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1 INTRODUCTION 

In this chapter, the impact of watershed acidification treatments on WS3 
at the Fernow Experimental Forest (FEF) and at WS9 on vegetation is 
presented and summarized in a comprehensive way for the first time. WS7 is 
used as a vegetative reference basin for WS3, while untreated plots within 
WS9 are used as a vegetative reference for WS9. Bioindicators of acidi- 
fication impacts that will be considered include several measures of tree and 
stand growth rates, foliar chemistry, bolewood chemistry, and herbaceous 
species composition and diversity. These studies enhance our understanding 
of the inter-relationships of changes in soil conditions caused by the 
acidification treatment and the condition of forest vegetation. Treatments on 
these watersheds were described in Chapter 2. Scientific names of plant 
species mentioned by common name in the text are given in the Appendix. 

Although the original objective of the Fernow acidification studies was 
to evaluate the effects of acidic deposition on solution chemistry and 
ecosystem processes, it is also important to understand the linkage between 
soil and solution processes and biotic effects. In particular, in this chapter we 
report the results of a number of studies designed to investigate the impact of 
soil acidification treatments on the health and growth of forest vegetation. 

Productivity of vegetation is often used as a measure to detect effects of 
treatments on vegetation. Common measures of forest productivity include 
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142 D. R. DeWalle et al. 5. Vegetation and Acidification 

fern, Christmas fern - see Table 5-2) on WS7 that were either absent from or 
of low cover on the other watersheds. The prominent fern component on 
WS7 was ascribed to its more north-northeast slope aspects, wherein ambient 
temperatures are generally lower and soil moisture generally higher than the 
southeast-south-southwest slope aspects of WS3 and WS4. These conditions 
are generally conducive to greater success of ferns (George and Bazzaz 
2003). Carve11 and Perkey (1997) found that wood and Christmas ferns could 
be used as diagnostic plants to identify mesic sites. Gilliam et al. (1994) 
summarized herbaceous layer cover and foliar chemistry for the 1991 
sampling of WS3, WS4, and WS7, and they concluded that there were few 
differences among watersheds in any measured variable that could be 
attributed to the acidification treatment on WS3. 

Table 5-2. Herbaceous layer species names and codes. 

Species name Common name Code 
Acer pensylvanicum L. striped maple ACPE 
A. saccharum Marsh. 
Dryopteris marginalis (L.) A. Gray. 
Laportea canadensis (L.) Webb 
Panicum spp. 
Polystichum acrostichoides (Michx.) Schott. 
Prunus serotina Ehrh. 
Rubus spp. 
Sassafas albidum (Nutt.) Nees 
Smilax glauca Walter. 
S. rotundifolia L. 
Stellariapubera Michx. 
Viola spp. 

s u b  mapie 
shield fern 
stinging nettle 
panic grass 
Christmas fern 
black cherry 
blackberry 
sassafras 
catbrier 
greenbrier 
star chickweed 
violet 

ACSA 
DRMA 
LACA 
PAN1 
POAC 
PRSE 
RUBU 
SAAL 
SMGL 
SMRO 
STPU 
VIOLA 

2.2 Stand Conditions - WS9 

The Clover Run watershed, hereafter known as WS9, was also subjected 
to acidification treatments following a history of mountain farming, removal 
of regrowing hardwood forest following farm abandonment, and refore- 
station with planted Japanese larch, as described in Chapter 2. Larch were 
planted in 1984 and acidification began in April 1987 after about three years 
of growth. A buffer zone of regrowing hardwoods, which received treatments 
was left along the perennial stream channel on the watershed. Effects of 
treatment on WS9 were evaluated by comparing response on six 30-m x 
30-m control plots randomly located on the watershed that did not receive 
surface applications of chemicals with the response on the adjacent treated 
areas. See Chapters 3 and 4 for a map of WS9 with plot layouts and 
treatment assignments. 

3. METHODS 

3.1 Tree and Stand Growth 

Two methods were employed to evaluate potential impacts of the 
acidification treatment on tree growth on the experimental watersheds. One 
method employed repeated measurements of tree diameter on growth plots 
located on WS3 and WS7, and measurements of height and diameter of larch 
trees on treatment and control plots on WS9. The second method involved 
annual radial growth analysis of increment cores and wood disks fiom trees 
sampled for dendrochemical analysis. 

3.1.1 Growth Plot Analyses 

Twenty-five randomly located 405-m2 plots were established in 1990 
(WS3) and 1991 (WS7), 1 and 2 years after treatments began, respectively. 
The diameter of all trees greater than or equal to 2.54 cm was recorded and 
the trees were permanently tagged. These plots were re-measured in the 
dormant season of 1996, 1999 and 2003. The data set included more than 
5,600 trees. Changes in diameter over time on these plots were converted 
into basal area growth, volume growth using local volume tables for the FEF, 
and biomass growth from equations developed by Brenneman et al. (1978). 
Basal area and biomass included all stems 22.54 cm dbh and cubic volume 
included all stem 212.7 cm dbh. Analyses presented here are for net volume 
growth on plots including the effects of growth of surviving trees, ingrowth 
of trees reaching measurable size, and mortality. For comparative purposes 
the statistical analyses were conducted for the 1990-1996 six-year period for 
WS3, the 1991-1996 five-year period for WS7, and the 1996-2004 eight-year 
period for both watersheds. Since the total analyses included net volume 
growth of all species and trees on each plot, further analyses were also 
repeated for two clusters of plots based on the relative abundance of black 
cherry and yellow-poplar (n = 15 for WS3 and n = 14 for WS7) or sweet 
birch and red maple (n = 10 for WS3 and n = 11 for WS7). A multiple-factor 
repeated measures analysis of variance with watershed and species group as 
class variables, plot-as the subject, initial plot relative density as a covariate 
and annual growth components as the repeated measure was used to compare 
annual net growth (Nowak 1996 ). 

For WS9, the effects of the acidification treatments on the growth and 
development of the Japanese larch plantation were evaluated after 9 growing 
seasons using six 12.2 m x 15.2 m unfertilized control plots with buffers and 
43 0.004-ha circular fertilized plots (Kochenderfer et al. 1995). Three condi- 
tion classes were used to describe the larch trees: 1. good vigor - dominant or 

ryoung
Text Box
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co-dominant trees. 2. medium vigor - intermediate trees. 3. poor vigor - low 
intermediate or overtopped trees. Diameter and height were measured on all 
trees within the measurement plots. 

3.1.2 Tree Core Analysis 

The objective of radial growth analysis was to determine if annual radial 
and basal area growth differed significantly between WS7 and WS3 over 
time during the experiment. No comparable radial growth studies were 
conducted on WS9. Radial and basal area growth for yellow-poplar, black 
cherry, red maple and black locust trees on WS3 and WS7 were compared 
after 12 years of treatment. The methods used to conduct this research are 
condensed here, but are discussed in depth elsewhere (Odenwald 2002). To 
analyze growth rates, a wood core was extracted at breast height with 
increment borers from ten yellow-poplar, black cherry, and red maple trees 
on WS3 and WS7; thus the data set included a total of 60 trees. Trees on 
permanent growth plots were not cored. In preparation for tree-ring growth 
analysis, these cores were dried, mounted on wood blocks, sanded, and 
examined using a high resolution scanner and WinDENDRO 6.5d software 
manufactured by Regent Instruments Inc. (Quebec, Canada). Alternatively, 
black locust trees were sampled by collecting wood disks at breast height 
from ten felled trees on each watershed. Black locust disk surfaces were 
prepared for growth analysis similar to the wood cores described above. 
Black locust growth data have not been previously published. 

Use of radial growth increment comparisons requires correction for 
differences in tree age or diameter and site specific conditions. In this section 
use is made of relative radial growth rates (kRG) (Odenwald 2002) defined 
as: 

L 
RRG = annual radial increment (mm) for a year after treatment 

mean annual radial increment (mm) in that tree over 14 years 
before treatment. 

The RRG thus indexes growth in each tree to average radial growth in 
that same tree for years prior to treatment to account for site differences. The 
RRG is expected to gradually decline during the treatment period as radial 
increment declines and diameter increases. Mean RRG for all trees of a 
species was compared between treatment and reference watersheds year by 
year. 

Annual basal area increments in mm2 (BAI) were also computed for each 
tree in each year before and after treatment (Odenwald 2002). Using BAI 
data fiom Odenwald (2002), regression relationships for mean annual BAI 
between WS3 and WS7 for years prior to treatment (Fig. 5-1) were used to 

predict expected BAI for years after treatment for black cheny, yellow- 
poplar and red maple trees. Relationships in Figure 5-1 adjust for the growth 
effects of differences in site and tree size between WS3 and WS7 prior to 
treatment. The differences between predicted BAI and actual BAI measured 
for years after treatment began were tested for significance and used as a 
measure of treatment effect. 

Red maple 
y = 1.4374~ + 40.431 
R' = 0.8507 

WS7 basal area increment (mm2) 

Figure 5-1. Regression relatioilships between mean annual basal area increment (mm2/tree) of 
yellow-poplar, black cheny, and red maple trees on WS3 vs. WS7 for pretreatment years 
(1973-1988, 10 trees per species each year, based upon data fiom Odenwald 2002). 
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5. Vegetation and Acidification 

WS7 did not differ by any measure or time period (p > 0.33), except cubic 
volume growth during the period from 1990-1996, where growth on WS3 
was greater (p < 0.01). 

There was no evidence that the acidification treatment reduced 
productivity from one time period to the next within WS3 on the BCNP 
plots (Fig. 5-3). Annual basal area, biomass and cubic volume growth were 
virtually unchanged for all plots combined (p > 0.07) and for the BCNP 
plots (p > 0.59). On the RM/SB plots, annual basal area growth (p = 0.02) 
decreased on WS3 during the period from 1996 to 2004, but biomass growth 
(p = 0.26) and cubic volume growth (p = 0.06) were unchanged. On WS7, 
both basal area and biomass growth were unchanged during the two time 
periods for both species groups, while cubic volume growth increased for the 
BCNP plots in the second time period (p < 0.01). 

A comparison of growth between species groups within each watershed 
and time period indicated that growth in the BCNP plots was enhanced by 
the acidification treatment. On WS7, where no treatment was applied, the 
RMISB plots grew slightly faster than the BCNP plots during the period 
from 1991-1996, and grew at an equal rate during the period from 1996 to 
2004 (Fig. 5-4). The growth comparison between species groups was 
different on WS3, where the species groups had equal growth fiom 1990 to 
1996 and the BCNP plots grew faster than the RM/SB plots during the 
period fiom 1996-2004. This pattern of response was consistent for annual 
basal area, biomass and cubic volume growth. 

Net annual biomass roduction in 2004, when the stands were 34 years P old, averaged 6.0 mt ha- on WS3 and 4.6 mt ha-' on WS7. These rates are 
comparable to data summarized by Tritton and Hombeck (1982), in which 
annual biomass production of 30-year-old beech-birch-maple stands averaged 
4.7 mt ha-'. Periodic net annual biomass growth since th acidification t treatments began was 7.6 mt ha-' on WS3 and 6.0 mt ha-' on WS (Fig. 5-2). 

4.1.1.2 Tree Cores 

Results of analyses of RRG ratios indicated that growth of black cherry, 
red maple and yellow-poplar trees on WS3 had significantly decreased 
compared to those from WS7 by 1998, after nine years of treatment (Figs. 
5-5 through 5-8). RRG ratios declined to levels below 1.0, as is expected 
with increasing tree diameter on both watersheds, but RRG ratios for each 
species were significantly lower on WS3 than on WS7 after nine years of 
treatment. The RRG ratio for black cherry in 2000 did not differ significantly 
between watersheds. 

.- ik 0.8 
'm 
$ 0.6 
E 

0.4 

0.2 

0.0 
All BCNP RMISB All BCNP RMlSB 

1.4 

12 
Biomass I 

1.2 

1.0 

All BCNP RMlSB All BCNP RMlSB 

Basal area 
- 1 1990-1996 

1996-2004 

- 0.07 O"O 0.02 0.77 

14 I Cubic volume I 

All BCNP RMlSB All BCNP RMISB 
ON=) WS7) 

Species group (watershed) 

Figure 5-3. Comparisons of net annual growth between time periods for each watershed. 
Initial measurements were recorded in 1990 for WS3 and 1991 for WS7. Numbers above 
means and standard errors are significance levels, indicating probability >F statistic for each 
comparison. 
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D. R. DeWalle et al. 

