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ABSTRACT
This project was initiated on the Sand Hills State Forest in Chesterfield County, SC, in May 1995 to determine the 

benefits of inorganic fertilizer (NPK) and lime stabilized biosolids applications in a twice-thinned longleaf pine (Pinus 
palustris Mill.) stand planted in 1963 on an excessively drained deep sand (Alpin soil series).  Major objectives included 
quantifying the magnitude and duration of pine straw response, soil pH, available phosphorus, foliar nutrient trends, 
stand growth, and economics of each treatment over a ten-year period.  The experimental design was randomized com-
plete block design with three replications with treatments applied in the spring of 1995 and reapplied in the spring of 
1999.  Treatments were: control (no fertilizer), nitrogen-phosphorus-potassium (NPK), and lime stabilized biosolids. All 
living tagged trees in treatment plots were measured (d.b.h, total height) prior to the first application in March 1995 and 
re-measured in February-March 1997, February 1999, June 2001, February 2003, and August 2005. Results indicate a 
significant near-term pine straw production benefit from NPK and the biosolids treatments in years 2 and 3 after the first 
application. Soil pH increased from 4.6 to 6.2 in the biosolids plots and remained in the 4.5 – 4.9 range for the control 
and NPK plots over the ten year period. Soil available-P increased to above sufficiency in the NPK and biosolids plots 
but not in the control. Foliar N, P and K increased to above sufficiency in the NPK and biosolids plot longleaf pines 
but the control average foliar N, P and K levels were below sufficiency from 1996 through 2003. Mean basal area per 
acre and volume per tree increments during the periods 1999-2005 and 1995-2005 were significantly greater in NPK 
and biosolids treatments than the control. Mean NPK plot volume per acre increment was significantly greater than the 
control and biosolids plots during the period of 1995-1999. The NPK and biosolids plot volume per acre increments 
during 1999-2005 were significantly greater than the control. Ten-year total volume per acre increment was significantly 
greater in NPK plots than in biosolids plots and biosolids plots were significantly greater than the control. In this case 
NPK fertilization or biosolids applications can be financially attractive, based on the cost of application and the fertilizer 
materials. 
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INTRODUCTION
During the spring of 1995, the South Carolina (SC) Forestry Commission was interested in determining the benefits 

of fertilization in a mid-rotation longleaf pine stand located in Sand Hills State Forest in Chesterfield, SC. Treatments of 
interest included inorganic fertilizer and lime stabilized biosolids from the town of Cheraw.  Objectives included quanti-
fying the control compared to the fertilizer treatments (1) magnitude and duration of pine straw (litter layer dry weight) 
response, (2) soil available P and foliar N, P, and K trends over time, and (3) tree/stand growth (d.b.h., basal area (BA) 
per acre, height, volume per tree, volume per acre, and product class distributions; pulpwood (PW), superpulp (SP), and 
chip-n-saw (CNS) response.  

STUDY AREA HISTORY AND METHODS
Prior to the longleaf planting, the site was a natural pine stand with a heavy turkey oak (Quercus laevis Walt.) under-

story that was clearcut in 1961. The site was mechanically cleared and planted to watermelons in 1962. The site was then 
planted to longleaf pine using bareroot seedlings at a 6x6 feet spacing in 1963. The longleaf stand was thinned twice; 
the first thinning occurred during 1984 and reduced basal area from 90 square feet per acre to 64 square feet per acre by 
removing 3 cords (8 tons) per acre leaving 7.5 cords (20.3 tons) per acre. The second thinning occurred  in 1994 and 
reduced basal area from 100 square feet per acre to 60 square feet per acre, and it removed 7.6 cords (21 tons) per acre 
leaving 16 cords (42 tons) per acre. Stand management during the ten year study period included pine straw raking every 
other year from 1995 through 1999 with no understory hardwood control, and then raking annually with controlling 
understory woody vegetation, primarily turkey oak, by stump cutting, piling, and herbicide treating the stumps from 
2000 to 2005. The soil series was verified by a NRCS soil mapper as an excessively well-drained deep sand (Alpin soil 
series; Lamellic Quartzipsamments). Photo 1 shows the cutover, low fertility, thinned twice longleaf stand at age 42-years 
old at the end of the study period.

