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Abstract. Pawpaw [Asimina triloba (L.) Dunal] is a native American fruit tree that has
potential asa new fruit crop or for usein landscapes, but littleinformation isavailable
to nurseries on the production of containerized plants. In greenhouse experiments,
growth of pawpaw seedlingsin Rootr ainer swasexamined in threefertilization regimes,
two root-zone temperatures, and four substrates[ProMix, 6 pinebark : 1 sand (v/v), 1
sand : 1 sphagnum peat, and 4 pinebark : 1sand : 1 sphagnum peat medium]. A similar
germination rate of 80% was obtained in all substrates. Weekly fertigation treatments
were imposed when seedlings had 2 to 3 leaves, at 0, 50, and 100 mg-L* N as Peters
20N-8.6P-16.6K water-solublefertilizer plus soluble trace elements. After 140 days at
thehighest fertilizer rate, plant height, leaf number, and dry weight (roots, shoots, and
total plant) weregreater in ProMix and 1 sand : 1 sphagnum peat than in 6 pinebark :
1 sand (v/v) or 4 pinebark : 1 sand : 1 sphagnum peat. Also, theroot : shoot ratio was
lower in ProMix and 6 pinebark : 1 sand (v/v). Overall, plant biomass production was
greater in ProMixthanin6pinebark : 1sand (v/v). | n aseparateexperiment, bottom heat
(32£0.3 °C) hastened seedling emer gence from ProMix by 9 days compared to ambient
root-zone conditions (24 £0.2 °C). An aver age seedling height of 10 cm was attained by
ambient plants 79 days after sowing, whereas seedlings with bottom heat reached this
height after 69 days. Seedlingssubjected tobottom heat had increased leaf number (30%),
plant height (32%), wholeplant leaf area (94%), shoot dry weight (104%), r oot dry weight
(50%), lateral root dry weight (125%), and total plant dry weight (87%). Seedlingswith
bottom heat had areduction in root : shoot ratio of 25% and in specific leaf dry weight of
16% compared to ambient plants. Seedlings subjected to bottom heat had a higher leaf
chlorophyll (chl) concentration of chl a (39%), chl b (33%), chl p (43%), total chl (38%),
and chl a: b ratio (8%) than seedlings grown without bottom heat. Pawpaw seedling
growth was best using ProMix with 100 mg-L* N Peters applied once weekly, or using
ProMix with bottom heat and 50 mg-L* N Peters applied twice per week.

Pawpaw isanative Americanfruit treethat
has potential for use as anew fruit crop or in
landscapes (Darrow, 1975; Layne, 1996).
Possessing a unique, almost tropica flavor,
resembling a blend of banana, mango and
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pineapple, pawpaw fruit have excellent fresh
market and processing potential. Difficulties
in nursery propagation have been a major
factor in limiting devel opment of a commer-
cial pawpaw fruitindustry. Recently,improved
seedling and clonal propagation techniques
for pawpaw havebeen demonstrated (Finneseth
et al.,1998a, 1998b, 2000; Layne, 1996;
Pomper et a., 2002). However, further im-
provements in cultural methods for the pro-
duction of robust pawpaw seedlingsfor graft-
ing or planting directly into orchards or land-
scapes would be desirable.

Pawpaw is often difficult to propagate by
seed inthefield. Germination ratein thefield
declinessignificantly if pawpaw seed becomes
dry. Reducing seed moisture content from
37% to 25% reduces viability by 50%
(Finneseth et al., 1998a). Damage to the deli-
cate root system of field-dug pawpaw seed-
lings can also lead to poor seedling establish-
ment (Layne, 1996). Due to the problems
encountered by field propagation, most com-
mercia nurseries in the United States propa-

gate pawpaw trees in containers (1998 KSU
Nursery Survey, unpublished). Thisresultsin
a significantly greater cost to the purchaser;
however, these trees usually have strong,
healthy root systems at transplanting. Our
long-termgoal isto enhancecontainer produc-
tion of robust pawpaw seedlingsthat would be
well suited either for grafting or for transpl ant-
ing to orchards or home landscapes.

