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Abstract. Horticulturists have not promoted use of Dirca palustris L. (eastern leather-
wood) despite its suite of traits valued by gardeners and landscapers. Horticultural
production of D. palustris may be hindered by slow shoot growth and sensitivity of plants
to edaphic conditions. Because of discrepancies in reported tolerances of D. palustris
to root-zone pH, we assessed whether pH of soils supporting indigenous populations in
Florida, Maine, and North Dakota corresponded to responses of seedlings from the three
provenances to root-zone pH of 4.5 to 7.3 in soilless media. Regression showed that root
zones at pH 5.8 promoted maximum stem length of seedlings from Florida and North
Dakota, whereas root zones at pH 4.5 led to maximum stem length of seedlings from
Maine. Root-zone pH 5.6 and 5.5 fostered maximum root and shoot dry weight,
respectively, for seedlings from Florida, whereas root zones at pH 4.5 promoted
maximum root and shoot dry weights of seedlings from Maine and North Dakota.
Averaged over provenance, relative leaf greenness decreased by 62%, and foliar
nitrogen, iron, manganese, and zinc decreased by 49%, 70%, 95%, and 48%,
respectively, as root-zone pH increased from 4.5 to 7.3. Foliar phosphorus decreased
at both low and high pH. The pH of soils where seeds were collected did not predict
optimal root-zone pH for stem length or biomass accrual in soilless media; genotypes
from soils with a pH of 7.4 in North Dakota did not exhibit greater tolerance to high pH
than genotypes from Maine or Florida, where pH of indigenous soil was 6.1 and 5.2,
respectively. Averaged over pH treatments, seedlings from Florida showed the greatest
stem length and formed the most shoot biomass, whereas seedlings from North Dakota
had stouter stems, greater root biomass, and greater root-to-shoot ratios than did
seedlings from Florida and Maine. Our results illustrate that acidic media facilitate
horticultural production of D. palustris, that further evaluation of provenance differ-
ences could facilitate selection of genotypes for horticulture, and that tolerances of
genotypes to root-zone pH do not strictly correspond to the pH of soils on which they were
indigenous.

Dirca palustris L. occurs sporadically as
an understory shrub in rich mesic forests
from Nova Scotia west to North Dakota,
and south to Oklahoma and Florida (Nevling,
1962; Peterson et al., 2009). Known com-
monly as castern leatherwood, the species has
received little attention from horticulturists
despite its suite of traits valued by gardeners
and landscapers, including its flowers in early
spring, unique and upright growth habit, rich
yellow foliage in fall, and shade tolerance
(Anderson, 1933; Del Tredici, 1984; Esson,
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1949). Our observations indicate that limita-
tions to commercial production of D. palustris
include its sensitivity to edaphic conditions
and slow shoot growth (5 to 10 cm annually).
Overcoming these challenges could facilitate
the use of D. palustris as a commercially
viable shrub for horticulture. Our broad goal
is to determine how horticulturists can man-
age the root-zone environment during pro-
duction and use of D. palustris to promote
growth and plant health.

Responses of D. palustris to pH of sub-
strates used for horticultural production are
unknown, and discrepancies exist in the
reported pH affinities of the species in the
wild. Del Tredici (1984) reported that D.
palustris performs best in moist areas that
have high limestone content, and Cooperrider
(1962) found occurrence of the species in
eastern lowa to be limited to sites over
limestone bedrock. Clark (1971) asserted that

D. palustris occurs over circumneutral or
basic soils in the southeastern United States.
Nevling (1962) characterized D. palusiris as
a facultative calciphile, whereas Anderson
(1933) claimed it grows in a range of environ-
ments but avoids limestone. A survey of D.
palustris in South Carolina demonstrated that
it occurs on acidic soils (Ward and Horn,
1998), and Dirr (1997) stated that the species
prefers acidity. Conflicting information on
soil-pH tolerances of D. palustris might
indicate either that the species is inherently
adapted to a wide range of soil pH or that
ecotypic adaptation to localized soil pH has
occurred (Dawson et al., 2007; Rajakaruna,
2004: Snaydon, 1970). If the latter is true,
genotypes of D. palustris from disparate
provenances may respond differently to root-
zone pH, which could influence strategies
for selecting and using genotypes for horti-
culture. Researchers have demonstrated that
genotypes of the same species from contrast-
ing edaphic environments may vary in response
to root-zone pH (Anderson and Ladiges,
1978; Dawson et al., 2007; Kerley et al.,
2002; Snaydon, 1970). Nevertheless, the de-
gree to which the pH of soil where a genotype
is indigenous predicts responses of propa-
gules of that genotype to pH of horticul-
tural substrates likely varies among species
according to their evolutionary histories
(Bounejmate and Robson, 1992; Snaydon,
1970; Symonds et al., 2001).

