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Abstract  Paulownia elongata, Paulownia fortunei, 
and Paulownia × ‘Henan 1’ were grown for 21 years to 
determine growth and productivity potential of Paulownia 
in North Carolina, USA. One site included P. elongata only 
and was designed to test variability among clones within 
the species and the influence of application of dairy cow or 
poultry litter during the first six years. A second site was 
used to examine influence of species, clone, and 
propagation method. Species and clone within species 
frequently influenced tree performance, indicating that the 
planting of select clones could increase yields. By using the 
best approximately one-third of clones rather than all 
clones, tree survival could increase from 74% to 98%, and 
individual tree productivity as estimated by stem dry mass 
could increase by 21%. Trees of all three species grown 
from seed had lower survival, and seed-propagated trees 
that survived had inferior growth compared to trees of the 
same species grown from rooted shoot cuttings or 
microshoots from tissue culture. Application of dairy cow 
waste or poultry litter during the first six years did not 
influence tree survival or height to live crown, but early 
application of either animal waste resulted in taller trees 
compared to the control trees. Trees established with 
poultry litter applications had greater stump diameter, 
diameter breast height, stem volume, and stem dry mass 
than trees in the dairy cow waste or water-only control 
treatments.  
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1. Introduction
Though its native range is almost entirely within 

southeastern China, Paulownia is often considered for 
planting in many areas of the world because some of the 
nine species within the genus are known to be valuable for 
many reasons. Examples include afforestation [1], 
agroforestry systems [2], honey production and medicinal 
uses [3], biomass production [4, 5], heavy metal 
bioremediation [6], intercropping systems [7, 8], livestock 
fodder production [9, 10], livestock waste remediation [11], 
mine site reclamation [12], and wood production and solid 
wood products [1, 13]. Royal paulownia [P. tomentosa 
(Thunb.) Steud.] has received the most attention in the 
United States [14, 15] because it has been naturalized in the 
southeastern part of the country for over 150 years [16]. 
Our focus turned to P. elongata S.Y. Hu, P. fortunei 
(Seem.) Hemsley, and a cross between the two species 
called P. × ‘Henan 1’, named for the province in China in 
which it was selected, because early trials indicated that 
they can out yield P. tomentosa in managed small woodlots 
in North Carolina (Bergmann, unpublished). 

This research was conducted to determine the survival 
and growth potential for P. elongata, P. fortunei, and P. × 
‘Henan 1’ in the piedmont of North Carolina, USA. 
Additional insights were sought regarding influences of 
clone within species, propagation method, and animal 
waste applications during tree establishment. This paper 
includes findings from 21-year-old trees at two sites for 
which 5-year results have been reported as part of a larger 
project [17]. 
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2. Materials and Methods 
Long-term Paulownia field trials were established at two 

sites in North Carolina in 1996: Site 1 in the central 
piedmont and Site 2 in the upper piedmont of the state. 
Each site had study aims and maintenance practices 
tailored to it. 

2.1. Plant Material 

Paulownia elongata, P. fortunei, and P. × ‘Henan 1’ 
plants were produced in three ways from bulk seed as 
described earlier [18, 19]. Plants were: a) grown directly 
from seed, b) propagated by rooting stem cuttings from 
greenhouse stock plants, or c) propagated by rooting 
microshoots from tissue culture. Vegetatively propagated 
plants were produced from seedlings grown from the same 
seedlots used to grow plants from seed. Plants produced by 
all propagation methods were grown to approximately 10 
cm in the greenhouse before placing them outdoors for two 
to four weeks to acclimatize prior to field planting. 

2.2. Field Establishment 

Plants between 15 and 30 cm were planted in the field at 
a spacing of 4.3 m × 4.3 m after ripping the soil to a depth 
of 30 cm down the middle of rows from which vegetation 
was killed two weeks earlier by glyphosate application 
along 1-m wide strips. Trees of a random mix of the 
genotypes used in the experiment were planted at the same 
spacing to serve as border trees on all sides of each planting 
and between treatments within a site. Each tree received 
approximately 8 L water at planting and each week for four 
weeks thereafter if the site did not receive at least 2.5 cm 
rainfall that week. 

2.3. Field Maintenance 

During the first growing season (1996), a 1-m diameter 
area around each tree was kept weed free, the rest of the 
area was mowed to reduce weed competition, and trees 
were maintained as single stems but allowed to branch. 
Trees were cut to the ground during the winter following 
the first growing season (early 1997). As multiple stump 
sprouts emerged early in the second growing season, all 
were removed except one stem that was healthy, vigorous, 
and firmly attached to the stump. Maintenance the second 
year included removing weeds from a 1-m diameter area 
around each tree, keeping the rest of the area mowed, and 
periodically removing axillary breaks to retain a single, 
non-branched trunk. Starting in the third year, branch-free 
trunks were maintained by removing any shoots that 
emerged on trunks up to 5 m, and the area under the trees 
was mowed periodically. Tree trunks broken in high winds 
or snow/ice storms were pruned to encourage a new leader 
if the break was above 2m or cut to the ground to start a 
new straight trunk if the break was below 2m. 