Container medium plusform and applica-
tionrateof N cansignificantly affect growth of
woody species(Aielloand Graves, 1997; Cruz
et al., 1993; Sartain and Ingram, 1984). Be-
cause of its relatively low cost, light weight,
and availability, pine bark alone or blended
with sand, sphagnum peat, or perliteisacom-
mon substrate used by nurseriesin the south-
eastern United Statesfor container grownplants
(Davidsonet al., 2000; Hartmannetal., 1997).
Japanesemaple(Acer palmatumThunb.), sugar
maple (Acer saccharum Marsh.), redbud
(Cercis canadensis L.), flowering dogwood
(Cornusflorida L.), kousa dogwood (Cornus
kousa), golden-rain tree (Koelreuteria
paniculata Laxm.), saucer magnolia (Magno-
lia xsoulangiana Soul.-Bod.), blackgum
(NyssasylvaticaMarsh.), and pinoak (Quercus
palustris Muench.) have been grown success-
fully with pine bark that is supplemented with
micronutrients (Wright et al., 1999). Chinese
chestnut (Castanea mollissima Bl.), Ameri-
can chestnut [C. dentata (Marsh.)], and Japa-
nese chestnut (C. crenata Sieb.) seedlings
have been grown successfully with a 6 pine
bark : 1 sand (v/v) substrate (Huang, et al.,
1994). Green ash (Fraxinus pennsylvanica
Marsh.) and red oak (Quercusrubral.) seed-
lings have been propagated successfully with
3pinebark: 1 peatmoss: 1sand (v/v) substrate
(Arnoldand Struve, 1989). Pawpaw seedlings
have been grown successfully in containers
withal peat moss: 1 pinebark : 1 vermiculite
(v/v) medium (Nash and Graves, 1993) and
alsousingwell-aerated growing substratesuch
as ProMix ‘BX’, which contains sphagnum
peat (75% to 85% by volume), perlite, ver-
miculite, macronutrients, and micronutrients
(Layne, 1996). However, no studies have
compared growth substrates or developed a
fertilization regime for enhanced container
production of pawpaw seedlings.

Elevated soil temperatures have been re-
ported to significantly increase nutrient up-
take and dry weight gain in passionfruit
(Passifloraedulisf. edulisand Passifloraedulis
f. flavicarpa; Menzel et a., 1994), flowering
and stem length for hydroponically grown
roses (Rosa xhybrida L.; Moss, 1984), and
nitrogen accumulation by apple trees [Malus
xsylvestris (L.) Mill. var. domestica (Borkh.)
Mansf.; Toselli et a., 1999]. Hurewitz and
Janes (1983) reported that tomato (Lyco-
persicon esculentum Mill.) leaf carbon ex-
change rate and leaf area increased as soil
temperaturewasincreasedto 30°C. However,
root-zone temperatures >30 °C have been re-
ported to restrict plant growth in some veg-
etable crops (Bode-Stoltzfus et al., 1998;
Hurewitz and Janes, 1983; Klock et al ., 1996)
and several temperatetreespecies(Gravesand
Aiello, 1997; Graves et al., 1989, 1991). In
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‘Rotundifolia holly (llex crenata Thunb.),
leaf chlorophyll levels decreased with root-
zonetemperatures >30 °C (Ruter and Ingram,
1992). Some tree species do tolerate el evated
root-zone temperatures. Root-zone tempera-
tures as high as 36 °C did not reduce whole
plantdry weight productioninthornlesshoney
locust (Gleditsia triacanthos L. var. inermis
Willd.) comparedto25°C (Klock etal ., 1996).
Increasing root-zone temperaturesto enhance
the early growth and development of con-
tainer grown pawpaw seedlings has not been
reported in the literature.

Therefore, theobjectivesof thisstudy were:
1) to compare the effects of several mediaand
fertilizer regimes on germination and growth
of container-grown pawpaw seedlings; and 2)
to determine if an increased root-zone tem-
perature would enhance early growth and
development of container-grown pawpaw
seedlings in the greenhouse.

