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Abstract: A lilerature review on the effects of silvicultural practices on water quality in wetland forests was 
conducted. The review summarized results from nine wetland forests in five states (AL, FL, MI, NC, and 
SC). Silvicultural practices assessed were timber harvesting (including thinning and clearcutting), site prep- 
aration, bedding, planting, drainage, and fertilization. Many of the studies reviewed observed increased 
concentrations of suspended sediment and nutrients following silvicultural operations when compared with 
undisturbed conla'ols. Water quality criteria were rarely exceeded by silvicultural operations, however, and 
effects on water quality were transient. Water quality parameters returned to undisturbed levels within a 
period ranging from months to several years. 
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INTRODUCTION 

Forested wetlands are the most common type of 
wetlands in the conterminous United States (Dahl and 
Johnson 1991). The majority of these wetlands are 
owned by individuals and corporations and are man- 
aged for multiple benefits at various scales of intensity. 
Wetlands have been recognized as ecosystems that have 
been ill-treated by society in the past. Today, wetlands 
are protected to various extents by regulatory programs 
at scales from local to national. Some uses of wetlands 
by society are compatible with wetland functions. Tim- 
ber production was recognized by the National Wet- 
lands Policy Forum as a use of wetlands that produces 
income without significant loss of other wetland func- 
tions (The Conservation Foundation 1988). Gosselink 
et al. (1990) noted that timber harvesting in bottom- 
land hardwood wetlands has minimal impact on long- 
term functions when conducted using best manage- 
ment practices. 

Among the many reasons that wetlands are valued 
by society, is their ability to maintain or improve water 
quality. Some forest practices, such as timber har- 
vesting, can result in unacceptable changes in surface 
water quality (Binkley and Brown 1993). Thus, it is 
important to assess the extent to which forest man- 
agement practices affect water quality in wetland for- 
ests. This paper is a review of  investigations that have 
assessed effects of common silvicultural practices on 
water quality in wetland forests. Such research is scarce. 
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Most research on the effects of forest management on 
water quality has been conducted in uplands. For ex- 
ample, a symposium on timber harvesting in wetlands 
presented no quantitative data on water quality (Jack- 
son and Chambers 1981). The proceedings of a sym- 
posium on impacts of human activities on bottomland 
hardwood wetlands also lacked any quantitative data 
on effects of  forest management on water quality (Gos- 
selink et al. 1990). 

Although there are riparian wetlands associated with 
streams that drain upland forests, this review will be 
confined to those studies that investigated effects of 
forest management in forests that are predominantly 
wetland. It will not attempt to review the large body 
of literature that exists on effects of forest management 
on water quality in uplands. For such information, see 
Beasley (1979), Martin et al. (1984), McClurkin et al. 
(1985), Brown (1989), Lynch and Corbett (1990), and 
Binkley and Brown (1993). Some of the sites discussed 
in this review are in the transitional zone between wet- 
lands and uplands, and thus, there is uncertainty 
whether they would be classified as wetlands by various 
regulatory guidelines. 

DRAINAGE 

Water tables often rise following timber removals in 
poorly drained soils due to the decrease in evapotrans- 
piration (Trousdell and Hoover 1955, Williams and 
Lipscomb 1981). Minor drainage is often needed to 
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remove surface water so that heavy equipment can be 
used in harvesting and to prepare the site for replanting 
without causing excessive soil compaction and rutting. 

Askew and Williams (1984) quantified suspended 
sediment in drainage waters from a Carolina bay in 
South Carolina. The study area was a 2388 ha Carolina 
bay with clayey, poorly drained or very poorly drained 
soils. Forest types ranged from mixed loblolly pine 
(Pinus taeda L.)-hardwoods to baldcypress ( Taxodium 
distichurn L.)-tupelo (Nyssa spp.). The most common 
soil series were Cape Fear (Typic Umbraquults), cov- 
eting 52% of the area, and Bladen (Typic Albaquults), 
on 29% of the area. The drainage system consisted of  
a main ditch (rectangular, 2-4 m wide and 2-2.5 m 
deep) connected to secondary ditches (triangular, 2-  
2.5 m wide and 1-2 m deep). Suspended sediment was 
quantified by sampling drainage water at twenty sam- 
pling points located across the drainage system to mon- 
itor sediment from different operations. Points were 
established downstream from undisturbed forests, ac- 
tive logging sites, site-prepared areas, 3- to 15-year- 
old plantations, and at numerous locations in the main 
ditch. Water quality was sampled during thirteen 
months when there was sufficient flow in 1981-1982. 

