
Summary Southern pine beetles and associated pathogenic
fungi represent the largest biotic threat to pine forests in the
southeastern USA. The two primary defensive mechanisms of
the tree to the beetle--fungal complex are the primary oleoresin
flow and the concentrations of preformed and induced secon-
dary compounds. We compared oleoresin flow and concentra-
tions of phloem nutrients, soluble sugars, starch, total phenolics
and proanthocyanidins in Pinus taeda L. trees in fertilized and
control plots in the Sandhills region of North Carolina. Four
blocks of 10 trees per treatment were sampled on five dates
from May to November 1995. Phloem nitrogen and potassium
concentrations were elevated in trees on fertilized plots,
whereas phloem calcium concentrations were decreased. Fer-
tilization significantly enhanced (10--20%) concentrations of
phloem phenolics and proanthocyanidins. In contrast, phloem
soluble sugars and starch concentrations were up to 30% lower
in fertilized trees than in control trees. Increased phenolic
concentrations and lower nonstructural carbohydrates should
correlate with reduced tissue palatability and decreased patho-
gen susceptibility in fertilized trees; however, resin flows were
significantly lower (30--100%) in fertilized trees compared
with control trees, which may facilitate pine bark beetle estab-
lishment. Furthermore, fertilization-induced increases in
phloem nitrogen concentration may be more important than
tissue carbohydrate or phenolic content in determining tissue
palatability.

Keywords: carbohydrates, defense, Dendroctonus frontalis,
nitrogen, nutrition, Ophiostoma minus, phenolics, Pinus
taeda, proanthocyanidins, secondary compounds, southern
pine beetle.

Introduction

Improving the nutrition of coniferous forests in the southeast-
ern USA typically results in higher productivity (Allen et al.
1990). Fertilization of loblolly pine (Pinus taeda L.) plantation
forests in the southeastern USA has become commonplace
with over 350,000 hectares fertilized in 1997 (NCSFNC 1998).
The nutritional balance of these stands may be important in
determining host--pathogen relations.

Of the pathogens affecting pine forests in the southeastern
USA, bark beetles cause the most extensive damage to forests
and productivity. The most destructive of the southeastern
coniferous bark beetles, the southern pine beetle (Dendroc-
tonus frontalis Zimm.), along with its fungal symbiote
(Ophiostoma minus (Hedge.) H. and P. Sydow.), thins the pine
forests of diseased or weakened trees. Under epidemic popu-
lations, however, the beetles devastate entire stands of southern
pines, regardless of individual tree or stand vigor (Thatcher et
al. 1980). The two primary defensive mechanisms of the tree
to the beetle--fungal complex are the constitutive oleoresin
system and the induced defensive response (Paine et al. 1997).
Differences in the quantity or quality of these constitutive or
induced secondary compounds influence pathogen success.

Mineral nutrient additions may affect tissue chemistry of
conifers resulting in altered pathogen relations. Increased in-
fection of Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco)
by Armillaria ostoyae (Romagn.) Herink occurred after fertili-
zation with nitrogen (Entry et al. 1991a). The root bark of the
fertilized trees had lower concentrations of potentially inhibi-
tory compounds (proanthocyanidins, other soluble phenolics
and lignin) and higher nitrogen concentrations than thinned or
control trees, resulting in a more palatable tissue (Entry et al.
1991a, Entry et al. 1991b). Additionally, conifer species with
increased susceptibility to A. ostoyae generally have fewer
phenolic compounds and more sugar in root bark (Entry et al.
1992), suggesting that the ratio of available sugars to phenolic
compounds may be related to the success of the fungal infec-
tion.

Carbon is used for growth only when sufficient resources
(e.g., mineral nutrients and water) exist to support the struc-
tural development and physiological activity of additional tis-
sue, otherwise the carbon is stored or allocated to secondary
metabolism (Tuomi et al. 1988). Compared with unfertilized
trees, fertilized trees have larger growth sinks. Thus, more of
the available carbon may be used for growth in fertilized trees,
resulting in less carbon available for production of secondary
metabolites than in unfertilized trees (Bryant et al. 1983, Lorio
1986, Herms and Mattson 1992, but see Iason and Hester
1993), which could consequently affect plant defense.
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Nutrient availability may affect not only internal carbon
relationships, but also the timing of seasonal changes in host
physiology (Lorio 1993), leading to temporal changes in re-
production, growth partitioning or defensive characteristics.
For example, a negative correlation was reported between resin
duct density and growth rate in loblolly pine (Blanche et al.
1992). Additionally, because most ducts are formed in late-
wood, a delay in the transition from earlywood to latewood
could result in fewer new ducts being created.

