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Abstract 
Paulownia is known as an economically important multipurpose tree genus 
due to its fast growth and short-rotation harvesting for timber. There is inter-
est in growing Paulownia species as a woody biofuel crop. There are reports 
on its leaves being rich in nitrogen and double as good fodder, as well as ferti-
lizer (green manure). Nutritional properties of Paulownia elongata leaves col-
lected at monthly intervals from Paulownia Demonstration Plot, Fort Valley 
State University (FVSU), Fort Valley, Georgia, USA, from April to November, 
2011, were studied. The leaves were dried and analyzed for crude protein 
(CP), neutral detergent fiber (NDF), acid detergent fiber (ADF), acid deter-
gent lignin (ADL), fat, gross energy, and ash content. The CP, NDF, ADF, 
ADL, fat and ash content ranged from 14% - 23%, 29% - 55%, 18% - 42%, 
10% - 22%, 2% - 4%, and 6% - 9%, respectively, indicating that Paulownia 
leaves have potential as a feed resource for livestock. Forage potential research 
was followed up by developing protocols to manufacture feed pellets with 75% 
and 95% leaf component and assessing their physical properties. There is an 
economic market potential for the by-products of Paulownia, which is usually 
grown for timber. 
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1. Introduction 

Globally, 36 percent of all calories produced annually are fed to animals [1] and 
the US, Brazil, and China lead the world in producing animal feed. It is impera-
tive that alternate non-food plant resources are identified to assist the animal 
feed industry. Low quality and inadequate quantity of feeds are a major con-
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straint limiting livestock productivity all over the world. Fodder trees that may 
be used on smallholder farms have a number of advantages as a source of fodder. 
Fodder trees are not susceptible to sudden climatic changes and produce fodder 
even during dry periods. Further, importance of trees, shrubs and herbs as a 
fodder source has been suggested due to their nutrition capacity (compared to 
grasses, fodder trees, shrubs and herbs have relatively higher concentrations of 
crude protein, minerals, and neutral detergent fiber) for browsing and grazing 
animals in areas of poor quality pastures for longer periods of time during the 
year [2]. 

Trees like Paulownia that are fast growing and coppice well serve multiple 
purposes such as the production of large quantities of leafy biomass for fodder, 
to use as mulch and to control soil erosion. Paulownia species can be used as a 
suitable companion for intercropping as they do not compete with food crops 
for nutrients [3]. Besides, in many parts of the world, trees are a valuable source 
for firewood, timber for construction and fencing, and provide shade for animals 
[4]. Paulownia elongata (family Paulowniaceae) is economically important as a 
short-rotation tree bioenergy crop [5] [6]. Historical account of the arrival of 
genus Paulownia in the United States and its current status in the state of Geor-
gia has been recorded by Snow [7] but no quantitative data are available on tree 
growth and leaf analysis for Georgia conditions. Paulownia wood is known for 
its moisture resistance and flame retardant properties [8], as well as its flexibility 
and distinctive texture, grain, and color [9]. As a fast-growing tree, Paulownia 
has also been suggested as a bioenergy crop, potentially useful for both carbon 
sequestration or as a biomass source for conversion to transportation fuel [6] 
[10]. In addition to its usefulness as wood and related industrial products [5], 
the fruits, wood, bark, roots, seeds, leaves, and flowers of Paulownia have also 
been reported to have a number of useful medicinal properties [11] [12]. The 
fallen leaves of Paulownia improve soil quality by increasing organic matter and 
the nectariferous flowers are rich source of nutritious honey [9] [11]. 

The potential use of Paulownia foliage as livestock fodder has thus far received 
less attention. It has been reported that P. tomentosa, P. fortunei, and P. elonga-
ta lamina are palatable, contributing to nutritional values that are suitable for 
goat browse [13]. There have been reports of several fodder shrubs and trees that 
may moderately or completely replace concentrated feeds without decreasing 
digestion or growth of small ruminants like sheep and goats [14]. Furthermore, 
goats are efficient browsers and not only possess the ability to adapt to harsh en-
vironments, but also have the capability to use woody species and low-quality 
forages better than sheep and cattle [15] [16].  

Once a Paulownia tree is established, it is able to regenerate from stump 
sprouts (coppicing), which means that it does not have to be replanted for nu-
merous rotations [17]. This is a cost advantage over many other tree species that 
do not possess this trait. In fodder production, this ability to coppice is a vital 
asset which allows the plants to be cut down more than once, as needed, in the 
growing season [17]. While it is known that Paulownia foliage can be used as a 

https://doi.org/10.4236/ajps.2018.96090


W. M. Stewart et al. 
 

 

DOI: 10.4236/ajps.2018.96090 1214 American Journal of Plant Sciences 
 

browse resource for goats [13], there has been no literature available to provide 
quantitative data on the use of P. elongata as forage for livestock.  