On average, suspended sediment in new secondary 
ditches was significantly (a=0.05) greater than in nat- 
ural streams draining an undisturbed hardwood stand. 
Ditch contribution to suspended sediment was tran- 
sient. The authors monitored erosion in newly con- 
structed ditches monthly and found that ditch erosion 
had culminated by the end of two years. Thus, two 
years after installation, ditches were no longer a major 
source of sediment in drainage water. In the main ditch, 
concentrations of suspended sediment declined as wa- 
ter moved toward the final discharge point from the 
study area. Suspended sediment concentrations at the 
final discharge point averaged 16.4 mg L- ' ,  compared 
to 2.5 nag L -t in the undisturbed hardwood forest. 

Askew and Williams (1986) also analyzed ditch 
drainage water for N O 3 - - N ,  NH4+-N, SO42-, Ca 2~-, 
Mg 2÷, K +, total P, and dissolved oxygen. New ditches 
had slightly higher NO3--N than undisturbed hard- 
wood area, 0.9 mg L -j versus 0.5 mg L -1 , respectively. 
Concentrations of SO2-  averaged 33 mg L -~ in the 
undisturbed hardwood forest, increased to 47 mg L -~ 
in new ditches, and declined to 22 mg L -~ in water 
draining older plantations. A similar pattern was ob- 
served for Ca 2÷. Concentrations o fMg 2÷ and K + were 
slightly elevated in new drainage ditches, then declined 
with time. Total P was not affected by drainage. Dis- 
solved oxygen averaged 5.1 mg L- ' ,  was unchanged 
initially by ditching, and increased to 6.9 mg L -~ in 
water draining older plantations. 

Effects of  drainage were re-examined in this same 
South Carolina study area during 1982-1984 using two 

replicates of  drained and undisturbed control subwa- 
tersheds (Williams and Askew 1988). Drained areas 
had significantly (a=0.05) greater suspended sediment, 
K +, and Ca '+ concentrations than the control. There 
were no significant differences between drained and 
control concentrations of NO3--N, SO42--S, and Mg 2÷. 
Hydrogen ion concentration was significantly (a=0.05) 
lower in the drained areas than in the controls. 

From these investigations, the authors (Askew and 
Williams 1984, 1986, Williams and Askew 1988) con- 
cluded that pine plantations could be established with- 
out harming water quality. They observed that newly 
constructed ditches were a primary source of increased 
sediment and recommended that plantation establish- 
ment be done quickly to stabilize ditches. They also 
recommended that a length of main ditch be positioned 
between sediment sources and critical aquatic areas. 

Trettin and Sheets (1987) examined effects of  drain- 
age on water quality in a forest wetland ill Michigan's 
Upper Peninsula. The drainage system studied was a 
prescription type, which is intended to augment the 
natural drainage patterns in a catchment. The forest 
was comprised primarily of tamarack (Larix laricina 
(Du Roi) K. Koch), black spruce (Picea mariana (Mill.) 
B.S.P.), and jack pine (Pinus banksiana Lamb.). The 
most extensive soils were Kinross (Typic Haplaquods) 
and Au Gres (Enfic Haplaquods), which both have 
histic epidedons 13 to 20 cm thick. They sampled 
drainage water and upstream and downstream of 
drainage discharge into the Sturgeon river over a 27- 
month period. They found that concentrations of  Mg 2+ 
and Fe were significantly (a--0.05) higher in drainage 
water than in the river by 1.1 mg L- '  for Mg 2÷ and by 
1.4 mg L -t for Fe. Differences in concentrations of 
C a  2+ , N, H +, and suspended sediment between ditch 
and river water were not significant (a=0.05). Trettin 
and Sheets (1987) concluded that properly designed 
and implemented forest drainage systems can be in- 
stalled without adversely affecting water quality. 

The hydrology and water quality of  three 25-ha lob- 
lolly pine plantation watersheds in Carteret County 
North Carolina has been studied intensively to develop 
a model for evaluating effects of alternate forest water 
management systems (McCarthy et al. 1991, 1992, 
McCarthy and Skaggs 1992). The plantations were es- 
tablished in 1974 following site preparation, bedding, 
and fertilization with N and P. The plantations were 
thinned and fertilized at age 15 (see additional infor- 
mation in Fertilization section). The soil was primarily 
Deloss, a Typic Umbraquult. 

The water quality effects of pine plantation man- 
agement, which include bedding, fertilization, drain- 
age, and thinning were evaluated by comparing con- 
centrations at several sampling stations (Table 1): 
immediately below the plantation watersheds (D 1, D2, 
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Table 1. Two-year average water quality parameters from 15-year-old loblolly pine plantation watersheds and subsequent 
drainage waters in Carteret County, Noah Carolina. Parameters are ammonium nitrogen (NH4-N), biological oxygen demand 
(BOD), fecal coliform, nitrite and nitrate nitrogen (NO, & NO~-N), pH, total kjeldaht nitrogen (TKN), total phosphate (TPO,), 
total suspended solids (TSS), and turbidity. Adapted from Campbell (1989). 