We evaluated responses of seedlings of D.
palustris from diverse provenances to pH of
a soilless medium. We studied seedlings indig-
enous to Florida, Maine, and North Dakota
because our assessments of wild populations
showed that the pH of soils supporting these
populations differs. Qur specific objectives
were to 1) evaluate growth of first-year seed-
lings of D. palustris in soilless media across
a range of pH; 2) assess whether pH of soils
where the genotypes were native corresponds
to early responses of seedlings to pH in a
horticultural substrate; and 3) characterize
phenotypic differences of horticultural utility
among seedlings from the three provenances.

Materials and Methods

Plant materials and handling. Dirca pal-
ustris was propagated from seeds harvested
within three populations in 2007. Drupes
were collected in April from Torreya State
Park in Liberty Co., Florida (long.
30°34'632” N, lat. 84°56'747” W) from a
minimum of 30 maternal parents. In July,
drupes were collected near Sherman Mills in
Aroostook Co., Maine (long. 45°56°056” N,
lat. 68°19'357” W) and near the Little
Pembina River in Cavalier Co., North Dakota
(long. 48°57'892" N, lat. 098°06'031" W)
from a minimum of 10 maternal parents and
30 maternal parents, respectively. A compos-
ite soil sample comprising 10 subsamples
was collected from each site where drupes
were obtained. Soil pH was measured by the
Soil and Plant Analysis Laboratory, fowa
State University, Ames, IA, using the I:1
soil:water suspension method. Drupes were
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sown in flats filled with a soilless, peatmoss-
based medium (Fafard® 52; Fafard®, Inc.,
Agawam, MA) within 1 week after collec-
tion. Flats were held in a minimally heated
greenhouse until seeds germinated during
Spring 2008 after exposure to warm and cold
stratification under ambient conditions.

Plants from each provenance werc ran-
domly assigned to one of five pH treatments
when seedlings had three to four true leaves.
The experiment was conducted on a shaded
bench in a glass-glazed greenhouse where
photosynthetically active radiation (PAR) at
canopy level at solar noon was measured on
10 dates during the experiment. Mean PAR
was 245 pmol-m *s ' (st = 11.6). Temper-
atures in the greenhouse were logged with an
iButton Data Logger (Maxim Integrated
Products, Sunnyvale, CA). The mean daily
temperature during the experiment was 22 °C;
mean daily minimum and maximum were
17 and 32.5 °C.

Treatments and experimental design. We
adjusted pH of a soilless, peatmoss-based
medium (Fafard® 52) to 4.5, 5.3, 5.9, 6.5,
and 7.3 with 1-m sulfuric acid (H,SO,) or
reagent-grade calcium carbonate (CaCOj)
(Table 1). These chemicals were chosen
because injection of H,SOy into irrigation
water and addition of CaCO, to container
substrates are common methods for lowering
or raising pH of horticultural media. Distilled
water was then added to each adjusted
medium to ensure uniform moisture content
among treatments. Seedlings from each prov-
enance were transplanted singly into square
band pots with a diameter of 6 cm and a
height of 12.5 cm (Anderson Die & Mfg. Co.,
Portland, OR) filled with the media.

The experiment was designed as a two-
way factorial, randomized complete block
with three blocks. Six replicates were used
for cach combination of provenance and root-
zone pH within each block (N = 270; 90 per
block). Seedlings were irrigated with tap
water to container capacity every 5 to 9 d.
Root-zone pH was measured every 7 to 14 d
(Cavins et al., 2000). Leachate from two pots
per treatment per block was collected and its
pH determined with an 1Q160 pH meter (IQ
Scientific Instruments, Carlsbad, CA) with an
IFSET probe.