1.8, 1 - 
Red maple 
-*- ws3 
+ ws7 

** 

Year 

Figure 5-7. Relative radial growth patterns for 10 red maple trees on WS3 and WS7 during 
acidification treatments which began in 1989. Asterisks by year indicate significant 
differences; * a = 0.1 and ** a = 0.05. 

Black locust 

Year 

Figure 5-8. Relative radial growth patterns for 10 black locust trees on WS3 and WS7 during 
acidification treatments which began in 1989. Asterisks by year indicate significant 
differences; * a = 0.1 and ** a = 0.05. 

5. Vegetation and Acidification 155 

All species, except red maple, also showed a pattern of increased growth 
on WS3 compared to WS7 from four to seven years after treatment began, 
but this early growth acceleration was only significant in black cherry trees. 
Black locust RRG ratios showed a trend similar to that of black cherry and 
yellow-poplar trees, with accelerated early growth and slowed later growth, 
but there were no statistically significant differences between watersheds. 
Black cherry RRG ratio analysis produced the greatest number of statistically 
significant differences between WS3 and WS7 (Fig. 5-6). Red maple trees 
did not show any evidence of an increase in RRG from 1989 to 2000, but did 
exhibit significantly lower RRG ratios during the last 3 years (Fig. 5-7). 

Basal area growth patterns using tree core measurements, were similar to 
those obtained with the RRG. For yellow-poplar and black cherry (Fig. 5-9), 
actual mean basal area increments per tree were greater than predictions for 
about the first eight years of treatment and then became smaller than 
predicted fiom 1997 to 2000. Red maple trees exhibited lower BAI than 
predicted throughout the study period. After eight years of treatment, or 
about 1996, actual basal area was only about half the predicted values for all 
species. All species showed significantly lower BAI on WS3 vs. WS7 during 
1997-2000 (Fig. 5-9). Actual BAI relative to predicted BAI in early 

. . 
2000 - - Black cherry 

--c-- Red maple 

m 

Year 

Fzgure 5-9. Actual minus predicted annual mean basal area increment per tree (mm2) for 
yellow-poplar, black cherry, and red maple trees on WS3 for years after treatments began 
(based upon data from Odenwald 2002). Yellow-poplar differences were significant at the 
0.01 level in 1990 and 1997-2000 and significant at the 0.05 level in 1994-95. Black cheny 
differences were significant at the 0.05 level in 1991 and at the 0.01 level in all other years 
except 1989 and 1996. Red maple differences were significant at the 0.01 level in all years 
except 1992. 
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Sweet birch 
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'I ws7 

Year 

m o l '  
I ,  

x 1992 1994 I996 1998 2000 2002 1992 1994 1996 1998 2000 2002 

F 

Figure 5-II.  Variation in mean foliar Ca (mg kg-') in four tree species after 4, 9 and 14 
growing seasons of treatment on WS3 and WS7. 

- 
Q 20000 

15000 

et al. 2005), and may suggest the potential for P limitation on this site. 
Additional data from this and other nearby sites (W. Peterjohn, unpublished 
data) lend support to this hypothesis. 

I .\ Sweet birch Yellow-poplar 

- Black cherry 

- 

- Red maple 

For yellow-poplar, foliar A1 concentrations decreased significantly in 
1997, a trend opposite that displayed for foliar Ca, while all others showed at 
least a slight increase (data not shown). Generally foliar A1 concentrations 
were greater on WS3 than WS7, except in 2002 for sugar maple, yellow- 
poplar and oak, 1992 for sweet birch, and 1997 for northern red oak. 

Mean foliar nutrient concentrations were compared with regional means 
and extremes from the Northeastern Ecosystem Research Cooperative foliar 
chemistry database for those species for which there was an acceptable number 
of samples. Mean values for N, Ca, Mg and A1 concentrations in sweet birch, 
black cherry and red maple foliage all fell within the range of values obser- 
ved across the northeastern United States for these species (Northeastern 
Ecosystem Research Cooperative 2004). Foliar P concentrations in black 
cherry, however, were at the lower end of the range reported for black cherry 
in the northeastern United States. The P concentrations reported here are 
similar to those found elsewhere on the Fernow (Adams et al. 1995, Adams 

5 5000 

1992 1994 1996 1998 2000 2002 1992 1994 1996 1998 2000 2002 

Year 

4000 

Figure 5-12, Variation in mean foliar Mn (mg kg-') in four tree species after 4 , 9  and 14 years 
-of treatment on WS3 compared to WS7. 

4.1.3 Dendrochemistry 

Black cherty 
- 

Analyses of dendrochemistry results showed shifting patterns between 
treated and control trees after four years of treatment as opposed to eight and 
12 years of treatment. Figures 5-13 through 5-16 show patterns of Ca, Mg, 
Mn and CaJMn found in bolewood at the times of sampling on WS3 and 
control areas in the four tree species. Many, but not all, of these differences 
between treated and control tree mean concentrations and ratios were 
significant in t-tests by species and age segment (DeWalle et al. 1999). WS7 
control tree chemical concentrations were similar over time. Only average 
values for control trees are shown to simplify presentation; different control 

Red maple 

- 
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Figure 5-13. Yellow-poplar bolewood Ca, Mg, and M n  concentrations and C a n  molar 
ratios on WS3 and WS7'measured after 4, 8 and 12 years of treatment. WS7 untreated tree 
data were similar over time and only means * standard errors are shown. Treatments began in 
1989. 

Black cherry I 

Years wood formed 

A 600 - WS3 12 yr 

Figure 5-14. Black cherry bolewood Ca, Mg, and Mn concentrations and C a n  molar ratios 
on WS3 and WS7 measured after 4 ,8  and 12 years of treatment. WS7 untreated tree data were 
similar over time and only means * standard errors are shown. Treatments began in 1989. 
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and shield fern combining for 20-25% cover (Table 5-4). This is substantial, 
considering that it is approximately the same as the total herb layer cover for 
each of WS3 and WS4. There were no significance differences among years 
for WS3, except for black cherry seedlings in 1994, strongly indicating that 
there has been little measurable response of herb layer composition to the 
acidification treatment on WS3 (Table 5-4). 

Table 5-4. Percent cover for dominant specieslspecies groups in July of 1991, 1992, 
and 1994 (>I% cover on any watershed in any year) on WS3, WS4, and WS7. 
Values given are mean cover * 1 SE of mean. Yearly means for a given watershed 
followed by the same letter are not significantly different at v <0.05. See Table 5-2 
for speciescodes. Data from ~ o c k e n b ~  (1996). 
Species code 1991 1992 1994 

LAC A 
STPU 
POAC 
DRMA 
VIOL 
SMRO 
RUBU 
ACPE 
PRSE 

LACA 
STPU 
POAC 
DRMA 
VIOL 
SMRO 
RUBU 
ACPE 
PRSE 

LACA 
STF'U 
POAC 
DRMA 
VIOL 
SMRO 
RUBU 
ACPE 
PRSE 

suggest that it may have altered plant and soil relationships, especially the 
relationship between soil N availability and herb cover. This can be seen in 
differences in patterns of correlation among watersheds for net nitrification 
versus mean herb layer cover. Monthly rates of net nitrification were signi- 
ficantly correlated among watersheds. For WS4 versus WS7 this was 
significant at p < 0.01 (?= 0.88), whereas for WS4 versus WS3 it was 
significant at p < 0.001 (?= 0.98), indicating the seasonal patterns in soil net 
nitrification were essentially identical among watersheds (Fig. 5-17). By 
contrast, mean cover for the herb layer was significantly related to net 
nitrification only for WS4 and WS7 (despite higher overall cover and large 
fern component on WS7) but not for WS3 (Fig. 5-18). Thus, the seasonal 
pattern of change in herb cover that is consistent with seasonal patterns of 
change in net nitrification on WS4 and WS7 appears to be absent on WS3, 
likely related to decoupling of N cycle from biotic controls due to 
acidification treatments, as noted by Gilliam et al. (2001). 

Multivariate analysis also revealed alterations in spatial patterns of plant - 
soil relationships potentially caused by the acidification treatment on WS3. 
We used canonical correspondence analysis (CCA), a multivariate technique 
that performs a least-squares regression of plot scores (species' weighted 
averages) as dependent variables onto environmental variables as indepen- 
dent variables (ter Braak 1988). Thus, CCA is a form of direct gradient 
analysis (Palmer 1993). In addition to generating ordination diagrams with 
plot and species locations, CCA also generates environmental vectors 
originating fiom the center of the ordination space. The lengths of these 
vectors represent the gradient lengths of each measured environmental 
variable, such that vector length is proportional to the importance of an 
environmental gradient in explaining species' patterns. Thus, shorter lines 
represent gradients of lesser importance; longer lines represent gradients of 
more importance (ter Braak 1988, Palmer 1993, Gilliam and Saunders 2003). 

The environmental factors included in our analyses were chosen to 
represent aspects of soil N availability and cycling at treated and untreated 
watersheds at FEF: extractable N pools (NX and NO3), rates of net 
nitrification, and foliar N and N:P ratios in V. rotundifolia. The latter (N:P 
ratios) was included to assess the likelihood of P-limitation on herb layer 
vegetation. Gilliam et al. (2001) found higher N:P ratios, indicative of 
P-limitation (Koerselman and Meuleman 1996), in V. rotundifolia on WS3 
compared to that on WS4 and WS7. 

Although the individual species appearing in the ordinations (Figs. 5-19 
through 5-21) varied among watersheds, N:P ratio was the shortest (i.e. least 
important) vector on the two untreated watersheds (Figs. 5-20 and 5-21). 

Although species composition and cover of the herb layer do not appear 
to have responded to five years of the acidification treatment, other results 
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5. Vegetation and Acidification 

VA 
A ' 

-1.5 LACA 1 .o 

Figure 5-20. Canonical correspondence analysis of herbaceous layer species and indices of N 
availabilityldynamics on WS4. See Figure 5-19 for meaning of environmental vectors and 
Table 5-2 for species codes. 

Figure 5-21. Canonical correspondence analysis of herbaceous layer species and indices of N 
availabilityldynamics on WS7. See Figure 5-19 for meaning of environmental vectors and 
Table 5-2 for species codes. 

4.2 WS9 (Clover Run) Results 

4.2.1 Tree Growth 

In 1993, atter nine growing seasons of treatment, Kochenderfer et al. 
(1995) reported that average height of the treated larch trees was significantly 
lower (a = 0.05) than that for the control trees in high, medium and low 
condition classes (Table 5-5). There was no significant difference in height 
of larch trees growing on the treated area and control plots prior to initiation 
of treatments (1986) for any of the condition classes (Table 5-5). The mean 
height of all larch trees after nine growing seasons was 5.7 m on the control 
plots and 4.8 m on the treated area. Average diameter of treated trees in 
condition class 1 and 2 was significantly smaller than that of control trees in 
1993 (Table 5-5). Growth of the WS9 larch after nine growing seasons 
compared favorably with that reported at other locations, but acidification 
treatments appeared to cause a significant reduction in both height and 
diameter growth. 

Table 5-5. Comparison of height (m) and diameter (cm) growth of treated and control 
larch trees for three condition classes on WS9.Values are means with standard errors in 
parentheses. For a given year and condition class, means followed by different letters are 
significantly different a4 .05  (analysis of variance followed by Tukey's HSD test). 

Pretreatment (1986)" Post-treatment (1993) 

Condition 
Class Treated Control Treated Control 

Height 

Diameter 
cm 

I - - 5.3 (0.3)a 6.1 (0.3)b 
2 - - 3.0 (0.3)a 3.8 (0.3)b 
3 - - 2.3 (0.3)a 2.0 (0.3)a 

'Treatments began in April 1987. 