Materialsand Methods

Plant material. For all experiments, paw-
paw seed was harvested from open-pollinated
half-sibling trees at the Western Maryland
Researchand Education CenterinK eedysville,
Md. Seed was stratified at 5 °C for 3 months
and sowntoa3cmdepthinsubstratein5x 6.4
x 25.4 cm (740 cm®) containers (Rootrainers;
Hummert Int., Earth City, Mo.). In all
experiments, Rootrainers were watered at
least weekly to runoff during germination.
Seedlings were grown in a white-washed
greenhouse under a 16-h photoperiod
supplemented by high pressuresodiumlights.
Photosynthetic photon flux was measured at
canopy level on aclear sunny representative
day at 1200 Hr at 1200 umol-m2-s™ by using
aLl-COR LI-185B photometer with aquan-
tum sensor (LI-COR, Lincoln, Nebr.).

Expt. 1, substrate study. The growth and
development of pawpaw seedlings was
compared in a factorial experiment in the
greenhouse using three fertilizer treatments
and four potting substrates: ProMix ‘BX’, 6
pine bark : 1 sand (v/v), 1 sand : 1 sphagnum
peat, and 4 pine bark : 1 sand : 1 sphagnum
peat. Fertilizer treatments were O, 50, and
100 mg-L* N as Peters (Scotts Co.,
Marysville, Ohio) 20N-8.6P-16.6K water-
soluble fertilizer plus soluble trace elements.
Experimental treatments were in a split-plot
arrangement in three replicated blocks (main
plot: fertilizer level, subplot: potting substrate)
on three benches in the greenhouse. There
were 10 replicate seedlings in each subplot.
Blocks were arranged along the long, east-
west axis of the greenhouse. The greenhouse
air temperature was measured every 30 min
during the experiment using TEMP HOBO
sensors (Onset Computer Corp., Pocasset,
Mass.). Average greenhouse air temperatures
were29.1+0.7°Cand 21.2+ 0.1°C, at 1200
HR and 300 HR, respectively (+ se), during the
experiment. Inearly March, stratified pawpaw
seed were sown in 740-mL Rootrainers con-
taining the substrate treatments. ProMix ‘BX’
(Premier Horticulture, Red Hill, Penn.) was
purchased, whereas the other substrates were
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made by combining aged, but not composted,
pine bark (GSO America, Columbus, Ohio),
mason sand (Quikrete All Purpose Sand, At-
lanta, Ga) or sphagnum peat (Southern Im-
porters, Greensboro, N.C.).

Substrate bulk density was determined for
threereplicatesfor each substrate after heating
for 24 h at 50 °C. Substrate pH was measured
using 250 mL substrate and distilled water (1
: 1viv). Water holding capacity for each was
determined by weighing 250 mL of substrate
in 250-mL beakers before and after saturating
the substrate and allowing it to drain from
inverted beakers. Substrateanalysis(Division
of Regulatory Services, Univ. of Kentucky,
Lexington) was performed on samples of all
the substrate used in the experiment for elec-
trical conductivity (EC), aswell as N-nitrate,
P, K, Ca, and Mg concentration. Cation ex-
change capacity (CEC) for each medium was
determined by using an ammoniasubstitution
method (A& L Analytical Laboratories, Mem-
phis, Tenn.).

Plant height and seed germination
percentage were determined in each medium
at the 2 to 3 leaf stage. Weekly fertilization
treatments were also initiated at this time by
saturating media with the appropriate liquid
fertilizer. Plantswerewatered daily. Fertilizer
treatments were prepared from a stock solu-
tionand applied by hand tothegrowing media;
water used for preparation of the treatments
had atotal N content (NO, and NH,) of =0.7
mg-L~ and a Ca concentration of 35 mg-L~*
(Scott Laboratories, Allentown, Pa.). Thenum-
ber of leaves per plant and seedling height
were determined 70 d after imposition of
fertilizer treatments, which was 140 d after
sowing. Immediately thereafter, stems, leaves,
and roots were oven-dried at 70 °C for 48 h
and weighed.