Harvest and data analysis. Responses of
plants were assessed after 15 weeks. Relative
greenness, a presumed measurc of relative
chlorophyll content (Netto et al., 2005), was

Table 1. Addition of 1-m H,SO, and reagent-grade
CaCOj; to a soilless, peatmoss-based medium to
achieve pH treatments.

Amount

added/L Mean st of
Amendment medium pH” mean pH
1-M H,S0, 35 mb 4.5 0.06
1-m H,S0, 23 mL 53 0.06
1-m H,S0, 14 mL 5.9 0.07
None — 6.5 0.07
CaCO, 5g 7.3 0.05

”Values represent average measures of leachate pH
taken every 7 to 14 d.
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measured on the youngest fully expanded
leaf of each plant with a handheld SPAD-502
Chlorophyll Meter (Konica Minolta Sensing,
Tokyo, Japan). Length of the single stem of
every seedling was determined from the
cotyledon scars to the youngest node. Stem
diameter was measured immediately below
the cotyledon scars with handheld calipers.
Shoot and root tissue was harvested from
every plant, media were washed from the
roots, and both shoots and roots were dried at
67 °C for 5 to 7 d. Roots included all biomass
below the cotyledon scars. Shoots and roots
were weighed, and a root-to-shoot ratio was
calculated for each seedling.

Leaves of plants from each treatment
were analyzed for nutrient content by the
Soil and Plant Analysis Laboratory, lowa
State University, Ames, [A. Because we
had limited material for analysis, one sample
was created for each combination of prove-
nance and pH by combining leaves from
multiple plants until there was enough bio-
mass for the analyses. This allowed three
analyses from each of the five pH treatments,
with one sample from each of the three
seedling provenances (N = 15). Total nitro-
gen (N) was measured by combustion anal-
ysis, and iron (Fe), manganese (Mn), zinc
(Zn), and phosphorus (P) were measured by
microwave digestion.

Data were analyzed with the Statistical
Analysis System 9.1.3 (SAS Institute Inc.,
Cary, NC). Treatment responses were natural
log-transformed when necessary to normal-
ize variances. The regression procedure and
F-tests were used to test the significance of
linear and quadratic models for responses of
seedlings to root-zone pH. The LSMEANS
option of the general linear models procedure
was used with Tukey adjustment for multiple
comparisons t0 generate means-separation
statistics. Main effects of root-zone pH and
seedling provenance were tested, as were their
interactions.

Results

The pH of soils supporting the popula-
tions from which drupes were collected
varied from acidic (5.2 in Florida and 6.1
in Maine) to basic (7.4 in North Dakota). In
containers, acidic root zones enhanced stem
length and root and shoot dry weights of
scedlings from all three provenances,
although interactions existed between root-
zone pH and provenance for all three
responses (interactions: P = 0.0002, P <
0.0001, and P = 0.0122, respectively). Stem
length of seedlings from Maine decreased
linearly with increasing pH, whercas stem
length of seedlings from Florida and North
Dakota was best described by quadratic
functions with predicted maxima at pH 5.8
(Fig. 1). Both root (Fig. 2A) and shoot (Fig.
2B) dry weight of seedlings from Maine
and North Dakota decreased linearly with
increasing pH. Quadratic functions best
described responses of seedlings from Flor-
ida, with predicted maxima at pH 5.6 and pH
5.5 for root (Fig. 2A) and shoot (Fig. 2B) dry
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Fig. 1. Interaction of root-zone pH and provenance
for stem length of seedlings of Dirca palustris.
Symbols represent means of (8 single-plant rep-
lications % st. Regression models were determined
based on log-transformed data, but plot depicts
untransformed data for clarity. Regression func-
tions are: Florida: stem length = —13.1 (pH?) +
152.7 (pH) - 376.0, # = 0.93; Maine: stem length
=-4.3 (pH) + 43.0, 17 = 0.57; North Dakota: stem
length = -5.7 (pH?) + 66.0 (pH) — 148.2, ¥ = 0.88.
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Fig. 2. Interactions of root-zone pH and provenance
for root dry weight, shoot dry weight, and root-
to-shoot ratio of seedlings of Dirca palustris.
Symbols represent means of 18 single-plant
replications 1 se. Regression models were
selected based on log-transformed data, but plots
depict untransformed data for clarity. Regression
functions for root dry weight are: Florida:
weight = —37.7 (pH?) + 418.2 (pH) - 874.3, ¥ =
0.87; Maine: weight = —18.5 (pH) + 269.9, 17 =
0.43; North Dakota: weight = —59.3 (pH) + 725.2,
# = 0.95. Functions for shoot dry weight are:
Florida: weight = -48.5 (pH*) + 524.2 (pH) -
1171.8, 72 = 0.92: Maine: weight =-37.0 (pH) +
299.8, 12 = 0.77; North Dakota: weight = —46.5
(pH) +424.6, 7 = 0.92. Functions for root-to-shoot
ratio are: Florida: ratio = 0.3 (pH?) - 2.9 (pH) + 8.9,
72 = 0.93; Maine: ratio = 0.8 (pH) - 1.8, =0.91;
North Dakota: ratio = 0.6 (pH) — 0.4, /7 = 0.92.
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weight, respectively. Root-1o-shoot ratios of
seedlings from Maine and North Dakota
increased linearly with increasing root-zone
pH. whereas a quadratic function described
the root-to-shoot ratios of seedlings from
Florida (Fig. 2C).