The advantages of feeding pellets to animals are easy storage and feeding (less 
wastage, less dust, lower labor costs) and more precise control over the desired 
ration for groups of animals or for individual animals with greater nutritional 
needs, like lactating females or immature stock. Hay wastage can be extreme 
under conditions of high humidity, and pellet feeding is often more profitable. 
In order to produce quality pellets, it is necessary to determine their physical and 
mechanical properties. This will ensure appropriately designed pellets, as well as 
help to determine a suitable means of storage, and these properties will also de-
termine the method of transportation and handling systems [18] [19] [20] [21]. 
Physical, thermal and mechanical properties have been studied for a variety of 
different pellets, including alfalfa [22] [23], corn-soybean [24], switch grass [19], 
and Lespedeza cuneata [20]. However, there is no evidence existing in the litera-
ture about physical properties of P. elongata pellets.  

Georgia is a large agricultural state. There is a huge demand for nutritious 
feed for poultry, small ruminants and other livestock animals. As Paulownia 
species are mainly grown for timber and exhibit great potential as a bioenergy 
crop [6], additional value added products will help rural economy generating 
multiple revenue streams. In our previous research we reported suitability of 
growing P. elongata and biomass and carbon sequestration data of three years 
old trees in the middle Georgia conditions [6]. During the same period leaf sam-
ples were collected and this study was carried out to learn about the availability 
window of Paulownia leaves in the field, their nutritional profile and standardi-
zation of pellet making process. 

2. Materials and Methods 
2.1. Planting Paulownia under Middle Georgia Conditions 

A research plot designated as “Paulownia Demonstration Plot” was established 
in the year 2009 at the experimental farm of FVSU, Fort Valley, Georgia 
(32˚31'14.6''N 83˚52'12.1''W). Two plots of P. elongata were planted to study the 
suitability of growing Paulownia under middle Georgia conditions. This area is 
described as ‘Southern Coastal Plains’ in terms of major soil province, consisting 
of red clayish top soil with hard pan below. The average high temperature is 
32.7˚C in the month of July/August and low temperature is 1.1˚C in January. 
Annual average precipitation in Fort Valley is 9.67 cm. Tissue cultured, har-
dened P. elongata trees at 6 - 8 leaf stage were obtained from the World Paulow-
nia Institute, Lenox, GA and planted in two plots of land measuring 1.01 ha each 
during the last week of April. Soil pH determination indicated an acidic soil with 
pH in the range of 5.5. Timber and bioenergy plots received 5 tons each 
top-dress lime application to bring soil pH in the range of 6.5, suitable for Pau-
lownia growth. After two months of initial establishment, the entire experimen-
tal plot received chicken litter as the only nutrient supplement at 5 tons/ha. No 
watering or application of fertilizer was done once trees were established, which 
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took about 4 - 6 weeks. Annual trimming of branches was done during the win-
ter in timber plot. One plot was designated as a bioenergy plot with trees at 2.44 
m × 2.44 m (1680 trees/ha) spacing, whereas another plot was designed as a 
timber plot, providing higher spacing to the trees at 3.66 m × 3.66 m (741 
trees/ha). 

2.2. Collection and Processing of Forage 

Fresh leaves were collected during April to November 2011 from 30 months old 
P. elongata trees growing in the bioenergy and timber plots. Average sized leaves 
free of disease infections and insect damage were gathered and after removing 
petioles, were put into three labeled paper bags. Each of the paper bags were 
weighed, tared and weighed again with fresh leaf samples. All weights were 
recorded. Leaf samples were then placed into a dryer (Thelco Laboratory Oven, 
Precision Scientific, Winchester, VA, USA) set at 50˚C for 3 days. After drying 
and re-weighing, samples were crushed in a bucket after removing leftover peti-
oles or leaf veins. Approximately 100 g of each sample were then ground in a 
Cyclotec sample mill (Foss, Eden Prairie, MN, USA) to pass a one mm screen 
and placed in Ziploc Bags (S.C. Johnson Co., Racine, WI, USA), with sample 
number, plot number, replicate number, month, and year recorded for further 
analysis. 

2.3. Chemical Analyses 

Chemical analyses were carried out as per the methods described in Van Soest 
[25], AOAC protocols [26] and Kirsten [27]. Inductively coupled plasma (ICP) 
method [28] was used for determination of macro- and micronutrients. 