Pickens (1995) also compared the height and diameter of larch trees 
within one of the untreated control plots on WS9 that did not receive 
treatment and an adjacent treated plot in 1992 and 1993 after six and seven 
years of treatment, respectively. Mean larch tree height and diameter in the 
Pickens (1995) study were significantly greater (a 5 0.05) on the control plot 

ryoung
Text Box

ryoung
Text Box



72
 

D
. R

. D
eW

al
le

 e
t a

l. 
V

eg
et

at
io

n 
an

d 
A

ci
di

fi
ca

tio
n 

17
3 

th
an

 th
e 

tr
ea

te
d 

pl
ot

 in
 1

99
2 

an
d 

19
93

 (F
ig

. 5
-2

2)
. O

n 
th

e 
tr

ea
te

d 
ar

ea
, m

ea
n 

la
rc

h 
tr

ee
 h

ei
gh

t w
as

 a
bo

ut
 o

ne
 m

et
er

 le
ss

 a
nd

 m
ea

n 
di

am
et

er
 a

t b
re

as
t h

ei
gh

t 
w

as
 a

bo
ut

 1
-2

 c
m

 l
es

s 
th

an
 o

n 
th

e 
co

nt
ro

l a
re

a.
 T

he
se

 d
if

fe
re

nc
es

 a
gr

ee
 w

ith
 

th
os

e 
fo

un
d 

af
te

r n
in

e 
ye

ar
s 

of
 tr

ea
tm

en
t s

ho
w

n 
in

 T
ab

le
 5

-5
 a

nd
 in

di
ca

te
 th

at
 

ac
id

if
ic

at
io

n 
tr

ea
tm

en
ts

 w
ith

 a
m

m
on

iu
m

 s
ul

fa
te

 r
ed

uc
ed

 l
ar

ch
 h

ei
gh

t 
an

d 
di

am
et

er
 g

ro
w

th
 d

ur
in

g 
th

e 
fi

rs
t s

ix
 to

 s
ev

en
 y

ea
rs

 o
f t

re
at

m
en

t. 

Y
ea

r 
Y

ea
r 

Fi
gu
re
 5

-2
2.

 M
ea

n 
he

ig
ht

s 
(m

) 
an

d 
di

am
et

er
s 

at
 b

re
as

t h
ei

gh
t (
an
) 

of
 J

ap
an

es
e 

la
rc

h 
tr

ee
s 

on
 a

 
co

nt
ro

l a
nd

 t
re

at
ed

 p
lo

t 
m

ea
su

re
d 

in
 1

99
2 

an
d 

19
93

, s
ix

 a
nd

 s
ev

en
 y

ea
rs

, 
re

sp
ec

tiv
el

y,
 a

ft
er

 
in

iti
at

io
n 

of
 

tr
ea

tm
en

t 
on

 
W

S9
 

(P
ic

ke
ns

 
19

95
). 

D
if

fe
re

nt
 

le
tte

rs
 

ab
ov

e 
ba

rs
 

in
di

ca
te

s 
si

gn
if

ic
an

t d
if

fe
re

nc
e 

at
 th

e 
a 

=
 0

.0
5 

le
ve

l b
et

w
ee

n 
co

nt
ro

l a
nd

 tr
ea

tm
en

t p
lo

ts
 in

 th
at

 y
ea

r.
 

A
lth

ou
gh

 i
t 

ha
s 

be
en

 m
or

e 
th

an
 6

0 
ye

ar
s 

si
nc

e 
fa

rm
in

g 
ce

as
ed

, 
so

il 
an

al
ys

is
 i

nd
ic

at
ed

 t
ha

t 
th

e 
so

ils
 o

n 
W

S9
 a

re
 v

er
y 

nu
tr

ie
nt

-d
ef

ic
ie

nt
 a

nd
 

hi
gh

ly
 a

ci
di

c,
 w

ith
 a

n 
av

er
ag

e 
pH

 o
f 

4.
5 

in
 t

he
 t

op
 3

0.
5 

cm
 o

f 
so

il.
 T

he
 

av
er

ag
e 

co
nc

en
tr

at
io

n 
of

 M
n 

ex
tr

ac
te

d 
fr

om
 s

oi
l s

am
pl

es
 c

ol
le

ct
ed

 in
 1

99
4 

at
 

th
e 

sa
m

e 
lo

ca
tio

ns
 w

he
re

 
fo

lia
r 

sa
m

pl
es

 
w

er
e 

co
lle

ct
ed

, 
in

di
ca

te
d 

no
 

si
gn

if
ic

an
t 

di
ff

er
en

ce
 

(a
=

0.
05

) 
be

tw
ee

n 
tr

ea
te

d 
an

d 
co

nt
ro

l 
so

ils
 

(K
oc

he
nd

er
fe

r 
et

 a
l. 

19
95

). 
H

ow
ev

er
, 

av
er

ag
e 

co
nc

en
tr

at
io

ns
 o

f 
M

n 
w

er
e 

si
gn

if
ic

an
tly

 d
if

fe
re

nt
 in

 b
ot

h 
so

ils
 b

et
w

ee
n 

th
e 

0-
15

.2
 c

m
 s

oi
l l

ay
er

 (5
6.

5 
m

g 
kg

e1
) a

nd
 t

he
 d

ee
pe

r 
15

.2
-3

0.
5 

cm
 l

ay
er

 (
21

.2
 m

g 
kg

-')
. 

In
 c

on
tr

as
t, 

so
ils

 
an

al
yz

ed
 u

si
ng

 a
 s

tr
on

tiu
m

 c
hl

or
id

e 
(S

rC
12

) e
xt

ra
ct

io
n 

m
et

ho
d 

(C
ha

pt
er

 3
, 

T
ab

le
 3

-4
 a

nd
 F

ig
. 

3-
14

) 
sh

ow
ed

 s
ig

ni
fi

ca
nt

ly
 re

du
ce

d 
ex

ch
an

ge
ab

le
 C

a 
an

d 
M

g 
an

d 
si

gn
if

ic
an

tly
 in

cr
ea

se
d 

A1
 a

nd
 M

n 
in

 t
re

at
ed

 s
oi

ls
. A

ci
di

fi
ca

tio
n 

of
 

so
il 

w
at

er
 b

y 
am

m
on

iu
m

 s
ul

fa
te

 t
re

at
m

en
ts

 o
n 

W
S9

 w
as

 a
ls

o 
in

di
ca

te
d,

 
ba

se
d 

up
on

 s
oi

l 
ly

si
m

et
er

 d
at

a 
(C

ha
pt

er
 4

, 
Fi

g.
 4

-1
2 

an
d 

T
ab

le
 4

-2
) 

an
d 

ba
se

d 
up

on
 s

tr
ea

m
 w

at
er

 s
am

pl
in

g 
at

 b
as

ef
lo

w
 a

nd
 p

ea
kf

lo
w

 (
C

ha
pt

er
 4

, 
T

ab
le

s 
4-

5 
an

d 
4-

9,
 F

ig
s.

 4
-2

4 
an

d 
4-

29
). 

T
hu

s,
 it

 a
pp

ea
rs

 th
e 

re
du

ce
d 

gr
ow

th
 

of
 J

ap
an

es
e 

la
rc

h 
ob

se
rv

ed
 o

n 
W

S9
 c

ou
ld

 b
e 

re
la

te
d 

to
 l

ow
 l

ev
el

s 
of

 
so

il 
fe

rt
ili

ty
 th

at
 w

er
e 

ex
ac

er
ba

te
d 

by
 th

e 
ac

id
if

ic
at

io
n 

tr
ea

tm
en

t. 

U
nf

or
tu

na
te

ly
, 

no
 d

et
ai

le
d 

an
al

ys
is

 o
f 

tr
ee

 c
or

es
 w

as
 c

on
du

ct
ed

 o
n 

C
lo

ve
r 

R
un

 t
o 

de
te

rm
in

e 
if

 p
at

te
rn

s 
of

 i
nc

re
as

in
g 

gr
ow

th
 

fo
llo

w
ed

 b
y 

de
cr

ea
si

ng
 g

ro
w

th
 o

cc
ur

re
d 

in
 J

ap
an

es
e 

la
rc

h.
 S

in
ce

 g
ro

w
th

 w
as

 a
lr

ea
dy

 
re

du
ce

d 
af

te
r s

ix
 y

ea
rs

 o
f t

re
at

m
en

t (
Pi

ck
en

s,
 1

99
5)

, t
he

 p
er

io
d 

of
 a

cc
el

er
at

ed
 

gr
ow

th
, i

f 
an

y,
 w

ou
ld

 h
av

e 
to

 h
av

e 
be

en
 r

el
at

iv
el

y 
sh

or
t c

om
pa

re
d 

to
 F

er
no

w
 

W
S3

. 

4.
2.

2 
F

ol
ia

r 
C

he
m

is
tr

y 

A
n 

an
al

ys
is

 o
f 

fo
lia

r 
sa

m
pl

es
 c

ol
le

ct
ed

 fr
om

 d
om

in
an

t a
nd

 c
o-

do
m

in
an

t 
la

rc
h 

tr
ee

s 
(K

oc
he

nd
er

fe
r 

et
 a

l. 
19

95
) i

nd
ic

at
ed

 th
at

 c
on

ce
nt

ra
tio

ns
 o

f m
ac

ro
- 

el
em

en
ts

 a
nd

 m
os

t 
m

et
al

s 
w

er
e 

w
ith

in
 t

he
 m

ed
iu

m
 r

an
ge

 o
f 

co
nc

en
tr

at
io

ns
 

re
po

rt
ed

 fo
r c

on
if

er
ou

s t
re

e 
sp

ec
ie

s.
 O

f t
he

 f
ol

ia
r e

le
m

en
ts

 a
na

ly
ze

d,
 o

nl
y 

th
e 

co
nc

en
tr

at
io

n 
of

 M
n 

w
as

 s
ig

ni
fi

ca
nt

ly
 g

re
at

er
 o

n 
th

e 
fe

rt
ili

ze
d 

pl
ot

s.
 P

ic
ke

ns
 

(1
99

5)
 a

ls
o 

fo
un

d 
si

gn
if

ic
an

tly
 re

du
ce

d 
M

g 
an

d 
P 

an
d 

el
ev

at
ed

 M
n 

an
d 

A
1 

in
 

la
rc

h 
fo

lia
ge

 o
n 

th
e 

tr
ea

te
d 

po
rt

io
ns

 o
f 

W
S9

 a
nd

 D
eW

al
le

 e
t 

al
. 

(1
99

9)
 

sh
ow

ed
 b

ot
h 

de
pl

et
ed

 C
a 

an
d 

in
cr

ea
se

d 
M

n 
in

 b
ol

ew
oo

d 
of

 tr
ea

te
d 

tr
ee

s 
(s

ee
 

Se
ct

io
n 

4.
2.

3 
of

 th
is

 c
ha

pt
er

).
 

<
 

R
es

ul
ts

 f
ro

m
 P

ic
ke

ns
 e

t 
al

. 
(1

99
5)

 s
ho

w
ed

 th
at

 t
re

es
 o

n 
th

e 
tr

ea
te

d 
pl

ot
s 

ha
d 

si
gn

if
ic

an
tly

 lo
w

er
 f

ol
ia

r 
M

g 
an

d 
P 

an
d 

si
gn

if
ic

an
tly

 h
ig

he
r 

fo
lia

r"
 M

n 
an

d 
A

1 
co

nt
en

t 
in

 1
99

2 
an

d 
19

93
 th

an
 t

ho
se

 f
ro

m
 t

he
 c

on
tr

ol
 p

lo
ts

 (
Fi

g.
 

5-
23

). 
N

o 
si

gn
if

ic
an

t 
di

ff
er

en
ce

s 
in

 f
ol

ia
r 

K
 a

nd
 C

a 
be

tw
ee

n 
tr

ea
te

d 
an

d 
co

nt
ro

l 
la

rc
h 

tr
ee

s 
w

er
e 

fo
un

d.
 H

ow
ev

er
, C

a 
in

 t
re

at
ed

 r
ed

 m
ap

le
 s

ee
dl

in
g,

 
bl

ac
kb

er
ry

 a
nd

 m
ou

nt
ai

n 
la

ur
el

 f
ol

ia
ge

 o
n 

W
S9

 w
as

 s
ig

ni
fi

ca
nt

ly
 lo

w
er

 th
an

 
in

 c
on

tr
ol

 le
av

es
 d

ur
in

g 
th

e 
sa

m
e 

ye
ar

s.
 F

ol
ia

r N
 w

as
 s

ig
ni

fi
ca

nt
ly

 g
re

at
er

 in
 

tr
ea

te
d 

th
an

 c
on

tr
ol

 tr
ee

s 
in

 1
99

3.
 