Expt. 2, root-zone heating study. A green-
house experiment was conducted with treat-
ments that included two levels of root-zone
temperature, ambient (24 + 0.2 °C) and bot-
tom-heat (324 0.3 °C), to determinetheinflu-
ence of elevated soil temperature on early
growth and development of container-grown
pawpaw seedlings. Treatmentswere arranged
on greenhouse benches in three replicated
blocks, with 10 seedlingsper treatment ineach
block. Seedswere sownin early September in
Rootrainer cells containing ProMix. All
Rootrainers were placed on sheets of Dow
foaminsulation (10x 20 x 2cm) onthebench.
For the bottom-heat treatments only, the heat
mat was placed directly on the foam sheet. In
addition, thefour sidesof theRootrainerswere
enclosed usingthesameinsulation. Sideswent
from the bench to the top of the Rootrainer. A
greenhousetemperatureregimeof 27+ 0.8°C
day and 21 £ 0.2 °C night was maintained and
was confirmed on a representative clear day
andnight. Soil temperaturewaselevated using
ProGro propagationmats(Hummert Int., Earth
City, Mo.). Average mean soil temperature
was determined over a 5-d period in adjacent
cellsinthe same zonewithin treatment blocks
by using asoil temperature probe (Digi-Sense
model 8525-00; Cole Parmer Inst. Co., Niles,
I11.) inserted to a depth of 8 cm.

A delivery rate of 50 mg-L* N as Peters
20N-8.6P-16.6K water-solublefertilizer was
applied twice weekly after seedling emer-
genceuntil substrate saturation, using aGewa
proportioner (Hummert Int.). Fertilizer deliv-
ery rates were confirmed by solution analysis
(Scott Laboratories, Allentown, Pa.). Thefer-
tilizer solution had a pH of 6.2 and EC was
1.56 dS'm™.

Thenumber of daysfromsowingtoseedling
emergence from the substrate was eval uated.
Following seedlingemergence, seedlingswere
rogued based on sizeto atotal of 30 seedlings
per treatment. When seedlings produced three
unfolded leaves, fertilization treatments be-
gan, and plant height and unfolded leaf num-
ber were measured weekly for al plants. After
114 d, shoot and taproot length, leaf number,
and total leaf area (using model CI-203 area
meter; C.I.C., Vancouver, Wash.) were deter-
mined. Stems, leaves, and roots were oven-
dried at 70 °C for 48 h and weighed.

Chlorophyll determination. Immediately
prior to destructive harvest, four discs (0.32
cm? each) were obtained from apical, medial
and basal expanded | eaves using apaper hole
punch. Leaf discs were extracted for at least
24hinthedark using N,N-dimethylformamide
(Sigma, St. Louis). Extract absorbance was
read at 625, 647, and 664 nmusingaUV-VIS
spectrophotometer (Beckman Instruments,
Fullerton, Calif.). Chlorophyll (chl) a, b, and
protochlorophyll (chl p) concentrationswere
determined according tothemethod of Moran
(1982).

Satistical analysis. Data for leaves per
plant, seedling height, total shoot, root, and
plant dry weight, leaf area, average plant spe-
cificleaf dry weight (SLW), root : shoot ratio,
chl concentration, and chl a: bratioinrelation
totreatmentswere subjected to GLM analysis
of varianceusing thestati stical program Costat
(CoHort Software, Monterey, Calif.). Treat-
ment meanswere separated based on the least
significant difference (Lsp) or independent t
tests.