 
The experimental design was a randomized complete block design with three replications. Gross treatment plots 

(145x145 feet) were installed within the soil delineated stand. Permanent measurement plots (104.5 x 104.5 feet) were 
installed within each gross treatment plot. Forty feet of untreated buffer separated each plot. Plots were randomly as-
signed a treatment. Treatments were as follows: control (no fertilizer), 10-10-10 (N-P2O5-K2O) at 1500 pounds per acre 
applied by a tractor and cyclone spreader (Photo 2), lime stabilized biosolids at 8 wet tons per acre; 40 percent solids, 4.5 
wet tons = 1 ton agricultural lime, 210 pounds total-nitrogen (N), 80 pounds plant available-N, 110 pounds P2O5 (48 
pounds elemental phosphorus: P), 11 pounds K2O (9 pounds elemental potassium: K), 1900 pounds calcium (Ca), and 
6.4 pounds magnesium (Mg) per acre. The lime stabilized biosolids were applied by a Knight side port manure spreader 
(Photo 3) in May - June 1995. Plots were treated a second time in May - June 1999. The treatments were: control=no 
treatment, 10-10-10 at 1500 pounds per acre, and lime stabilized biosolids at 12 wet tons per acre (310 pounds total-N, 
367 pounds P2O5, and  72 pounds K2O per acre). Forest floor and surface soil samples were collected prior to fertilizer 
and biosolids treatments.  Since spring growth had already initiated, foliage samples were not taken prior to plot treat-
ment.  All living longleaf trees in each permanent measurement plot were aluminum tagged (at 4.5 feet above ground-
line), numbered (Photos 4 and 5), and measured for dbh and total height prior to plot treatment. Longleaf total and 
merchantable stem volume (wood+bark) were estimated using equations developed by Baldwin and Saucier (1983): 

Total Volume (cubic feet) = log TV = -2.77009 + 1.04013 log (D2H)) and 
Merchantable Volume (cubic feet) = MV = TV*R
(1) where R = 1- 7.1949(Dm2.89957)/((D2H)1.04094)), 
(2)D=d.b.h.(inches),H=total height (feet),and Dm=top diameter(inches; 3 for PW, SP, & 6inches for CNS)  

All living tagged trees were re-measured (d.b.h. and total height) in February-March 1997, 1999, June 2001, March 
2003, and August 2005. Surface soil (0-6 inches) and foliage samples were taken each January-February starting in 1996 
through 2003 and again in 2005. Surface soil was analyzed for available phosphorus (P), potassium (K), calcium (Ca), 
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Photo 1: The 1963 planted longleaf stand at age 42 years on the Sand Hills State Forest, 
Chesterfield County, South Carolina – the project study area.

and magnesium (Mg) using the Mehlich I extract procedure (Kissel and Sonon 2008) and soil pH (AS-3000 pH analyz-
er 1:1 ratio of soil to deionized water, Kissel and Sonon 2008). Foliage was analyzed for total-N (by combustion, Plank 
1992, Kissel and Sonon 2008) and for P, K, Ca, Mg, B, and Cu (HNO3 + 30 percent H2O2 wet ashing; Plank 1992, 
Kissel and Sonon 2008).  Six 144 square inch grids of forest floor litter layer (fresh brown needles representing straw that 
would be harvested) samples were taken per plot prior to the lime stabilized biosolids and inorganic fertilizer application 
in May-June 1995 and then each January-February after fertilizer application through February 1999. The stand was 
raked twice during the first four years of the study period then annually starting in 2000, making subsequent litter layer 
collection and analysis impractical. All litter layer samples were oven dried at 70 degrees C for 48 hours and weighed to 
determine dry weights per acre by treatment. A bale of longleaf pine straw was assumed to be 19 pounds of litter layer by 
dry weight (Morris and others 1992). Pine straw, soil, foliage, and tree/stand parameter means were tested by year and 
incremental growth means (1995-1999 and 1999-2005) for significant differences using Duncan’s Multiple Range Test 
at the 5 percent alpha level.



4

Effect of Lime Stabilized Biosolids and Inorganic Fertilizer Applications 
on Soil and Foliar Nutrient Status, Growth, Pine Straw Production, 
and Economics in a Thinned Longleaf Pine Stand – Ten-Year Results

Photo 3: The lime stabilized biosolids about to be applied by 
tractor pulling a side port Knight manure spreader in the 1963 
planted, thinned twice longleaf pine stand on the Sand Hills 
State Forest, Chesterfield County, South Carolina.

Photo 2: The inorganic fertilizer (NPK as 1500 lbs/ac 10-10-10) 
being applied by tractor with a PTO driven cyclone spreader in the 
1963 planted, thinned twice longleaf pine stand on the Sand Hills 
State Forest, Chesterfield County, South Carolina.

Photos 4 and 5: The 1963 planted, thinned twice longleaf study area on the Sand Hills State Forest in Chesterfield County, South 
Carolina with the measurement trees in each plot aluminum numbered tree tags nailed at 4.5 feet (or above a stem canker if one is 
present) and a 4x4 feet pine straw grid for pine straw collection (started out with six 12x12 inch random litter layer samples/plot).