Relative greenness of leaves on plants
from all provenances decreased linearly with
increasing pH (Fig. 3), and analysis of vari-
ance showed no evidence of differences
among provenances in this response (P =
0.1942). Foliar concentrations of N, Fe, and
Zn decreased linearly with increasing root-
zone pH (Table 2), whereas concentration of
Mn decreased quadratically with increasing
root-zone pH. In contrast, regression of leaf
P concentration with pH revealed a quadratic
response with a predicted maximum P con-
centration at pH 5.5 (Table 2).

Differences in growth were found among
seedlings from the three provenances, aver-
aged across pH treatments (Table 3). Seed-
lings from Florida formed stems 48% longer
than seedlings from North Dakota and 211%
longer than seedlings from Maine (Table 3).
Seedlings from North Dakota and Maine had
the thickest and thinnest stems, respectively
(Table 3). Mean shoot dry weight of seed-
lings from Florida was 25% greater than that
of seedlings from North Dakota and 129%
greater than that of seedlings from Maine
(Table 3). Root dry weight of seedlings from
North Dakota averaged 53% and 134%
greater than mean root dry weights of sced-
lings from Florida and Maine, respectively
(Table 3). Root-to-shoot ratios of seedlings
from North Dakota excecded the root-to-shoot
ratios of seedlings from Florida and Maine by
93% and 12%, respectively (Table 3).

Discussion

Seedlings of D. palustris were sensitive to
the pH of a soilless, horticultural medium
under greenhouse conditions. Regression sta-
tistics predicted that stem length and root and
shoot dry weights of seedlings from all three
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Fig. 3. Relative greenness of leaves of Dirca
palustris grown in a soilless medium adjusted
to five pH levels. The unitless values were
obtained as measures from a SPAD-502 Chlo-
rophyll Meter. Symbols represent means of 54
single-plant replicates, {8 from each of Florida,
Maine, and North Dakota. For all means, st
bars fell within the areas of the filled symbols.
The regression function is: SPAD = —10.1 (pH)
+91.8,72=0.99.
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provenances were maximized by root-zone
pH less than 6.0; some measures of growth
were maximal at pH 4.5, the lowest root-zone
pH we evaluated (Figs. 1 and 2A-B). These
results demonstrate that use of acidic media
facilitates cultivation of this species. Further-
more, the positive relationship between root-
to-shoot ratio and root-zone pH (Fig. 2C)
indicates that low-nutrient stress of seedlings
increased as pH increased. This conclusion
is based on numerous reports that relative
allocations of biomass to roots increase as
the nutrients available to a plant decrease
(Gutschick and Kay. 1995; Huante et al.,
1995). Also supporting this conclusion are
data on relative greenness of leaves (Fig. 3)
and foliar concentrations of N, Fe, Mn, Zn,
and P (Table 2), which were greatest among
plants in acidic media. These nutrient analy-
ses support the assertion that root zones with
pH less than 6.0 promote the health of
D. palustris. However, curling and puckering
was noted on lamina of some seedlings from
all three provenances when grown in media
at pH 4.5. This symptom and the high Mn
concentrations in leaves of plants in media at
pH 4.5 (Table 2) suggest that seedlings from
all three provenances may be sensitive to Mn
availability in highly acidic media (Handreck
and Black, 2002). Collectively, these results
do not support the contention that D. palustris
is insensitive to root-zone pH nor the possi-
bility that extensive local adaptation to root-
zone pH has occurred. Some researchers have
stated that the species is'restricted primarily

to limestone soils (Clark, 1971; Cooperrider,
1962: Del Tredici, 1984), whereas others
have reported that D. palustris is typically
found on or prefers acidic soils (Anderson,
1933; Dirr, 1997; Ward and Horn, 1998). Our
results provide clarification for horticulturists
by demonstrating that seedlings of D. pal-
ustris in horticultural media prefer acidic root
zones.