Results

Expt. 1, substrate study. The container
substrates differed significantly in bulk
density, pH, water retention, water holding
capacity, EC, and CEC (Table 1). ProMix
had the lowest density, whereas 1 sand : 1
sphagnum peat had the greatest density,
almost 7 times that of ProMix. Substrate pH
ranged from 5.1 for 6 pinebark : 1 sand (v/v)
to 5.8 for 4 pine bark : 1 sand : 1 sphagnum
peat. Water holding capacity of ProMix was
almost 8 times greater than that of other
substrates. The EC of 6 pine bark : 1 sand
(v/v) was about half that of ProMix, and
valuesfor 6 pinebark : 1 sand (v/v) and 4 pine
bark : 1 sand : 1 sphagnum peat were only
about one-quarter that of ProMix. Onaweight
basis, the CEC of ProMix was=10-fold greater
than that of the other substrates. On avolume
basis, the CEC of ProMix was=2-fold greater
than 1 sand : 1 sphagnum peat or 4 pine bark :
1sand: 1 sphagnum peat, and =4-fold greater
than 6 pinebark : 1 sand (v/v). The Caconcen-
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Table 1. Properties of substrates tested for growing pawpaw seedlings in containers in the greenhouse.

Water Water holding Electricdl  Cation exchange Cation exchange

Density held capacity conductivity capacity capacity per liter
Media (gL pH (g H,0O-L™* medium) (wiw %) (dSm™) (meg-100 g?) (meg-L?)
ProMix 1351 ¢ 557 ab 685 a 508 + 10 101a 195a 264 a
Pine bark : sand (6:1) 3369bc 5.07c 203d 68+ 10 0.58b 17b 58c
Sand : sphagnum peat (1:1) 996.8 a 5.31bc 501 b 50+1 0.23¢c 10b 103 b
Pine bark : sand:sphagnum peat (4:1:1) 566.2b 5.80a 405 ¢ 72+3 0.24c 23b 129b
zMean separation within columns and fertilizer level by Lsp, P < 0.05; n= 3. Mean + s£
trationwas 112+ 1,71+ 10,16+ 2,21+1 (1.9g) and 100 mg-L* N (2.1 g) fertigation Discussion

mg-L, for ProMix, 1 sand : 1 sphagnum peat,
4 pinebark : 1 sand : 1 sphagnum peat, and 6
pinebark : 1 sand (v/v) substrates, receptively.
The germination percentage was ~80%, and
no significant differences in this rate were
detected among the four media (data not
shown).

Analysis of variance indicated that there
wasasignificantinteraction betweenthemain
effects of potting substrate and fertilizer re-
gime(P < 0.001) for shoot and total plant dry
weight, but not for root dry weight (Table 2).
The 100 mg-L* N fertilizer level signifi-
cantly increased pawpaw seedling leaf num-
ber, height, shoot dry weight, total plant dry
weight, and decreased root : shoot ratio in
ProMix and 1 sand : 1 sphagnum peat (Table
2). In the 100 mg-L* N fertilizer treatment,
seedling total dry weight productionwassig-
nificantly greater in ProMix thanin1sand: 1
sphagnum peat (independent t test, P <0.001;
Table2). Seedlingsin 6 pinebark : 1 sand (v/
v) and 4 pinebark : 1 sand : 1 sphagnum peat
stopped growing and set terminal buds=50d
after fertigation treatments were imposed,;
however, seedlings did not display chlorosis
in any substrate or fertilizer treatment. Root
dry weight was significantly affected by me-
diumtypeandfertilizer rate, and therewasno
interaction between the main effects. Root
dry weight was similar in ProMix (2.3 g) and
1sand: 1 sphagnum peat (2.1 g), and signifi-
cantly (Lsp, P < 0.05) greater in these media
thanin 6 pine bark : 1 sand (v/v) (1.3 g) and
4pinebark : 1sand: 1 sphagnum peat (1.6 9).
Root dry weight was similar at 50 mg-L* N

rates, but significantly (Lsp, P < 0.05) lessin
non-fertigated seedlings (1.6 g).