5

Effect of Lime Stabilized Biosolids and Inorganic Fertilizer Applications 
on Soil and Foliar Nutrient Status, Growth, Pine Straw Production, 
and Economics in a Thinned Longleaf Pine Stand – Ten-Year Results

RESULTS
Pine Straw Estimates

There was no significant pine straw (litter layer) gain with NPK or biosolids fertilization 9 months post initial applica-
tion (Table 1). This is to be expected as pine needles tend to stay on the tree for an average of 18 months (range of 1 to 
2 years, Gholz and others 1985). The second year post-NPK and biosolids application there was a significant pine straw 
gain over the control of 1812 and 1292 pounds per acre, respectively (Table 1). The plots that were fertilized with NPK 
or lime stabilized biosolids had significantly greater pine straw values in the third and fourth year after initial application 
(Table 1). The control plots produced 9645 pounds per acre, the NPK treated plot produced 14183 pounds per acre, and 
the biosolids treated plots produced 13031 tons per acre from May 1995 through February 1999 (Table 1). The NPK 
treated plots produced 4538 extra pounds per acre (907 pounds per acre per year average gain) and the biosolids treat-
ed plots produced an extra 3386 pounds per acre (677 pounds per acre per year) over the control during this five year 
period. This equates to an extra $89 to $120 per acre (at $0.50 per bale and 19 pounds per bale dry weight, Morris and 
others 1992) in pine straw revenues for the biosolids and NPK treatment, respectively during this period.

Soil pH
Surface soil (0-6”) was collected annually from 1995 (pre-treatments) through 2003 and in 2005 and analyzed for 

pH. All treatments had a baseline soil pH of 4.6 (Figure 1). Over the ten-year collection period the control pH ranged 
from 4.5 to 4.9 with a mean of 4.7. The NPK plot surface soil pH range was 4.4 to 4.7 with a mean pH of 4.5. The lime 
stabilized biosolids surface soil pH increased from 4.6 in 1995 to 5.2 in 1999 (4-years post first application and pre- sec-
ond application) and from 5.2 in 1999 to 6.2 in 2005 (Figure 1). This increase in soil pH from the two lime-stabilized 
biosolids applications should improve overall macro-nutrient availability compared to the lower pHs found in the control 
and NPK plots.

Soil Available Phosphorus
Surface soil (0-6”) available P (SA-P) prior to the first treatments (May 1995) means ranged from 0.33 to 3.5 ppm 

(Figure 2), concentrations considered to be below sufficiency for longleaf pine (Blevins and others 1986, Dickens and 
others 2016). Soil available P concentrations from the NPK treatments in July 1995, September 1996, and February 
1996 were significantly greater than SA-P in the control and biosolids plots. The biosolids plots had the greatest SA-P in 
1997 whereas NPK had the greatest average SA-P in 1999 and 2001 though differences were not significant (Figure 2). 
The NPK treatment SA-P ranged from 5 to 63 time greater than the control and 2.5 to 14 time greater than the biosolids 
treatment in 1998, 2000, 2002, 2003, and 2005 (Figure 2).

Foliar N, P, and K
Longleaf pine foliar N, P, and K concentrations were not significantly different by treatment in February 1996, but 

foliar N was below sufficiency (Blevins and others 1986) in the control treatment (0.85 percent) and above sufficiency in 
the biosolids (1.1 percent) and the NPK treatment (1.3 percent) nine months after the first fertilizer application (Table 
2). Mean foliar N in the NPK treatment trees (0.97 percent) was significantly greater than the biosolids (0.82 percent) 
and control plot trees (0.70 percent) in February 1997. Foliar P and K were not significantly different among treat-
ments in 1997. Foliar N and P were not significantly different between treatments in February 1998 and 1999. Foliar K 
was significantly greater in the NPK treatment trees (0.46 percent) than the biosolids (0.32 percent) and control (0.26 
percent) trees in 1998. There were no significant treatment differences in February 1999 (Table 2). Longleaf pine foliar 
N, P, and K concentrations associated with the NPK treatment (1.6 percent N, 0.11 percent P, and 0.54 percent K) were 
significantly greater than the biosolids (0.89 percent N, 0.08 percent P, and 0.29 percent K) and control (0.88 percent N, 
0.07 percent P, and 0.25 percent K) in February 2000, nine months after the second biosolids and NPK treatment (Table 
2). Foliar N and P were not significantly different between treatments in 2001, but mean foliar K concentration from 
the NPK treatment (0.46 percent) was significantly greater than the biosolids (0.32 percent) and control (0.28 percent) 
treatments. Foliar N, P, and K were not significantly different between treatments in 2002. Foliar N, P, and K concen-
trations from the NPK treatment trees were significantly greater than the biosolids and control trees from the last year 
of foliage collection in February 2003 (Table 2). Figures 3, 4, and 5 illustrate the pattern of longleaf foliar N, P and K of 
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the control, NPK and biosolids plot trees from February 1996 through February 2003. Leaf area photos were taken from 
the control and NPK plots in 1999, four years after the first NPK application and prior to the second NPK application. 
Photos 6 (control) and 7 (NPK) illustrate the difference in the amount of leaf area between the control and the NPK 
treatment four years after application.