Loblolly pine has been extensively studied and widely
planted across the Coastal Plain and Piedmont of North Caro-
lina. It responds well to different silvicultural techniques, in-
cluding fertilizer application and exhibits high productivity on
a variety of sites (Allen et al. 1990). Addition of mineral
nutrients to forests may affect tissue phytochemical composi-
tion or oleoresin production, thereby changing the phenotypic
response of individual trees that could impact the success of
pathogen attacks. The objective of this study was to elucidate
constitutive tree resistance mechanisms to bark beetle attack.
We hypothesized that biochemical and defense-related
changes would occur following fertilization of loblolly pine
trees. We quantified the oleoresin flow rate, phloem nutrient
concentrations, and phloem nonstructural carbohydrates and
phenolic compounds in fertilized and control plots of loblolly
pine trees during the 1995 growing season. We discuss our
results in terms of their potential importance to plant--pathogen
relations.

Methods

Site description

This study forms part of a larger project designed to examine
the effects of water and nutrients on various physiological and
growth processes in a loblolly pine stand in the Sandhills
region of southeastern NC (35° N, 79° W). The soil at the study
site is a Wakulla series (sandy, siliceous, thermic Psammentic
Hapludult), very infertile, well drained with a low water hold-
ing capacity: ≈ 12--14 cm in a 2-m profile. Annual rainfall is
≈ 121 cm and mean annual temperature is 17 °C. Mean winter
and summer temperatures are 9 and 26 °C, respectively. Dur-
ing the study period, mean temperature was 22 °C with 89 cm
of rainfall. In general, precipitation occurred throughout the
growing period, although there was a three-week drought
beginning in late July. The first frost (−0.3 °C) occurred in late
October 1995, and the first hard freeze (−5.0 °C) occurred in
early November.

Study design

The study was established in 1992 as a randomized complete
block design consisting of four blocks with two treatments: no
fertilization (control) or fertilization to maintain targeted foliar
mineral concentrations (fertilized). The treatment plots were
50 × 50 m (0.25 ha) with internal measurement plots of 30 ×
30 m (0.09 ha). For the fertilized plots, nutrient additions were
based on monthly foliar nutrient analyses. Targeted winter
nitrogen (N) concentrations from foliage of a terminal branch
originating in the upper third of dominant trees have been

1.3--1.4%, with ratios of: phosphorus (P):N of 0.10; potassium
(K):N of 0.35; calcium (Ca):N of 0.12; and magnesium
(Mg):N of 0.06 (Valentine and Allen 1990). Boron (B) has also
been added to maintain the estimated critical concentration of
10--12 ppm for loblolly pine (Stone 1990). Initial treatments
included ground application of approximately 225 kg ha−1 N,
56 kg ha−1 K, 112 kg ha−1 P, 135 kg ha−1 Ca, 56 kg ha−1 Mg
and 1.7 kg ha−1 B. As of May 1995, eight additional fertilizer
treatments (ground and foliar) were added: 250 kg ha−1 N,
78 kg ha−1 P, 169 kg ha−1 K, 24 kg ha−1 Ca, 56 kg ha−1 Mg and
1.1 kg ha−1 B. The primary nutrient limitations at study estab-
lishment were believed to have been N, K and possibly B based
on critical concentrations proposed by Allen (1987). A detailed
description of the study site and treatments is provided in
Albaugh et al. (1998).

This study was conducted during the fourth year of treat-
ment imposition when the stand was 11 years old (1995) and
had a mean density of 1260 trees ha−1. In April 1995, ten
dominant or codominant trees per sample plot were selected
for measurement from the treated areas outside the measure-
ment plots based on the apparent good health and diameter of
the trees. Mean initial height of the study trees was 6.88 m
(± 0.08) on the control plots and 7.35 m (± 0.07) on the
fertilized plots. Study trees ranged in diameter from 11.5--14.5
cm (12.7 ± 0.1, n = 40) for control plots and 13.5--16.5 cm
(14.4 ± 0.1, n = 40) for treated plots in April 1995. These
diameter ranges represent the largest 20--25% of trees on each
plot, excluding the largest (< 1%) of the trees. In May 1995,
trees were rasped with a file at breast height (1.3 m) to remove
loose outer bark and diameter was measured bimonthly within
the groove. Monthly measurements consisted of resin flow
rates and phloem soluble sugar, starch, total phenolic and
proanthocyanidin concentrations. Phloem mineral nutrient
concentrations (N, P, K, Ca and Mg) were quantified monthly
by plot.