All dried and ground leaf samples were analyzed for dry matter (DM), ash, 
nitrogen (N), fat content, gross energy, mineral concentrations, neutral deter-
gent fiber (NDF), acid detergent fiber (ADF), and acid detergent lignin (ADL). 
Analysis of nitrogen was completed using a Carbon/Nitrogen analyzer (Vario 
Max, Elementar Americas Inc., Mt. Laurel, NJ, USA), with crude protein (CP) 
calculated as N × 6.25. Fiber analyses (NDF, ADF, and ADL) were completed 
using the method of Van Soest [25] using an ANKOM200/220 Fiber Analyzer 
(ANKOM Technology, Macedon, NY, USA). Dry matter, ash, and fat content 
were determined using AOAC protocols [26]. All forage quality data are pre-
sented on a dry matter basis. The energy content of biomass is determined by 
its calorific value which is influenced by elemental composition of biomass, 
moisture, and ash content. Gross energy and mineral analyses were performed 
using Parr 6400 Oxygen Bomb Calorimeter (Parr Instrument Company, Mo-
line, Il, USA). To maintain quality control, a duplicated sample was run after 
every five samples. The method for determining carbon, hydrogen, nitrogen 
and sulfur, and sulfur alone was as described by Kirsten [27]. 

2.4. Inductively Coupled Plasma (ICP) Method Procedure 

An Inductively-Coupled Plasma (ICP) method [28] was used for determination 
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of phosphorus (P), potassium (K), calcium (Ca), magnesium (Mg), manganese 
(Mn), iron (Fe), aluminum (Al), boron (B), copper (Cu), zinc (Zn), sodium 
(Na), lead (Pb), cadmium (Cd), nickel (Ni), chromium (Cr), and molybdenum 
(Mo). 

2.5. Plant Tissue Digestion 
2.5.1. Nitric Acid (HNO3)-Microwave Method 
The USEPA method 3052 [29] was used for plant tissue digestion and micronu-
trient analyses. In brief, the method is as follows: samples (0.5 g) were weighed 
out and placed in fluorocarbon polymer microwave vessels with 10 mL concen-
trated (HNO3) added to each vessel. The vessels were sealed, placed in a micro-
wave digester (CEM Mars 6 Microwave, Matthews, NC, USA), and heated at 
200˚C for 30 min. The digests (solutions) were transferred quantitatively into 
volumetric flasks and brought to 100 mL volume with deionized water. The so-
lutions were then analyzed for various elements using EPA Method 200.8 [28] by 
Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES) (Spectro 
Arcos FHS16, Kleve, Germany). 

2.5.2. Materials Preparation and Pelletizing Process 
Ground, dried, and sieved leaf powder was used for making pellets and study 
physical properties. The P. elongata leaf pellets were manufactured at the Geor-
gia Small Ruminant Research and Extension Center, FVSU, Fort Valley, GA., 
using a laboratory pellet mill (Series CL, California Pellet Mill Co., Crawfords-
ville, IN, USA). Pellets were made using two different ingredient types, and their 
compositions are presented in Table 1. 

2.5.3. Evaluation of Pellet Dimensions and Bulk Properties 
Moisture content of the pellets was determined using Mahapatra procedures 
[20]. Linear dimensions, namely, length and diameter of ten randomly selected 
cylindrical pellets were measured using a Vernier caliper (Fowler Tools and In-
struments, Newton, MA, USA). Unit mass was obtained by weighing each pellet 
using a precision digital balance (Model A-250, Denver Instruments, Arvada, 
CO, USA). Bulk density was calculated as the ratio of the mass of pellets to the 
volume of the container. The pellets were leveled with the top surface of the  
 
Table 1. Composition of 75% and 95% Paulownia pellets. 

Composition 
75% Paulownia pellets 

% (w/w, dry matter basis) 
95% Paulownia pellets 

% (w/w, dry matter basis) 

Paulownia leaf meal 75 95 

Trace mineralized salt 0.5 2.5 

Vitamin premixed 0.5 2.5 

Ground corn 14 - 

Soybean meal 6 - 

Molasses, dry 4 - 
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container and weighed. Pellet bulk density was obtained from the ratio of meas-
ured mass of the sample in the container to the volume of the container [19] 
[20]. Density of an individual pellet was determined using procedures described 
by Mahapatra et al. [20]. 

2.5.4. Evaluation of Pellet Hardness 
Hardness represents the rigidity of pellets and may be expressed in terms of 
firmness. Hardness can also be related to the chewability (chewing of feed pellets 
between animal teeth) or palatability of pellets [20] [23] [30]. The hardness of 
Paulownia pellets was determined by a texture analyzer (Model # TA-XT2i, Sta-
ble Micro Systems, Surrey, UK) using procedures outlined by Mahapatra et al. 
[20]. Ten randomly selected pellets were used in this test. 

