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Abstract.-In New England streams, both logging and 
acidification may influence native populations of brook 
trout Salvelinus fontinalis. We assessed the relationship 
between these factors and brook trout abundance in 16 
first-order streams that had been logged 6 to more than 
30 years prior; we quantitatively sampled fishes and col- 
lected habitat and water chemistry data from these 
streams. Logging history (years since harvest) was neg- 
atively correlated with substrate embeddedness, sug- 
gesting that this aspect of physical habitat quality im- 
proves with forest recovery. Brook trout density and 
biomass, however, were negatively correlated to years 
since logging. In contrast, stream pH (ranged from <6 
to >7 during low-flow conditions in August) was pos- 
itively correlated with trout density and biomass. These 
results suggest that forest recovery alone may not result 
in across-the-board increases in brook trout abundance 
and that among-site variation in stream chemistry needs 
to be accounted for when assessing the effects of land- 
use on trout populations in the New England region. 

The New England region (USA) has a complex 
land-use history involving multiple anthropogenic 
stresses to stream ecosystems. Chief among these 
are intensive timber harvest, both historical (Fos- 
ter 1992) and present-day (Miller et al. 1998), and 
stream-water acidification and base cation deple- 
tion (Driscoll et al. 2001). Although many studies 
have addressed the influences of these stresses on 
resident trout growth, survival, and reproduction 
in other ecoregions (Reeves et al. 1993; Baker et 
al. 1996), we know little about their association 
with native brook trout abundance in New Eng- 
land. Moreover, previous studies are inconclusive 
as to whether logging has negative (Reeves et al. 
1993; Hauer et al. 1999) or positive (Bisson and 
Sedell 1984; Wilzbach 1985) effects and are di- 
vided as to the relative influence of logging versus 
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effects of stream-water chemistry on trout popu- 
lations (Hesthagen et al. 1999; Baldigo and Law- 
rence 2000). Given these uncertainties, region- 
specific studies are critically needed to develop 
effective conservation, management, and forestry 
practices. In this study, we surveyed populations 
and habitats of wild resident brook trout Salvelinus 
fontinalis in first-order streams throughout New 
Hampshire. Streams were located in drainages 
varying widely in the time since they had last been 
logged (6 to >30 years). Our goal was to provide 
an initial assessment of the relationship between 
brook trout abundance and logging history, se- 
lected habitat features, and stream-water chemistry 
(pH) in northern New England streams. We used 
survey data to test whether the density, biomass, 
and condition of brook trout was lower in streams 
in drainages that have been logged more recently 
and lower in streams with low pH. 

Methods 
Study sites.-In August 2000, we sampled the 

physical habitat, water chemistry, and brook trout 
in 16 first-order streams in New Hampshire that 
were in and adjacent to the White Mountain Na- 
tional Forest (Table 1). All streams were less than 
1 km in total length, less than 2 km2 in drainage 
area, and had not been stocked with brook trout 
in recent years. The general terrain of these drain- 
ages was moderately to steeply sloped. Forest type 
was approximately 25% hardwood forest, 25% 
softwood forest, and 50% mixed forest. The pri- 
mary hardwood species included sugar maple Acer 
saccharum, yellow birch Betula alleghaniensis, 
beech Fagus grandifolia, American white birch 
Betula papyrifera, and quaking aspen Populus tre- 
muloides. The softwood component was primarily 
composed of red spruce Picea rubens and balsam 
fir Abies balsamea. The small size of these first- 
order streams provided two important study design 
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TABLE 1.-Summary of brook trout study sites, including habitat and water characteristics of 16 first-order streams 
in New Hampshire sampled in August 2000. Values for large woody debris (LWD), gravel, cobble, and boulder are the 
proporbional coverages of the total substrate area measured along sampling transects. Embeddedness was a visual 
estimate of objects partially embedded in the bottom. 