4.
2.

3 
D

en
dr

oc
he

m
is

tr
y 

Fo
r 

W
S9

, 
de

nd
ro

ch
em

is
tr

y 
an

al
ys

es
 s

ug
ge

st
 t

ha
t 

Ja
pa

ne
se

 l
ar

ch
 t

re
es

 
ap

pe
ar

ed
 to

 p
re

se
rv

e 
a 

re
co

rd
 o

f 
de

nd
ro

ch
em

ic
al

 c
ha

ng
es

 d
ue

 t
o 

tr
ea

tm
en

t 
ov

er
 t

im
e 

(F
ig

. 
5-

24
, 

D
eW

al
le

 e
t 

al
. 

19
99

).
 W

oo
d 

fo
rm

ed
 i

n 
tr

ea
te

d 
tr

ee
s 

af
te

r 
4-

5 
ye

ar
s 

of
 t

re
at

m
en

t 
sh

ow
ed

 h
ig

he
r 

co
nc

en
tr

at
io

ns
 o

f 
C

a 
an

d 
M

g 
re

la
tiv

e 
to

 c
on

tr
ol

 t
re

es
, 

w
hi

le
 w

oo
d 

fo
rm

ed
 m

or
e 

th
an

 f
iv

e 
ye

ar
s 

af
te

r 
tr

ea
tm

en
ts

 b
eg

an
, s

ho
w

ed
 re

la
tiv

e 
de

pl
et

io
n.

 D
if

fe
re

nc
es

 in
 m

ea
n 

C
a 

an
d 

M
g 

co
nc

en
tr

at
io

ns
 w

er
e 

si
gn

if
ic

an
t 

on
ly

 i
n 

19
96

. 
M

an
ga

ne
se

 c
on

ce
nt

ra
tio

ns
 

w
er

e 
el

ev
at

ed
 re

la
tiv

e 
to

 c
on

tr
ol

 tr
ee

s 
in

 a
ll 

ye
ar

s 
(s

ig
ni

fi
ca

nt
 in

 1
99

2-
19

94
) 

an
d 

C
a/

M
n 

sh
ow

ed
 si

gn
if

ic
an

t r
ed

uc
tio

ns
 in

 a
ll 

ye
ar

s.
 D

ep
le

tio
n 

in
 b

ol
ew

oo
d 

ba
se

 c
at

io
ns

 m
ay

 h
av

e 
oc

cu
rr

ed
 a

 f
ew

 y
ea

rs
 s

oo
ne

r 
on

 W
S9

 t
ha

n 
on

 W
S3

, 
du

e 
to

 d
if

fe
re

nc
es

 i
n 

so
il 

bu
ff

er
in

g 
ca

pa
ci

ty
, 

bu
t 

pr
ec

is
e 

tim
in

g 
of

 t
he

se
 

ch
an

ge
s 

is
 d

if
fi

cu
lt 

to
 d

et
er

m
in

e.
 

ryoung
Text Box

ryoung
Text Box



17
4 

D
. R

. D
eW

al
le

 e
t a

l. 
V

eg
et

at
io

n 
an

d 
A

ci
di

fi
ca

tio
n 

17
5 

Zo
o0
 

0
 C

on
bo

l 
Tr

ea
te

d 
1 

2o
00

 7
 

Y
ea

r 
Y

ea
r 

F
ig

ur
e 

5-
23

. 
C

om
pa

ri
so

n 
of

 J
ap

an
es

e 
la

rc
h 

fo
lia

r c
he

m
is

tr
y 

on
 W

S9
 tr

ea
te

d 
an

d 
co

nt
ro

l p
lo

ts
 

in
 1

99
2 

an
d 

19
93

 (
Pi

ck
en

s 
19

95
). 

Si
gn

if
ic

an
t d

if
fe

re
nc

es
 b

et
w

ee
n 

tr
ea

te
d 

an
d 

co
nt

ro
l t

re
es

 
(a

 =
 0

.0
5)

 a
re

 s
ho

w
n 

by
 d

if
fe

re
nt

 le
tte

rs
 a

bo
ve

 th
e 

ba
rs

. 

5.
 

D
IS

C
U

SS
IO

N
 

T
he

 re
su

lts
 o

f 
an

al
ys

es
 o

f t
re

at
m

en
t e

ff
ec

ts
 o

n 
fo

re
st

 g
ro

w
th

, b
as

ed
 u

po
n 

in
ve

nt
or

y 
gr

ow
th

 p
lo

t 
an

d 
tr

ee
 c

or
e 

da
ta

 a
na

ly
se

s 
at

 F
er

no
w

 W
S3

 a
nd

 W
S7

 
di

d 
no

t 
co

m
pl

et
el

y 
ag

re
e.

 T
re

e 
co

re
 a

na
ly

si
s 

in
di

ca
te

d 
th

at
 r

ad
ia

l 
an

d 
B

A
I 

gr
ow

th
 w

as
 s

pe
ci

es
 s

pe
ci

fi
c 

an
d 

ei
th

er
 in

cr
ea

se
d 

or
 r

em
ai

ne
d 

un
ch

an
ge

d 
in

 
th

e 
ea

rl
y 

st
ag

es
 o

f 
tr

ea
tm

en
t, 

an
d 

in
 l

at
er

 s
ta

ge
s 

of
 t

re
at

m
en

t 
tr

ee
 c

or
es

 
sh

ow
ed

 th
at

 g
ro

w
th

 w
as

 r
ed

uc
ed

 i
n 

al
l 

sp
ec

ie
s.

 G
ro

w
th

 p
lo

t 
da

ta
 g

en
er

al
ly

 
on

ly
 s

ho
w

ed
 in

cr
ea

se
d 

gr
ow

th
 o

r 
no

 r
ed

uc
tio

ns
 in

 s
ta

nd
 p

ro
du

ct
iv

ity
 d

ue
 t

o 
tr

ea
tm

en
t. 

A
ll 

m
ea

su
re

m
en

ts
 o

f t
re

at
m

en
t e

ff
ec

ts
 o

n 
gr

ow
th

 o
f J

ap
an

es
e 

la
rc

h 
on

 W
S9

 C
lo

ve
r 
Ru

n 
sh

ow
ed

 r
ed

uc
ed

 g
ro

w
th

. 
Po

ss
ib

le
 r

ea
so

ns
 f

or
 t

he
se

 
di

ff
er

en
ce

s 
in

 r
es

ea
rc

h 
re

su
lts

 o
n 

tr
ea

tm
en

t 
ef

fe
ct

s 
on

 f
or

es
t 

gr
ow

th
 a

nd
 

co
m

pa
ri

so
ns

 w
ith

 r
es

ul
ts

 fk
om

 o
th

er
 re

se
ar

ch
 a

re
 d

is
cu

ss
ed

 b
el

ow
. 

Ja
pa

ne
se

 la
rc

h 
I 

Y
ea

r w
oo

d 
fo

rm
ed

 

60
0 

Y
 2
 2 
40
0 

V
 

F
ig

ur
e 

5-
24

. J
ap

an
es

e 
la

rc
h 

bo
le

w
oo

d 
C

a,
 M

g,
 M

n 
an

d 
C

aI
M

n 
m

ol
ar

 r
at

io
s 

on
 W

S9
 tr

ea
te

d 
an

d 
un

tr
ea

te
d 

pl
ot

s 
af

te
r s

ev
en

 y
ea

rs
 o

f t
re

at
m

en
t. 

T
re

at
m

en
ts

 b
eg

an
 in

 s
pr

in
g 

19
87

. 

- 
.. '
.\
 

- 
m 

2
0
0
-
 

-*
- 

Tr
ea

te
d 

+
 Co

nt
ro

l 

ryoung
Text Box



17
6 

D
. R

. D
eW

al
le

 e
t a

l. 
5.

 V
eg

et
at

io
n 

an
d 

A
ci

di
fic

at
io

n 
17

7 

C
om

pa
ri

so
ns

 o
f 

an
nu

al
 r

ad
ia

l 
gr

ow
th

 d
at

a 
fr

om
 t

re
e 

co
re

s 
w

ith
 s

ta
nd

 
le

ve
l 

gr
ow

th
 p

lo
t 

re
su

lts
 i

s 
pr

ob
le

m
at

ic
 d

ue
 t

o 
di

ff
er

en
ce

s 
in

 m
ea

su
re

m
en

t 
ap

pr
oa

ch
, 

as
 w

el
l 

as
 d

if
fe

ri
ng

 ti
m

e 
pe

ri
od

s 
av

ai
la

bl
e 

fo
r 

co
m

pa
ri

so
ns

. S
in

ce
 

th
e 

m
ic

ro
-s

ite
 c

on
di

tio
ns

, 
co

m
pe

tit
iv

e 
st

at
us

, 
an

d 
ge

ne
tic

 m
ak

eu
p 

of
 e

ac
h 

tr
ee

 d
et

er
m

in
es

 i
ts

 g
ro

w
th

 r
at

e,
 d

ir
ec

t 
co

m
pa

ri
so

ns
 b

et
w

ee
n 

ne
t 

vo
lu

m
e 

gr
ow

th
 o

f 
a 

m
ix

 o
f 

tr
ee

s 
of

 v
ar

yi
ng

 s
iz

e 
an

d 
sp

ec
ie

s 
on

 p
lo

ts
 o

ve
r 

a 
m

ul
ti-

 
ye

ar
 ti

m
e 

pe
ri

od
, i

nc
or

po
ra

tin
g 

la
rg

er
-s

ca
le

 e
ff

ec
ts

 o
f m

or
ta

lit
y 

an
d 

in
gr

ow
th

, 
an

d 
an

nu
al

 r
ad

ia
l 

gr
ow

th
 o

r 
ba

sa
l 

ar
ea

 i
nc

re
m

en
t 

ba
se

d 
up

on
 t

re
e-

co
re

 
an

al
ys

is
 o

f i
nd

iv
id

ua
l t

re
e 

sp
ec

ie
 s

ho
ul

d 
be

 m
ad

e 
w

ith
 c

au
tio

n.
 

Fo
re

st
 g

ro
w

th
lp

ro
du

ct
iv

it
y 

is
 n

ot
 c

on
st

an
t 

in
 f

or
es

t 
st

an
ds

 a
nd

 f
ol

lo
w

s 
co

ns
is

te
nt

 t
re

nd
s 

re
pr

es
en

te
d 

by
 

a 
si

gr
no

id
 c

ur
ve

 d
es

cr
ib

ed
 b

y 
A

ss
m

an
 

(1
97

0)
. 

G
ro

w
th

 i
n 

th
e 

yo
un

g 
st

an
d 

in
cr

ea
se

s 
at

 a
n 

in
cr

ea
si

ng
 r

at
e 

to
 a

n 
in

fl
ec

tio
n 

po
in

t 
w

he
re

 g
ro

w
th

 e
ss

en
tia

lly
 i

nc
re

as
es

 a
t 

a 
co

ns
ta

nt
 r

at
e 

fo
r 

a 
nu

m
be

r 
of

 
ye

ar
s.

 
B

ey
on

d 
th

e 
in

fl
ec

tio
n 

po
in

t, 
gr

ow
th

 
in

cr
ea

se
s 

at
 

a 
de

cr
ea

si
ng

 r
at

e 
un

til
 i

t 
re

ac
he

s 
a 

pe
ak

 a
nd

 b
eg

in
s 

to
 d

ec
lin

e.
 A

lth
ou

gh
 th

e 
tr

en
d 

is
 r

ob
us

t, 
th

e 
ac

tu
al

 t
im

in
g 

ca
n 

be
 a

ff
ec

te
d 

by
 s

it
e 

qu
al

ity
, 

sp
ec

ie
s 

co
m

po
si

tio
n,

 s
ta

nd
 

de
ns

ity
, 

an
d 

di
st

ur
ba

nc
e 

re
gi

m
es

. 
S

in
ce

 t
he

se
 

tw
o 

w
at

er
sh

ed
s 

di
ff

er
ed

 in
 i

ni
tia

l s
ta

nd
 d

en
si

ty
, v

ol
um

e,
 s

pe
ci

es
 c

om
po

si
tio

n 
an

d 
bi

om
as

s,
 i

nt
er

pr
et

in
g 

di
ff

er
en

ce
s 

be
tw

ee
n 

w
at

er
sh

ed
s 

to
 d

et
er

m
in

e 
gr

ow
th

 
ef

fe
ct

s 
is

 
co

m
pl

ic
at

ed
. 