Despite their general preference for acidic
media, seedlings from the three provenances
varied in some ways in their responses to the
wide range of root-zone pH we used. Stem
length and root and shoot dry weight of
seedlings from Florida were diminished by
both low-pH and high-pH root zones (Figs.
1 and 2A-B). In contrast, stem length and
root and shoot dry weight of seedlings from
Maine were greatest at pH 4.5 and diminished
with increasing pH (Figs. 1 and 2A-B).
Responses of seedlings from North Dakota
were less consistent. Stem length was re-
duced by both low-pH and high-pH root
zones (Fig. 1), whereas dry weights were
greatest in the low-pH root zone of 4.5 (Fig.
2A-B). The reason for these differential
responses to root-zone pH among the prove-
nances is unclear, although they may repre-
sent divergent tolerances to micronutrient
limitation or toxicity. Regardless, the varied
responses of seedlings from the three prove-
nances to root-zone pH suggest that compre-
hensive assessments of edaphic tolerances
may facilitate horticultural selection for
specific responses to root-zone pH.

Table 2. Mean foliar nutrient concentration of Dirca palustris after 15 weeks of growth.”

Root-zone pH N (%) Fe (mg-kg') Mn (mg-kg") Zn (mg-kg™) P (mg-kg™)
4.5 35 247 1.979 65 2,381
53 3.0 186 1.313 65 3,221
5.9 2.5 103 284 52 2,684
6.5 2.1 91 165 59 2,271
73 1.8 74 101 34 1,369
Model

Linear <0.0001 0.0002 <0.0001 0.0492 0.0251

Quadratic NSY NS 0.0092 NS 0.0059

“Means are of three replicates for each pH treatment, one from each of three provenances. Regression
functions for foliar nutrients are: % nitrogen (N) = -0.6 (pH) + 6.4, 1 = 0.87: mg-kg™' iron (Fe) = -64.5
(pH) +520.6, 7 =0.51; mg-kg™' manganese (Mn) = 287.2 (pH?) - 4104.6 (pH) + 14720, 2 = 0.86; mg-kg™*
zinc (Zn) =-10.2 (pH) + 115.2, /2 = 0.16; mg-kg™' phosphorus (P) =-478.5 (pH?) + 5218.3 (pH) - 11301,
” =0.59.

YNonsignificant at P = 0.05.

Table 3. Mean stem length, stem diameter, shoot dry weight, root dry weight, and root-to-shoot ratio of
seedlings of Dirca palustris from three provenances after 15 weeks of growth.”

Stem (mm) Dry wt (mg)
Provenance Length Diam Shoot Root Root-to-shoot ratio
Florida 56 a* 22b 188 a 245b l6c
Maine 18 ¢ 21¢ 82¢c 161 ¢ 26b
North Dakota 38b 24a 151b 376 a 29a

"Provenance means are of 90 replicates, 18 each of five pH treatments (N = 270). lmeractio‘ns betv\feen
provenance and root-zone pH existed for some variables; an assessment of the sources of the interactions
showed that they did not preclude consideration of provenance main effects. Mean_s for the main effect. of
provenance therefore are shown. Interaction means for stem length are depicted in Fllgur_e 1,and interaction
means for shoot dry weight, root dry weight, and root-to-shoot ratio are depicted in Figure 2. Intferacuon
means for stem diameter (mm) of seedlings grown in root-zene pH 4.5, 5.3, 5.9, 6.5, and 7.3: Florida: 2.3,
2.5,2.3,2.3, and 1.7, respectively; Maine: 2.5, 2.0, 2.1, 1.9, and 1.8, respectively: North Dakota: 2.9, 2.5,
2.4,2.2, and 2.0, respectively. ]