Resin flow

Resin flow was measured approximately every five weeks
beginning in May 1995 and continuing through early Novem-
ber 1995. Resin flow rates were determined by a modification
of the method described by Lorio (1994). After shaving the
outer bark at a height of 0.5 m, two samples (N and S aspects)
were collected from each of 10 trees per plot. A sterilized (95%
ethanol) square punch (a metal tube 1.0 cm2 in area), posi-
tioned so that one corner of the square pointed down, was
tapped into the phloem to the xylem surface. When removed,
the punch retained a 1.0-cm2 square portion of the outer bark
and phloem. The phloem tissue from each bark sample was
peeled from the outer bark and kept for biochemical and
nutritional analysis as described below. A V-shaped piece of
aluminum was fastened into the bottom of each punch hole
with pins inserted into the adjacent bark. A small amount of
silicon was placed underneath the aluminum trough as it was
fastened to the tree to prevent seepage of resin. A 14-ml
centrifuge tube was attached below the trough to collect the
resin. Vials were collected and weighed daily after installation.
The resin was taken from the xylem--phloem interface, because
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this is the area of beetle colonization and correlates closely to
the actual flow realized by the pathogen (Lorio 1994). Sub-
sequent samples were taken above, and to the right 3--8 cm
(dependent on branches) to prevent disturbance from previous
samples.

Biochemical analysis

The two phloem tissue samples, composited by tree, were
frozen on dry ice in the field and stored at −20 °C for later
lyophilization. Dried samples were ground in a small electric
mill to pass a 0.5-mm mesh screen and stored under vacuum at
−20 °C until analyzed for soluble sugars, starch, total pheno-
lics, proanthocyanidins and nutrients.

Carbohydrates Soluble sugars were extracted from the
ground phloem tissue as described by Schoeneberger et al.
(National Agroforestry Center, Lincoln, NE, pers. comm.) (see
also Warren 1996), as modified from Jones et al. (1977).
Approximately 25 mg of the ground samples were extracted
twice with 80% ethanol at 80 °C for 3 min, mixed and centri-
fuged. The supernatant (soluble sugars) and pellet (starch) were
kept at < 0 °C until analysis. Phenolics and other interfering
compounds were precipitated from the supernatant with a
mixture of lead acetate, sodium carbonate and HCl.

Soluble sugars (primarily glucose and fructose) were quan-
tified by means of a hexokinase assay (Schoeneberger et al.
1992) and absorbency was recorded on a Bechman spectro-
photometer at 340 nm. Total soluble sugars (almost entirely
sucrose, glucose and fructose) were quantified by means of a
coupled hexokinase + invertase assay (Schoeneberger et al.
1992). Glucose and sucrose stock solutions were used to pre-
pare standard curves and results of these assays were expressed
as mg glucose g−1 dry mass of tissue (gdm).

Starch was analyzed enzymatically as described by
Schoeneberger et al. (pers. comm.) (see also Warren 1996).
The sample pellet was hydrolyzed with KOH, digested with an
amyloglucosidase solution (Schoeneberger et al. 1992), and
the resulting sugars were quantified by means of the hexoki-
nase assay. Results were expressed as mg glucose gdm

−1 of
phloem tissue. Addition of the calculated values of total sol-
uble sugars and starch provided a measure of total nonstructu-
ral carbohydrates (TNC) in mg glucose gdm

−1 of phloem tissue.
To maintain accuracy among runs, the phloem tissue was

ground, weighed and analyzed by block. An in-house standard
of finely ground pine foliage tissue was included with each run
to monitor standard and enzyme uniformity among assays.
Within-run variability was assessed by including replicates of
15% of the samples. Where replicates differed from the mean
by more than 5%, the run was repeated.

Phenolics and proanthocyanidins Phenolics were extracted
from a 40-mg sample of ground phloem tissue. The tissue was
extracted three times with 70% acetone; 1.25 ml for the first
extraction and 1 ml for each additional extraction. Each sample
was extracted for 10 min with periodic mixing each time.
Insoluble material was pelleted by centrifugation; the super-
natants were composited by sample and stored in the dark at
4 °C until analyzed for total phenolics and proanthocyanidins
(Booker et al. 1996).