2.6. Statistical Analysis 

Paulownia leaf pellet data were analyzed using SAS 9.4 system (SAS Institute 
Inc., Cary, NC, USA) and Microsoft Excel to determine least squared means and 
standard error, with treatments differences determined using the least significant 
difference test (LSD) (p < 0.05). Data for plant height and chemical analysis were 
analyzed using analysis of variance (ANOVA) in Microsoft Excel (Microsoft 
Corp., Seattle, WA, USA). The treatment means were analyzed using Tukey’s 
post-hoc mean separation test with the least significance difference between dif-
ferent plots and months with results at p < 0.05 level. 

3. Results and Discussion 
3.1. Paulownia Growth under Middle Georgia Conditions 

Paulownia trees showed a steady increase in diameter at breast height (DBH) 
with respect to overall tree height over a three-year period in the timber plot 
(Figure 2(A)). Analysis of data obtained for P. elongata shows active growth 
leading to increase in height as well as girth. As per our observation, with the 
onset of spring the trees acquire height first which is distinct and later in the 
season biomass begins accumulating in the trunk. The equation for P. elongata 
shows a high amount of variance, with an R2 value of 0.49 (Figure 2(A)). Cur-
rently, trees have completed eight years of growth and on average are 12-15 m 
tall in bioenergy and timber plots. Paulownia Demonstration Plot studies estab-
lished that P. elongata can be successfully grown in the middle Georgia condi-
tions (Figures 1(A)-(C)). Figures 1(A)-(C) show tree growth at establishment 
stage, after three years, and coppicing nature once the main trunk is harvested. 
Data on height and DBH were obtained from non-coppiced trees that were 
present in the timber plot.  

Paulownia trees in timber plot showed a steady increase in diameter at 
breast height (DBH) with respect to overall tree height over a three-year pe-
riod (Figure 2(A)). These results support our premise that Paulownia is a fast 
growing tree, and that the trees planted at the FVSU have thrived well in the  
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Figure 1. Paulownia Demonstration Plot at FVSU experimental farm. (A) Eight week old 
P. elongata planting; (B) Trees after three years of growth; and (C) After harvesting a tree 
extensive network of new shoots. 
 
middle Georgia climate. They also support the general consensus that Paulownia 
accumulates a large amount of biomass in a short period of time. Observations 
for the tree growth patterns in the first few years of growth show that it accumu-
lates a lot more biomass after the initial season of growth. 

3.2. Chemical Analysis 
3.2.1. Percent Ash and Mineral Analysis 
Percent ash is the percentage of minerals present in Paulownia and ranged from 
6% - 9% throughout the growing season (Figure 2(B)). There were no signifi-
cant differences between each plot nor between samples taken each month. The 
mineral analysis was conducted on ground leaf-blade tissue that was collected 
between April to November 2011 (Table 2) and showed Ca concentrations 
ranging from 0.72% to 2.48%, P from 0.15% to 0.26%, K from 0.90% to 1.90%, 
Mg from 0.29% to 0.47%, Zn from 6.96 to 29.97 ppm, and Mn concentrations 
from 30.67 to 60.99 ppm. Leaf samples collected from bioenergy and timber 
plots recorded 7.99% and 7.34% for total ash content, respectively, that aver-
aged as total ash content in leaves for both plots at 7.67%. The micro-mineral 
requirements for goat (mg∙kg−1) are Cu (1 - 23), Zn (10 - 50), Mn (20 - 40), Fe 
(30 - 100), while requirements for the macro-minerals (%) K and Mg are 0.5 and 
0.2, respectively [13]. Calcium and P values need to be 0.6% and 0.3%, respec-
tively, to support young growing kids or does in early lactation [31]. The min-
eral profile for P. elongata indicated a high potential for the leaves tested, 
meeting or exceeding most of these requirements. In addition, concentration 
of heavy metals in Paulownia leaves (Cu, Cd, Pb, Mn, Zn) do not exceed pub-
lished critical and toxic levels [32]. The mineral concentrations found in Pau-
lownia leaves in the current investigation compare favorably with forage ana-
lyses that have been conducted on genus Paulownia in previous literature [13]. 
Also, the mineral profile for P. elongata compares well to that of other legumin-
ous browse species Albizia julibrissin, Glelditsia triacanthos and Robinia pseu-
doacacia [13]. 