Sample Station t 

D1 D2 D3 D4 D5 D6 

NH, -N  (mg/l) 0.07 0.06 0.05 0,64 0.11 0,05 
BOD (mg/1) 0.83 0.61 0.47 0,48 0.53 2.94 
Fecal coliform (mpn/100 ml) 39 23 11 17 151 634 
NO-, & NO3-N (mg/l) 0.94 0.57 0.22 0,48 0.49 0.05 
pH 4.12 4.39 5.81 5.68 6.09 7.24 
TKN (mg/I) 1.27 0.88 0.55 1.48 0.77 0.97 
Total PO, (mg/l) 0.04 0.04 0.04 0,08 0.09 0.14 
TSS (rag/l) 1,35 1.83 5.32 7.94 4.34 28.44 
Turbidity (ntu) 1.80 1.73 8.49 9.22 7.72 16.39 
J Stations D1, D2, and D3 are located at the outflows of plantation watersheds 1, 2, and 3, respectively. Station D4 is at a gravel road ditch 
that receives drainage from the plantations. Stations D5 and D6 are along a pavcd road, with D6 located prior to mining with the plantation 
watershed drainage and D5 after mixing. 

and D3), after entering a ditch adjacent to a gravel road 
(D4), and in a ditch adjacent to a paved road, both 
before (D6) and after (D5) mixing with water from the 
plantations. Land use in the area upstream of stations 
D1 through D4 is exclusively forest, consisting pri- 
marily of the three pine plantation watersheds, with a 
gravel road system including roadside ditches. The area 
upstream of  D5 and D6 includes agriculture and for- 
ests, and the road is lined with residences that use septic 
systems for household wastewater. 

Levels ofNH,  +-N, biological oxygen demand (BOD), 
fecal coliform, pH, total PO4, total suspended solids, 
and turbidity in water draining from the plantations 
(D I-D3) were less than or similar to concentrations at 
the other sampling stations (Table 1 ). Levels at station 
D6, upstream from the plantations studied, were high- 
er than all other stations for BOD, fecal coliform, pH, 
total PO4, total suspended solids, and turbidity (Table 
1). Thus, water quality draining the plantations was 
generally higher than that in the paved road ditch. 
Water quality at station D5, after mixing with water 
from the plantation watersheds, was improved. For 
example, dilution by water from the plantation water- 
sheds lowered the fecal coliform count enough to meet 
state water quality standards (200 mpn/100ml, North 
Carolina Department of Environmental Management 
1989), whereas prior to dilution, it averaged over three 
times the state water quality standard (Table 1). 

FERTILIZATION 
Fertilization with N and P is a common practice in 

intensively managed forests. In the North Carolina 
plantation watershed study described above, an in- 
vestigation of the effects of operational fertilization on 

water quality was conducted (Campbell 1989). In March 
1989, after thinning, the three watersheds were fertil- 
ized with diammonium phosphate and urea (167 kg N 
ha -t and 28 kg P ha -~) by ground-based equipment. 
Daily water quality samples were taken from the wa- 
tersheds and receiving ditches for 30 days before and 
30 days after fertilization and at lower frequencies 
thereafter. 

Fertilization resulted in elevated concentrations of 
NH4+-N, total N, total PO4, ortho PO4, and urea in 
water draining from the watersheds. After three weeks, 
concentrations had returned to pre-treatment levels. 
Maximum concentrations during the elevated period 
were 3.8 mg L -1 for NH4 ÷, 9.3 mg L t for total N, 
0.18 mg L- t for total phosphate, 0.1 mg L- ~ for ortho 
phosphate, and 1.2 mg L-t for urea. Concentrations 
of combined NO2-&NO3- were variable both before 
and after fertilization and ranged from near zero to a 
maximum of 1.2 mg L ' during both periods. 

Daily water flow data from the watershed weirs and 
daily concentrations were used to calculate export from 
the watersheds for 30 days before and 30 days after 
fertilization. Post-fertilization solute export rates were 
higher than pre-fertilization rates for all nitrogenous 
compounds but were lower for phosphate (Table 2). 
Rates were not different statistically (a=0.05) due to 
variability between watersheds. Net differences in pre- 
versus post-fertilization export were small compared 
to the amount of  applied fertilizer. For example, net 
export of  total Kjeldahl N was 0.3% of total N applied, 
ne t  expo r t  o f  N H 4 + - N  was O_02°/a o f  to ta l  a p p l i e d  N. ,  
and net export of urea-N was 0.03% of total applied 
urea-N. 