Total phenolic concentrations in the phloem were deter-
mined by the Folin-Ciocalteu method (Singleton and Rossi
1965) as modified by Booker et al. (1996). After reacting the
samples with Folin-Ciocalteu reagent (Sigma Chemical Co.,
St. Louis, MO) and NaCO3 for 60 min, absorbency at 724 nm
was measured with a Hewlett Packard Model 8452A diode
array spectrophotometer (Hewlett Packard Co., Palo Alto,
CA). Catechin and phenol were used to prepare standard
curves and assay results were expressed as catechin equiva-
lents or phenol equivalents.

Proanthocyanidins (condensed tannins) and their mono-
meric components in the phloem extracts were estimated with
acidified vanillin (Broadhurst and Jones 1978). Freshly pre-
pared vanillin solution (4% (w/v) in methanol) and concen-
trated HCl were added to the samples, incubated for 15 min
and absorbency measured at 500 nm (Booker et al. 1996).
Proanthocyanidins purified from loblolly pine phloem were
used to produce a standard curve, and results were expressed
as mg purified phloem proanthocyanidins gdm

−1 of phloem
tissue.

The procedure for the purification of proanthocyanidins
from loblolly pine phloem was adapted from Czochanska et al.
(1980), Karchesy and Hemingway (1980) and Booker et al.
(1996). Two 5-g freeze-dried and ground composite phloem
samples of fertilized and control trees from the study site were
extracted three times with 25 ml of 70% acetone containing
0.1% (w/v) ascorbic acid, and the supernatants combined.
After filtering (0.4 µm), the acetone was evaporated from the
soluble fraction at 30 °C under reduced pressure in a rotary
evaporator. The remaining aqueous solution was then extracted
twice with 50 ml of diethyl ether and three times with ethyl
acetate. The aqueous fraction was reduced in volume in a
rotary evaporator (34 °C) and freeze-dried. The crude product
was dissolved in 25 ml of 50% (v/v) methanol:water and 10 ml
was applied to a 1.5 × 10 cm column of Sephadex LH-20
(Pharmacia, Sweden) previously equilibrated with 50%
methanol. The adsorbed proanthocyanidins were washed with
1.9 l of 50% methanol and the polymer was eluted with 70 ml
of 50% acetone. The acetone was evaporated in a rotary evapo-
rator (33 °C) and the aqueous solution freeze-dried. The final
product was a fluffy tan powder.

Purified phloem proanthocyanidins conformed to the crite-
ria for purified proanthocyanidins used by Czochanska et al.
(1980). The UV spectrum for our product (λmax = 202, 280 nm)
was similar to those of Booker et al. (1996) and Czochanska et
al. (1980). Our product yielded an extinction coefficient (E1%

= 271) at 500 nm for the vanillin addition product in HCl,
which is within the range (E1% = 260--280) used by Czochan-
ska et al. (1980) for determining acceptable polymer purity.
The acid vanillin assay is sensitive to proanthocyanidins as
well as their phenolic monomeric components (flavan-3-ols
such as catechin) and dihydrochalcones, and remains relatively
specific to these compounds. The yield of 48 mg purified
proanthocyanidins per g dry mass of loblolly pine phloem was
similar to the 68 mg g−1 reported by Tiarks et al. (1989) by a
slightly different method.

Total phenolic and proanthocyanidin analyses consisted of
replicate assays of every sample. If the two absorbencies were
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within 10% of each other then the mean of the calculated
values (using the standard curve) was taken, otherwise the
assay was repeated. Variability among runs was examined by
including specific samples from previous assays in the current
run.

Nutrient analysis

Ground phloem tissue samples were composited each month
by plot and analyzed for N, P, K, Ca, and Mg. The samples
were subjected to organic matter wet-digestion in a mixture of
sulfuric acid and hydrogen peroxide (Parkinson and Allen
1975). Nitrogen and P were determined colormetrically by
flow injection analysis (Lachat QuickChem System IV color-
imeter, Milwaukee, WI). Potassium, Ca and Mg were deter-
mined by emission or absorption spectrophotometry with a
Perkin-Elmer (Norwall, CT) 560 atomic absorption spectro-
photometer.