Expt. 2, root-zone heating study. Increas-
ing the root-zone temperature from 24 to 32
°C by bottom heating significantly (indepen-
dent t test, P < 0.001) hastened seedling
emergence from the soil by 9 d. Seedlings
reached the 2 to 3 leaf stage at 69 d after
sowing with bottom-heat, but did not reach
this stage in ambient plants until 79 d after
sowing (Fig. 1A). Seedling leaf number in-
creased steadily in both ambient and bottom-
heated plants until harvest (Fig. 1A). Aver-
age seedling height of =10 cm was not
achieved by ambient plants until 79 d after
sowing, whereas seedlings with bottom heat
reached this height 69 d after sowing (Fig.
1B).

Bottom heat increased all growth charac-
teristics that were measured after harvest,
except root : shoot ratio (Table 3). Bottom-
heated seedlingshad asignificant increasein
the following parametersrelative to ambient
plants: leaf number (30%), plant height (32%),
wholeplant |eaf area(94%), shoot dry weight
(104%), total root dry weight (50%), |ateral
root dry weight (125%), and total plant dry
weight (87%; Table 3). Bottom-heated seed-
lings showed a decrease in root : shoot ratio
of 25% and in SLW of 16% compared to
ambient plants. Seedlings subjected to bot-
tom heat had an increasein leaf chl concen-
tration for chl a (39%), chl b (33%), chl p
(43%), total chl (38%), and chl a : b ratio
(8%) when compared to ambient seedlings
(Table 3).

Growth characteristics of pawpaw seed-
lingsin 6 pine bark : 1 sand (v/v) and 4 pine
bark : 1 sand : 1 sphagnum peat were poor
compared to plants in ProMix or 1 sand : 1
sphagnum peat. Mandujano and Fulbright
(1998) reported that pawpaw seedlingsin con-
tainersgrew well and appeared very healthy in
the pH range of 5.0 to 5.6, but at pH 5.7-6.0
they observed some leaf curling and tip burn.
The pH range of substrate in this study was
between 5.07 and 5.80 at the start of the
experiment. Although the substrate pH may
have changed during the experiment, differ-
ences in seedling growth response to the sub-
strate used were not likely due to the differ-
encesin substrate pH. 6 pine bark : 1 sand (v/
v) and 4 pine bark : 1 sand : 1 sphagnum peat
tended to dry out quickly. Even though plants
were watered daily, the lower water holding
capacity of the pine bark may have reduced
growth of plantsin 6 pine bark : 1 sand (v/v)
and 4 pine bark : 1 sand : 1 sphagnum peat.
Wilting of plants was not observed in 6 pine
bark : 1 sand (v/v) and 4 pinebark : 1sand: 1
sphagnum pest, but plantsin these substrates
stopped growing and set terminal buds about
halfway through the experiment, indicating
that the plantsexperienced stress. Plantsinthe
pinebark substratemay al sohavebeen stressed
dueto reduced nutrient availability; however,
all plants appeared healthy at the end of the
experiment. Cation exchangecapacity for sub-
stratemixturesusedin container production of
plants should be reported on a volume basis,
due to the light weight of some media, and

Table 2. Growth characteristics of pawpaw seedlings grown in agreenhouse with four growing substrates 70 d after fertilizer application and

140 d after sowing.

N as Peters No. of Height Rootdrywt  Shootdrywt  Total dry wt Root : shoot
Media (mg-L?) leaves (cm) (9) (9) (9) ratio
ProMix 0 6.1¢ 91c 1.85 0.66 ¢ 252c¢c 28la
50 9.1b 136b 2.32 1.27b 3.60b 1.89b
100 116a 175a 2.69 191a 460 a 146¢c
Pine bark : sand (6:1) 0 54a 6.6a 1.26 0.50 a 176a 259b
50 5la 6.2a 1.33 0.52a 1.86a 294 ab
100 52a 6.2a 1.44 045a 190a 3.29a
Sand : sphagnum peat (1:1) 0 6.1c 8.7b 181 0.70c 251c 2.65a
50 7.2b 10.1a 2.16 0.90b 3.07b 2.65a
100 10.8a 145a 243 146 a 3.88a 171b
Pine bark : sand : sphagnum peat 0 50b 6.5b 1.42 0.46 b 1.88b 319a
(4:1:2) 50 52b 75a 171 0.55ab 227a 32la
100 59a 76a 1.80 0.63a 243a 2.96a
Significance
Fa‘t'“za‘ *k %k * % * % * % * % *
Majla * k% * k% * Kk * k% *k*k *k*k