A similar fertilization study was conducted in Jones 
County North Carolina in 1983 (Hen-mann and White 
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Figure 1. Weekly average solute concentrations in drainage outflow of  a six-year-old loblolly pine plantation in Jones County, 
North Carolina. Fertil ization with d iammonium phosphate and urea (216 kg N ha -j  and 36 kg P ha -~) occurred in weeks 4 
and 5. Adapted from Herrmann and White (1983). 

1983) and in 1992 (Fromm 1992). Two loblolly pine 
plantation tracts were studied. Tract 2 was 75 ha and 
Tract 3 was 65 ha. Soils in the tracts were predomi- 
nantly Woodington (Typic Paleaquults) and Torhunta 
(Typic Humaquepts). In 1983, when the plantations 
were six years old, Tract 3 was fertilized with an aerial 
application of diammonium phosphate and urea (216 
kg N ha-~ and 36 kg P ha t). Tract 2 was used as a 
control. 

As with the Carteret County study, fertilization re- 
suited in an immediate rise in NH4 +-N, NO2-&NO3-- 
N, total N, and total P in water draining from the tracts 
(Figure 1). Peak concentrations of these constituents 
occurred during week 6, one week after fertilization. 
Concentrations had declined to approximately the same 
as control concentrations by week 35. In contrast, peak 
c o n c e n t r a t i o n s  of NOz-&N03- d i d  no t  occur  unt i l  12 
weeks after fertilization, presumably due to oxidation 
of  both applied ammonium and ammonium hydro- 
lyzed from urea. Similar delayed nitrate peaks have 
been observed in forest fertilization experiments with 

urea in the Pacific Northwest (Bisson et al. 1992). Ex- 
ports of N and P were increased substantially during 
48 weeks following fertilization (Table 3). 

In 1992, Tract 2, which had been used as the control 
in 1983, was fertilized with diammonium phosphate 
and urea (207 kg N ha -t and 34 kg P ha -~) using 
ground-based equipment. Tract 3 was used as a con- 

Table 2. Comparison of  p re -and  post-fertilization solute 
export in 15-year-old Ioblolly pine plantation watersheds in 
Carteret County. North Carolina. Adapted from Campbell 
(1989). 

Treat- NO2 & 
ment TKN NH, -N  NO3-N TPO~ Urea-N 

................................................. g/ha/d .......................................................... 
Pro 33.50 1 .c)6 24.40 1 _03 0.59 
Post 40.62 3.12 26.39 0.75 3.15 
pl 0.49 0.38 0.74 0.47 0.21 

' Probability that pre- and post-fertilization means do not differ using 
paired t-test. 
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Table 3. Effects of fertilizing loblolly pine plantations in 
Jones County, North Carolina with urea and diammonium 
phosphate on watershed nitrogen and phosphorus export. 
Adapted from Hcrrmann and White (1983) and Frornm 
(1992). 

Total 
Year Treatment Kjeldahl N Total P 

.......................... g/ha/d ........................... 
1983 Control 12.20 0.24 
1983 Fe~il~ed 41.79 5.65 
1992 Control 0.18 0.02 
1992 Fertilized 0.16 0.01 

trol. In contrast to the 1983 results, fertilization in 
1992 did not appreciably influence N and P export 
rates in water draining the watersheds (Table 3). Solute 
concentrations were not elevated during or after fer- 
tilization (Fromm 1992). 

The difference in the results between the two fertil- 
izer applications was due to the nature of  the appli- 
cation. The 1983 fertilization was conducted at age six 
when the stand was not accessible to ground-based 
equipment; thus, fertilizer was applied by helicopter. 
Some fertilizer was unavoidably deposited in the ditch 
system during helicopter application and directly af- 
fected water quality. During the 1992 fertilization, the 
plantation was 15 years old, so ground-based equip- 
ment could be used. Care was taken to avoid fertilizing 
the ditches. Leaving unfertilized buffer ditches resulted 
in 17% of the tract being unfertilized and 33% being 
fertilized at half the intended rate but was effective in 
preventing elevated fertilizer concentrations in drain- 
age water. 

TIMBER HARVEST AND SITE PREPARATION 

Timber harvesting can affect water quality through 
soil disturbance by heavy equipment and sediment 
production from logging decks, skid trails, roads, and 
ditches. Timber harvest can alter hydrology and many 
biogeochemical processes, and thus, surface- and 
ground-water concentrations of compounds such as 
nitrate and phosphate may be affected. 

Hollis et al. (1978) and Fisher (1981) reported on 
effects of silvicultural practices on water quality in a 
coastal lowland site in western Florida. Soils were pre- 
dominantly poorly drained, sandy, Inceptisols. Forest 
types were slash pine (Pinus eUiottii Engelm.), mixed 
sla~h-longleaf pine (Pinus palustris Mill.), and mixed 
pine-hardwoods. A variety of  wetland types were in- 
cluded in the study area. Two rectangular watersheds 
approximately 400 ha each were defined using roads 
and ditches. All runoff from each watershed was cot- 

Tablc 4. Water qualily in stream water following timber 
harvcsting, site preparation, and reforestation with slash pine 
in Florida. Adapted from Fisher (198 l). 