Statistical analysis

Effects of nutrient availability on phloem phytochemistry were
evaluated by analysis of variance (ANOVA) using the SAS
statistical software package (SAS Institute, Cary, NC). Analy-
ses were performed for each of the measured variables by tree:

total resin flow weight, total soluble sugars, glucose, starch,
total phenolics, proanthocyanidins and phloem nutrient con-
centrations (by plot mean) of N, P, K, Ca and Mg. A split-plot
ANOVA with fertilization as a main effect and month as a
subplot effect was used to test for temporal shifts in treatment
effects for each of the variables. A Pearson correlation analysis
was used to describe relationships among the variables through
time.

Results

The ANOVA revealed that treatment, not tree size, was respon-
sible for differences in the measured phytochemical parame-
ters. There were no significant correlations between tree
diameter and any of the measured dependent variables.

Significantly higher N and K concentrations and signifi-
cantly lower Ca concentrations were found in phloem tissues
of fertilized trees compared with control trees at every sam-
pling date, whereas phloem P concentrations were signifi-
cantly higher only in July and November (Table 1, Figure 1).
In phloem tissues of fertilized trees, N and K concentrations
were about 0.5%, whereas P concentrations were about 0.06--
0.09%. The phloem Ca concentration of fertilized trees was
less than 0.4% compared with a concentration of up to 0.7%

Table 1. Probability of treatment differences in phloem tissue phytochemistry in loblolly pine trees from fertilized and control plots. Analysis of
variance F-statistics of variables tested: (a) resin flow, phloem sugars, starch, phenolics and proanthocyanidins, and (b) phloem nutrients: N, P, K,
Ca and Mg. Tissues were sampled from May to November 1995 in the Sandhills region of North Carolina.

(a) Resin flow, phloem total sugars, starch, phenolics, proanthocyanidins

Source df Resin Glucose1 Total sugars Starch Phenolics Proanthocyanidins

Treatment2   1 11.3**3    2.94   8.64*  20.0***  38.2***  41.4***

Month   4 32.5***  440.0*** 605.0*** 997.0***  54.7***  54.3***

Treatment × Month   4  5.45**    1.55   0.31   8.44***   2.40   1.44
Block2    3  0.01    0.69   1.64   4.47*   0.06   0.50
Treatment × Block2    3  0.63    0.95   0.32   0.90   2.31   2.41
Month × Block  12  4.38***    1.35   5.04***   1.77   2.92**   8.46***

Treatment × Month × Block  12  0.47    0.19   1.33   0.84   1.47   1.47
Tree (Treatment × Block)  72  6.66***    1.18   3.78***   2.90***   5.97***   6.70***

Error 288

1 Values based on three months of data.
2 F-test denominator = Tree (Treat × Block); all other terms tested over MSError.
3 Asterisks: * = P < 0.01, ** = P < 0.001, *** = P < 0.0001.

(b) Phloem nutrients: N, P, K, Ca and Mg 

Source df Nitrogen Phosphorus Potassium Calcium Magnesium

Treatment1  1 136.0**2 0.67 72.6** 24.0* 5.49
Month  4   31.5*** 1.65   8.83***   7.56*** 2.11
Treatment × Month  4    4.78* 0.85   0.59   2.64 3.16*
Block1  3    2.77 0.58   2.14   0.83 0.17
Treatment × Block  3    2.50 2.17   3.48* 12.0** 4.18*

Error 24

1 F-test denominator = Treatment × Block; all other terms tested over MSError.
2 Asterisks: * = P < 0.05, ** = P < 0.005, *** = P < 0.0005.
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for control trees (Figure 1b). Phloem Mg concentrations were
significantly higher in fertilized trees than in control trees on
the last two sampling dates (Figure 1b). Phloem N (Figure 1a)
and foliar N concentrations were positively correlated with
basal area growth increment (Figure 2), which was elevated in
fertilized trees.

Fertilized trees had 25--49% lower resin flow rates than
control trees (Table 1, Figure 3). Resin flow rates from fertil-
ized trees fluctuated between 0.70 g cm−2 day−1 in May to 0.85
g cm−2 day−1 in September when flows peaked (Figure 3).
Resin flow rates from control trees remained constant from
May to June at about 1.00 g cm−2 day−1, increased in July and
peaked in September at 1.50 g cm−2 day−1 (cf. Blanche et al.
1992, Tisdale and Nebeker 1992). By November, resin flow
rates in control and fertilized trees decreased to 0.46 and 0.31
g cm−2 day−1, respectively, perhaps because of increased resin
viscosity at below freezing temperatures (cf. Popp et al. 1991).
Resin flow in control trees was positively correlated with the
concentrations of total sugars in phloem tissue (Table 2). There
was also a positive correlation between resin flow and mean

temperature for the previous two weeks for both fertilized and
control trees, with an especially strong relationship for the
control trees.