Trees were harvested near the end of the 2016 growing 

season. Thus, we report results from 21-year-old trees 
including the first year before trees were coppiced. 

2.4. Methods Specific to Site 1 

The trial was planted in mid-June 1996 at the NCSU 
Piedmont Research Station (36° 22' 46.488" N, 79° 41' 
40.3476" W) and included P. elongata clones and animal 
waste applications during establishment as treatments. 
Twelve clones propagated through tissue culture were used, 
and animal waste applications were dairy cow waste, 
poultry litter, or nothing as a control. Animal waste was 
applied only once the first year to allow sufficient tree 
establishment time. The single application was equivalent 
to 21 and 48 kg/ha plant available nitrogen (PAN) from the 
dairy cow and poultry sources, respectively. During the 
next five years, animal waste was applied as a row 
side-dressing to achieve a PAN rate of approximately 200 
kg/ha/yr. This was accomplished with a single application 
of poultry litter in May or June or applications of cow 
waste once per month in May, June, and August. Plots of 
12 trees, one from each P. elongata clone positioned at 
random, were assigned to animal waste treatments at 
random. Blocks contained three plots, one for each animal 
waste treatment. The trial included 144 treatment trees: one 
12-tree plot for each of three animal waste treatments in 
each of two blocks within each of two replicates. 
Replication sites were 600 m apart. 

2.5. Methods Specific to Site 2 

The trial was planted in early May 1996 at the NCSU 
Upper Piedmont Research Station (35° 41' 48.0012" N, 80° 
37' 21.63" W) and included propagation method, species, 
and clone within species as treatments. Propagation 
methods were seed, rooted stem cuttings, and rooted 
microshoots produced through tissue culture. Species were 
P. elongata, P. fortunei, and P. × ‘Henan 1’, the last of 
these being a hybrid between the first two species and 
treated as a species in this work. Trees for the clone 
treatment were produced through tissue culture: seven 
clones for P. elongata, three clones for P. fortunei, and four 
clones for P. × ‘Henan 1’. Trees were fertilized with 75 kg 
N/ha/yr in mid-July for the first six years. Occasional 
mowing was used to control understory vegetation for the 
first five years, and thereafter cattle were periodically 
allowed to graze the site to achieve the same goal. Blocks 
consisted of 20 trees, one tree from each species 
propagated by seed or stem cuttings and one from each of 
the 14 clones propagated by tissue culture. The trial 
included 240 treatment trees: six 20-tree blocks within each 
of two replicates. Replication sites were immediately 
adjacent to one another. 

2.6. Data Collection and Statistical Analysis 

Recorded data prior to harvest included diameter breast 
height (DBH, 1.4 m from soil), height to live crown, and 
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total tree height. Stump diameter (30 cm from soil) was 
recorded following harvest by measuring the widest and 
narrowest lengths across the center and averaging the two 
values because of the pronounced lower trunk asymmetry 
in some trees. Individual tree volume was calculated by 
dividing the stem into three parts: a base part with a 
truncated-cone form, a cylindrical section of the stem 
(from breast height to live-crown height) and a conical top 
part of the stem (from crown base to tree top). Stem 
biomass was calculated by multiplying tree volume by 
species wood density obtained from the wood density 
database of the world agroforestry center [20]. 

Statistical analyses were conducted in JMP 13.2 (SAS 
Institute, Cary, NC, USA). The general linear model 
procedure was used for analyses of variance because it was 
common for data to be unbalanced, either intentionally (e.g. 
different number of clones per species) or through missing 
observations (e.g. tree mortality, storm damaged trees). 
Replicate and block within replicate were included as 
random effects in the analyses. The imposed treatments of 
propagation method, species, clone within species, and 
animal waste application were considered fixed effects. 
Differences between pairs of treatments were identified 
using Student’s t test for pairwise comparisons of means. 

3. Results 

3.1. Results Specific to Site 1 

Paulownia elongata tree survival across animal waste 

treatments and clones was 74%. Survival did not differ 
among dairy cow waste, poultry litter, and no-waste control 
treatments, but survival of clones differed significantly 
(P<0.0001) and ranged from 33 to 100% (Table 1). Stump 
diameter and DBH were influenced by animal waste 
treatment (P<0.0001 for both) and clone (P=0.0004 and 
P<0.0001, respectively), with both being greater for trees 
established with poultry litter applications as compared to 
dairy cow waste treated and control trees which did not 
differ from each other (Table 1). Height to live crown was 
uniform among animal waste treatments and clones, but 
total height was less for control trees than for trees in the 
two animal waste treatments (P=0.0092) which did not 
differ from each other (Table 1). Clones differed greatly in 
total tree height (P=0.0009), ranging from14.5 m to 23.5 m. 
Interaction between animal waste treatment and clone was 
never significant for any dependent variable. 