Undis- Annual Mean turbed Concentrations (rag L J) Control 
Water Quality Water- (years after treatment) 

Parameter shed 1 2 3 
NOj--N 0.01 0.05 0.02 0.01 
NH, +-N 0.02 0.43 0.07 0.03 
Total N 0.85 2.69 1.50 0.09 
PO,-P 0.00 0.07 0.00 0.00 
Total P 0.03 0.28 0.03 0.03 
pH 3.9 4.2 4.3 4.1 
Total suspended 

solids 6. 137. 28. 8. 

lected into a single ditch and was monitored at a culvert 
weir. One watershed was harvested, site prepared, and 
planted; the other watershed was left undisturbed as a 
control. Trees were felled with crawler tractor mounted 
shears, and logs were skidded tree-length. Site prepa- 
ration consisted of two passes of a rolling drum chop- 
per. The site was then bedded and planted with slash 
pine at a 2 x 3 m spacing. 

Annual mean concentrations of all parameters mea- 
sured were elevated relative to the undisturbed water- 
shed for the first year following treatment (Table 4). 
The effect of silvicultural operations was observed least 
for NO~--N and most for sediment. Annual means for 
NO 3--N, PO4-P, and total P in the treated watershed 
had returned to undisturbed levels by the second year. 
By the third year, all constituents had returned to un- 
disturbed levels (Table 4). 

Ewel (1985) examined water quality in two central 
Florida cypress swamps before and after thinning in 
comparison with two control cypress swamps. Trends 
in water quality were not consistent. She observed in- 
creased total and organic nitrogen in one swamp fol- 
lowing thinning. However, after three months, both 
thinned swamps had lower N concentrations than con- 
trois. No response to harvesting was observed for NO3- 
and NH4 ÷. 

Riekerk (1985) compared water quality in three wa- 
tersheds in north-central Florida. The study area in- 
cluded mixed pine flatwoods and cypress wetlands. 
The flatwoods were dominated by 40-year-old slash 
pine, with some longleaf pine present. Shallow ponds 
covered about 40% of the study area and were domi- 
nated by baldcypress and sweetbay magnolia (Mag- 
nolia virginiana L.). Predominant soils were Mascotte 
(Ultic Haplaquods), covering 40% of the area, and Stil- 
son (Arenic Plinthic Paleudults) on 20% of the area. 
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Two watersheds were harvested, site prepared, and 
planted with slash pine. One was treated to simulate 
minimum disturbance, whereas the other simulated 
maximum disturbance. For the minimum disturbance 
treatment, 59% of the watershed was clearcut using 
hand-felling, and logs were removed with a small pre- 
hauler. Site preparation was accomplished by double 
chopping with a knife-bladed drum, followed by bed- 
ding at a 4 m spacing. Slash pine was planted by ma- 
chine at a 2-m spacing. For the maximum disturbance 
treatment, 74% of the watershed was clearcut with a 
feller-buncher, and logs were skidded tree-length to a 
delimbing gate. Logging slash was broadcast-burned 
then piled into windrows by a dozer with a knife-edged 
blade. The soil was harrowed, then bedded and planted 
the same as the minimum disturbance treatment. Best 
management practices, a means of protecting water 
quality, were used in the minimum disturbance treat- 
ment but not in the maximum disturbance treatment. 
For example, the minimum disturbance treatment left 
a buffer zone around areas with surface water, whereas 
the maximum disturbance treatment did not. 

Water quality in these two watersheds and an un- 
disturbed control was monitored by collecting samples 
from a drainage outlet in each watershed. Monitoring 
began in 1978, the treatments were applied in 1979, 
and monitoring continued through 1983, four years 
after treatment. 

The treatments resulted in significant (a=0.05) in- 
creases in annual mean values for pH, suspended sed- 
iment, total N, K +, and Ca 2+. Suspended sediment 
was significantly (a=0.05) greater in the maximum 
treatment than the other watersheds during the treat- 
ment year and in the fourth year after treatment, but 
differences were small. Surprisingly, the highest annual 
mean sediment concentrations in all three watersheds 
were observed in 1978 prior to treatment. Concentra- 
tions of  Ca 2+ and K ÷ in the treated watersheds were 
significantly (a--0.05) greater than those from the con- 
trol, and these differences were more persistent than 
other parameters. For example, K ÷ in the minimum 
treatment and Ca 2+ in the maximum treatment were 
significantly greater than the control in the fourth year 
after treatment. Concentrations were low, being less 
than 2 mg L-~ in all three watersheds. In contrast to 
K ÷ and Ca 2+, total P was not significantly (a=0.05) 
different among the three watersheds in any year. 
Trends for nitrogen were not consistent with treatment. 
For example, the only significant (a=0.05) difference 
between treatments for NO~--N was that the mini- 
mum impact treatment had significantly (a=0.05) low- 
er NO3--N during the treatment year than the other 
treatments. However, the first year after treatment, the 
minimum treatment had significantly (a=0.05) greater 

total nitrogen, and the maximum treatment had sig- 
nificantly (a=0.05) less total nitrogen than the control. 