3.2.2. Neutral Detergent Fiber (NDF) 
The NDF concentrations for the P. elongata leaves collected from April to No-
vember 2011 ranged from 29% - 54%, with generally higher values (40% - 50%)  
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(A)                                                      (B) 

   
(C)                                                       (D) 

  
(E)                                                     (F) 

   
(G)                                                     (H) 

Figure 2. Growth measurement and leaf analysis of Paulownia elongata. (A) Thirty months old trees of P. elongata growing at the 
Paulownia Demonstration Plot at FVSU experimental farm. Average concentrations (%) of nutrients in P. elongata leaves har-
vested during the months from April-November; (B) Ash; (C) Neutral Detergent Fiber; (D) Acid Detergent Fiber; (E) Acid Deter-
gent Lignin; (F) Fat; (G) Crude Protein; and (H) Gross Energy. 
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Table 2. Mineral Analysis estimation of Paulownia leaves collected at monthly intervals. 

Sample1 
Percentage ppm 

Ca K Mg N P S Al B Cd Cr Cu Fe Mn Mo Na Ni Pb Zn 

APR B-1 0.72 1.74 0.29 3.10 0.21 0.16 63.0 32.68 <0.40 <1.00 10.21 91.9 30.67 <1.00 <2.00 <2.00 <5.00 29.97 

APR B-3 0.82 1.90 0.32 3.23 0.23 0.17 82.6 33.49 <0.40 <1.00 10.00 94.4 33.28 <1.00 <2.00 <2.00 <5.00 26.56 

APR T-1 0.91 1.88 0.30 3.70 0.25 0.20 80.9 44.68 <0.40 <1.00 10.08 90.4 42.01 <1.00 <2.00 <2.00 <5.00 21.20 

APR T-2 0.88 1.79 0.30 3.63 0.25 0.19 98.1 44.93 <0.40 <1.00 10.33 96.7 41.12 <1.00 <2.00 <2.00 <5.00 23.55 

MAY B-2 1.17 1.72 0.36 3.12 0.19 0.17 155.4 41.28 <0.40 <1.00 8.71 131.1 40.36 1.03 <2.00 <2.00 <5.00 18.54 

MAY B-3 1.24 1.76 0.37 3.05 0.20 0.17 140.0 39.87 <0.40 <1.00 7.76 125.3 38.58 <1.00 <2.00 <2.00 <5.00 18.25 

MAY T-1 0.97 1.59 0.35 3.11 0.19 0.17 138.8 35.29 <0.40 <1.00 8.13 114.2 35.73 <1.00 <2.00 <2.00 <5.00 19.00 

MAY T-3 1.01 1.59 0.35 3.09 0.18 0.17 145.1 37.32 <0.40 <1.00 6.16 119.2 33.75 <1.00 <2.00 <2.00 <5.00 16.83 

JUN B-1 1.45 1.31 0.43 2.75 0.16 0.16 164.0 48.27 <0.40 <1.00 5.43 122.2 38.34 <1.00 <2.00 <2.00 <5.00 15.02 

JUN B-2 1.56 1.51 0.39 2.63 0.17 0.15 163.3 57.95 <0.40 <1.00 5.21 131.4 47.33 <1.00 <2.00 <2.00 <5.00 12.04 

JUN T-1 1.24 1.63 0.42 3.22 0.23 0.18 174.1 54.82 <0.40 <1.00 9.96 188.9 44.16 <1.00 <2.00 3.44 <5.00 22.55 

JUN T-3 1.26 1.62 0.42 3.10 0.22 0.18 145.1 54.15 <0.40 <1.00 8.61 128.9 43.67 <1.00 <2.00 <2.00 <5.00 17.65 

JUL B-2 1.80 1.09 0.47 2.39 0.16 0.15 201.5 55.34 <0.40 <1.00 6.35 155.2 42.53 1.03 7.98 <2.00 <5.00 10.48 

JUL B-3 1.88 1.22 0.44 2.26 0.17 0.14 190.8 61.35 <0.40 <1.00 6.70 142.6 42.93 1.17 5.83 <2.00 <5.00 9.87 

JUL T-1 1.10 1.29 0.37 3.55 0.26 0.19 96.0 51.09 <0.40 <1.00 10.31 88.0 36.54 1.10 17.86 <2.00 <5.00 21.45 

JUL T-2 1.19 1.36 0.39 3.28 0.25 0.18 98.9 53.13 <0.40 <1.00 9.56 83.6 38.32 1.31 11.03 <2.00 <5.00 20.53 

AUG B-1 1.79 1.04 0.45 2.89 0.21 0.17 167.8 59.49 <0.40 <1.00 7.74 135.5 44.23 1.49 <2.00 <2.00 <5.00 13.92 

AUG B-2 1.93 0.90 0.46 2.42 0.17 0.15 184.0 60.47 <0.40 <1.00 5.25 132.5 43.57 1.24 <2.00 <2.00 <5.00 10.05 

