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INTRODUCTION

A study to examine the effects of a combina-
tion of wood ash and secondary papermill sludge
applied to a clearcut planted to black spruce was
initiated in 1987 with the cooperation of Great
Northern Paper. Objectives of the study were to
assess the effects of the residuals on (1) seedling
growth, (2) seedling foliar element concentra-
tions, and (3) chemical properties of the forest
floor and mineral soil. This report emphasizes
growth results for 1991 through 1995 and foliar
element results through 1994. However, some
results obtained prior to 1991 are presented, pri-
marily as background information. Some infor-
mation on soil pH is presented in the discussion of
foliar element concentrations, due to the impor-
tance of pH in regulating element availability and
uptake. For those not requiring the degree of
detail included in this report, a summary is pre-
sented at the end.

PROCEDURES

The study was established inaclearcut planted
to 1-0 black spruce (Picea mariana (Mill.) B.S.P.)
seedlings in the spring of 1986. The seedlings
were grown in paper containers by Great North-
ern Paper. Prior to harvest, the site was occupied
by a mixed hardwood stand, with white birch
(Betula papyrifera Marsh.), trembling aspen
(Populus tremuloides Michx.), bigtooth aspen
(Populus grandidentata Michx.), and red maple
(Acer rubrum L.) being the dominant species.
There were occasional red spruce (Picea rubens
Sarg.) and eastern hemlock (Tsuga canadensis
(L.) Carr.) scattered throughout the stand. The
soil isa Hermon very stony, sandy loam. This soil
is coarse textured, ranges from well drained to
somewhat excessively drained, and tends to be
“droughty” at times during the growing season.
The clearcut was treated with an aerial applica-
tion of herbicide in late August 1987 to control
hardwood sprouts and herbaceous vegetation.
Decomposition of the forest floor occurred after
the stand was harvested, and when the study was
established, the thickness of the forest floor had
diminished considerably.

One-hundred-eight square plots, 26 ft on a
side, were established after the 1987 growing
season. Seedlings were numbered using alumi-
num tags, and the root collar diameter and height
of each seedling were measured. The residual
mixture was applied to the plots at (1) rates of O
and approximately 2.4, 4.8 and 9.6 dry tons per
acre (subsequently referred to as rates 0, 1, 2 and
3), (2) ineither late May, late July, or late Septem-

ber, and (3) for one, two, or three years in succes-
sion.

The mixture was 25% sludge and 75% ash on
a dry weight basis. The ash was generated by the
biomass boiler at the Great Northern mill in East
Millinocket, and the sludge was obtained from the
wastewater treatment plant serving the same
mill.

The first set of treatments was applied in late
May 1988 and the last in late September 1990.
The mixture contained most of the elements re-
quired for tree growth. The most notable charac-
teristics of the mixture were a calcium carbonate
equivalent of 30%, a nitrogen concentration of
1.1%, a calcium concentration of 15%, and a pH of
10. Portions of the clearcut, including all of the
plots, were treated with a second application of
herbicide in late August 1989.

Root collar diameter was measured after the
conclusion of each growing season, from 1987
through 1991. Root collar diameter measurements
were discontinued after the 1991 growing season,
and stem diameter measurements were made ata
height of 1 ft after the 1991 and 1994 growing
seasons. After the 1994 and 1995 growing sea-
sons, stem diameter measurements were made at
breast height. Future diameter measurements at
breast height will continue. Seedling height was
measured after the 1987 growing season, and
heightgrowth was measured after the 1988, 1989,
1990, and 1991 growing seasons. Height growth
measurements were discontinued after the 1991
growing season.