F
or

 
ex

am
pl

e,
 

A
uc

hm
oo

dy
 

(1
98

5)
 

ob
ta

in
ed

 
th

e 
gr

ea
te

st
 re

sp
on

se
 to

 a
 N

+
P 

fe
rt

ili
ze

r t
re

at
m

en
t i

n 
A

lle
gh

en
y 

ha
rd

w
oo

d 
st

an
ds

 
w

he
n 

th
e 

fe
rt

ili
ze

r 
tr

ea
tm

en
t 

w
as

 c
om

bi
ne

d 
w

ith
 a

 t
hi

nn
in

g.
 S

om
e 

of
 t

he
 

gr
ow

th
 d

if
fe

re
nc

es
 b

et
w

ee
n 

W
S3

 a
nd

 W
S7

, 
co

ul
d 

ha
ve

 r
es

ul
te

d 
fr

om
 t

he
 

st
an

ds
 b

ei
ng

 i
n 

sl
ig

ht
ly

 d
if

fe
re

nt
 s

ta
ge

s 
of

 d
ev

el
op

m
en

t. 
St

an
d 

de
ve

lo
pm

en
t 

on
 W

S7
 m

ay
 h

av
e 

la
gg

ed
 b

eh
in

d 
W

S3
 d

ue
 t

o 
th

e 
he

rb
ic

id
e 

tr
ea

tm
en

ts
 th

at
 

pr
ec

ed
ed

 t
he

 a
ci

di
fi

ca
tio

n 
st

ud
y.

 H
ow

ev
er

, w
ith

 n
o 

co
nc

lu
si

ve
 e

vi
de

nc
e 

of
 

si
gn

if
ic

an
t c

ha
ng

es
 in

 g
ro

w
th

 o
ve

r t
im

e,
 i

t i
s 

cl
ea

r t
ha

t s
ta

nd
 d

ev
el

op
m

en
t i

n 
bo

th
 w

at
er

sh
ed

s 
is

 c
ha

ra
ct

er
is

tic
 o

f 
th

e 
m

id
dl

e 
st

ag
es

 o
f 

st
an

d 
de

ve
lo

pm
en

t 
de

sc
ri

be
d 

by
 A

ss
m

an
 (1

 97
0)

. 
R

eg
ar

dl
es

s,
 s

om
e 

si
m

ila
ri

tie
s 

in
 g

ro
w

th
 r

es
ul

ts
 b

et
w

ee
n 

pl
ot

s 
an

d 
tr

ee
 

co
re

s 
at

 F
er

no
w

 w
er

e 
fo

un
d.

 G
re

at
er

 a
nn

ua
l 

ne
t 

vo
lu

m
e 

gr
ow

th
 o

n 
W

S3
 

gr
ow

th
 p

lo
ts

 
w

ith
 

m
or

e 
bl

ac
k 

ch
er

ry
 a

nd
 y

el
lo

w
-p

op
la

r 
(B

C
IY

P)
 f

ro
m

 
19

90
19

1-
20

04
 an

d 
gr

ea
te

r c
ub

ic
 v

ol
um

e 
gr

ow
th

 o
n 

pl
ot

s 
w

ith
 m

or
e 

re
d 

m
ap

le
 

an
d 

sw
ee

t 
bi

rc
h 

(R
M

IS
B

) 
du

ri
ng

 1
99

01
91

-9
6 

ag
re

ed
 i

n 
ge

ne
ra

l 
w

it
h 

th
e 

gr
ea

te
r 

re
la

tiv
e 

ra
di

al
 g

ro
w

th
 a

nd
 B

A
I 

in
 t

re
e 

co
re

s 
fo

un
d 

fo
r 

bl
ac

k 
ch

er
ry

, 
ye

llo
w

-p
op

la
r 

an
d 

bl
ac

k 
lo

cu
st

 d
ur

in
g 

th
is

 p
er

io
d.

 B
la

ck
 c

he
rr

y 
ty

pi
ca

lly
 

re
sp

on
ds

 p
os

iti
ve

ly
 t

o 
N

 i
np

ut
s 

in
 t

he
 s

tu
dy

 r
eg

io
n 

(A
uc

hm
oo

dy
 a

nd
 F

il
ip

 
19

73
), 

th
us

 
w

as
 

m
or

e 
lik

el
y 

to
 b

e 
af

fe
ct

ed
 b

y 
im

pr
ov

ed
 s

oi
l 

fe
rt

ili
ty

 
co

nd
iti

on
s 

du
e 

to
 tr

ea
tm

en
t i

n 
th

e 
ba

se
 c

at
io

n 
m

ob
ili

za
tio

n 
pe

ri
od

. I
nc

re
as

ed
 

fo
lia

r 
N

 w
as

 f
ou

nd
 o

n 
W

S3
 i

n 
19

92
 e

ar
ly

 i
n 

th
e 

tr
ea

tm
en

t 
pe

ri
od

 w
hi

ch
 

su
gg

es
ts

 N
 f

er
til

iz
at

io
n 

co
ul

d 
ha

ve
 b

ee
n 

in
fl

ue
nc

in
g 

gr
ow

th
. 

It
 a

pp
ea

rs
 th

at
 

am
m

on
iu

m
 s

ul
fa

te
 t

re
at

m
en

ts
 h

ad
 a

 p
os

iti
ve

 i
m

pa
ct

 o
n 

gr
ow

th
 o

f 
so

m
e 

sp
ec

ie
s 

in
 th

is
 m

ix
ed

 h
ar

dw
oo

d 
st

an
d.

 

Si
m

ila
r p

os
iti

ve
 g

ro
w

th
 re

sp
on

se
 to

 N
 a

dd
iti

on
s h

av
e 

be
en

 f
ou

nd
 in

 o
th

er
 

st
ud

ie
s.

 B
A

I 
gr

ow
th

 r
es

po
ns

es
 t

o 
am

m
on

iu
m

 s
ul

fa
te

 t
re

at
m

en
ts

 h
av

e 
be

en
 

re
po

rt
ed

 i
n 

su
ga

r 
m

ap
le

 i
n 

M
ai

ne
 (

B
B

W
M

) 
du

ri
ng

 t
he

 f
ir

st
 e

ig
ht

 y
ea

rs
 o

f 
tr

ea
tm

en
t 

(E
lv

ir
 e

t 
al

. 
20

03
).

 M
ag

ill
 e

t 
al

. 
(2

00
0)

 a
ls

o 
re

po
rt

ed
 s

ig
ni

fi
ca

nt
 

in
cr

ea
se

s i
n 

w
oo

d 
pr

od
uc

tio
n 

du
e 

to
 h

ig
h 

ex
pe

ri
m

en
ta

l l
ev

el
s 

of
 N

 d
ep

os
iti

on
 

(1
50

 k
g 

N
 h

a-
' 

yr
-l

) 
in

 M
as

sa
ch

us
et

ts
 h

ar
dw

oo
d 

st
an

ds
 d

om
in

at
ed

 b
y 

oa
k 

sp
ec

ie
s.

 N
el

le
m

an
n 

an
d 

T
ho

m
se

n 
(2

00
1)

 li
ke

w
is

e 
fo

un
d 

si
gn

if
ic

an
t i

nc
re

as
es

 
in

 r
ad

ia
l 

in
cr

em
en

t i
n 

N
or

w
ay

 s
pr

uc
e 

tr
ee

s 
af

te
r 

20
 y

ea
rs

 o
f 

at
m

os
ph

er
ic

 N
 

de
po

si
tio

n 
in

 
so

ut
he

rn
 N

or
w

ay
. 

So
lb

er
g 

et
 a

l. 
(2

00
4)

, 
al

so
 w

or
ki

ng
 i

n 
so

ut
he

rn
 N

or
w

ay
, s

im
ila

rl
y 

co
nc

lu
de

d 
th

at
 a

tm
os

ph
er

ic
 d

ep
os

iti
on

 m
ay

 h
av

e 
in

cr
ea

se
d 

co
ni

fe
r 

fo
re

st
 g

ro
w

th
 b

y 
up

 t
o 

25
%

. A
ll 

of
 th

es
e 

re
su

lts
 s

ho
w

 th
at

 
in

iti
al

 s
ta

ge
s 

of
 e

nh
an

ce
d 

at
m

os
ph

er
ic

 d
ep

os
iti

on
 c

an
 i

nc
re

as
e 

gr
ow

th
 o

f 
fo

re
st

s 
du

e 
to

 t
he

 f
er

til
iz

er
 e

ff
ec

t 
of

 t
he

 a
dd

ed
 n

itr
og

en
 a

nd
 o

th
er

 r
el

at
ed

 
ch

an
ge

s 
in

 e
co

sy
st

em
 b

io
ge

oc
he

m
is

tr
y.

 
N

ot
 a

ll 
sp

ec
ie

s 
st

ud
ie

d 
sh

ow
ed

 a
n 

in
iti

al
 p

os
iti

ve
 g

ro
w

th
 r

es
po

ns
e 

to
 

tr
ea

tm
en

t 
in

 t
he

 W
es

t 
V

ir
gi

ni
a 

ex
pe

ri
m

en
ts

, h
ow

ev
er

. 
R

ed
 m

ap
le

 R
R

G
 a

nd
 

B
A

I 
re

su
lts

 f
ro

m
 t

re
e 

co
re

s 
at

 W
S3

 a
nd

 J
ap

an
es

e 
la

rc
h 

he
ig

ht
 a

nd
 d

ia
m

et
er

 
m

ea
su

re
m

en
ts

 a
t 

W
S9

 s
ho

w
ed

 g
en

er
al

ly
 r

ed
uc

ed
 g

ro
w

th
 d

ue
 t

o 
tr

ea
tm

en
t 

th
ro

ug
ho

ut
 t

he
 t

re
at

m
en

t 
pe

ri
od

. 
R

M
IS

B
 

gr
ow

th
 p

lo
t 

da
ta

 a
na

ly
si

9 
fo

r 
Fe

rn
ow

 W
S3

 (
Fi

gs
. 5

-2
 th

ro
ug

h 
5-

4)
 a

ls
o 

sh
ow

ed
 n

o 
si

gn
if

ic
an

t d
if

fe
rg

nc
es

 
in

 g
ro

w
th

 d
ue

 to
 tr

ea
tm

en
t f

or
 th

e 
19

96
-2

00
4 

la
te

r 
gr

ow
th

 p
er

io
d,

 u
nl

ik
e 

th
e 

B
C

IY
P 

pl
ot

s.
 T

hu
s,

 F
er

no
w

 g
ro

w
th

 d
at

a 
di

d 
su

gg
es

t t
ha

t 
so

m
e 

di
ff

er
en

ce
s 

in
 

th
e 

re
sp

on
se

 to
 tr

ea
tm

en
t e

xi
st

 a
m

on
g 

tr
ee

 s
pe

ci
es

 o
ve

r t
im

e.
 

Sp
ec

ie
s d

if
fe

re
nc

es
 in

 r
es

po
ns

e 
to

 a
ci

di
fi

ca
tio

n 
or

 N
 tr

ea
tm

en
ts

 h
av

e 
al

so
 

be
en

 f
ou

nd
 e

ls
ew

he
re

. F
or

 e
xa

m
pl

e,
 M

ag
ill

 e
t 

al
. (

20
00

) 
re

pb
rt

ed
 th

at
 w

oo
d 

pr
od

uc
tio

n 
in

 a
 M

as
sa

ch
us

et
ts

 re
d 

pi
ne

 f
or

es
t w

as
 r

ed
uc

ed
 e

xp
er

im
en

ta
lly

 b
y 

hi
gh

 N
 a

nd
 N

+S
 a

dd
iti

on
s,

 w
hi

le
 h

ar
dw

oo
ds

 r
es

po
nd

ed
 p

os
iti

ve
ly

 t
o 

th
e 

sa
m

e 
tr

ea
tm

en
t. 

N
o 

si
gn

if
ic

an
t 

in
cr

ea
se

s 
in

 B
A

I 
of

 r
ed

 s
pr

uc
e 

tr
ee

s 
w

er
e 

fo
un

d 
at

 B
B

W
M

 d
ue

 to
 a

m
m

on
iu

m
 s

ul
fa

te
 tr

ea
tm

en
ts

 (E
lv

ir
 e

t a
l. 