Longi- Eleva- Years Embed- Proportion of total substrate 
Latitude tude tion since ded- 

Stream (degrees) (degrees) (m) harvest ness LWD Gravel Cobble Boulder Other pH 

Spillman 
Alder, East 
Johnson 
Wheeler, North 
Cone Pond 
Hazelton, North 
Hazelton, South 
Washburn 
Alder, West 
Black, East 
Black, West 
Home 
Jeffers 
Menill 
Taves 
Wheeler, South 

advantages: (1) they could be considered indepen- 
dent replicates for statistical analysis, and (2) it is 
reasonable to assume that within-watershed spatial 
variation in logging intensity was minimal (due to 
smallness of the watersheds) and that no riparian 
buffer strips were left. This assumption was cor- 
roborated by interviews with district and private 
foresters and by site inspections. 

Habitat surveys.-Habitat and logging history 
assessments followed the methods of Lowe and 
Bolger (2002). Our measure of logging history in 
each of the study drainages was the number of 
years since the last harvest activity. Drainages for 
which there was no record of harvest and no ev- 
idence of harvest, based on site inspections, were 
assigned a value of 30 years since last harvest, the 
value of the drainage with the earliest recorded 
harvest date. To characterize specific physical hab- 
itat conditions likely to be affected by logging ac- 
tivities, we collected data on large woody debris 
(LWD; >lo-cm diameter at breast height and >30 
cm long) and substrate embeddedness in all of the 
survey streams (Table 1). In each stream, embed- 
dedness and LWD were measured at six randomly 
placed habitat transects that were 50-100 m apart. 
Transects were 1 m wide and extended between 
bank-full channel edges (i.e., edges at high-flow 
conditions, as indicated by evidence of scour). The 
proportion of LWD cover and the proportion of 
embedded cover within each transect were esti- 
mated visually (Hankin and Reeves 1988; U.S. 
Forest Service 1996). Embedded cover objects 
were those having visible vertical surfaces that 

were buried in either silt or sand (modified from 
Welsh et al. 1997). Stream pH was determined in 
the field with a portable pH meter (Oakton, Inc., 
Vernon Hills, Illinois). 

Fish sampling.-We sampled brook trout in the 
16 streams during a 1-week period in late August 
2000. In each stream, a 100-m study section was 
established in representative habitat. Electrofish- 
ing surveys involved 3-pass removals using a 
Smith-Root BP-12 backpack electroshocker set to 
500V DC. Block nets were used to prevent move- 
ment in and out of the study section during elec- 
trofishing samples. Upon capture, each fish was 
anesthetized using MS-222, weighed and mea- 
sured, then returned to the stream. A modified Zip- 
pin maximum likelihood method was used to es- 
timate population size (McMenemy 1995). Mor- 
talities were low (three fish total), and catchability 
estimates high (77-98%) over the course of the 
study. 

Data analysis.-We used stepwise multiple re- 
gression to test whether variation in years since 
logging, physical habitat, and pH predicted vari- 
ation in brook trout density, biomass, and relative 
condition factor among the study streams. Because 
fishless streams might be the result of migration 
barriers, we ran analyses using (1) the entire data 
set (N = 16), and (2) only fish-containing streams 
(N = 12). Stepwise regression was performed us- 
ing a backwards-elimination procedure in which 
predictor variables were iteratively discarded from 
the model based on a cutoff alpha-value of 0.150 
(Kleinbaum et al. 1998). Before entering predictor 
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TABLE 2.-Summary of brook trout surveys from 16 first-order streams in New Hampshire sampled in August 2000. 
Age-class designations were based on size-frequency distributions. Condition factors were relative measures for indi- 
vidual streams based on an overall length-weight relation for all streams combined. 