Samples of current year foliage were taken
from seedlings in all plots beginning after the
1988 growing season and in each succeeding year
through 1991. Foliage samples were also collected
after the 1994 and 1995 growing seasons. The
foliage from individual seedlings was combined to
form a composite sample for each plot. Foliage
samples were oven dried at 65°C for 24 hours and
ground in a Wiley Mill to pass through a 20-mesh
sieve. The samples were analyzed for the follow-
ing elements: nitrogen, phosphorus, calcium, po-
tassium, magnesium, boron, iron, copper, zinc,
aluminum, and manganese. Analyses were per-
formed in the Analytical Laboratory of the De-
partment of Applied Ecology and Environmental
Sciences, University of Maine, Orono. Nitrogen,
phosphorus, potassium, calcium, and magnesium
arerequired by plantsinrelatively large amounts.
The remainder, exceptforaluminum, are required
inmuch smaller amounts. Aluminum is not known
to be required for plant growth (Kramer and
Kozlowski 1979), but changes in foliar aluminum
concentrationsare frequently indicative of changes
in soil pH.
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Figure 1. 1991 root collar cross-section growth of black
spruce seedlings treated with a mixture of wood ash and
secondary papermill sludge at four rates. Means with
the same lower case letter are not significantly different
(P = 0.05). (Plot means were pooled by rate irrespective
of number of applications or time of application.)

The data were analyzed using analysis of vari-
ance to test for the significance of treatment ef-
fects. When the analysis showed a significant ef-
fect, Tukey’'s Studentized Range Test at P = 0.05
was used to ascertain which treatments were sig-
nificantly different. Significant, as used in this
report, indicates a statistically significant differ-
ence at P = 0.05.

RESULTS AND DISCUSSION
Seedling Growth

Stem cross-section and diameter growth

A marked difference in root collar cross-sec-
tion growth among application rates was observed
after the 1989 growing season, but the effect was
not significant until the conclusion of the 1990
growing season. The effect was also significant for
growth during the 1991 growing season (Fig. 1)
and for the four-year period, 1988 through 1991
(Fig. 2). During that four-year period, growth of
the controls was 41% greater than growth of seed-
lingsinthe rate 3 plots. The trend ateach measure-
ment period beginning in 1989 was one of decreas-
ing cross-section growth with increasing applica-
tion rate. Inall figures, the overall mean for agiven
rate is based on the means of all plots that received
that rate, irrespective of number of applications or
time of application.

The number of applications did not influence
root collar cross-section growth significantly until
the 1991 growing season, but the effect of number
of applications was much less than the effect of
application rate. Growth was greatest in plots
treated once and least in plots treated twice. The
difference between plots treated two or three times
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Figure 2. Four-year (1988 through 1991) root collar
cross-section growth of black spruce seedlings treated
with a mixture of wood ash and secondary papermill
sludge at four rates. Means having the same lower
case letter are not significantly different (P = 0.05).
(Plot means were pooled by rate irrespective of
number of applications or time of application.)

was not significant. For the four-year period 1988
through 1991, the number of applications re-
sulted in no significant differences, although the
same trend existed as during the 1991 growing
season.

The reduction in growth with successive in-
creases in application rate is attributed prima-
rily to competition from herbaceous vegetation,
the growth of which was stimulated markedly by
application of the residual. No reduction in the
concentration of any foliar element included in
the analyses appeared to be large enough to
account for the growth decline. As explained
below, both aluminum and manganese showed
reduced concentrations beginning in 1989. How-
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Figure 3. Three-year (1992 through 1994) cross-
section growth at a stem height of 1 ft of black spruce
treated with a mixture of wood ash and secondary
papermill sludge. Means having the same lower case
letter are not significantly different (P = 0.05). (Plot
means were pooled by rate irrespective of number of
applications or time of application.)
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Figure 4. 1994 dbh of black spruce treated with a
mixture of wood ash and secondary papermill sludge at
four rates. Means having the same lower case letter
are not significantly different (P = 0.05). (Plot means
were pooled by rate irrespective of number of
applications or time of application.)

ever, aluminum is not required for plant growth
and manganese isonly required in small amounts.

The same general growth trend as described
above continued at the 1-ft stem height during the
three-year period 1992 through 1994 (Fig. 3).
During this time, growth of the control trees was
38% greater than growth of the rate 3 trees.
Although growth continued to decrease succes-
sively with increasing application rate, the differ-
ence between rates 0 and 1 was not significant nor
was the difference between rates 2 and 3. Three-
year growth at rate 1 was 22% greater than at
rate 2.