Tree and Stand Growth
Treatment means by year--There were no significant treatment differences for average trees per acre, d.b.h., total 

height, total volume per acre, pulpwood (PW; 4.5 inches < d.b.h. <6.6 inches) volume per acre, and superpulp (SP; 6.6 
inches ≤ d.b.h. < 8.6 inches) volume per acre during the ten year study period (Table 3 and 4). There was a significant 
chip-n-saw (CNS; d.b.h. ≥ 8.6 inches) volume per acre difference in 2005 with the NPK treatment producing more CNS 
volume (1,560 cubic feet per acre; 48.8 tons per acre) than the control (1,199 cubic feet per acre; 37.5 tons per acre) and 
the biosolids treatment (1,437 cubic feet per acre; 44.9 tons per acre) not being significantly different than the NPK or 
control treatment (Table 4). 

Incremental means between measurement years--The NPK treatment basal area per acre increment (13.4 square feet 
per acre) during the first four years (March 1995 to March 1999) was significantly greater than the control (8.1 square 
feet per acre, Table 5). The NPK total volume per acre increment (399 cubic feet per acre; 12.5 tons per acre) was sig-
nificantly greater than the biosolids (285 cubic feet per acre; 8.9 tons per acre) and control (245 cubic feet per acre; 7.7 
tons per acre) treatments between 1995 and 1999 (Table 6).  The NPK and biosolids d.b.h., basal area, volume per tree, 
and total volume per acre increment means during the second six year period were significantly greater than the control. 
Ten year (1995-2005) d.b.h, basal area, and CNS volume increment means from the NPK and biosolids treatments were 
significantly greater than the control (Table 6). The NPK volume per tree increment (6.22 cubic feet) during the ten year 
period was significantly greater than the control (3.63 cubic feet) but not significantly greater than the biosolids (5.21 
cubic feet). The NPK treatment produced significantly greater total volume per acre (1,059 cubic feet per acre; 33.1 tons 
per acre) than the biosolids (903 cubic feet per acre; 28.2 tons per acre) and the biosolids produced significantly greater 
total volume than the control (699 cubic feet per acre; 21.8 tons per acre) during the ten year study period (Table 6). 
There were no significant treatment differences for total height, PW, or SP volume increment during the study period 
(Table 5 and 6).  Figures 6 and 7 illustrate longleaf pine total volume per acre increments by treatment and Chip-n-saw 
(and larger) sized trees volume per acre increments by treatment from 1995-1999, 1999-2005, and 1995-2005. Longleaf 
pine mean annual increment over the 10 year study period in the NPK plots was 106 cubic feet per acre per year (3.31 
tons/acre/year), in the high biosolids plots was 90.3 cubic feet per acre per year (2.81 tons/acre/year) and in the control 
plots was 69.9 cubic feet per acre per year (2.18 tons/acre/year). The NPK and high biosolids were applied twice, once 
at age 32- (1995) and a second time at age 36-years (1999) due to the soil series characteristics (deep, excessively drained 
sands with low fertility) and the fact that surface soil available-P declined to at (NPK) or below (high biosolids; Figure 2) 
the minimum sufficiency guidelines. 

   
DISCUSSION

Prior to the first treatments, soil available P in the surface six inches (0 to 3.6 ppm, Figure 2, Table 2) was below 
sufficiency for longleaf pine (Blevins and others 1986, Dickens and others 2016), making this site a good candidate for 
fertilization.  Longleaf pine foliar N (0.85 percent) was below sufficiency, foliar P (0.08 percent) was at sufficiency, and 
foliar K (0.32 percent) was slightly above sufficiency from the control plot trees in the first sampling year (1996, Table 2). 
Foliar N, P, and K concentrations in the control plot trees were equal to or below sufficiency from 1997 through 2002, 
indicating that this stand would respond to an NPK fertilizer treatment. The near-term (1995 through 1999) straw 
production rate was increased by an average of 52 bales per acre per year with the first NPK application and 37 bales per 
acre per year with the first biosolids application. Ten-year diameter increment for the NPK and biosolids plot trees were 
0.9 (75 percent gain) and 0.7 inches (58 percent gain) greater than the control, respectively (Table 5). Basal area ten-year 
increment for the NPK (32.5 square feet per acre) and the biosolids (28.9 square feet per acre) were 52 and 35 percent 
greater than the control (21.4 square feet per acre). The NPK and biosolids volume per tree increments (6.22 and 5.21 
cubic feet) were 71 and 44 percent greater than the control (3.63 cubic feet) during the ten-year study period (Table 5). 
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Total volume per acre was improved over the control by 84 and 29 percent or 0.42 cords per acre per year (1.1 tons per 
acre per year) and 0.24 cords per acre per year (0.64 tons per acre per year) with the two NPK and biosolids treatments, 
respectively (Table 6 and Figure 3). The longleaf ten year (age 33- through age 42-years) mean annual increment for 
the NPK treatment was 3.3 tons/acre/year, 2.8 tons/acre/year for the biosolids treatment and 2.2 tons/acre/year for the 
control treatment. Chip-n-saw volume per acre production was improved by 47 and 33 percent respectively with the two 
NPK and biosolids treatments compared to the control (Table 6 and Figure 4). 