Replicates differed in DBH (P=0.0002) and height to 
live crown (P=0.0008) as did blocks within replicate 
(P=0.0092 and P=0.0478, respectively), but neither of 
these random effects interacted significantly with the effect 
of animal waste treatment or clone. It is likely that greater 
wind damage in one of the replicates and in one of the 
blocks within that replicate due to different environmental 
exposure accounts for the differences. 

The calculated variables stem volume and stem dry mass 
were significantly influenced by animal waste but not clone 
treatments (Table 1). The differences among animal waste 
treatments for stem volume and stem dry mass followed the 
stump diameter and DBH trends more than the height to 
live crown and total height trends (Table 1). 

Table 1.  Influence of animal waste application during the first six year and clone on growth characteristics of 21-year-old Paulownia elongate trees 
(values within a trait and treatment group followed by the same letter not different at the P=0.05 level) 
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3.2. Results Specific to Site 2 

Tree survival across propagation methods, Paulownia 
species, and clones within species was 77%. Propagation 
method influenced survival (P=0.0126) with trees grown 
from rooted stem cuttings or microshoots surviving equally 
and at a much higher frequency than trees grown from seed 
(Table 2). Species did not influence survival, but clone did 
with survival frequencies ranging from 67 to 100% (Table 
2). Stump diameter and DBH were influenced by 
propagation method (P<0.0001 for both), species 
(P=0.0062 and P<0.0001, respectively), and clone within 
species (P<0.0001 for both). Both diameters were greater 
for trees grown from rooted stem cuttings or microshoots 
than for trees grown from seed, and the two vegetative 
propagation methods did not differ from each other (Table 
2). The hybrid P. × ‘Henan 1’ had smaller DBH than did 
the species P. elongata and P. fortunei, which did not differ 
from each other (Table 2). Stump diameter among clones 
ranged from 52 cm to 69 cm, and DBH ranged from 38 cm 
to 51 cm (Table 2). Height to live crown and total tree 
height were influenced by propagation method (P<0.0001 
for both), species (P=0.0414 and P=0.0069, respectively), 
and clone within species (P<0.0001 for both). Both heights 
were greater for trees grown from rooted stem cuttings or 
microshoots than for trees grown from seed (Table 2). 
Height to live crown did not differ between the two 
vegetative propagation methods, but microshoot-produced 
trees were taller than trees grown from rooted cuttings 
(Table 2). Paulownia elongata had greater height to live 
crown and total height than did P. fortunei and P. × ‘Henan 

1’ which did not differ from each other (Table 2). Height to 
live crown among clones ranged from 15.3 m to 19.3 m, 
and total tree height ranged from 23.2 m to 29.7 m (Table 
2). 

In no case did replicate or block within replicate 
significantly influence a dependent variable, and neither of 
these random effects interacted significantly with the effect 
of propagation method, Paulownia species, or clone within 
species. The only cases of significant interactions between 
treatments were between propagation method and species 
for height to live crown (P=0.0002) and total tree height 
(P<0.0001). These interactions reflect a different influence 
of propagation method on the species for these two traits. 
Paulownia fortunei and P. × ‘Henan 1’ trees grown from 
seed had a much shorter height to live crown compared to 
trees grown from stem cuttings or microshoots, whereas 
this difference was less pronounced for P. elongata (Fig. 1). 
Paulownia elongata and P. fortunei trees grown from 
microshoots had greater total tree height than those grown 
from stem cuttings or seed, but for P. × ‘Henan 1’ trees 
grown from stem cuttings were as tall as those grown from 
microshoots (Fig. 1). 

The calculated variables stem volume and stem dry mass 
were significantly influenced by propagation method, 
species, and clone treatments (Table 2). This included 
significant differences among the seven P. elongata clones 
and among the four P. × ‘Henan 1’ clones but not among 
the three P. fortunei clones (Table 2). The trend in values 
for stem volume and stem dry mass among propagation 
methods, species, and clones were most similar to those for 
DBH (Table 2). 