AUG T-2 1.27 1.17 0.37 3.39 0.26 0.19 133.2 64.50 <0.40 1.21 8.59 124.9 36.44 1.03 <2.00 <2.00 <5.00 13.71 

AUG T-3 1.36 1.14 0.38 3.31 0.24 0.18 135.4 67.63 <0.40 <1.00 8.47 125.7 39.13 <1.00 <2.00 <2.00 <5.00 15.09 

SEP B-2 1.95 1.04 0.47 2.61 0.17 0.16 174.3 57.44 <0.40 <1.00 4.79 126.4 46.48 1.27 <2.00 <2.00 <5.00 15.98 

SEP B-3 1.89 1.01 0.43 2.55 0.17 0.16 173.9 65.37 <0.40 <1.00 4.02 123.2 47.07 1.10 <2.00 <2.00 <5.00 9.94 

SEP T-2 2.08 0.95 0.43 2.19 0.16 0.14 221.8 80.64 <0.40 <1.00 4.38 125.0 60.99 <1.00 <2.00 <2.00 <5.00 8.67 

SEP T-3 2.01 0.92 0.44 2.24 0.16 0.14 222.6 81.55 <0.40 <1.00 4.77 122.8 58.74 <1.00 <2.00 <2.00 <5.00 6.96 

OCT B-1 2.00 0.82 0.39 2.35 0.16 0.15 138.1 56.89 <0.40 <1.00 6.41 97.2 44.21 1.17 <2.00 <2.00 <5.00 12.86 

OCT B-2 1.89 0.97 0.37 2.31 0.17 0.15 121.2 56.33 <0.40 <1.00 4.48 83.2 42.65 1.06 <2.00 <2.00 <5.00 10.90 

OCT T-2 1.50 0.94 0.31 2.48 0.19 0.14 147.7 75.63 <0.40 <1.00 4.23 84.1 40.07 <1.00 <2.00 <2.00 <5.00 11.68 

OCT T-3 1.74 1.13 0.35 2.42 0.23 0.15 158.4 85.15 <0.40 <1.00 4.09 92.8 45.54 <1.00 <2.00 <2.00 <5.00 10.87 

NOV B-1 2.48 1.03 0.42 2.23 0.15 0.16 168.5 64.37 <0.40 <1.00 6.68 94.7 47.96 1.17 <2.00 <2.00 <5.00 10.26 

NOV B-2 2.35 1.06 0.38 2.27 0.16 0.15 160.5 62.04 <0.40 <1.00 4.29 92.9 47.49 <1.00 <2.00 <2.00 <5.00 12.04 

NOV T-2 2.02 1.03 0.35 2.35 0.17 0.16 174.8 81.73 <0.40 <1.00 4.38 100.5 47.92 <1.00 <2.00 <2.00 <5.00 9.20 

NOV T-3 2.17 1.07 0.36 2.29 0.18 0.15 175.6 86.90 <0.40 <1.00 5.02 105.0 50.43 <1.00 <2.00 <2.00 <5.00 12.36 

1In sample designation, B = bioenergy plot; T = timber plot. 
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in the spring and summer months (April-August), and lower values (30% - 40%) 
during autumn (September-November; Figure 2(C)). Neutral detergent fiber 
quantity remained more or less same during April to November averaging 
44.68%. 

These values are generally higher and more variable than the NDF values re-
ported for P. tomentosa, P. fortunei, and P. elongata grown in North Carolina, 
which ranged from 38.2% to 44.6% [13]. This may be related to differences in local 
growing conditions between middle Georgia (32˚32'27.834''N, −83˚53'45.8844''W) 
and northern North Carolina (35˚47'04.791''N, −78˚40'55.541''W). At a lower la-
titude, seasonal temperatures are generally higher in middle Georgia (thirty year 
annual temperatures average 17.0˚C) than in North Carolina (thirty year annual 
temperatures average 16.1˚C), possibly leading to higher fiber development in 
Georgia-produced trees during summer [33]. 

3.2.3. Acid Detergent Fiber (ADF) 
The range for ADF in our leaf samples was 18% - 39% (Figure 2(D)). The acid 
detergent fiber value for both the plots was same at 30.43%. Acid detergent fiber 
values in our studies are generally more variable than the values previously re-
ported for Paulownia species, which were 33.9%, 31.1%, and 31.9% for P. to-
mentosa, P. fortunei, and P. elongata, respectively [13]. The ADF values for 
Paulownia leaves in our study show a similar seasonal pattern as NDF, with 
higher concentrations in spring and summer months and generally lower values 
in autumn (Figure 2(D)). 