Fertilizer x media

* kK

NS

“Mean separation within substrate and fertil

izer level by Lsp, P < 0.05.

v Nonsignificant or significant at P < 0.01, 0.001, and 0.0001, respectively.
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Fig. 1. Response of pawpaw [Asiminatriloba (L.) Dunal] seedlingsto an ambient root-zone temperature at
24°C (O) and bottom hesating at 32 °C (@) for seedling leaf number for (A) fully expanded leaves and
(B) height after seedlings had emerged from the growing stubstrate. Mean + s, n = 3.

because the amount of soil is determined by
the volume of the container. On a volume
basis, CEC of ProMix was greater than other
media. Interestingly, the CEC valuesof 1 sand
: 1 sphagnum peat and 4 pinebark : 1 sand : 1
sphagnhum peat substrate were similar, sug-
gesting that the lower water holding capacity
of 4 pine bark : 1 sand : 1 sphagnum pesat
resulted in the reduced seedling growthinthis
substrate. With daily watering, itisalsolikely
that thenutrients(appliedweekly) wereleached

more rapidly from the 6 pine bark : 1 sand (v/
v), 1 sand : 1 sphagnum peat, and 4 pine bark
: 1sand : 1 sphagnum peat substrate, resulting
ingreater plant growthin ProMix. Asthepine
bark decomposed in containers during the
experiment, some applied nutrients may have
been used by microorganisms. If seedlingsin
6 pine bark : 1 sand (v/v) and 4 pine bark : 1
sand : 1 sphagnum peat were irrigated and
fertilized more frequently, growth of seed-
lings in these substrates might have been en-

Table 3. Influence of bottom heating on growth characteristics and leaf chlorophyll (Chl) concentration
on greenhouse grown pawpaw seedlings 114 days after sowing.

Ambient Bottom heat Independent t test

(24°C) (32 °C at 8 cm depth) P value
Leaf number 9.4 123 <0.001
Plant height (cm) 15.7 20.8 <0.002
Whole plant leaf area (cn?) 305 593 <0.001
Specific leaf dry weight (SLW; g-m™) 0.24 0.20 <0.001
Shoot dry weight (g) 1.10 2.25 <0.001
Total root dry weight (g) 0.48 0.72 <0.001
Lateral root dry weight (g) 0.12 0.27 <0.001
Total plant dry weight (g) 1.58 297 <0.001
Root:shoot ratio 0.43 0.32 <0.001
Chl a(g-m?) 415 57.9 <0.001
Chl b (g-m™) 116 155 <0.001
Chl p (g-m?) 16 23 <0.001
Total chl (g-m) 53.1 734 <0.001
Chl abratio 35 3.8 <0.001
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hanced. However, extralabor required for the
additional watering would not make these
substrates attractive to small nurseriesthat do
not have automated watering systems. A sub-
strate that contains less pine bark and more
sphagnhum peat might also serve as a success-
ful container substrate for production of paw-
paw seedlings. ProMix containsdolomiticand
calcitic limestone, and Ca concentration was
amost 2-fold greater for ProMix than 1 sand :
1 sphagnum peat, and =5-fold greater in4 pine
bark : 1 sand : 1 sphagnum peat, and 6 pine
bark : 1 sand (v/v) substrates. The irrigation
water used in this study contained Ca at 35
mg-L7. It is possible that low Ca substrate
levels may have limited plant growth in the 4
pinebark: 1sand: 1 sphagnum peat, and 6 pine
bark : 1 sand (v/v) substrates; however, Ca
deficiency symptoms were not observed with
plants on these substrates. Overall, ProMix
with aonce weekly application of 100 mg-L~*
N as Peters water-soluble fertilizer served as
an excellent substrate for the production of
robust pawpaw seedlings for transplanting.
Seedlings in the 1 sand : 1 sphagnum peat
substratepreformedwell, but theheavy weight
of this medium would also make containers
heavy and more cumbersome to handle.

