT had no effect, or a relatively
small effect, on foliar nutrient concentrations,
compared with FC. In crabapple, MT level did
not affect foliar concentrations of N and P at
either date (Table 1, only final harvest data
shown). However, at final harvest, foliar K
concentration was greater in high-MT trees
despite the fact that these received lower total
amounts of K. The increase in foliar K concen-
tration in crabapple at high tension invites
speculation that this species is capable of os-
motic adjustment to water deficit. Potassium
salts of organic acids and sugars are the pri-

mary osmotic components in non-halophytic
higher plants (Hellebust, 1976).

Summer and fall biomass allocation pat-
terns. Most of the leaf biomass accumulated
during the summer growth period, except in
crabapples receiving the lowest FC (Figs. 1
and 2). For those crabapples, summer and fall
gains in leaf dry weight were nearly equal.
Since terminal buds were observed in all plants
by 22 Aug., leaf expansion or thickening ac-
counted for any increase in leaf dry weight
during the fall period.

With few exceptions, MT had a dominant
effect on component biomass, particularly for
maple (Table 3; Figs. 1 and 2). Nonetheless,
FC had linear effects on some dry-weight
components (Table 3). Leaf dry weight in-
creased with FC in the summer (both species)
whereas root dry weight decreased (crabapple).
As a result, FC had an effect on shoot : root
ratios in the summer (Table 4). Fall data sug-
gest that the response of root dry weight to
increasing FC may have been limited at high
tension (Figs. 1 and 2). However, the FC × MT
interaction was nonsignificant (Table 3).

 Notable gains in root biomass (Figs. 1 and
2) and a corresponding decrease in shoot : root
ratios (Table 4) were apparent in both species
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Fig. 1. Effects of moisture tension and fertilizer concentration on summer and fall dry-weight gains in leaves, stems, and roots of maple. ❐ = leaf dry weight,
 = stem dry weight, ■ = root dry weight.

Fig. 2. Effects of moisture tension and fertilizer concentration on summer and fall dry-weight gains in leaves, stems, and roots of crabapple. ❐ = leaf dry weight,
 = stem dry weight, ■ = root dry weight.
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Table 3. Summary of analysis of variance for leaf, stem, and root dry-weight (g) gains during summer and
fall growth periods.

Leaves Stems Roots
Summer Fall Summer Fall Summer Fall

Maple
Tension (T) *** NS *** ** *** ***
Fertilizer (F) rate L*** Z NS NS NS NS NS

F × T NS NS NS NS NS NS

Crabapple
Tension *** NS *** ** ** NS

Fertilizer rate L** L** NS NS L** NS

F × T NS NS NS NS NS NS

zL = linear.
NS, **, *** Nonsignificant or significant at P ≤ 0.01 or 0.001, respectively.

Table 4. Effects of moisture tension and fertilizer concentration on shoot : root dry-weight ratios at two dates.

Moisture Shoot : root ratio
tension N concn Maple Crabapple
(Kpa) (mg·L–1) 22 Aug. 10 Oct. 22 Aug. 10 Oct.
5 50 3.2 1.2 1.5 1.2

100 4.7 1.4 1.6 1.1
200 4.5 1.2 2.0 1.1

18 50 2.7 1.3 1.3 1.2
100 3.2 1.4 1.6 1.0
200 3.4 1.6 1.9 1.0

Tension (T) *** NS NS NS

Fertilizer (F) rate L*** , Q* Z NS L*** NS

F × T NS NS NS NS

zL = linear; Q = quadratic.
NS, *, *** Nonsignificant or significant at P ≤ 0.05 or 0.001, respectively.

mize moisture stress warrants as much atten-
tion as nutrition by nurserymen and research-
ers. Beeson (1995) grew three species of orna-
mentals at 20%, 40%, 60%, and 80% container
moisture deficits, and found that only the
lowest moisture-deficit treatment produced
acceptable size in all three species within the
experiment’s timeframe. Less frequent irriga-
tion (higher deficit) did not detract from ap-
pearance, but reduced growth rate and in-
creased the time required to reach marketable
size. In the current experiment, plants grown
under moisture stress (high MT) were similar
in color and quality to low stress treatments at
equivalent FC, but were more compact. In
contrast, plants grown at different FCs and
equivalent MT were distinguishable by inten-
sity of leaf color, but not size. Plants grown at
the lowest FC had lighter green foliage but
were not chlorotic.

Results from this experiment suggest that
growth may be more effectively maximized
by reducing moisture stress than by increasing
fertilizer concentration, at least in the range of
fertilizer concentrations used in this study (50
to 200 mg·L–1 N). We do not refute Liebig’s
“Law of the Minimum,” but rather suggest that
water stress may limit growth more frequently
than does limited nutrition under current con-
tainer production practices. Furthermore, us-
ing lower concentrations of fertilizer (50
mg·L–1 N) and maintaining low media mois-
ture tensions may be an effective strategy to
reduce nutrient runoff. Ensuring that plants do
not wilt is not sufficient, since water stress
may reduce yields or dry-weight accumula-
tion without visible wilting (Rhoads, 1984). In
this experiment, no wilting was observed in
maple at high MT, and slight wilting of
crabapple terminal growth was observed oc-
casionally in August and September.

The mechanical switching tensiometer used
in this experiment could be used by growers as
an effective, low-cost tool for timing nursery
irrigation to minimize water stress. The tensi-
ometers required brief inspection and minor
maintenance several times a week. Within a
given block, the tensiometer should be placed
in an indicator species that from experience
requires most frequent irrigation. For use with
container plants, the texture of the medium is
an important consideration since these instru-
ments do not function well in a coarse-textured
medium. Also, optimal placement of the tensi-
ometer in the container must be determined.
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