Phloem carbohydrate concentrations varied during the study
period with the fertilized and control trees following a similar
seasonal pattern (Figure 4). Total nonstructural carbohydrates,
the sum of total sugars and starch, declined over the season
with the rate of decline diminishing in the latter months. Total
soluble sugars were 3--5% lower in fertilized trees than in
control trees for every sample date. In both treatments, phloem
soluble sugars increased from about 120 mg glucose gdm

−1 in
May to 200 mg gdm

−1 in September then declined to about 130
mg gdm

−1 in November (cf. Hodges and Lorio 1969, Cook and
Hain 1987a, Blanche et al. 1992). There were significant
fertilizer effects in June and September with a month × treat-
ment interaction overall (Table 1).

The glucose portion of total soluble sugars was about 2%
lower in fertilized trees than in control trees in May and
September, and 16% lower in November. Fertilizer effects on
phloem glucose concentrations were not significant (Table 1).

Figure 1. Nutrient concentrations in stem phloem tissues of control (solid lines) and fertilized (dashed lines) 11-year-old Pinus taeda L. trees: (a)
nitrogen (N), potassium (K), phosphorus (P); and (b) calcium (Ca) and magnesium (Mg). Values represent means from four blocks with error bars
depicting one standard error (SE) about the mean.

Figure 2. Basal area growth (calculated from two-week prior diameter
growth) of control and fertilized Pinus taeda trees (± SE, n = 40). 

Figure 3. Oleoresin flow rate from the phloem--xylem interface in
control and fertilized Pinus taeda trees (± SE, n = 40).
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There was a strong positive relationship between soluble su-
crose and glucose concentrations (Table 2).

In both treatments, phloem starch concentrations decreased
from about 150 mg glucose gdm

−1 in May to 20 mg gdm
−1 in

November (Figure 4) (cf. Hodges and Lorio 1969, Blanche et
al. 1992). Starch concentrations were lower in fertilized trees
than in control trees from May to September (9 versus 35%),
but were 4% higher in fertilized trees than in control trees in
November. Significant treatment effects were found in May,
June and September, and fertilizer effects were significant for
the treatment × month interaction (Table 1). Starch concentra-
tions were negatively correlated with total soluble sugar con-
centrations (Table 2), with a stronger relationship in fertilized
trees than in control trees.

Concentrations of total phloem phenolics were significantly
higher in fertilized trees than in control trees in May and June
(Table 1 and Figure 5). Concentrations ranged from about 200
to 250 mg catechin equivalents gdm

−1 (150--180 mg phenol
equivalents gdm

−1) in fertilized trees and from 170 to 200 mg
catechin equivalents gdm

−1 (125--150 mg phenol equivalents
gdm

−1) in control trees. Total phloem phenolics followed a
similar seasonal pattern in both treatments, although the con-
centrations were 13--21% higher in fertilized trees than in
control trees. Lowest concentrations of phloem phenolics oc-
curred in May, increased to a peak in July, dropped to a low in
September and then increased in November. Total phenolic:to-
tal sugar ratios were higher in fertilized trees than in control
trees.

Proanthocyanidins mirrored the patterns exhibited by total
phenolics (Figure 5). Concentrations of phloem proanthocy-
anidins were 16--24% higher in fertilized trees than in control
trees (190--230 versus 150--190 mg gdm

−1), and were slightly
higher than the concentrations (120 to 160 mg gdm

−1) reported
by Tiarks et al. (1989). The ratio of proanthocyanidins to total
nonstructural carbohydrates was consistently higher in fertil-
ized trees than in control trees. Treatment effects on both
proanthocyanidins and total phenolics were significant with no
interaction between treatment and month (Table 1). Condensed
proanthocyanidins and total phenolics were highly correlated,
and concentrations of both compounds exhibited slightly nega-
tive relationships with phloem starch concentrations (Table 2).

Discussion

Fertilization decreased resin flow in loblolly pine by up to 50%
(Figure 3). Because resin flow is often correlated with bark
beetle resistance, the fertilized trees may be more susceptible
to successful penetration by beetles than the control trees.
Cook and Hain (1987b) found significantly lower resin flow in
shortleaf pines (Pinus echinata Mill.) susceptible to southern
pine beetle (SPB) attack. Similarly, Hodges et al. (1979) found
lower resin flows in loblolly and shortleaf pine trees exhibiting
increased susceptibilty to SPB. Among 36 Scots pine (Pinus
sylvestris L.) trees attacked by the pine shoot beetle (Tomicus
piniperda L.), the two trees that succumbed to the beetle had
low vigor and the lowest resin yields (Schroeder 1990).