Aust et al. (1991) reported effects of  clearcutting on 
the ability of water tupelo (Nyssa aquatica L.)- bald- 
cypress swamps in the Mobile-Tensaw river delta of 
lower Alabama to remove sediment from flood waters. 
The predominant soil in the study area was Levy (Ver- 
tic Fluvaquent). The study compared sedimentation 
rates in three harvest treatments installed in three rep- 
licates. Harvesting for all treatments occurred in the 
autumn of 1986 using handfelling with chainsaws. The 
treatments differed post-felling: (1) helicopter log re- 
moval (treatment H), (2) helicopter log removal, fol- 
lowed by application of  glyphosate herbicide in July 
1987 and June 1988 (treatment G), and (3) simulated 
rubber-tired skidder log removal (treatment S). An ad- 
jacent undisturbed area was used as a control (treat- 
ment R). 

Rates of  sedimentation during the 1987-1988 flood 
season, approximately one year after harvest, averaged 
2.2 mm for treatment H, 1.2 mm for treatment S, 1.1 
mm for treatment R, and 0.7 mm for treatment G. 
The mean sedimentation rate from the helicopter treat- 
ment was significantly (o~=0.05) greater than the means 
in the glyphosate treatment and reference area but was 
not statistically (a=0.05) different from the skidder 
treatment. Mean sedimentation rates were not signif- 
icantly (a=0.05) different among the skidder, glyphos- 
ate, and reference treatments. The authors attributed 
differences in sedimentation rates among treatments 
to differences in the amount and condition of  logging 
slash among treatments and in the nature of the veg- 
etation. The helicopter and skidder treatments had ap- 
proximately the same amount of  slash, but in the skid- 
der treatment, the slash was broken down by repeated 
skidder traffic and was not as able to trap sediment. 
The lower sedimentation value in the glyphosate treat- 
ment was attributed to lack of regrowth due to her- 
bicide application and illustrates the importance of  the 
woody and herbaceous vegetation regrowth following 
clearcutting for removal of  sediment from flood water. 

Another study in lower Alabama investigated effects 
ofclearcut timber harvest on surface and ground-water 
quality in small floodplains (Lockaby et al. 1994). The 
forest was dominated by an uneven-age mixture of 
swamp tupelo (Nyssa sylvatica var. biflora (Walt.) Sarg.), 
sweetbay magnolia, red maple (Acer rubrum L.), yel- 
low-poplar (Liriodendron tulipifera L.), American hol- 
ly (Ilex opaca Ait.), slash pine, and laurel oak (Quercus 
laurifolia Michx.). Soils in the central portion of  the 
floodplain were predominantly Dorovan (Typic Med- 
isaprist), whereas those on the floodplain margins were 
predominantly Johnson (Cumulic Humaquept). The 
study was designed to assess the effects of two different 
types of  timber harvesting on water quality and other 
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wetland functions. One 4 ha rectangular block was 
clearcut in each of three separate, replicate floodplains. 
The two harvest treatments within each block were (1) 
handfelling followed by helicopter removal of logs, and 
(2) felling by feller-buncher on mats followed by log 
removal using rubber-tired skidders. Surface water 
quality was assessed by comparing samples taken up- 
stream, within, and downstream from the harvested 
blocks. Ground-water quality was assessed by sam- 
pling PVC wells within the different harvest treatments 
in comparison with undisturbed upstream locations. 

Nitrate and phosphate concentrations in surface and 
ground water following harvesting were near detection 
limits (0.1 mg L-t) and did not differ significantly 
among samples taken in the undisturbed control up- 
stream of the clearcut, those taken within the clearcut, 
and in a downstream uncut control. There were no 
significant (a=0.05) differences in suspended sediment 
or BOD relative to harvesting treatments. One flood- 
plain did show elevated BOD values within the harvest 
area during the middle and latter portion of the first 
growing season following harvest. During one sample 
period, BOD in the harvested block of this floodplain 
exceeded the Alabama BOD standard (14.4 versus 10.0 
mg L-~). However, BOD from a sample taken in the 
uncut forest 15 to 45 m downstream from the harvest 
block was 0.4 mg L-J and was thus similar to the 1.1 
mg L-~ observed upstream from the harvest block in 
this floodplain. 