Using Timber Mart-South (1995, 2005) and South Carolina (SC) pine stumpage prices during the measurement 
period, the NPK treatments improved wood value over the control by $342 per acre and the biosolids improved wood 
value by $209 per acre over the control. Adding in the increased pine straw revenues during 1997, 1998, and 1999 (at 
$0.50 per bale; 1995-2005 local prices), the NPK wood plus pine straw revenues were $473 per acre greater than the 
control and the biosolids wood plus pine straw revenues were $303 per acre greater than the control. Based on NPK 
fertilizer costs and biosolids costs (if any) and application fees for two treatments in ten years, fertilization using either 
of these materials can be financially attractive in this older longleaf stand on a poor, sandy, excessively drained soil when 
both extra wood growth and pine straw production are included in the returns.

Using first quarter 2020 Georgia Coastal Plain pine stumpage prices per ton of $11, $18, $25, and $43 for pulp-
wood, chip-n-saw, sawtimber, and poles and $1/bale (19 lbs dry weight/bale; Morris and others 1992) table 7 illustrates 
the cash flows for the three treatments over the ten year study period. The estimated spring of 2020 NPK cost/acre (275 
lb/ac urea @ $450/ton, 125 DAP @ $470/ton, and 100 lb/ac muriate or potash @ $442/ton + $0.11/lb cost to apply 
500 lbs/ac, (Claxton 2020, personal communication Roche Farm and Garden, Dublin GA) was $168/acre per applica-
tion. The control longleaf plot trees generated an estimated $1120/acre in pine straw income and grew $611/acre new 
wood. The two NPK treatments produced $1722/acre in pine straw and grew $884/acre in new wood. The two biosolids 
treatments produced and estimated $1544/acre in pine straw and grew $774/acre in new wood (Table 7). Over the ten 
year period the NPK treatment increased pine straw income by $602/acre and $273/acre in extra wood over the control. 
The biosolids treatment increased pine straw income by $424/acre and wood income by $163/acre compared to the 
control (Table 7). 

The two NPK treatments at a cost of $168/acre per application totaled more than the extra wood growth compared 
to the control ($273/acre) so when wood only is the concerned the two NPK applications were not financially attractive. 
The extra pine straw produced compared to the control made the two NPK applications financially attractive. 

Table 8 shows the two NPK treatments minus the control pine straw annual income current value, discounting the 
annual pine straw income estimates @ 10% the Net Present Value, and solving for the marginal Rate of Return (interest 
rate where NPV is close to zero) using the extra pine straw income only (vs control) and the pine straw plus extra wood 
income. The pine straw only marginal rate or return was approximately 20%. The pine straw plus wood marginal Rate of 
Return was approximately 25%. 
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Table 1: Pine straw production estimates by treatment and 
measurement year for a 1963 planted longleaf stand (Alpin soil series) 
on the Sand Hills State Forest in Chesterfield County, South Carolina.

Pinestraw production by year (litter layer dry weights)

Treatment 1995 1996 1997 1998 1999

lbs acre-1

Control 2,390 1,647 2,000b 2,191b 1,417b

NPK 2,123 1,468 3,812a 4,035a 2,745a

Biosolids 2,123 1,751 3,202a 3,555a 2,400a
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Figure 1: Surface soil (0-6”) pH pre-treatments (spring 1995) and annually in 1996 through 2003 and 
in 2005 from the control, NPK and lime stabilized biosolids plots in the Sand Hills State Forest, SC 1963 
planted longleaf stand (thinned twice). Triangles under year depict when the treatments were applied 
(spring 1995 and spring 1999).
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Figure 2: Surface soil (0-6”) available-P pre-treatments (spring 1995) and annually in 1996 through 
2003 and in 2005 from the control, NPK and lime stabilized biosolids plots in the Sand Hills State Forest, 
SC 1963 planted longleaf stand (thinned twice). Arrows depict when treatments were applied (spring 1995 
and spring 1999). Minimum sufficiency available-P is 3-5ppm.
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Table 2— Foliar nitrogen (N), phosphorus (P), potassium (K), and 
surface (0-6 inches) soil available P by treatment and measurement 
year for a 1963 planted longleaf stand (Alpin soil series) on the Sand 
Hills State Forest in Chesterfield County, South Carolina.