20
03

) 
ev

en
 

th
ou

gh
 a

 p
os

iti
ve

 r
es

po
ns

e 
w

as
 f

ou
nd

 f
or

 s
ug

ar
 m

ap
le

. 
O

th
er

 r
es

ea
rc

h 
ha

s 
su

gg
es

te
d 

th
at

 c
on

if
er

 s
pe

ci
es

 a
re

 m
or

e 
su

sc
ep

tib
le

 to
 e

ff
ec

ts
 o

f 
so

il 
ac

id
i-

 
fi

ca
tio

n 
th

an
 h

ar
dw

oo
ds

 (
Fe

nn
 e

t 
al

. 
19

98
, F

er
na

nd
ez

 e
t 

al
. 2

00
3)

. D
if

fe
ri

ng
 

re
sp

on
se

 t
o 

tr
ea

tm
en

ts
 

be
tw

ee
n 

sp
ec

ie
s 

gr
ou

ps
, 

es
pe

ci
al

ly
 c

on
if

er
s 

vs
. 

ha
rd

w
oo

ds
, i

s 
no

t u
nc

om
m

on
 in

 th
e 

lit
er

at
ur

e.
 

W
ha

t 
is

 m
os

t 
su

rp
ri

si
ng

 in
 t

he
 F

er
no

w
 s

tu
dy

 o
f 

ve
ge

ta
tiv

e 
gr

ow
th

 i
s 

th
e 

pa
tte

rn
 o

f 
th

e 
in

iti
al

 r
ad

ia
l 

gr
ow

th
 i

nc
re

as
es

 f
ol

lo
w

ed
 b

y 
ra

di
al

 g
ro

w
th

 
de

cr
ea

se
s 

in
 h

ar
dw

oo
d 

sp
ec

ie
s 

ba
se

d 
up

on
 t

re
e 

co
re

 a
na

ly
si

s 
(F

ig
s.

 5
-5

 
th

ro
ug

h 
5-

9)
. 

T
hi

s 
pa

tte
rn

 o
f 

gr
ow

th
 c

ha
ng

es
 w

as
 n

ot
 s

up
po

rt
ed

 b
y 

th
e 

gr
ow

th
 p

lo
t 

da
ta

 a
t 

Fe
rn

ow
. 

H
ow

ev
er

, 
a 

si
m

ila
r 

pa
tte

rn
 o

f 
ra

di
al

 g
ro

w
th

 
in

cr
ea

se
s 

an
d 

de
cr

ea
se

s 
at

tr
ib

ut
ed

 t
o 

ef
fe

ct
s 

of
 a

ci
di

fi
ca

tio
n,

 N
 d

ep
os

iti
on

 
an

d 
cl

im
at

e 
st

re
ss

 w
as

 f
ou

nd
 b

y 
N

el
le

m
an

 a
nd

 T
ho

m
se

n 
(2

00
1)

 b
as

ed
 u

po
n 

ra
di

al
 g

ro
w

th
 a

na
ly

si
s 

on
 >

3 
1,

00
0 

N
or

w
ay

 s
pr

uc
e 

gr
ow

th
 p

lo
ts

 i
n 

so
ut

he
rn

 
N

or
w

ay
. M

cN
ul

ty
 e

t a
l. 

(1
99

6)
 a

ls
o 

re
po

rt
ed

 a
 s

hi
ft

 fr
om

 p
os

iti
ve

 to
 n

eg
at

iv
e 

ryoung
Text Box

ryoung
Text Box



17
8 

D
. R

. D
eW

al
le

 e
t a

l. 
5.

 V
eg

et
at

io
n 

an
d 

A
ci

di
fi

ca
ti

on
 

79
 

ne
t 

gr
ow

th
 r

es
po

ns
e 

du
e 

to
 e

xp
er

im
en

ta
l N

 a
dd

iti
on

s 
in

 a
 h

ig
h 

el
ev

at
io

n 
sp

ru
ce

-f
ir

 s
ta

nd
 in

cl
ud

in
g 

so
m

e 
bi

rc
h 

an
d 

m
ap

le
 tr

ee
s.

 B
ox

m
an

 e
t 

al
. (

19
98

) 
al

so
 f

ou
nd

 t
ha

t 
re

du
ci

ng
 N

 d
ep

os
iti

on
 i

n 
th

ro
ug

hf
al

l 
on

 r
oo

fe
d 

pl
ot

s 
at

 
Y

ss
el

st
ey

n,
 N

et
he

rl
an

ds
 r

es
ul

te
d 

in
 s

ig
ni

fi
ca

nt
ly

 im
pr

ov
ed

 r
ad

ia
l 

gr
ow

th
 o

f 
Sc

ot
s 

pi
ne

, 
su

gg
es

tin
g 

th
at

 
gr

ow
th

 
w

as
 

be
in

g 
su

pp
re

ss
ed

 b
y 

am
bi

en
t 

th
ro

ug
hf

al
l. 

Fi
na

lly
, M

ay
 e

t a
l. 

(2
00

5)
 a

ls
o 

no
te

d 
re

du
ce

d 
di

am
et

er
 g

ro
w

th
 in

 
bl

ac
k 

ch
er

ry
, 

ye
llo

w
-p

op
la

r, 
an

d 
re

d 
m

ap
le

 t
re

es
 a

t 
Fe

rn
ow

 f
io

m
 1

99
9 

to
 

20
01

, d
ur

in
g 

th
e 

pe
ri

od
 o

f d
ec

lin
e 

in
 g

ro
w

th
 n

ot
ed

 b
y 

th
e 

tr
ee

 c
or

es
. T

he
or

ie
s 

of
 f

or
es

t e
co

sy
st

em
 a

ci
di

fi
ca

tio
n 

di
sc

us
se

d 
in

 C
ha

pt
er

 1
 su

gg
es

t t
ha

t a
 p

at
te

rn
 

of
 

in
cr

ea
se

d 
fo

llo
w

ed
 b

y 
de

cr
ea

se
d 

gr
ow

th
 

ca
n 

re
su

lt 
fi

om
 p

ro
lo

ng
ed

 
ex

po
su

re
 t

o 
ac

id
ic

 d
ep

os
iti

on
. 

T
he

 c
au

se
 o

f 
th

is
 r

es
po

ns
e 

pa
tte

rn
 m

ay
 b

e 
ei

th
er

 
de

ve
lo

pm
en

t 
of

 
N

 
sa

tu
ra

tio
n 

or
 

ba
se

 
ca

tio
n 

de
pl

et
io

n 
w

ith
 

A
1 

m
ob

ili
za

tio
n 

an
d 

ca
n 

no
t b

e 
de

te
rm

in
ed

 f
io

m
 th

e 
av

ai
la

bl
e 

da
ta

. T
he

 F
er

no
w

 
tr

ee
 c

or
e 

re
su

lts
 a

re
 t

he
 f

ir
st

 t
o 

sh
ow

 a
 p

at
te

rn
 o

f 
in

cr
ea

si
ng

 f
ol

lo
w

ed
 b

y 
de

cr
ea

si
ng

 tr
ee

 g
ro

w
th

 in
 m

ix
ed

 h
ar

dw
oo

d 
sp

ec
ie

s.
 

T
he

 p
at

te
rn

 o
f i

nc
re

as
in

g 
th

en
 d

ec
re

as
in

g 
tr

ee
 g

ro
w

th
 m

at
ch

es
 th

e 
pa

tte
rn

 
ex

hi
bi

te
d 

by
 s

oi
l 

so
lu

tio
n 

ch
em

is
tr

y 
an

d 
st

re
am

 c
he

m
is

tr
y 

(C
ha

pt
er

 4
) 

an
d 

th
e 

pa
tte

rn
s 

of
 t

re
at

m
en

t 
ef

fe
ct

s 
on

 b
ol

ew
oo

d 
ch

em
is

tr
y 

re
po

rt
ed

 i
n 

th
is

 
ch

ap
te

r. 
In

 C
ha

pt
er

 4
, 

a 
ba

se
 c

at
io

n 
m

ob
ili

za
tio

n 
ph

as
e 

du
ri

ng
 th

e 
fi

rs
t 

fo
ur

 
ye

ar
s 

of
 t

re
at

m
en

t 
w

as
 h

yp
ot

he
si

ze
d 

ba
se

d 
on

 s
ol

ut
io

n 
ch

em
is

tr
y.

 S
uc

h 
a 

m
ob

ili
za

tio
n 

of
 b

as
e 

ca
tio

ns
 c

ou
ld

 h
av

e 
al

te
re

d 
bo

le
w

oo
d 

ch
em

is
tr

y 
an

d 
im

pr
ov

ed
 t

he
 

nu
tr

iti
on

al
 

st
at

us
 

of
 

tr
ee

s 
re

la
tiv

e 
to

 
co

nt
ro

l 
co

nd
iti

on
s.

 
M

ob
ili

za
tio

n 
of

 b
as

e 
ca

tio
ns

 in
 s

oi
l 

so
lu

tio
n 

w
as

 f
ol

lo
w

ed
 b

y 
a 

ba
se

 c
at

io
n 

de
pl

et
io

n 
ph

as
e;

 w
e 

hy
po

th
es

iz
e 

th
at

 a
ft

er
 e

ig
ht

 y
ea

rs
 o

f 
tr

ea
tm

en
t 

th
is

 
de

pl
et

io
n 

of
 c

at
io

ns
 h

ad
 i

m
pa

ir
ed

 th
e 

re
la

tiv
e 

nu
tr

ie
nt

 s
ta

tu
s 

of
 t

he
se

 s
am

e 
tr

ee
s.

 T
he

 e
ar

ly
 p

os
iti

ve
 e

ff
ec

t 
on

 n
et

 a
nn

ua
l 

vo
lu

m
e 

gr
ow

th
 o

f 
W

S3
 c

ou
ld

 
be

 a
ttr

ib
ut

ed
 to

 t
hi

s 
m

ob
ili

za
tio

n 
of

 b
as

e 
ca

tio
ns

 o
r 

to
 i

m
pr

ov
ed

 N
 s

ta
tu

s.
 

H
ow

ev
er

, t
he

 g
ro

w
th

 p
lo

t 
da

ta
 d

o 
no

t 
in

di
ca

te
 a

 d
ec

re
as

e 
in

 g
ro

w
th

 w
it

h 
th

e 
ap

pa
re

nt
 c

at
io

n 
de

pl
et

io
n,

 a
s 

gr
ow

th
 h

as
 r

em
ai

ne
d 

si
gn

if
ic

an
tly

 h
ig

he
r 

on
 

W
S3

 i
n 

th
e 

19
96

-2
00

4 
pe

ri
od

, 
es

pe
ci

al
ly

 o
n 

th
e 

B
C

IY
P 

pl
ot

s.
 T

re
at

m
en

t o
f 

Fe
rn

ow
 W

S3
 b

ey
on

d 
ei

gh
t 

to
 1

2 
ye

ar
s 

on
ly

 p
ro

du
ce

d 
m

ar
gi

na
lly

 g
re

at
er

 
re

du
ct

io
ns

 i
n 

nu
tr

ie
nt

 s
ta

tu
s 

of
 t

re
es

, 
su

gg
es

tin
g 

th
at

 a
n 

eq
ui

lib
ri

um
 w

as
 

ap
pr

oa
ch

ed
 a

ft
er

 e
ig

ht
 y

ea
rs

. 
L

ar
ch

 o
n 

W
S9

 e
xh

ib
ite

d 
de

cr
ea

se
s 

in
 g

ro
w

th
 i

n 
re

sp
on

se
 t

o 
tr

ea
tm

en
t. 

O
ne

 m
ig

ht
 h

av
e 

ex
pe

ct
ed

 i
nc

re
as

ed
 g

ro
w

th
 i

n 
re

sp
on

se
 t

o 
tr

ea
tm

en
t 

un
le

ss
 

ot
he

r n
ut

ri
en

ts
 a

re
 l

im
iti

ng
 s

uc
h 

th
at

 th
e 

tr
ee

s 
co

ul
d 

no
t u

til
iz

e 
th

e 
in

cr
ea

se
d 

av
ai

la
bl

e 
N

. 
T

he
 -o

ve
ra

ll 
po

or
 f

er
til

ity
 o

f 
th

e 
er

od
ed

 s
oi

ls
 o

n 
W

S9
 m

ay
 b

e 
lim

iti
ng

 i
n 

ot
he

r 
nu

tr
ie

nt
s,

 i
nc

lu
di

ng
 P

 o
r 

M
g.