The application rate effect on cross-section
growth that occurred at and near the stem base
was evident at breast height after both the 1994
(Fig. 4) and 1995 (Fig. 5) growing seasons. The
overall effecton dbh was significant. Inboth years
the rate O trees had the largest dbh and the rate 3
trees had the smallest dbh. After the 1994 grow-
ing season, the absolute difference was small,
being only 0.23in., but the relative difference was
22%. After the 1995 growing season the absolute
difference between the same treatments was 0.26
in., and the relative difference was 19%. It thus
appearsthateightyearsafter the first treatments
were applied, the effect of application rate, ex-
erted primarily through effects on competition,
may have leveled off. The number of applications
did not affect dbh after either the 1994 or 1995
growing seasons.

Height growth

Height growth exhibited the same trend over
time as cross-section growth, decreasing in each
growing season after the first, as application rate

bec
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Figure 5. 1995 dbh of black spruce treated with a
mixture of wood ash and secondary papermill sludge at
four rates. Means having the same lower case letter
are not significantly different (P = 0.05). (Plot means
were pooled by rate irrespective of number of
applications or time of application.)

increased. However, the effect of application rate
was not statistically significant in any individual
year. The effect of application rate on height
growth was significant, however, for the entire
four-year period (Fig. 6). Seedlings in the control
plots outgrew seedlings in plots that received the
maximum rate by 5 in. After the 1991 growing
season, seedlings in the control plots averaged 58
in. tall, and seedlings in the rate 3 plots averaged
53 in. tall. There was no effect of number of
applications on height growth, although there
was avery weak trend of decreasing height growth
with increasing number of applications. Time of
application was not significant, nor were any of
the interactions. Height growth measurements
were stopped after the 1991 growing season be-
cause of the limited treatment effect and because
some of the trees were more than 7 ft tall, making
measurements accurate enough to detect small
treatment effects very difficult and time consum-
ing.

The relatively greater effect of application
rate on root collar cross-section growth than on
height growth is evident in the percentage differ-
ences between seedlings from the control plots
and seedlings from the rate 3 plots. In 1990, cross-
section growth of the controls was 45% greater
than the rate 3 plots, and in 1991 it was 57%
greater. In contrast, height growth of the controls
was 21% greater in 1990 than in the rate 3 plots
and 15% greater in 1991. For the four-year period,
cross-section growth of the controls was 41 %
greater than for the rate 3 seedlings, whereas
height growth was only 14% greater.
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Table 1. Level of significance (n.s. = not significant) and direction (increase [+] or decrease [-]) of treatment
effects on elemental concentrations of black spruce foliage.

Growing Season and Treatment?

1988 1989 1990 1991 1994
Element 1 2 1 2 1 2 1 2 1 2
Nitrogen n.s. n.s. n.s. n.s. n.s. n.s. 0.001- n.s. n.s. n.s.
Phosphorus n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. 0.001+ n.s.
Calcium n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s. n.s.
Potassium n.s. n.s. 0.001+ n.s. 0.001+ n.s. 0.001+ n.s. 0.001+ n.s.
Magnesium n.s. n.s. 0.001+ n.s. 0.001+ n.s. 0.001+ n.s. 0.001+ n.s.
Iron n.s. n.s. n.s. n.s. n.s. n.s. 0.001- n.s. n.s n.s.
Boron 0.001+ n.s. 0.001+ 0.001+ 0.001+ 0.001+ 0.001+ 0.001+ 0.001+ 0.005+
Manganese n.s. n.s. 0.001- n.s. 0.001- n.s. 0.001- 0.001- 0.001- 0.001-
Aluminum n.s. n.s. 0.001- n.s. 0.001- 0.001- 0.001-  0.001- 0.001- 0.001-
Copper n.s. n.s. n.s. n.s. 0.001- n.s. 0.001- n.s. n.s. n.s.

2] = application rate - 0, 2.4, 4.8, 9.6 dry tons/ac; plots were pooled by rate irrespective of number of applications or time

of application

2 = number of applications - 1, 2, or 3; plots were pooled by number of applications irrespective of rate or time of application

Foliar element concentrations

The effects of both application rate and num-
ber of applications increased through the 1991
growing season and were still readily apparent at
the conclusion of the 1994 growing season (Table
1). Time of application and the various interac-
tions were not significant, with several excep-
tions.