Stream 
Overyear- Mean weight Mean length Condition 

Total Age 0 ling Biomass (g) (g) (cm) factor 

Spillman 
Alder, East 
Johnson 
Wheeler, North 
Cone Pond 
Hazelton, North 
Hazelton, South 
Washburn 
Alder, West 
Black, East 
Black, West 
Horne 
Jeffers 
Merrill 
Taves 
Wheeler, South 

variables into the regression analysis, we tested 
for significant correlations to understand both the 
potential causal relationships among these vari- 
ables and to eliminate redundant variables from 
the stepwise regression. All data were tested for 
normality and appropriately transformed before 
analysis. To determine relative condition factor, we 
calculated the logelength-logeweight relationship, 
pooling all individuals across all study streams, 
along with residuals for each individual fish. Neg- 
ative residuals indicated fish having weights at 
length that were lower than predicted for the gen- 
eral population (low relative condition factor); 
positive residuals indicated weights at length that 
were higher than predicted (high relative condition 
factor). Mean relative condition factor for each 
stream therefore reflected fish condition relative to 
the other streams. 

Results 

Habitat 

Most streams were dominated by large sub- 
strates (cobbles and boulder), and riffles and cas- 
cades were the predominant channel type. Sub- 
strate embeddedness ranged from 0.08 to 0.68, 
LWD cover from 0.0 to 0.13, and stream pH from 
5.2 to 7.2 (Table 1). Years since logging was sig- 
nificantly and negatively correlated with embed- 
dedness ( r  = -0.56, P < 0.05) because streams 
that were logged most recently had the highest 
levels of substrate embeddedness. There was no 
significant correlation between logging history and 
percentage LWD cover ( r  = 0.24, P = 0.37). 

Stream pH was not significantly correlated with 
any of the other variables. 

Brook Trout Density and Biomass 

Brook trout were found in 12 of 16 streams sur- 
veyed, and a total of 498 individuals were captured 
(Table 2). The number of brook trout per 100-m 
stream section ranged from 0 to 94, fish sizes rang- 
ing from 3 1 to 180 mm fork length and from 0.5 1 
to 63.6 g wet weight. Based on length-weight fre- 
quency distributions, age-0 fish were readily dis- 
tinguishable from overyearling fish. In all but 1 of 
the 12 fish-bearing streams, both age-0 and ov- 
eryearling fish were present. Based on visual char- 
acteristics (fin shape, coloration), we had no in- 
dication that any fish were of hatchery origin. 

Factors Associated with Brook Trout Density 
and Biomass 

Because of the significant correlation between 
logging history and stream embeddedness, we con- 
fined our regression analysis to three variables: 
logging history (years since harvest), stream pH, 
and LWD cover. We found significant correlations 
between brook trout abundance (density and bio- 
mass) and stream characteristics, accounting for 
63-78% of the variation in the data set (Table 3). 
Logging history and stream pH accounted for ap- 
proximately equal proportions of the total varia- 
tion in trout density and trout biomass. In all anal- 
yses, density and biomass were negatively corre- 
lated with years since logging, the highest density 
of brook trout being found in streams that had been 
most recently logged (Figure I). In contrast, brook 
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TABLE 3.-Summary of results of stepwise regression of brook trout density and biomass using stream variables 
(logging history, pH, and large woody debris) for 16 New Hampshire study streams sampled in 2000. Large woody 
debris was not a significant predictor and was eliminated by the stepwise procedure. 

- 

Coeffi- 
Comparison Effect cient R~ F t P 

Density All 16 sites Model 
(number per section) Logging history 

pH 
Sites with fish (12) Model 

Logging history 

pH 
Biomass All 16 sites Model 

(grams per section) Logging history 

pH 
Sites with fish (12) Model 

Logging history 

pH 

trout density and biomass were positively corre- 
lated with stream pH in all analyses. Streams with 
pH lower than 6 at summer base-flow conditions 
had low numbers of trout (Figure 1). Trout density 
and biomass were not correlated with LWD cover 
in any of the analyses. We found no correlations 
between relative trout condition factor and stream 
characteristics or between condition factor and 
trout density. 