Year

Treatment 1995 1996 1997 1998 1999 2000 2001 2002 2003 2005

Foliar N (%)

Control 0.85 0.70c 0.82 0.88 0.88b 0.88 0.86 0.98b
NPK 1.10 0.97a 0.96 0.87 1.58a 0.92 0.89 1.18a
Biosolids 1.30 0.82b 0.88 0.82 0.89b 0.96 0.83 0.88b

Foliar P (%)

Control 0.08 0.05 0.07 0.07 0.07b 0.07 0.08 0.09b
NPK 0.08 0.08 0.09 0.07 0.11a 0.07 0.08 0.10a
Biosolids 0.08 0.07 0.09 0.08 0.08b 0.08 0.14 0.09b

Foliar K (%)

Control 0.32 0.20 0.26b 0.26 0.25b 0.28b 0.29 0.32b
NPK 0.36 0.42 0.46a 0.43 0.54a 0.46a 0.40 0.47a
Biosolids 0.58 0.28 0.32b 0.28 0.29b 0.32b 0.27 0.27b

Soil P (ppm)

Control 0.3   0.0b   3.5 0.5b 0.0   0.3b   0.5   3.0b   2.5b   3.5b
NPK 3.6 16.0a   7.5 8.0a 6.0 21.0a 25.0 21.0a 32.0a 18.0a
Biosolids 1.8   0.0b 11.0 1.8b 0.0   1.5b   3.3   7.7b 11.5b   7.0b

Minimum sufficiency longleaf pine guidelines; foliage N=0.95 percent, P=0.08 percent, K=0.30 percent 
and soil available P=3-5 ppm (Blevins and others 1986, Dickens and others 2016)
Treatment means within a measurement year followed by a different letter are significantly different using 
Duncan’s Multiple Range Test at the 5 percent alpha level. Treatments: control=no treatment, NPK= 1500 
lbs/ac 10-10-10, biosolids= high lime stabilized biosolids (8 wet tons/ac)
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Photos 6 and 7: Leaf area photos in the 1963 planted, thinned twice longleaf stand (Alpin soil series) on the Sand Hills State 
Forest, Chesterfield County, SC when the stand was 36-years old. Left photo is from the control plot and right photo is from the 
NPK plot four years after the first NPK treatment and before the second NPK treatment.

Figure 3: Foliar nitrogen one year post treatment (February 1996) and annually through 
February 2003. Minimum sufficiency for longleaf pine N is 0.95% (black line @ 0.95%). Treatments” 
C=control, NPK= NPK @ 1500 lbs/ac 10-10-10 (N-P2O5-K20), and high lime stabilized biosolids (8 wet 
tons/ac) in spring 1995 and spring 1999.
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Figure 4: Foliar phosphorus (P) one year post treatment (February 1996) and annually through 
February 2003. Minimum sufficiency for longleaf pine P is 0.08% (black line @ 0.08%). Treatments” 
C=control, NPK= NPK @ 1500 lbs/ac 10-10-10 (N-P2O5-K20), and high lime stabilized biosolids (8 wet 
tons/ac) in spring 1995 and spring 1999.
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Figure 5: Foliar potassium (K) one year post treatment (February 1996) and annually through 
February 2003. Minimum sufficiency for longleaf pine K is 0.30% (black line @ 0.30%). Treatments” 
C=control, NPK= NPK @ 1500 lbs/ac 10-10-10 (N-P2O5-K20), and high lime stabilized biosolids (8 wet 
tons/ac) in spring 1995 and spring 1999.
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Table 3: Trees per acre, d.b.h., total height, and volume per tree by 
treatment and measurement year for a 1963 planted longleaf stand 
(Alpin soil series) on the Sand Hills State Forest in Chesterfield County, 
South Carolina.

Year Treatment Trees per acre d.b.h. Total height Tree volume
In ft ft3

1995 Control 196 7.5 50.1   6.85
NPK 177 7.3 49.7   6.52

Biosolids 192 7.3 50.5   6.70

1997 Control 195 7.7 51.6   7.61
NPK 175 7.8 51.5   7.75

Biosolids 188 7.7 50.3   7.49

1999 Control 195 8.0 51.6   8.14
NPK 175 8.2 52.7   8.50

Biosolids 187 8.1 52.0   8.91

2001 Control 195 8.4 52.8   9.29
NPK 175 8.9 53.6 10.50

Biosolids 185 8.7 53.4   9.99

2003 Control 195 8.5 54.0   9.77
NPK 175 9.1 56.0 11.60

Biosolids 185 8.9 54.9 10.70

2005 Control 195 8.7 55.2 10.50
NPK 175 9.4 57.6 12.70

Biosolids 185 9.2 56.5 11.90

There were no significant treatment differences within each measurement year using Duncan’s Multiple 
Range Test at the 5 percent alpha level. Treatments: control=no treatment, NPK= 1500 lbs/ac 10-10-10, 
biosolids= high lime stabilized biosolids (8 wet tons/ac)
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Table 4: Total volume, pulpwood, superpulp, and chip-n-saw volume 
per acre means by treatment and measurement year for a 1963 planted 
longleaf stand (Alpin soil series) on the Sand Hills State Forest in 
Chesterfield County, South Carolina.