 V
is

ib
le

 s
ym

pt
om

s 
of

 M
g 

de
fi

ci
en

cy
 w

er
e 

ob
se

rv
ed

 o
n 

W
S9

 (F
ig

. 5
-2

5)
. 

Fo
lia

r 
ch

em
is

tr
y 

an
al

ys
es

 o
n 

W
S3

 a
nd

 W
S7

 p
ro

vi
de

 s
om

e 
su

pp
or

t 
fo

r 
th

e 
id

ea
 t

ha
t 

ea
rl

y 
gr

ow
th

 r
es

po
ns

e 
on

 W
S3

 w
as

 d
ue

 t
o 

N
 r

es
po

ns
e 

(F
ig

. 
5-

10
) 

bu
t 

al
so

 p
ro

vi
de

 s
up

po
rt

 f
or

 t
he

 m
ob

ili
za

tio
n 

of
 b

as
e 

ca
tio

ns
 (

Fi
g.

 
5-

1 
I)

, d
ep

en
di

ng
 o

n 
th

e 
pa

rt
ic

ul
ar

 tr
ee

 s
pe

ci
es

. T
he

 fo
lia

r d
at

a 
do

 n
ot

 p
ro

vi
de

 

cl
ea

r 
in

di
ca

tio
ns

 h
ow

ev
er

, 
of

 a
 b

as
e 

ca
tio

n 
de

pl
et

io
n 

st
ag

e.
 T

he
re

 i
s 

a 
su

gg
es

tio
n 

th
at

 P
 m

ay
 b

e 
lim

iti
ng

 to
 b

la
ck

 c
he

rr
y 

on
 b

ot
h 

w
at

er
sh

ed
s.

 O
th

er
 

su
pp

or
tin

g 
da

ta
 (

G
ill

ia
m

 e
t 

al
. 2

00
1,

 W
.T

. 
Pe

te
rj

oh
n,

 u
np

ub
lis

he
d 

da
ta

) 
al

so
 

pr
ov

id
e 

ev
id

en
ce

 o
f a

 P
 li

m
ita

tio
n.

 

Fi
gu
re
 5

-2
5.

 Y
el

lo
w

 n
ee

dl
e 

ti
ps

 o
n 

Ja
pa

ne
se

 la
rc

h 
in

di
ca

te
 M

g 
de

fi
ci

en
cy

 o
n 

W
S9

 (
P

ho
to

 
co

ur
te

sy
 o

f W
. E

. S
ha

rp
e)

. 

W
S9

 
fo

lia
r 

ch
em

is
tr

y 
re

su
lts

 
sh

ow
ed

 
th

e 
di

ff
er

en
ce

s 
th

at
 

w
er

e 
hy

po
th

es
iz

ed
 d

ue
 t

o 
tr

ea
tm

en
t. 

W
e 

hy
po

th
es

iz
ed

 t
ha

t 
ad

di
tio

ns
 o

f 
N

h
, 

w
hi

ch
 w

as
 c

on
ve

rt
ed

 t
o 

m
ob

ile
 N

O
3 

an
io

ns
 b

y 
ni

tr
if

ic
at

io
n,

 a
lo

ng
 w

ith
 

ap
pl

ie
d 

SO
4 .

an
io

ns
 i

n 
ex

ce
ss

 o
f 

so
il

 S
O

4 
ad

so
rp

tio
n 

ca
pa

ci
ty

, 
w

ou
ld

 l
ea

ch
 

ba
se

 c
at

io
ns

 s
uc

h 
as

 C
a 

an
d 

M
g 

an
d 

ul
tim

at
el

y 
re

du
ce

 t
he

ir
 a

va
ila

bi
lit

y 
to

 
pl

an
ts

. 
A

 
de

cr
ea

se
 i

n 
so

il
 b

as
e 

ca
tio

n 
av

ai
la

bi
lit

y 
w

ou
ld

 
le

ad
 

to
 

so
il 

ac
id

if
ic

at
io

n,
 m

ak
in

g 
M

n 
an

d 
A

1 
m

or
e 

av
ai

la
bl

e.
 I

nc
re

as
ed

 ti
ss

ue
 N

 d
ue

 t
o 

th
e 

ad
de

d 
N&
, 

m
ay

 h
av

e 
le

d 
to

 r
ed

uc
ed

 P
 a

va
ila

bi
lit

y 
du

e 
to

 f
or

m
at

io
n 

of
 

A
l-

PO
4 

pr
ec

ip
ita

te
s 

(P
ic

ke
ns

 
19

95
, 

V
an

G
oo

r 
19

53
). 

R
ec

om
m

en
de

d 
N

:P
 

ra
tio

s 
fo

r 
la

rc
h 

ne
ed

le
s 

ra
ng

ed
 f

ro
m

 4
 to

 5
, w

hi
le

 tr
ea

tm
en

t a
nd

 c
on

tr
ol

 p
lo

ts
 

ha
d 

fo
lia

ge
 w

ith
 r

at
io

s 
of

 
17

 a
nd

 
15

, 
re

sp
ec

tiv
el

y,
 i

nd
ic

at
in

g 
re

du
ce

d 
P 

av
ai

la
bi

lit
y.

 
A

lte
re

d 
nu

tr
ie

nt
 a

va
ila

bi
lit

y 
du

e 
to

 m
ob

ili
za

tio
n 

of
 A

1 
an

d 
de

pl
et

io
n 

of
 

C
a 

in
 s

oi
ls

 o
n 

W
S3

 c
au

se
d 

by
 a

cc
el

er
at

ed
 s

oi
l 

ac
id

if
ic

at
io

n 
pr

oc
es

se
s 

m
ay

 
ex

pl
ai

n 
gr

ow
th

 d
if

fe
re

nc
es

 b
et

w
ee

n 
tr

ee
s 

on
 W

S3
 a

nd
 W

S7
 b

as
ed

 u
po

n 
tr

ee
 

co
re

 a
na

ly
si

s.
 T

he
 o

bs
er

ve
d 

in
cr

ea
se

s 
in

 r
el

at
iv

e 
ra

di
al

 g
ro

w
th

 o
f 

ye
llo

w
- 

po
pl

ar
 a

nd
 b

la
ck

 c
he

rr
y 

tr
ee

s 
on

 W
S3

 a
 f

ew
 y

ea
rs

 a
ft

er
 t

re
at

m
en

t 
w

as
 



18
0 

D
. R

. D
eW

al
le

 e
t a

l. 
V

eg
et

at
io

n 
an

d 
A

ci
di

fic
at

io
n 

18
1 

in
iti

at
ed

, m
ay

 b
e 

du
e 

to
 a

 te
m

po
ra

ry
 in

cr
ea

se
 in

 b
as

e 
ca

tio
ns

 in
 s

oi
l s

ol
ut

io
n 

(s
ee

 C
ha

pt
er

 4
) 

th
at

 r
es

ul
te

d 
in

 c
on

cu
rr

en
t i

nc
re

as
es

 in
 b

ol
ew

oo
d 

C
a 

an
d 

M
g 

le
ve

ls
. S

ev
en

 to
 e

ig
ht

 y
ea

rs
 a

ft
er

 tr
ea

tm
en

ts
 b

eg
an

, t
re

es
 o

f 
bo

th
 s

pe
ci

es
 o

n 
W

S3
 d

ec
lin

ed
 in

 r
ad

ia
l g

ro
w

th
 s

ig
ni

fi
ca

nt
ly

, c
on

cu
rr

en
t w

ith
 a

 c
ha

ng
e 

in
 C

a 
st

at
us

 fi
om

 a
 m

ob
ili

ze
d 

ph
as

e 
in

to
 a

 d
ep

le
tio

n 
ph

as
e 

(D
eW

al
le

 e
t 

al
. 

19
99

).
 

T
he

 l
ac

k 
of

 m
ob

ili
za

tio
n 

re
sp

on
se

 b
y 

re
d 

m
ap

le
 t

re
es

 t
o 

th
e 

tr
ea

tm
en

t 
m

ay
 

be
 

du
e 

to
 t

he
ir

 u
nd

er
st

or
y 

st
at

us
 o

r 
du

e 
to

 
a 

sp
ec

ie
s-

sp
ec

if
ic

 l
ac

k 
of

 
re

sp
on

si
ve

ne
ss

. P
ub

lis
he

d 
ev

id
en

ce
 s

ug
ge

st
s 

th
at

 s
ug

ar
 m

ap
le

 is
 m

uc
h 

m
or

e 
se

ns
iti

ve
 to

 b
as

e 
ca

tio
n 

av
ai

la
bi

lit
y 

th
an

 r
ed

 m
ap

le
. 

In
 o

rd
er

 t
o 

ex
am

in
e 

co
nc

ur
re

nc
e 

of
 t

re
nd

s 
in

 g
ro

w
th

 a
nd

 b
ol

ew
oo

d 
ch

em
is

tr
y,

 re
la

tiv
e 

ra
di

al
 g

ro
w

th
 ra

te
s 

(R
R

G
) f

io
m

 th
e 

ab
ov

e 
an

al
ys

is
 c

an
 b

e 
co

m
bi

ne
d 

w
ith

 c
ha

ng
es

 i
n 

bo
le

w
oo

d 
ch

em
is

tr
y 

(C
aI

M
n 

ra
tio

s)
 f

or
 b

la
ck

 
ch

er
ry

, 
ye

llo
w

-p
op

la
r 

an
d 

re
d 

m
ap

le
 a

ft
er

 f
ou

r,
 e

ig
ht

, 
an

d 
12

 y
ea

rs
 o

f 
tr

ea
tm

en
t. 

A
lth

ou
gh

 i
t 

is
 n

at
ur

al
 f

or
 R
R
G
 t

o 
de

cl
in

e 
w

ith
 t

im
e,

 b
ol

ew
oo

d 
C

aI
M

n 
de

cr
ea

se
s 

w
er

e 
ac

co
m

pa
ni

ed
 b

y 
la

rg
er

 d
ec

re
as

es
 i

n 
R

R
G

 o
n 

W
S3

 
th

an
 o

n 
W

S7
 f

io
m

 tr
ea

tm
en

t y
ea

r 
4 

to
 t

re
at

m
en

t y
ea

r 
8 

(F
ig

. 
5-

26
).

 P
at

te
rn

s 
of

 c
ha

ng
e 

fo
r 

bl
ac

k 
ch

er
ry

 a
nd

 y
el

lo
w

-p
op

la
r 

on
 W

S3
 s

ug
ge

st
ed

 a
 d

el
ay

 o
r 

th
re

sh
ol

d 
of

 C
aI

M
n 

de
cl

in
e 

be
yo

nd
 w

hi
ch

 R
R

G
 r

ap
id

ly
 d

ec
re

as
ed

. B
ec

au
se

 
ea

ch
 s

pe
ci

es
 h

as
 a

 c
ha

ra
ct

er
is

tic
 ra

ng
e 

of
 b

ol
ew

oo
d 

C
aI

M
n 

it 
is

 d
if

fi
cu

lt 
to

 
sp

ec
if

L
 a

 t
hr

es
ho

ld
, b

ut
 R

R
G

 d
ec

lin
es

 o
cc

ur
re

d 
ap

pr
ox

im
at

el
y 

w
he

n 
ra

tio
s 

fe
ll 

be
lo

w
 t

he
 m

in
im

um
 C

aI
M

n 
fo

un
d 

on
 W

S7
 f

or
 th

at
 s

pe
ci

es
. A

ga
in

, 
re

d 
m

ap
le

 d
id

 n
ot

 s
ho

w
 a

 b
as

e 
ca

tio
n 

m
ob

ili
za

tio
n 

re
sp

on
se

 a
nd

 e
xp

er
ie

nc
ed

 
R

R
G

 d
ec

lin
es

 th
at

 w
er

e 
no

t c
lo

se
ly

 li
nk

ed
 to

 C
aI

M
n.