3.2.4. Acid Detergent Lignin (ADL) 
The percentage of ADL in Paulownia leaves ranged from 10% - 22% in the cur-
rent study, with most of the values in the 15% - 18% range (Figure 2(E)). The 
percent lignin content in various Paulownia species (P. tomentosa, P. fortunei, 
and P. elongata) ranged from 16% to 22.3%, lowest lignin content being record-
ed in P. elongata [13].  

3.2.5. Percent Fat 
Fat content ranged from 1.9% to 3.8% for P. elongata leaves that were collected 
from April to November (Figure 2(F)). Average fat content for the leaves col-
lected from bioenergy and timber plot was 2.87% and 2.80%, respectively. On an 
average, the fat content in Paulownia leaves recorded was 2.83%. 

3.2.6. Crude Protein (CP) 
For P. elongata growing in the middle Georgia climate, crude protein content of 
leaves averaged at 17.49%. Crude protein levels of P. elongata leaves remained 
fairly stable throughout the growing season in Georgia (April to November). 
Crude protein values need to be near or above 14% [13], when pertaining to kid 
nutrition and the early lactation period of does. Paulownia CP values met or ex-
ceeded these nutritional requirements and ranged from 14.3% - 23.3% (Figure 
2(G)). These values are slightly lower than values obtained by Mueller [13] for P. 
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tomentosa, P. fortunei, and P. elongata. Crude protein levels of P. elongata leaves 
remained fairly stable throughout the growing season in Georgia (April to No-
vember), which may increase the potential use of these species as livestock fod-
der during periods of high quality feed shortage. This generally occurs in the late 
summer/early fall period in the southeastern United States when perennial 
warm-season grasses, such as Bermuda grass (Cynodon dactylon) and Bahia 
grass (Paspalum notatum), become reproductive and rapidly lose their feed val-
ue. 

3.2.7. Gross Energy 
The total energy content of Paulownia leaf samples collected over April to No-
vember ranged between 18.6 - 19.6 kJ∙kg−1, averaging at 19.22 kJ∙kg−1 (Figure 
2(H)). The total energy content of Paulownia leaf samples ranged between 18.6 - 
19.6 kJ∙kg−1, averaging at 19.22 kJ∙kg−1 (Figure 2(H)). It does not indicate the 
digestibility of the food. Further experimentation will be required to address di-
gestibility and nutritional benefits of Paulownia leaf based formulations. 

The total digestible nutrients (TDN) consist of digestible fiber, protein, lipid, 
and carbohydrate contents. A general idea regarding TDN of Paulownia leaves 
can be obtained by employing formula used for alfalfa 

( )TDN 96.35 %ADF 1.15= − ×  

Using this formula a TDN value of 61.36 in obtained considering average 
ADF % at 30.43. This value is in recommended range. 

3.3. Pellet Dimensions and Bulk Properties 
3.3.1. Pellet Dimensions 
Measured linear dimensions of 75% and 95% Paulownia pellets are presented in 
Table 3. Data presented are the mean of measurements made on 10 pellets of 
each type. The length of pellets varied from 32 to 39 mm and 30 to 39 mm for 
the 75% and 95% Paulownia pellets, respectively. Average length of 75% pellets 
was greater than the 95% Paulownia pellets (p < 0.05). The pellet diameter 
ranged from 3.54 to 3.6 mm, and no significant difference was observed between 
75% and 95% Paulownia pellets.  
 
Table 3. Mean physical properties of P. elongata leaf pellets (n = 10). 

Properties Mean values ± S.E. 