All three possible trends in element concen-
trations occurred with increasing application
rate—eitheranincrease oradecrease or nochange.
All elementsincluded in the foliage analyses were
present to varying degrees in the ash and sludge
mixture, and an increase in foliar concentrations
of at least some elements might be expected sim-
ply because they were added to the soil. In addi-
tion, the availability of some elements increases
as soil pH increases (acidity decreases). Included
among these elements are nitrogen, phosphorus,
calcium, potassium, and magnesium (Brady 1974;
Pritchett and Fisher 1987). The availability of
other elements decreases as soil pH increases.
Included among these elements are iron, boron,
copper, manganese, aluminum, and zinc (Brady
1974; Pritchett and Fisher 1987). Results for fo-
liar element concentrations are presented for the
period 1988 through 1990, and for 1991 and 1994.

Foliar element concentrations—1988 through
1990

Boron was the only element significantly af-
fected by treatment in 1988, increasing as appli-
cation rate increased. This runs counter to the
reported trend of decreasing boron concentration
with increasing pH (Tisdale and Nelson 1975;
Fisher and Pritchett 1987). Boron concentrations

in 1988 were also related to time of application.
Concentrations in the foliage of seedlings treated
in both late May and late July were virtually
identical, 28.4 and 28.1 mg/kg, respectively. Con-
centration in the foliage of seedlings treated in
late September was 21.2 mg/kg. This was the only
instance in any year in which time of application
was significant for any element.

Nitrogen concentrations in 1988 foliage aver-
aged 1.95%. This is above the concentration re-
quired for good to very good growth of black spruce
(Swan 1970) and suggests that growth would not
have been increased by the nitrogen added to the
site in the sludge-ash mixture.

In samples taken after the 1989 growing sea-
son, magnesium and boron were significantly
higher at one or more non-zero rates, and manga-
nese and aluminum concentrations were signifi-
cantly lower (Table 1). Boron concentrations were
also significantly increased by the number of ap-
plications, being higher in plots treated twice
than in plots treated only once.

In the 1990 growing season potassium and
copper concentrations were also significantly af-
fected by application rate, with potassium being
higher and copper lower at one or more non-zero
rates (Table 1). Both boron and aluminum concen-
trations were significantly affected by number of
applications (Table 1). Boron concentrations in-
creased successively as the number of applica-
tions increased, and aluminum concentrations
were lower in plots treated three times than in
plots treated either once or twice.

Foliar element concentrations--1991
The maximum effect on foliar element con-
centrations observed at any time occurred in foli-
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Figure 6. Four-year (1988 through 1991) height growth
of black spruce seedlings treated with a mixture of
wood ash and secondary papermill sludge at four
rates. Means having the same lower case letter are not
significantly different (P = 0.05). (Plot means were
pooled by rate irrespective of number of applications or
time of application.)

age sampled after the 1991 growing season, when
seven elements displayed either increased or de-
creased concentrations at one or more non-zero
rates (Table 1). Concentrations of potassium,
magnesium (Fig. 7), and boron were significantly
higher at some rates, and concentrations of nitro-
gen (Fig. 8), aluminum (Fig. 9), manganese, and
copper were significantly lower. There was also a
distinct trend of lower iron concentrations with
increasing application rate, but differencesamong
rates were not significant. The reduction in nitro-
gen concentrations isattributed to some uptake of
that element by the dense, herbaceous vegetation
in the treated plots. The difference between the
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Figure 8. Nitrogen concentrations in 1991 foliage of
black spruce treated with a mixture of wood ash and
secondary papermill sludge at four rates. Means
having the same lower case letter are not significantly
different (P = 0.05). (Plot means were pooled by rate
irrespective of number of applications or time of
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Figure 7. Magnesium concentrations in 1991 and 1994
foliage of black spruce treated with a mixture of wood
ash and secondary papermill sludge at four rates.
Means having the same lower case letter are not
significantly different (P = 0.05). (Plot means were
pooled by rate irrespective of number of applications or
time of application.)

control and maximum application rate plots was
small, however, being only 0.12%.