Year
Treatment

volume
Total 

volume
1Pulpwood 

volume
2Superpulp

volume
3Chip-n-saw

volume

ft3 acre-1

1995 Control 1338 146 761   308
NPK 1144 149 638   251

Biosolids 1303 145 784   256

1997 Control 1485 105 782   449
NPK 1345 114 609   477

Biosolids 1412 66 785   416

1999 Control 1583 74 759   579
NPK 1543 93 592   683

Biosolids 1588 63 650   679

2001 Control 1800 69 576   924
NPK 1823 58 394 1122

Biosolids 1837 47 568   991

2003 Control 1883 69 554 1020
NPK 2003 38 381 1320

Biosolids 1976 30 503 1181

2005 Control 2037 68 506   1199b
NPK 2203 30 330   1560a

Biosolids 2205 26 455     1437ab

1Pulpwood volume = 4.6 ≤ d.b.h. ≤ 6.5 inches to a 3 inch top
2Superpulp volume = 6.6 ≤ d.b.h. ≤ 8.5 inches to a 3 inch top
3Chip-n-saw volume = d.b.h. > 8.5 inches to a 6 inch top 
Treatment means within a measurement year followed by a different letter are significantly different using 
Duncan’s Multiple Range Test at the 5 percent alpha level.  Treatments: control=no treatment, NPK= 1500 
lbs/ac 10-10-10, biosolids= high lime stabilized biosolids (8 wet tons/ac)
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Table 5: D.b.h., basal area, total height, and volume per tree growth 
increments by treatment and measurement period for a 1963 planted 
longleaf stand (Alpin soil series) on the Sand Hills State Forest in 
Chesterfield County, South Carolina

Year Treatment d.b.h. Basal area Total height Tree volume

in ft2 acre-1 ft ft3

1995-1999 Control 0.5   8.1b 1.6 1.29
NPK 0.9 13.4a 3.0 2.39

Biosolids 0.8   10.6ab 1.5 1.80

1999-2005 Control   0.7b 13.3b 3.6  2.34b
NPK   1.1a 19.1a 4.9  3.84a

Biosolids   1.1a 18.1a 4.5  3.41a

1995-2005 Control   1.2b 21.4b 5.2  3.63b
NPK   2.1a 32.5a 7.9  6.22a

Biosolids   1.9a 28.9a 6.0    5.21ab

Treatment means within a measurement period followed by a different letter are significantly different 
using Duncan’s Multiple Range Test at the 5 percent alpha level. Treatments: control=no treatment, NPK= 
1500 lbs/ac 10-10-10, biosolids= high lime stabilized biosolids (8 wet tons/ac)
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Table 6: Total volume, pulpwood, superpulp, and chip-n-saw volume 
per acre growth increments by treatment and measurement year for  a 
1963 planted longleaf stand (Alpin soil series) on the Sand Hills State 
Forest in Chesterfield County, South Carolina.

Figure 6: Total volume growth 
increment per acre for the three 
treatments from 1995-1999, 
1999-2005 and over the ten year 
study period (1995-2005). This 
figure illustrates the significant 
growth benefit to the NPK 
treatment in each of the three 
increment periods and the high 
biosolids treatments significant 
growth benefit after the second 
application in 1999 when both 
treatments are compared to the 
control.