 L
ac

k 
of

 re
la

tio
ns

hi
p 

fo
r 

re
d 

m
ap

le
 m

ay
 b

e 
du

e 
to

 t
he

 i
nt

er
m

ed
ia

te
 to

 s
up

pr
es

se
d 

ca
no

py
 p

os
iti

on
 o

f 
th

is
 s

pe
ci

es
 in

 t
hi

s 
st

an
d 

or
 to

 th
e 

re
la

tiv
e 

la
ck

 o
f 

re
sp

on
se

 o
f 

th
is

 s
pe

ci
es

 to
 

ch
an

ge
s 

in
 C

a 
av

ai
la

bi
lit

y.
 

A
 

di
ff

er
en

t 
pa

tte
rn

 
of

 
ch

an
ge

s 
in

 
re

la
tiv

e 
ra

di
al

 
gr

ow
th

 
ra

te
s 

vs
. 

bo
le

w
oo

d 
C

a
lm

 ra
tio

s 
fi

om
 tr

ea
tm

en
t y

ea
rs

 4
 to

 1
2 

w
as

 f
ou

nd
 o

n 
th

e 
W

S7
 

re
fe

re
nc

e 
w

at
er

sh
ed

. C
a

lm
 ra

tio
s 

ac
tu

al
ly

 in
cr

ea
se

d 
w

ith
 t

im
e 

of
 tr

ea
tm

en
t 

fo
r 

bo
th

 b
la

ck
 c

he
ny

 a
nd

 y
el

lo
w

-p
op

la
r 

ev
en

 t
ho

ug
h 

R
R

G
 d

ec
lin

ed
 a

s 
ex

pe
ct

ed
. T

hu
s 

it
 a

pp
ea

re
d 

th
at

 b
ol

ew
oo

d 
ch

em
is

tr
y 

w
as

 li
nk

ed
 d

if
fe

re
nt

ly
 to

 
R

R
G

 o
n 

W
S3

 c
om

pa
re

d 
to

 W
S7

. 
T

he
 J

ap
an

es
e 

la
rc

h 
de

nd
ro

ch
em

is
tr

y 
re

su
lts

 w
er

e 
si

m
ila

r 
to

 t
ho

se
 f

or
 

W
S3

 v
s.

 W
S7

 c
om

pa
ri

so
ns

 w
ith

 th
e 

ad
de

d 
be

ne
fi

t t
ha

t t
he

 la
rc

h 
tr

ee
s 

se
em

ed
 

to
 p

re
se

rv
e 

a 
re

co
rd

 o
f 

so
il 

ch
an

ge
s 

ov
er

 ti
m

e.
 T

he
 o

nl
y 

ex
ce

pt
io

n 
w

as
 t

ha
t 

M
n 

le
ve

ls
 a

pp
ea

re
d 

to
 b

e 
el

ev
at

ed
 e

ve
n 

du
ri

ng
 th

e 
ba

se
 c

at
io

n 
m

ob
ili

za
tio

n 
ph

as
e,

 u
nl

ik
e 

re
su

lts
 o

n 
W

S3
 w

he
re

 b
ol

ew
oo

d 
M

n 
ap

pe
ar

ed
 t

o 
be

 r
ed

uc
ed

 
du

ri
ng

 b
as

e 
ca

tio
n 

m
ob

ili
za

tio
n.

 S
oi

ls
 o

n 
W

S9
 h

ad
 l

ow
er

 l
ev

el
s 

of
 e

x-
 

ch
an

ge
ab

le
 b

as
es

 a
nd

 h
ig

he
r 

ex
ch

an
ge

ab
le

 A
1 

th
an

 t
ho

se
 a

t 
Fe

rn
ow

 W
S3

 
an

d 
W

S7
 a

nd
 e

xh
ib

ite
d 

hi
gh

er
 l

ev
el

s 
of

 M
n 

in
 s

oi
l 

so
lu

tio
n 

ev
en

 b
ef

or
e 

tr
ea

tm
en

ts
 b

eg
an

. N
o 

so
il 

M
n 

da
ta

 a
re

 a
va

ila
bl

e 
fo

r 
co

m
pa

ri
so

n,
 b

ut
 T

ab
le

 
3-

1 
in

 C
ha

pt
er

 3
 d

oe
s 

sh
ow

 l
ow

er
 e

xc
ha

ng
ea

bl
e 

C
a 

an
d 

M
g 

an
d 

hi
gh

er
 

ex
ch

an
ge

ab
le

 A
1 

on
 W

S9
 t

ha
n 

ei
th

er
 W

S3
 o

r 
W

S7
 i

n 
th

e 
0-

10
 c

m
 l

ay
er

. 

T
hu

s,
 M

n 
io

ns
 a

lr
ea

dy
 p

re
se

nt
 w

er
e 

lik
el

y 
m

ob
ili

ze
d 

al
on

g 
w

ith
 b

as
e 

ca
tio

ns
 

in
 t

he
 e

ar
ly

 s
ta

ge
s 

of
 t

re
at

m
en

t. 
O

th
er

w
is

e,
 d

en
dr

oc
he

m
ic

al
 r

es
po

ns
es

 f
or

 
la

rc
h 

on
 W

S9
 w

er
e 

qu
ite

 s
im

ila
r t

o 
th

os
e 

of
 o

th
er

 s
pe

ci
es

 o
n 

W
S3

 a
t F

em
ow

. 

B
la

ck
 c

he
rr

y 

- 

0.
0 

I 
0
 

20
 

40
 

60
 

80
 

10
0 

C
a/

M
n 

m
ol

ar
 r

at
io

 

Fi
gu
re
 5

-2
6.

 P
at

te
rn

s 
of

 m
ea

n 
re

la
tiv

e 
ra

di
al

 g
ro

w
th

 r
at

e 
an

d 
bo

le
w

oo
d 

C
aM

n 
ra

tio
 c

ha
ng

es
 

af
te

r 
4,

 8
, a

nd
 1

2 
ye

ar
s 

of
 tr

ea
tm

en
t f

or
 th

re
e 

tr
ee

 s
pe

ci
es

 o
n 

W
S3

 a
nd

 W
S7

. A
rr

ow
s 

in
di

ca
te

 
th

e 
di

re
ct

io
n 

of
 p

ro
gr

es
si

on
 &

om
 tr

ea
tm

en
t y

ea
r 

4 
to

 tr
ea

tm
en

t y
ea

r 
12

. 

T
he

 s
im

ila
ri

tie
s b

et
w

ee
n 

W
S3

 a
nd

 W
S9

 r
es

ul
ts

 a
ls

o 
ex

te
nd

ed
 to

 th
e 

tim
e 

re
qu

ir
ed

 f
or

 b
as

e 
ca

tio
n 

m
ob

ili
za

tio
n 

an
d 

de
pl

et
io

n 
to

 o
cc

ur
. L

ar
ch

 tr
ee

 r
in

gs
 

be
ga

n 
to

 s
ho

w
 b

as
e 

ca
tio

n 
de

pl
et

io
n 

in
 a

bo
ut

 1
99

1 
or

 a
bo

ut
 f

iv
e 

ye
ar

s 
af

te
r 

ryoung
Text Box

ryoung
Text Box

ryoung
Text Box

ryoung
Text Box

ryoung
Text Box

ryoung
Text Box



182 D. R. DeWalle et al. Vegetation and Acidification 83 

treatments began. Since tree ring wood was only analyzed for individual 
years as the planted larch trees grew large enough for rings to be easily 
sampled, the exact timing of mobilization and depletion can only be detected 
within about * 2 years. Regardless, despite the differences in soils and past 
land use history between WS3 and WS9, the time required for trees to show 
base cation mobilization and depletion effects were about the same. A 
resampling of larch trees on WS9 to determine later trends in dendro- 
chemistry could be fruitful. 

Dendrochemistry response time of the forest ecosystem to a change in 
deposition can be roughly scaled based upon total loading from this 
experiment. The estimation was developed based upon assumptions that 
ecosystem change occurs over a time interval that is proportional to the total 
loading of acid computed as the product of the magnitude of the deposition 
change and the number of years over which it acts. Thus, a small deposition 
change (say 10% +crease in annual deposition rate D fiom 1.OD to 1.1D) 
would take a longer time to reach an equilibrium condition (X years) than the 
eight years of essentially triple the atmospheric deposition load (D + 2D = 

3D) that was imposed by the experimental Fernow treatment, e.g. 

1.1D Xyears = 3D 8 years 
X =21.8 years. 

The dendrochemical response time (X) indicated for a 10% deposition 
increase was thus 21.8 years. If 12 years were needed to produce the same 
change, rather than eight years, then the response time to a 10% increase in 
deposition would be scaled up to about 33 years. Regardless, data suggest 
that the impacts of a relatively small 10% increase in atmospheric deposition 
would require a time scale of two to three decades for a dendrochemical 
response to occur. Thus, long-term monitoring would be required to detect 
impacts of such a fairly small deposition change and results could vary from 
Fernow response time depending on site fertility. 

6. CONCLUSIONS 

Forest basal area, biomass, and cubic volume growth was increased by 
experimental additions of ammonium sulfate at FEF (WS3 vs. WS7) on 
growth plots with more black cherry and yellow-poplar trees during 1990- 
2004 and cubic volume growth was increased on growth plots with more red 
maple and sweet birch during 1990-1 996. Growth plot analyses included the 
effects of growth of all trees on the plots, including the effects of ingrowth 
and mortality, and represent an expression of changes in site productivity 
river millti-vmr time n~rinds 

Tree core analysis suggested BAI growth was increased for black cherry 
and yellow-poplar overstory trees on WS3 during the first six to seven years 
of treatment (1989-1996), followed by decreased BAI in these species plus 
red maple during the last four years of treatment (1996-2000). Similar 
declines in growth were not found on permanent growth plots. Tree core 
analysis showed BAI treatment response for individual tree species for each 
year. 

Red maple growth on WS3 did not positively respond to treatment, based 
upon tree core analyses. Our results support previous work that generally 
show positive response of hardwood species to N fertilization, but shows that 
individual hardwood species, like red maple, may respond differently. 

Japanese larch diameter and height growth on WS9 (Clover Run) was 
'significantly reduced by ammonium sulfate treatments. The WS9 results are 
consistent with several past studies showing reduced conifer growth in 
response to N fertilization and soil acidification. Reductions in growth on 
WS9 may have been exacerbated by past abusive farming that left the soil 
depleted of nutrients. 

Patterns of bolewood chemistry over time on both WS3 and WS9 
showed a period of relative base cation mobilization during the early yeps of 
treatment followed by a period of base cation depletion for overstory 'black 
cherry, yellow-poplar, and Japanese larch. Periods of bolewood base cation 
depletion were accompanied by increased concentrations of Mn. Only red 
maple showed bolewood base cation depletion throughout the experiment. 
Since red maple also did not show increased radial growth during the early 
stages of the experiment, a similarity in patterns of bolewood chemistry 
change and radial growth change is suggested. Black locust sapwood did not 
show effects of treatment on base cations and this species did not appear 
suitable for dendrochemical detection of acidification. 

Acidification treatments to both WS3 and WS9 resulted in changes in 
foliar chemistry of trees, although larch on WS9 seemed to be more 
responsive than the hardwood trees on WS3. Where statistically significant 
differences were detected, concentrations of Ca and Mg were generally 
decreased and levels of Mn and/or A1 were elevated in foliage. Foliar 
chemistry response was inconsistent and did not show initial periods of base 
cation mobilization followed by base cation depletion, that were found with 
bolewood chemistry. 

The acidification treatments, through the effects of elevated N, also may 
have created P limitations for the herbaceous and overstory plant species on 
WS3. The seasonal changes in herbaceous cover that are normally linked to 
net nitrification were absent on WS3 due to a decoupling of N cycle from 
biotic controls due to treatments. 

The pattern of increasing growth followed by decreasing growth found in 
tree cores was synchronous with changes in bolewood chemistry and other 
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temporal patterns of soil solution and stream chemistry described in Chapter 
4. The pattern of changes in growth (tree cores only), soil solution and stream 
chemistry fits the expected response of forest ecosystem to acidification 
described in Chapter 1. Ecosystem response time for bolewood chemistry 
changes in these experiments suggests that two to three decades would be 
required for detection of a 10% decrease in deposition in ecosystems similar 
to the FEF. 
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