Aluminum concentrationsincontrol plotswere
approximately 50% greater than in the rate 3
plots, and manganese concentrations were more
than twice as great in control plots as in the rate
3plots. Reductionsinaluminum, manganese, and
copper are presumed to be due at least partly toan
increase in soil pH, which reduces the availability
of those elements for plantuptake. The reductions
inboth aluminum and magnesium are quite large,
however, relative to the magnitude of the pH
changes.

120

Aluminum Concentration (mg/kg)

0 24 48 96
1988 1991 1994
Application Rate (dry tons/ac) and Year

0 24 48 96 0 24 48 96

Figure 9. Aluminum concentrations in 1988, 1991, and
1994 foliage of black spruce treated with a mixture of
wood ash and secondary papermill sludge at four rates.
Means having the same lower case letter are not
significantly different (P = 0.05). (Plot means were
pooled by rate irrespective of number of applications or
time of application.)
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Figure 10. Aluminum concentrations in 1991 and 1994
foliage of black spruce treated with a mixture of wood
ash and secondary papermill sludge for one, two, or
three years in succession. Means having the same
lower case letter are not significantly different (P =
0.05). (Plot means were pooled by number of
applications irrespective of rate or time of application.)

The number of applications of the mixture
significantly affected concentrations of boron, man-
ganese, and aluminum (Table 1). Boron concen-
trations increased as number of applications in-
creased, and aluminum (Fig. 10) and manganese
concentrations decreased as number of applica-
tions increased. The increase in boron probably
occurred because more was applied as the number
of applications increased. Reductions in alumi-
num and manganese likely resulted partly from a
higher soil pH that occurred with two or three
applications.

Increases in pH of both the forest floor and
mineral soil, but especially of the forest floor,
occurred after the treatments were applied. pH of
the forest floor probably increased (acidity de-
creased) almost immediately after treatment, be-
cause the mixture became a part of the forest floor
very quickly. Analysis of forest floor samples col-
lected in May 1989, approximately one year after
the first treatments were applied, showed a sig-
nificant effect on forest floor pH, with a difference
of 2.39 pH units between untreated plots and rate
3 plots. Itshould be emphasized that considerable
decomposition of the forest floor had occurred by
the time that the first set of treatments was
applied, and the buffering effect of the forest floor
was probably reduced. The 1988 treatments caused
no effect on pH of the mineral soil.

After the third year of treatments (1990 grow-
ing season--samples taken in May 1991), the same
trend in forest floor pH persisted among applica-
tion rates as after years 1 and 2 (Fig. 11). The
difference between pH of the highest rate and the

8
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Figure 11. 1991 pH of the forest floor and mineral soil
treated with a mixture of wood ash and secondary
papermill sludge at four rates. Means having the same
lower case letter are not significantly different (P =
0.05). (Plot means were pooled by rate irrespective of
number of applications or time of application.)

control was 2.82 units. The effect on pH of the
mineral soil, which was first detected to be signifi-
cant in samples taken in May 1990 was also
significant in the 1991 samples. For mineral soil
the difference between pH of the highest rate and
the control was 0.27 units. This was a larger
difference than the 0.15 units observed after the
second growing season, but it appears to be too
small to have had a major effect on nutrient
availability.

After the 1990 growing season (samples taken
in May, 1991), there was a significant effect of
number of applications on forest floor pH but not
on mineral soil pH (Fig. 12). pH increased succes-
sively as number of applications increased. Al-
though the difference in pH of 0.25 units between
two and three applications was not statistically
significant, it probably was due to the effect of
number of applications.