YMeans within each column followed by the same letter are not different at P = 0.05 according to Tukey’s
honestly significant difference test.
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The pH of soils that supported the indige-
nous plants from which we collected seeds did
not predict optimal root-zone pH for stem
length or biomass accrual in soilless media,
This contrasts with previous work in which
populations within a species occurring on soils
of divergent pH demonstrated localized adap-
tation to disparate root-zone conditions (Kerley
et al., 2002; Snaydon, 1970). In our experi-
ment, responses of seedlings of D. palustris to
root-zone pH were independent of indigenous
soil pH at the three provenances. Although the
populations from which seeds were collected
in North Dakota and Maine were supported
by slightly basic soils (pH 7.4) and acidic soils
(pH 6.1), respectively, seedlings from these
provenances produced greatest biomass in
strongly acidic media at pH 4.5 (Fig. 2A-B).
In contrast, soil supporting the population in
Florida was the most acidic of the three
provenances (pH 5.2), but regression predicted
a root-zone pH near 5.5 would promote the
greatest dry weight of seedlings from Florida
(Fig. 2A-B). This root-zone pH is higher than
that which maximized dry weights among
seedlings from both North Dakota and Maine.
Similarly, stem-length responses of seedlings
from the three provenances did not correspond
to indigenous soil pH. Stem length was max-
imal for seedlings from Maine when grown at
PH 4.5 in the root zone, whereas seedlings
from Florida and North Dakota had the longest
stems at a pH near 5.8 (Fig. 1). We conclude
that efforts to select genotypes for specific
adaptation to acidic or basic root zones
should not be restricted to populations occur-
ring on soils with the pH range of interest.

Evidence from D. palustris in the wild and
results from other species demonstrate that
our results should not be extrapolated to the
ecology of D. palustris in its native habitats
or horticultural landscapes. Although we ob-
served that D. palustris preferred an acidic
horticultural substrate, the wild population
on a basic soil in North Dakota grows more
vigorously than the population in Florida on
an acidic soil (Peterson, 2009). We recognize
that other factors might explain the difference
in growth of plants in these populations.
Nonetheless, it is apparent that D. palustris
can grow vigorously in field soils that are
mildly basic. Our use of a soilless medium
may account for the relatively poor response
we observed among seedlings as pH in-
creased (Figs. 1 and 2A-B). Plants often
tolerate a higher root-zone pH in mineral
soils than in soilless media, attributable in
part to the greater cation exchange capacity
and micronutrient availability of many field
soils (Handreck and Black, 2002). Our results
are consistent with those of Symonds et al.
(2001), who found that growth of species of
Eucalyptus Labill. indigenous to either acidic
or alkaline soils was maximized by an acidic
container medium. Trials in horticultural
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landscapes could extend our knowledge of
the responses of D. palustris to soil pH.

Phenotypic differences were observed
among seedlings from the three provenances
(Table 3), suggesting that further evaluation
of provenance differences may facilitate se-
lection of genotypes for horticulture. Annual
stem elongation should be a selection trait of
primary interest because the species typically
grows slowly (Steyermark, 1963). The pop-
ulation in Florida is promising in this regard;
seedlings from Florida showed the greatest
stem length and shoot dry weight (Table 3).
Other traits of potential concern to those
interested in selecting genotypes for horticul-
ture include stem diameter, root biomass, and
root-to-shoot ratios. Seedlings from the pop-
ulation in North Dakota had stouter stems,
greater root dry weight, and greater root-
to-shoot ratios than did seedlings from
Florida or Maine (Table 3). Adaptation for
enhanced foraging of soil among plants from
North Dakota represents a plausible explana-
tion for the greater allocation of biomass to
root-system development by seedlings from
this provenance. Low available soil moisture
can favor the evolution of increased root-
to-shoot ratios (Markesteijn and Poorter,
2009; Zhang et al., 2005), and mean annual
precipitation near the population of D. pal-
ustris in North Dakota is less than 40% of
the annual precipitation near the population
in Florida (U.S. Department of Commerce,
2007). The horticultural implications of these
provenance differences merit further investi-
gation. If the trait remains stable in different
environments and as plants age, the high root-
to-shoot ratio of seedlings from North Dakota
may impart increased drought avoidance and
an enhanced capacity to sequester nutrients in
horticultural landscapes.
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