Askew and Williams (1984) assessed the effects of  
timber harvesting and site preparation on suspended 
sediment in drainage waters from a ditched Carolina 
bay in South Carolina (see study description given ear- 
lier in Drainage section). Timber harvesting and site 
preparation alone did not result in substantially ele- 
vated suspended sediment concentrations. The com- 
bined effects of  drainage, logging, planting, and skid- 
ding resulted in large suspended sediment 
concentrations during the rising limb of the hydro- 
graph. Concentrations declined to levels comparable 
to older pine plantations during the falling limb stage 
of the hydrograph. 

Askew and Williams (1986) also assessed the effects 
of logging, site preparation, and pine plantation estab- 
lishment on nutrient concentrations in drainage water. 
Nitrate nitrogen in drainage water from logged and 
site-prepared areas averaged 0.2 mg L-J and was lower 
than the 0.5 mg L- '  average in the undisturbed control. 
The NO3--N concentrations draining older plantations 
was similar to control concentrations. Concentrations 
of NH,+-N were very low in the control, as well as 
after logging, site preparation, and plantation devel- 
opment. Silvicultural operations raised pH in drainage 
waters relative to the control, which averaged 4.4. Fol- 
lowing logging, pH was increased to 5.2. After site 

preparation, pH increased to 5.5. A peak pH of 5.8 
was observed in young pine plantations, with pH de- 
clining in older plantations to 5.4. Trends in SO42- 
concentrations were opposite from the pattern de- 
scribed for pH but were similar when compared with 
H + concentrations, Sulfate concentrations dropped 
during logging, site preparation, and early plantation 
development, then increased to higher levels in older 
plantations. Older plantations had SO2 concentra- 
tions similar to the control. Trends in SO42- concen- 
trations, as expected, were the opposite of the pH pat- 
tern. The SO42- concentration patterns follow the H ÷ 
concentration. These concentrations decrease during 
logging, site preparation, and early plantation devel- 
opment. Sulfate and acidity" increase progressively with 
age in older plantations. The cations Ca 2+ , Mg 2+, and 
K ÷ showed somewhat different patterns during silvi- 
cultural operations relative to the control. Concentra- 
tions of both Ca 2+ and K + were elevated after logging 
and site preparation. Calcium concentrations returned 
to control levels by the young plantation stage, whereas 
K + concentrations remained higher than the control 
through the older plantation stage. Concentrations of 
Mg 2÷ were unchanged following logging but were 
slightly lower than the control during site preparation 
and subsequent plantation development. Concentra- 
tions of dissolved oxygen were higher than the control 
during all phases. Total phosphorus was below detec- 
tion limit for all samples. 

Effects of  site preparation, logging, and pine plan- 
tation development were re-examined (Williams and 
Askew 1988) in this same South Carolina study area 
during 1982-1984 using two replicates of drained and 
undisturbed control subwatersheds (see study descrip- 
tion given earlier in Drainage section). They found that 
logging resulted in significantly (a=0.05) higher con- 
centrations of K +, but concentrations of NO3--N, 
SO42--S, Ca 2÷, Mg 2+, and H ÷ were significantly 
(a=0.05) lower. Site preparation also resulted in sig- 
nificantly (a=0.05) higher concentrat ions of  K ÷, 
whereas concentrations of NO3--N and H ÷ were sig- 
nificantly (~=0.05) lower. They compared the cumu- 
lative effects of  both harvesting and site preparation 
in the same subwatershed against an undisturbed con- 
trol. Suspended sediment, Ca 2÷, and K ÷ were signifi- 
cantly (a=0.05) higher in the combined treatment 
compared with the control. Concentrations of NO3-- 
N, SO42--S, Mg 2+, and H ÷ in the combined treatment 
were significantly (a=0.05) lower than the control. 

Verry (1986) discussed effects of silvicultural prac- 
tices on hydrology and water quality of upland and 
wetland forests in the Lake States. Phosphorus was the 
parameter of  most concern since increased P can result 
in lake eutrophication. Verry (1986) cited work by 
Knighton and Stiegler (1981) that compared P export 
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following clearcutting a black spruce bog and following 
harvest and burning in a black spruce fen. Phosphorus 
export in the bog was 0.89 kg ha -1 the first year after 
harvest, compared to 0.33 kg ha -I pre-harvest. Phos- 
phorus export returned to pre-harvest levels by the 
third year after harvesting. In the fen, P export in- 
creased from 0.71 kg ha -r before harvesting and burn- 
ing to a maximum of 2.18 kg ha-i during the first year 
after disturbance. Exports of  P then declined to 1.03 
kg ha -1 for year two, 1.77 kg ha i for year three, and 
had declined to pre-harvest levels by year four (0.79 
kg ha-I). 