There are several points to consider regarding
the observed decreases in foliar nutrient concen-
trations. One is the degree towhich changesin pH
of the mineral soil that occurred at some distance
from the trees was representative of the changes
thatoccurred adjacent to, and possibly within, the
paper containers in which the seedlings were
planted. It is likely that during the first year or
two of the study the root systems were still largely
confined to the containers and the adjacent soil.
Movement of infiltrating water, which probably
contained some of the sludge and ash mixture,
along the boundary between the containers and
the soil, and possibly through the containers, may
have affected pH and therefore, the uptake of
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Figure 12. 1991 pH of the forest floor and mineral soil
treated with a mixture of wood ash and secondary
papermill sludge for one, two, or three years in
succession. The first treatments were in May 1988.
Means having the same lower case letter are not
significantly different (P = 0.05). (Plot means were
pooled by number of applications irrespective of rate or
time of application.)

elements whose availability is a function of pH,
more than was the case in the soil overall. Al-
though this may have been a factor early in the
study, by the 1991 growing season, the fourth of
the study and the sixth since the seedlings were
planted, and especially by the 1994 growing sea-
son, expansion of the root systems into the sur-
rounding soil should have minimized any large
pH effects that may have occurred in and adjacent
to the paper containers during the early stages of
the study.

Another pointrelates to the distribution of the
seedling roots in the mineral soil and the change
insoil pH with depth. If many fine feeder roots are
located in the upper portion of the mineral soil
immediately below the forest floor, and if the pH
of this soil is higher than the overall average for
the top 4 in. of the B horizon, then pH effects on
element availability may be greater than would
be expected based only on the average pH of the
upper 4 in. of the B horizon.

Foliar element concentrations—1994

After the 1994 growing season (seventh grow-
ing season after the first application), treatment
effects on foliar element concentrations were still
evident, but there were some differences from
1991 (Table 1). Nitrogen and copper concentra-
tions were no longer significantly affected by ap-
plication rate. There was still a weak trend of
decreasing iron concentrations with increasing
application rate. No such trend was evident for
either nitrogen or copper. Magnesium (Fig. 7),
boron, potassium, and phosphorus concentrations
were all significantly increased by application
rate. Neither phosphorus nor potassium showed

2.5

Nitrogen Concentration (%)

1988 1989 1990 1991 1994
Year

Figure 13. Trend over time of nitrogen concentrations
in current-year foliage of black spruce treated with a
mixture of wood ash and secondary papermill sludge.
Yearly means were calculated from the means of all
plots, including the controls.

treatment effects at any sampling time prior to
1994.

The long-term effect of application rate on
foliar element concentrations is evident in the
analysesonfoliage of trees from plots treated only
in 1988. In 1994, concentrations of five elements—
magnesium, phosphorus, boron, aluminum, and
manganese—were all significantly related to ap-
plication rate. Magnesium, phosphorus, and bo-
ron all increased at one or more non-zero rates,
and aluminum (Fig. 9) and manganese decreased.
Concentrations of potassium increased with in-
creasing application rate, although the effect of
rate was not significant.

Concentrations of potassium, boron, alumi-
num, and manganese were all related to number
of applications (Table 1). Potassium and boron
increased significantly as number of applications
increased, and concentrations of aluminum (Fig.
10) and manganese decreased significantly as
number of applicationsincreased. Concentrations
of potassium and boron were highest in plots
treated three times and lowest in plots treated
once. However, the differences among number of
applications were small and probably of no prac-
tical importance.

Concentrations of both aluminum and man-
ganese decreased with increasing number of ap-
plications. Aluminum concentrations were about
10% lower in plots treated three times than in
plots treated only once, and manganese concen-
trations were nearly 20% lower. For both ele-
ments the effect of number of applications was
less pronounced after the 1994 growing season
than after the 1991 growing season. The 1994
growing season was the fourth after the last set of
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treatments was applied, and it is reasonable that
during that time, some treatment effects would
have diminished.