Period
Treatment Total 

volume
1Pulpwood 

volume
2Superpulp

volume
3Chip-n-saw

volume

ft3 acre-1

1995-1999 Control   245b   -72     -2  271
NPK   399a   -58   -45  432

Biosolids   285b   -81 -134  424

1999-2005 Control   454b     -6 -253  620
NPK   660a   -63 -262  877

Biosolids   618a   -38 -195  758

1995-2005 Control   699c   -78 -255   891b
NPK 1059a -120 -308 1309a

Biosolids   903b -119 -329 1182a

1Pulpwood volume = 4.6 ≤ d.b.h. ≤ 6.5 inches to a 3 inch top 2Superpulp volume = 6.6 ≤ d.b.h. ≤ 8.5 inches to a 3 inch 
top 3Chip-n-saw volume = d.b.h. > 8.5 inches to a 6 inch top. Treatment means within a measurement period followed 
by a different letter are significantly different using Duncan’s Multiple Range Test at the 5 percent alpha level. Negative 
values in the PW and SPW columns indicate that wood volume has moved out of that category into the next highest 
category during the time period. . Treatments: control=no treatment, NPK= 1500 lbs/ac 10-10-10, biosolids= high lime 
stabilized biosolids (8 wet tons/ac)
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Figure 7: Chip-n-saw and larger sized trees volume growth increment per acre for the three 
treatments from 1995-1999, 1999-2005 and over the ten year study period (1995-2005). This 
figure illustrates the significant growth benefit to the NPK and high biosolids treatments over 
the ten-year study period (1995-2005) compared to the control.
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Table 7: Pine straw (PS) annual cash flow and *wood value per acre using 2020 TM-S Georgia 
Coastal Plain pine stumpage and $1/bale (19 lbs dry wt/bale) of the Sand Hills State Forest 1963 
planted, thinned twice longleaf stand on low fertility, excessively drained soils from age 32- to 
age 42-years for the control, **NPK (applied in 1995 and 1999 @ $168/acre) and high biosolids 
(applied twice in 1995 and 1999). Pine straw was collected from 1995 through 1999 and was 
estimated from 2000-05.

Treatment Year PS total

$/acre

Wood 
$/ac 
10 yr 
growth

1995 1996 1997 1998 1999 2000 2001 2002 2003 2004 2005
Control PS $126 $87 $105 $115 $75 $102* $102 $102 $102 $102 $102 $1120

wood** $486 $1097 $611
NPK PS $118 $77 $201 $212 $144 $102 $198 $199 $172 $156 $142 $1722

wood $411 $1295 $884
NPK*** 
$/ac 
cost

-$168 -$168

Biosolids PS $118 $92 $169 $187 $126 $102 $166 $174 $153 $132 $125 $1544
wood $465 $1243 $774

**pine straw yields were estimated starting in 2000 using the mean control plot bales/acre from 1995-1999 (102 bales/
acre) and increasing the yields by the same bales/acre for the NPK-control and the Biosolids-control value differences 
from 1997, 1998 and 1999 then 75% of the 1999 difference between the two treatments and control for 2004 and 75% 
of the 2004 estimated difference for 2005 NPK and Biosolids pine straw yields.
**longleaf $/acre pine stumpage prices were used from the 1st quarter 2020 Timber Mart South Georgia Coastal Plain 
region rounded to nearest dollar: $11/ton for pulpwood and superpulp (PW+SP), $18/ton for Chip-n-Saw (CNS) for  
the 1995 wood from table 4 and the same PW+SP price and assumes 50% CNS, 35% sawtimber, and15% poles from 
the CNS column in Table 4 for a weighted average price of $24/ton in 2005.  Sawtimber is $25/ton and poles are $43/
ton (TM-S 2020).
***NPK fertilizer cost was received from Roche Farm and Garden on 16 April 2020 @ a blended price of $113/acre for 
the urea (275 lbs/ac @ $450/ton), DAP (125 lbs/ac @ $470/ton) and muriate of potash (100 lbs/ac @ $442/ton) and a 
$0.11/lb application fee for a total of $168/acre.
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Table 8: April 2020 and discounted cash flows solving for Net Present Value (NPV) at 
10% discount rate and the marginal internal rate of return (rate of return where NPV is 
approximately zero) of investment for the NPK two applications (1995 and 1999) at $168/acre 
using annual pine straw (@ $1/bale) differences between the NPK and control starting in 1997 
(assumes no pine straw differences in 1995 and 1996) with and without the 10 year extra wood 
growth value (Table 7 at $273/acre).

Treatment Year

NPK 1995 1997 1998 1999 2000 2001 2002 2003 2004 2005 Net or 
NPV 
$/ac

Pine straw 
only (PS) $/
ac vs C @ $1/
bale

-168 96 97 -98
(+70 
PS – 168 
NPK)

0 96 97 70 54 40 284 net 
$/ac

PS 
discounted 
@ 10%

-168 79.34 72.88 -66.94 0 54.19 49.78 32.66 22.90 15.42
92.23 
NPV

PS+wood 
discounted 
tat 10%

-168 79.34 72.88 -66.94 0 54.19 49.78 32.66 22.9
92.23 PS +
105.26 
wood

197.48
NPV

PS 
discounted 
@ 20%

-168 66.67 56.13 -45.81 0 32.15 27.07 16.75 10.47 6.46
.44
NPV

PS+wood 
discounted 
@ 25%

-168 61.44 49.66 -40.14 0 25.17 20.34 12.08 7.25
4.29
(180.23PS+
29.31 wood)

1.40 
NPV