Table 2. Pearson correlation coefficients for plot means of dependent variables across treatments (total sample number is in parentheses). Similar
correlations were exhibited by the variables when analyzed individually by treatment.

Resin Starch Total sugars Glucose Phenolics

Starch   0.13 (40) -- -- -- --
Total sugar   0.56 (40) −0.54 (40) -- -- --
Glucose   0.50 (16) −0.50 (16)   0.98 (16) -- --
Phenolics −0.36 (40) −0.36 (40) −0.05 (40) −0.16 (16) --
Proanthocyanidins −0.31 (40) −0.35 (40) −0.06 (40) −0.24 (16) 0.91 (40)

Figure 4. Carbohydrate concentrations in stem phloem tissues of
control and fertilized Pinus taeda trees (± SE, n = 40).

Figure 5. Concentrations of phenolics and proanthocyanidins (con-
densed tannins) in stem phloem tissues of control and fertilized Pinus
taeda trees (± SE, n = 40).
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Our results partially support both the growth--differentiation
balance model (Lorio and Sommers 1986, Herms and Mattson
1992, Lorio 1993) and the carbon--nutrient balance model
(Bryant et al. 1983, Tuomi et al. 1988). A basic premise of the
growth--differentiation model is that, when growth becomes
limited by moderate water stress in late summer, photosynthe-
sis continues and excess carbohydrates are allocated to alter-
native carbon pools such as defensive secondary metabolism
(see Ayres 1993). This hypothesis is supported by our observa-
tions of control trees which showed an increase in resin pro-
duction toward the end of the growing season as precipitation
declined; however, it does not explain the lack of elevated resin
production in late summer in fertilized trees. Growth of the
fertilized trees may not have been limited in late summer
(Figure 2) if the trees experienced less water stress because of
greater water-use efficiency (Laviner 1997) or uptake effi-
ciency (even though root biomass decreased on fertilized plots
(Mignano 1995, Albaugh et al. 1998)). As a result, there may
have been no increase in available carbon for differentiation
processes in the fertilized trees. This explanation is supported
by our finding that both phloem starch and sugar concentra-
tions appeared to be less available in fertilized trees than in
control trees (Figure 4).

According to the carbon--nutrient balance model, reduced
carbohydrate:nutrient ratios in the phloem of fertilized trees
indicate that less carbon would be allocated to secondary
compounds, as many studies have illustrated (see reviews:
Herms and Mattson 1992, Ayres 1993). We found that although
resin production was decreased in fertilized trees there was an
increase in the production of phenolic compounds. Thus, in-
creased nutrient availability appeared to up-regulate the shiki-
mate acid pathway (leading to phenolics and lignin) and
down-regulate the isoprenoid or mevalonic acid pathway
(leading to resin and terpenes).

Because fertilization increased tree growth (Figure 2), resin
duct density in cambial tissues of fertilized trees may have
decreased as a result of increased cellular division, expansion
and relative lack of differentiation. Blanche et al. (1992) re-
ported significant negative correlations between both vertical
and horizontal duct densities and growth rate in loblolly pine.
The combined effects of fewer resin ducts and lower water or
nutrient limitations may have reduced constitutive resin flow
rates and buffered the seasonal pattern of resin flow in the
fertilized trees.

In stems of birch (Betula pendula Roth.) seedlings, total
soluble sugars declined in response to fertilization with N, P
and K (Lavola and Julkunen-Tiitto 1994), similar to our find-
ings in fertilized loblolly pine trees. Fungal inoculations in
southern pines resulted in a reduction of inner bark soluble
sugar concentrations after wounding, indicating that the fun-
gus utilized these sugars for growth and for degradation of
defensive compounds (Barras and Hodges 1969, Cook and
Hain 1987a), or that the tree used this energy substrate to
produce defensive compounds (Christiansen et al. 1987). Ad-
ditionally, shortleaf pines susceptible to successful SPB attack
contained about 10% less soluble sugars than shortleaf pines
exhibiting reduced susceptibility to attack, suggesting that
sugar concentrations may be related to defense (Cook and Hain

1987b). Our fertilized trees contained about 5% less available
soluble sugars than control trees, possibly making them more
susceptible to successful beetle attack. Lorio (1993; and cita-
tions therein) suggested that a tree’s carbohydrate status deter-
mines its ability to produce compounds critical to defense
against bark beetles or pathogenic fungi. In contrast, Clancy
(1992) proposed that not only is host sugar a readily available
form of energy for herbaceous insects, but with an adequate
sugar supply, insect dietary protein can be used for growth
rather than metabolized for energy.