ADDITIONAL ASPECTS

Nutrient Concentrations

The yearly fluctuations in foliar nitrogen con-
centrations thatoccurred from 1988 through 1994
are noteworthy; the mean nitrogen concentration
for trees fromall plots had dropped to 1.2%in 1994
from a high of 1.9% after the 1988 growing season
(Fig. 13). There were large changes in nitrogen
concentrations during the first three years of the
study. The high concentration in 1988 may have
been due to acombination of a residual effect from
fertilizer remaining in the containers, release of
nitrogen from forest floor decomposition, and up-
take of applied nitrogen. The drop of nearly 0.5%
from 1988 to 1989 may have resulted from a
decrease in the effect of the fertilizer in the con-
tainers and a large increase in the uptake of
nutrients by the herbaceous vegetation, which
was extremely dense during the middle and late
portions of that growing season. The rise in 1990
may have been due to the uptake of nitrogen
released by decomposition of herbaceous vegeta-
tion killed by the August 1989 herbicide applica-
tion. Reductions in nitrogen concentrations since
1990 are probably due to regrowth of herbaceous
vegetationand increasedblack spruce foliage mass.
It should be stated, however, that by 1995 the
black spruce had increased to a sufficient size and
the stand to a sufficient density in many places so
as to substantially reduce the growth of herba-
ceous vegetation.

Nitrogen concentrations above 1.6% are con-
sidered adequate for good to very good growth of
spruce (Swan 1970). A concentration of 1.2% is
considered not sufficient for good growth. The
lower nitrogen concentrations observed in 1991,
andespeciallyin 1994, suggest that the stand may
either have entered, or will soon enter, a stage of
development in which growth may be limited by
insufficient nitrogen. Low nitrogen concentra-
tions frequently limit the growth of spruce and fir
on many sites in Maine.

Concentrations of all other macronutrients
(calcium, potassium, phosphorus, and magnesium)
were generally sufficient for good to very good
growth during the entire period, based on criteria
established in greenhouse studies (Swan 1970).
Magnesium was the exception, being present in
foliage of trees from control plots at concentra-
tionssuggestingaslightdeficiency atall sampling
times. This slight deficiency was alleviated by
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application of the residual. It is not possible to
comment on the sufficiency of other elements
relative to the concentrations in which they are
required because criteria for those elements are
not available. It should be emphasized that seven
elements—sulfur, molybdenum, chlorine, sodium,
cobalt, vanadium, and silicon—all of which have
been found to be essential to the growth of some
plants (Tisdale and Nelson 1975), were not in-
cluded in the foliar analyses of this study.

Appropriate Time for Application of Sludge
and/or Ash

The reduction in growth that occurred in this
young black spruce plantation following applica-
tion of the sludge and ash mixture raises the
question as to the stage of development during
which a stand may benefit most from an applica-
tion of sludge and/or wood ash. From the stand-
point of ease of application, treatment of a stand
withinseveral years of establishmentis desirable.
However, it is unlikely that a very young conifer
stand will show increased growth to an applica-
tion at that time for several reasons. One is re-
lated to the fact that planted seedlings may have
been germinated and raised in containers towhich
fertilizer was added. There could be a carryover
effect of this fertilizer after the seedlings were
planted, which might reduce or eliminate possible
growth benefits from the residual. Another rea-
son is that the rate of decomposition of the forest
floor increases following removal of the overstory.
This means that nutrients may become available
toseedlingsinarecently plantedclearcutatarate
equal to, or greater than, that required by the
seedlings.

A third consideration is the nutrient require-
ments of conifers compared to those of competing
hardwoods and herbaceous vegetation. The com-
peting vegetation has higher nutrient require-
ments than the young conifers and is, therefore,
more likely to benefit from added nutrients. Stimu-
lation of competing vegetation may cause reduced
growth of conifers and could necessitate addi-
tional vegetation control efforts. Inaddition, where
the growth of conifers is limited by a nutrient
deficiency, nitrogen is usually the nutrient thatis
deficient. There is little or no nitrogen in wood
ash. Secondary sludge, which s relatively high in
nitrogen, would have to be added in order to
satisfy a nitrogen deficiency. In short, there ap-
pears to be little reason to expect that the growth
of newly established conifer stands will be in-
creased by the addition of nutrients.