Paulownia → 75% 95% 

Length, mm 36.4 ± 0.72a 32.77 ± 1b 

Diameter, mm 3.59 ± 0.01a 3.59 ± 0.01a 

Unit weight, g 0.72 ± 0.06a 0.71 ± 0.01a 

Unit density, kg∙m−3 1958.05 ± 42.8a 2164.96 ± 66.51b 

Bulk density, kg∙m−3 557.21 ± 7.56a 596.1 ± 7.14b 

Hardness, N 31.65 ± 0.23a 34.36 ± 0.23b 

Means in the same row sharing a common letter are not significantly different at p < 0.05. 
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3.3.2. Bulk Properties 
Unit weight of pellets ranged from 0.69 to 0.74 g and from 0.68 to 0.74 g for the 
75% and 95% Paulownia pellets, respectively, and did not show any significant 
difference (p > 0.05). The bulk density of pellets ranged from 546.94 to 571.96 
kg∙m−3 and with 584.08 to 608.74 kg∙m−3, for the 75% and 95% Paulownia pellets, 
respectively, and there were significant differences (p < 0.05) between the 75% 
and 95% pellets, with greater bulk density in the 95% Paulownia pellets (Table 
3). The unit density ranged from 1731.86 to 2261.02 kg∙m−3 and from 1778.97 to 
2388.97 kg∙m−3 for the 75% and 95% Paulownia pellets, respectively. Average 
unit density of 95% Paulownia pellets was higher than the unit density of 75% 
Paulownia pellets (p < 0.05) (Table 3). A bulk density range of 578.3 to 643.2 
kg∙m−3 for dehydrated alfalfa pellets [34] and from 554.8 to 670.9 kg∙m−3 for ca-
nola meal pellets have been reported [18]. 

3.3.3. Pellet Hardness 
Pellet hardness ranged from 30.46 N to 32.67 N in case of 75% Paulownia leaf 
pellets and 33.22 N to 35.73 N for 95% Paulownia pellets (Table 3), with signifi-
cantly higher hardness values (p < 0.05) for the 95% pellets. The estimated di-
gestible dry matter (DDM) for Paulownia based feed pellets is 65.20%. The dry 
matter intake (DMI) value is 2.69% for Paulownia based feed pellets. The relative 
feed value (RFV) was 135.74.  

Greater pellet hardness, bulk density, and unit density as the percentage Pau-
lownia leaf increased should be advantageous to feed manufacturers and pro-
ducers using this product, with reduced volume of storage required for pellet 
storage and increased pellet durability during packaging, transportation, and 
storage [18] [35]. 

The estimated digestible dry matter (DDM) for Paulownia based feed pellets is 
65.20%. This value was derived as per Schroeder [36]. The dry matter intake 
(DMI) value is 2.69% for Paulownia based feed pellets. The value is important 
since it is directly correlated to milk production in animals. Though many fac-
tors do affect calculation of DMI, such as body mass of a ruminant, and an 
amount of forage, the variability in NDF percent plays a crucial role. The relative 
feed value (RFV) was 135.74, which is considered high. Any forage higher than 
100 value is considered a good quality forage. 

A comparative account of important nutrient indicators has been presented in 
Table 4. A comparison with alfalfa, hay, and mulberry [37] [38] [39] reveals that 
Paulownia leaf based feed has a balanced nutrient profile and can be used to 
supplement already existing feedstock. 

4. Conclusion 

Livestock production is increasingly dependent on factors like increasing demands 
for animal products and paucity of protein rich feed raw materials supplies. Fod-
der trees and shrubs have always played a significant role in feeding livestock. 
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Table 4. A comparative account of important nutrient indicators in popular feed sources 
with P. elongata leaf analysis. 

 Alfalfa (Dairy quality) Grass (Hay) Mulberry Paulownia 

CP % 18 8.44 18.9 17.20 

TDN % 60 53 75.30 61.36 

Crude Fiber % (NDF) 43.45 31.4 31.1 44.68 

ADL (Lignin) % 8.8 2.9 5.5 15.16 

P % 0.22 0.19 0.21 0.20 

Ca % 1.41 0.54 2.98 1.55 

Mg % 0.33 0.12 5.28 2.80 

K % 2.52 1.33 15.93 1.29 

Zn (mg∙kg−1) 0.92 21 26.8 15.25 

 
Trees and shrubs support animal feeding, especially as a protein supplier where 
the available grazing is not adequate for the maintenance requirement of ani-
mals. Perennials trees are able to tolerate prolonged periods of water shortage 
than grasses. Our studies provide evidence to the suitability of growing P. elon-
gata trees as a multipurpose crop in middle Georgia, and analysis of Paulownia 
leaves indicates its potential use as livestock forage throughout the growing sea-
son in this region (April to November). With more provenance trials in other 
areas of the southeastern United States with a similar climate, suitability of Pau-
lownia tree can be further strengthened either through direct browsing or feed-
ing in pellet form. In the regions with dry autumns, there is a potential to collect 
the leaves and process them to be baled, make pellets, or use for silage. If Paulow-
nia is grown as a dedicated fodder tree only, then it would be a better idea to cop-
pice and allow growing multiple trunks. This way shoots can be pruned at a con-
venient height and harvested as required. Further, it has been suggested that Pau-
lownia leaves and other parts are rich in medicinal components and antioxidant 
activity that may impart additional health benefits to the animal. More work 
(feeding/browsing trials) with this multipurpose tree is warranted to determine its 
palatability and nutritional potential for grazing/browsing livestock.  
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