Pawpaw seedlings responded very favor-
ably to root-zone warming to 32 °C by
increasing shoot, root, and total dry matter
production. Seedling emergence from the
substrate 9 d before their ambient substrate
temperature counterparts gave seedlings with
bottom hesat a significant advantage in their
development. The positive response of seed-
lings to bottom heat indicates that pawpaw is
similar to other tree species, such asthornless
honey locust (Klock et ., 1996), that tolerate
elevated root-zone temperatures. Further re-
search will be required to determine the opti-
mum soil temperature for pawpaw seedling
growth and devel opment.

Elevated soil temperatures have been re-
ported to significantly increase nutrient up-
takeand dry weight productionin passionfruit
(Menzel etal., 1994), and they haveincreased
bloom yield and stem length for hydroponi-
cally grown roses (Moss, 1984). Elevated soil
temperatures significantly increased nutrient
uptake and dry weight gain in passionfruit
(Menzel et a., 1994) and N accumulation by
apple trees (Toselli et al., 1999). Lopez-
Cantarero et al. (1994) reported that leaf chl
levelswere directly related to N and P fertili-
zation levelsin Solanummelongena L. Based
on the significantly higher leaf chlorophyll
levels, whole plant leaf area, and biomass
accumulated for bottom-heated vs. ambient
seedlings, it is likely that seedlings with bot-
tom heat had a higher nutrient uptake and
quantity and greater photosynthetic activity.
ThePeters20N-8.6P-16.6K plussolubletrace
elements used in this study contained 3.94%
NH,-N, 6.05% NO;-N, and 10.01% urea-N;
we did not include any other fertilizer formu-
|ations as treatments; therefore it isunclear if
pawpaw prefers to utilize one N form over
another.

The shoot, root, and total dry weight of
pawpaw seedlings in the bottom heat study
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were less than in plants grown in ProMix in
the media study. Fertilization regimes were
slightly different. Plants in the substrate
study received a weekly application of 100
mg-L2 N, whereas plants in the bottom heat
study received twice weekly applications of
50 mg-L* N fertilizer. Also, warmer ambient
greenhouse temperatures, 29.1 + 0.7 °C day
and 21.2 £ 0.1 °C night, during the media
experimentlikely resultedinthegreater growth
of pawpaw seedling compared to those, 27 £
0.8°Cday and 21+ 0.2 °C night in the bottom
heat experiment. Plants in the substrate ex-
periment were subjected to warmer daytime
temperatures, but lower temperaturesat night.
It is possible that there were higher losses of
carbonduringthenightinbottom-heated plants
compared to plants in the media experiment,
due to increased nighttime respiration with
bottom heat.

Hurewitz and Janes (1983) noted that
tomato leaf carbon exchange rate and leaf
area increased as soil temperature increased
to 30 °C. They hypothesized that increased
plant growth at warmer soil temperatures may
have been due to the effect of increased root
sink activity onleaf photosyntheticrate. Other
factorsthat may havecontributedtothegrowth
enhancement noted for bottom-heated seed-
lingsincluded changesin water use efficiency
and production or availability of root-derived
cytokinins. Also, with such heating there are
potential decreasesin both thetimeto produce
asaleable plant and the cost of heating green-
houses (Vogelezang, 1991). Bottom-heated
seedlings also produced greater lateral and
total root dry weight than ambient seedlings,
whichcouldresultinahigher rateof establish-
ment of bottom-heated seedlings in the field.

In conclusion, ProMix with aonce weekly
application of 100 mg-L* N as Peters water-
soluble fertilizer served as an excellent sub-
strate for the production of robust pawpaw
seedlings for transplanting into the field or
into larger containers. Pawpaw seedlings re-
sponded very favorably to root-zonewarming
t032°C, by speeding seedling emergence, and
increasing shoot, root, and total dry matter
production in devel oping seedlings.
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