Carbohydrates may be important for both tree defense and
pathogen success. Dunn and Lorio (1993) concluded that the
relationship between phloem carbohydrate status and host
resistance may be more complex than simple supply and de-
mand. The relative amounts of phenolic and isoprenoid defen-
sive compounds, and the rate at which they can be produced
from existing and translocated carbohydrates may play a criti-
cal role in the host--pathogen relationship. If the host can
utilize existing carbohydrates to produce defensive com-
pounds before the pathogen metabolizes the carbohydrates for
energy, it may better survive the attack. In the fertilized trees,
a stronger or energetically more expensive growth sink may
account for the lower amounts of nonstructural carbohydrates
initially available for production of defensive compounds (Fig-
ure 4) (Griffin et al. 1993); however, in the longer term, there
may be more carbon available from other carbon pools (includ-
ing new carbon acquisition) that can be allocated to a defensive
role.

Fertilization increased the amount of total extractable phe-
nolics and proanthocyanidins in loblolly pine phloem by 13--
24% (Figure 5). Nebeker et al. (1993) suggests that many
phenolics and tannins are less important than terpenes in the
induced defensive response. The constitutive amounts of two
specific stilbenes in Picea abies Karst. were negatively corre-
lated with the depth of Heterobasidion annosum (Fr.) Bref.
fungal penetration (Lindberg 1991). Although the production
of these compounds may not be induced by pathogen attack
(Gambiel et al. 1985), their presence may play an important
role in slowing or inhibiting the beetle--pathogen complex. A
similar role has been proposed for the phenolpropanoid 4-ally-
lanisole (Hayes et al. 1994).

Fertilization affected the secondary biochemical pathways
leading to decreased resin flow and increased concentrations
of phenolic compounds (Figures 3 and 5). Many phenolic
substances have antibiotic and allelochemic characteristics.
Furthermore, many herbivores avoid consuming tissue con-
taining phenolics, especially proanthocyanidins, in excess of
their normal diet (Waterman and Mole 1994). Associated with
a fertilization-induced increase in phenolics and proanthocy-
anidins in trees on fertilized plots, there may be a decreased
energetic value and palatability of the tissue to bark beetles.

Entry et al. (1992) reported high phenolic:sugar ratios in
root bark of coniferous species exhibiting reduced susceptibil-
ity to A. ostoyae. We found phenolic:sugar ratios in stem
phloem tissue were higher in fertilized trees than in control
trees (0.8--1.3 versus 0.7--1.1), perhaps indicating that the
fertilized trees are more resistant to successful attack than the
control trees. However, increased phloem nitrogen concentra-
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tions in fertilized trees (30--50%) may compensate for the
higher phenolic:sugar ratios if nitrogen is more important to
herbivore success than carbohydrates or phenolic content.

In conclusion, the effects of fertilizer on the secondary
biochemical pathways in loblolly pine phloem were mixed.
There appeared to be increases in the activities of the shikimate
acid, phenolpropanoid and flavonoid pathways (leading to
increased phenolics and proanthocyanidins) with increased
nutrient availability (Figure 5); however, there was a decrease
in activity of the isoprenoid pathway (resulting in lower resin
content) (Figure 3). Brignolas et al. (1995) found that patho-
gen-resistant Picea abies clones had higher enzymatic activity
in the shikimate acid pathway, leading to increased concentra-
tions of phenolics such as flavanols and tannins. New shoots
of heather (Calluna vulgaris L. Hull), however, showed no
significant change in total phenolics or condensed tannins in
response to fertilization (Iason and Hester 1993).

Although the fertilizer treatment reduced resin yield, low-
ered phloem Ca, raised phloem N, K and phenolic concentra-
tions and the phenolic:carbohydrate ratio, it is not known what
effects these changes have on pathogens and so the ecological
implications of widespread fertilization remain unknown.
Long-term effects of added nutrients on the plantation ecosys-
tem may affect both forest vigor and biotic interactions.
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