The application of nutrients at, or shortly
before, crown closure presents a greater opportu-
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nity toincrease growth. Atabout the time of crown
closure, individual trees are producing new foli-
age at a rapid rate. If nutrients do not become
available rapidly enough to satisfy the needs of
the trees, some loss of growth may occur. There-
fore, addition of sludge and/or ash at this time
may be beneficial to growth. Sludge, and espe-
cially ash, have a high pH, whichis likely to cause
increased decomposition of the forest floor which
would furnish an additional supply of nutrients.
However, corridors would have to be cut through
the stand to provide access for the spreading
equipment.

The other stage of stand development during
which application of sludge and/or ash might
increase growth is the mature stage that occurs a
number of years after crown closure. Over time
the weight of the forest floor increases, and as this
occurs the amount of nutrients “tied up” in the
forest floor increases. This is especially true of
nitrogen, insufficient amounts of which limit the
growth of older conifer stands in Maine. Applica-
tion of a high nitrogen sludge with a low
carbon:nitrogen ratio should lead to improved
growth. Application of a sludge low in nitrogen
and with a high carbon:nitrogen ratio may have
the opposite effect. Application of wood ash might
also increase growth, because the high pH of the
ash will increase the mineralization rate of the
forest floor and the release of nitrogen. As previ-
ously stated, access corridors would have to be cut
for the spreading equipment.

Anumber of concerns arise with application of
sludge or ash at this stage of stand development.
These include a limited spreading distance due to
the high stand basal area, possible abrasion or
other damage to the bark of some trees, root
damage to the trees along the corridors, and
windthrow along the corridors.

SUMMARY AND CONCLUSIONS

Amixture of wood ash and secondary papermill
sludge was applied at rates of 0 and approxi-
mately 2.4, 4.8, and 9.6 dry tons/ac to plots in a
clearcut planted to black spruce two years before
the first treatments were applied. The mixture
was applied at three different times during the
growing season and for one, two, or three yearsin
succession.

The sludge and ash mixture significantly re-
duced stem cross-section growth of the planted
black spruce. The reduction in growth became
more pronounced as application rate increased.
During the period 1988 through 1991, trees that
were not treated grew 41% more than trees that
received the maximum rate. The same trend ex-
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isted from 1992 through 1994, with controls sur-
passing the rate 3 trees by 38%. The effect of the
treatments was plainly evident in dbh measure-
ments made after the 1994 growing season. Trees
in control plots had adbh thatwas 0.22 in. greater
thanthe rate 3 trees. Slower growth in the treated
plots was probably due to competition from veg-
etation that was stimulated by the mixture.

The effect on height growthwas much smaller
thanthe effect on stem cross-section growth. From
1988 through 1991, height growth of the control
trees exceeded that of the rate 3treesbyonly5in.,
which was less than 10%.

The effect of the treatments on foliar element
concentrations was highly variable: some concen-
trations increased, some decreased, and some
remained unchanged. Boron concentrations in-
creased during the first year of the study, and
magnesium concentrations increased and alumi-
num and manganese concentrations decreased
during the second year.

The maximum effect on foliar element con-
centrations occurred during the fourth year when
potassium, magnesium, and boron increased, and
nitrogen, aluminum, manganese, and copper de-
creased. The reduction in nitrogen is attributed to
uptake by the dense, herbaceous vegetation in the
treated plots. However, the difference between
the maximum rate and the control wasonly 0.12%
(1.40%vs. 1.52%). Reductions in aluminum, man-
ganese, and copper were probably due at least
partly to increased forest floor and mineral soil
pH, which reduced the availability of those ele-
ments for plant uptake. After the seventh growing
season following the firstapplication magnesium,
boron, potassium, and phosphorus concentrations
increased with increasing rate, and concentra-
tions of aluminum and manganese decreased.
Relative decreases in aluminum and manganese
were much larger than relative increases in the
other elements.

An important finding was the gradual de-
crease in nitrogen concentrations over time. After
the first growing season, the average nitrogen
concentration for all plotswas approximately 1.9%.
After the seventh growing season the average
nitrogen concentration was approximately 1.2%.
This is well below the concentration required for
good growth of black spruce, based on Swan’s
(1970) criteria. This suggests that the plantation
hasentered adevelopmental stage inwhich growth
may be limited by insufficient nitrogen. Concen-
trations of other elements were generally suffi-
cient for good growth.
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