Discussion 

We found that that two important anthropogenic 
stresses to New England streams, logging and 
acidification, were significantly associated with 
brook trout density and biomass. Although these 
stresses have been shown to strongly influence res- 
ident trout populations in other regions, these are 
some of the first data from the northern New Eng- 
land region to address these issues. Our results are 
particularly relevant given the overall trajectory of 
forest recovery in the region. Reforestation, forest 
succession, and changes in forest practices are 
likely to result in reestablishment of mature and 
more diverse forests throughout northern New 
England, particularly in protected riparian buffer 
zones. Our results suggest that forest recovery may 
not result in across-the-board increases in brook 
trout abundance. However, we recognize the in- 
herent limitations of this short-term correlative 
study and underscore the need for further research 
on these important issues. 

Consistent with a number of previous studies, 
we found higher abundances of resident trout in 
streams that had been most recently logged (Bis- 
son and Sedell 1984; Wilzbach 1985). Forest re- 
moval may have a range of enhancement effects 
on resident trout, including increased light pene- 

tration as related to primary and secondary pro- 
ductivity (Hawkins et al. 1982) and increased for- 
aging success (Wilzbach 1985). Our results con- 
flict, however, with a number of studies indicating 
negative effects of logging on resident trout pop- 
ulations (Reeves et al. 1993; Hauer et al. 1999). 
One explanation for this conflict may involve the 
timescale of logging effects. Several studies have 
shown that in old-growth forests the density of 
LWD is positively correlated with salmonid pro- 
ductivity and that LWD is reduced in logged drain- 
ages (Murphy and Koski 1989; Hauer et al. 1999). 
Although this relationship may apply in New Eng- 
land, it could be obscured by the extent of human 
alteration of forests in this region. Probably, all of 
our study sites were logged within the last 50-100 
years. Consequently, even for sites not exposed to 
logging in the last 30 years, the new forests may 
not have matured to the point that LWD stores are 
sufficient to influence stream habitat and positively 
affect trout populations. 

In contrast to logging history, stream pH was 
positively correlated to brook trout abundance. Al- 
though we recognize the limitations of a single pH 
measurement, given substantial seasonal variabil- 
ity in stream pH, our results are consistent with 
the general finding of negative effects of low pH 
on resident trout populations (Baker et al. 1996; 
Baldigo and Lawrence 2000). We found that sum- 
mer low-flow pH was generally within the ac- 
ceptable range for brook trout (i.e., not low enough 
to cause mortality) in all 16 streams (Baker et al. 
1996). Therefore, further investigation is required 
to determine if negative effects of lower pH were 
due to correlation between low-flow pH and epi- 
sodic acidification during spring runoff (Baker et 
al. 1996) or due to negative effects of low pH on 
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FIGURE 1.-Brook trout density (total number of in- 
dividuals per 100 m2 stream length) versus (top panel) 
logging history (years since logging) and (bottom pan- 
el) stream pH (some data points are obscured by over- 
lying poidts; sample size = 16). 

100 I I I I I 

overall stream productivity (Cada et  al. 1987; 
Kwak and Waters 1997). Greater positive effects 
of higher pH compared with negative effects of 
higher embeddedness is consistent with the find- 
ings of a field study of brown trout in Norway 
(Hesthagen et  al. 1999) and a modeling study of 
brook trout in southern Appalachian streams (Mar- 
schall and Crowder 1996). In contrast, Baldigo and 
Lawrence (2000) found that physical habitat ef- 
fects on brook trout abundance appear to have a 
stronger influence than water chemistry in the 
Neversink River in the northeastern USA. 

In general, upland headwater streams in this part 
of New England are naturally low in pH as a result 
of cation-deficient soils and underlying bedrock 
(Driscoll e t  al. 2001). Our results indicate that ob- 
served variation in the pH of these systems can 
have measurable effects on brook trout abundance. 
Given the large number of streams in northern New 
England currently affected by atmospheric depo- 
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sition, base cation depletion, and associated acidic 
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source of variation is critical for effective man- 
agement of wild trout populations in  the region. 
In addition, taking underlying variation in stream 
pH into account is clearly necessary when assess- 
ing the effects of forestry practices on stream sal- 
monids in New England. 
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