Table 2.  Influence of propagation method, species, and clone within species on growth characteristics of 21-year-old paulownia trees (values within 
a trait and treatment group followed by the same letter not different at the P=0.05 level) 
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Figure 1.  Influence of Paulownia species and propagation method after 21 years on trunk height to live crown and total tree height (means for 
propagation method within a species and trait topped by the same letter not different at the P=0.05 level) 

4. Discussion 

4.1. Species and Clones 

As was found in assessments at five years of these same 
trees [17], selection of correct species and optimally 
performing clones can greatly increase Paulownia survival 
and productivity in the North Carolina piedmont. For 
example, using only the top four performing P. elongata 
clones at Site 1 (33% of the clones in the trial) could have 
increased tree survival from 74% to 98% and productivity 
by 21% as estimated by stem dry mass. Paulownia 
elongata clones #4 and #17 were characterized as “of 
notably worse performance” at year five, but clones did not 
differ in stem biomass after 21 years, though they were 
among the four most lowly ranked clones: #1 followed by 
#17, #64 and #4. Avoiding the planting of these poorly 
performing clones could afford significant productivity 
improvements. Likewise, using the best two P. elongata 
clones, the best P. fortunei clone, and the best P. × ‘Henan 
1’ clone at Site 2 (29% of the clones in the trial) could have 
increased tree survival from 77% to 90% and productivity 
by 25% as estimated by stem dry mass. Likewise, not 
planting P. × ‘Henan 1’ and using P. elongata or P. 
fortunei only would greatly enhance productivity. 
Similarly, Dong and Van Buijtenen [21] previously 
showed the superior performance of P. fortunei compared 
to P. tomentosa in Texas, USA. 

At Site 1, while there were significant clonal differences 
in stump diameter, DBH, and total tree height, clones did 
not differ in stem volume or biomass on a per tree basis. 
However, if survival frequency were incorporated into a 
calculation of stem volume or biomass on a land area basis, 
clone differences would be amplified. This is seen in 
looking at the three clones with the lowest survival 
(averaging 42%) which also had the lowest total stem mass 

(averaging 426 kg) compared to the three clones with 
highest survival (100% for all three) which had three of the 
four highest total stem mass values (averaging 786 kg). It is 
interesting that P. elongata clones did not differ in stem 
volume or stem mass at Site 1 but did at Site 2, even though 
there were 12 clones at the former and seven at the later. 
This might be explained by the confounding effect of 
different treatments imposed at the two sites or the 
homogenizing effect of wind damage at Site 1. 

4.2. Propagation Method 

The significant influence of propagation method 
reported for first year survival and growth [18] and again 
for the same traits after five years [17] persisted through 
the 21-year assessment. The low survival rate of trees 
grown from seed was a negative impact that was consistent 
among species (50% for P. elongata and 58% for P. 
fortunei and P. × ‘Henan 1’) and impossible to overcome 
with time, even had the surviving trees grown 
exceptionally well. The 21-year 56% survival rate across 
species for trees grown from seed at Site 2 was similar to 
the 60% seven-year survival rate for P. tomentosa reported 
for seedlings grown under the best combination of 
treatments (pre-plant soil subsoiling and use of weed 
suppression mats) in a piedmont location similar to the one 
in this work [14]. In addition to low survival, trees grown 
from seed also grew poorly compared to vegetatively 
propagated individuals, resulting in an even wider gap in 
productivity. Though trees propagated through tissue 
culture were significantly taller than those propagated as 
stem cuttings, the 1.9 m difference may not be of practical 
significance, especially given that those two propagation 
methods resulted in trees that were indistinguishable in 
survival, stump diameter, DBH, and height to live crown at 
21 years old. 
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4.3. Animal Waste 

The greater DBH observed at year five in trees grown 
with application of poultry litter compared to control trees 
at Site 1 [17] was again observed after 21 years. This was a 
surprise as the animal waste applications were made for 
only the first six years of the trial and because the 14% 
greater DBH with poultry litter application compared to the 
control at year 5 increased to a 26% difference after 21 
years (the same difference as observed in stump diameter). 
As in earlier assessments, application of dairy cow waste 
did not influence diameter growth but did promote greater 
total tree height compared to control trees. 

4.4. Productivity 

Individual growth rates for trees in these trials could be 
very high (up to 55 kg/year for P. elongata, clone #7) and 
resulted in wood production in the range of the faster 
Paulownia growth rates reported by Barton et al. [3]. The 
finding at Site 2 in the current study that Paulownia clones 
differed significantly in dry mass confirmed a similar 
finding by Berdón Berdón et al. [13]. The high-volume 
production of Paulownia species is accompanied by wood 
lightness that is second only to balsa among timber species, 
but the wood is much stronger than balsa [3, 16]. Other 
desirable wood attributes including ability to maintain 
original dimensions when exposed to moisture and lower 
susceptibility to burning by virtue of high temperature 
required to cause burning make Paulownia a quality timber 
for engineering purposes [13]. Results from this work have 
application by showing Paulownia timber producers the 
preferred propagation method and the importance of 
selecting superior genotypes for enhanced timber 
production. However, estimates from trial-scale stands 
should be interpreted carefully when estimating Paulownia 
timber production on an operational scale. 
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