in wetland forests and to test alternate BMPs (e.g., 
buffer strip widths). 
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DISCUSSION 

Silvicultural operations resulted in measurable ef- 
fects on water quality. Effects were typically small and 
water quality criteria were rarely exceeded. Effects were 
transient. Water quality parameters returned to un- 
disturbed levels within a period ranging from months 
to several years. The duration of  these effects should 
be viewed in comparison with their frequency. Timber 
harvesting in wetland forests occurs at frequencies 
ranging from 20 to 50 years or more, depending on 
forest type and management objectives. This review 
thus concludes that properly conducted silvicultural 
operations do not constitute a permanent threat to the 
ability of wetlands to maintain or improve water qual- 
ity. 

Hollis et al. (1978) noted that effects of silvicultural 
operations on water quality in lowland forests were 
less than those reported for upland forests with greater 
relief and shallower soils. Low relief is perhaps the 
most important factor underlying the minimal water 
quality response to silvicultural operations in wetland 
forests. Most wetlands have little topographic relief, 
and thus, surface water flow rates are low. In fact, 
surface water in many wetland forests is from ponding 
and does not flow to any appreciable extent. Thus, 
there is less energy available to carry sediment than in 
upland forests with greater hydrologic gradients. 

There are numerous opportunities for additional re- 
search on effects of  silvicultural operations on water 
quality in forest wetlands. Currently, the literature is 
dominated by studies from the South and the Lake 
States. There seems to be no published information 
from other regions. Silvicultural effects have not been 
studies in all common wetland forest types. For ex- 
ample, there is currently little published information 
on water quality effects of  silviculture in bottomland 
hardwood wetlands, although several studies are un- 
derway (Shepard et al. 1993). There is a critical need 
for research to provide the technical foundations for 
best management practices for forest wetlands. Re- 
search is needed to test effectiveness of  current BMPs 

LITERATURE CITED 

Askew, G. R. and T. M. Williams, 1984. Sediment concentrations 
from intensively prepared wetland sites. Southern Journal of Ap- 
plied Forestry 8:152-157. 

Askew, G. R. and T. M. Williams. 1986. Water quality changes 
due to site conversion in coastal South Carolina. Southern Journal 
of Applied Forestry 10:134-136. 

Aust, W, M., R. Lea, and J. D. Gregory. 1991. Removal of flood- 
water sediments by a clearcut tupelo-cypress wetland. Water Re- 
sources Bulletin 27:111-116. 

Beasley, R.S. 1979. Intensive site preparation and sediment losses 
on steep watersheds in the Gulf Coastal Plain. Soil Science Society 
of America Journal 43:412-417. 

Binkley, D. and T. C. Brown. 1993. Forest practices as nonpoiut 
sources of pollution in North America. Water Resources Bulletin 
29:729-740. 

Bisson, P. A., G. G. Ice, C. J. Pen-in, and R. E. Bilby. 1992. Effects 
of forest fertilization on water quality and aquatic resources in the 
douglas-fir region, p. 179-193. In H. N. Chappell, G. F. Weetman, 
and R. E. Miller (eds.) Forest fertilization: sustaining and im- 
proving nutrition and growth of western forests. Institute of Forest 
Resources Contribution 72. University of Washington, Seattle, 
WA, USA. 

Brown, G . W .  1989. Forestry and Water Quality. Oregon State 
University Bookstore. Corvallis, OR, USA. 

Campbell, R. G. f989. Water quality mid-year report. Weyer- 
haeuser Research and Development Report, New Bern Forestry 
Research Station, New Bern, NC, USA. 

The Conservation Foundation. 1988. Protecting America's wet- 
lands: An action agenda. Final Report of the National Wetlands 
Policy Forum. The Conservation Foundation, Washington, DC, 
USA. 

Dahl, T. E. and C. E. Johnson. t 991. Status and trends ofwetlands 
in the coterminous United States, mid-1970s to mid-i  980s. U.S. 
Department of the luterior, Fish and Wildlife Service, Washing- 
ton, DC, USA. 

Ewel, K.C.  1985. Effects of harvesting cypress swamps on water 
quality and quantity. Publ. No. 87, Florida Water Resources Re- 
search Center, University of  Florida. Gainesville, FL, USA. 

Fisher, R. F. 1981. Impact of intensive silviculture on soil and 
water quality in a coastal lowland, p. 299-309. In R. Lal and W. 
W. Russell (eds.) Tropical Agricultural Hydrology. J. Wiley and 
Sons, New York, NY, USA. 

Fromm, J.H. 1992. Jones 5 plantation fertilizerrunoffmonitoring. 
1992. Weyerhaeuser Research and Development Report, New Bern 
Forestry Research Station. New Bern, NC, USA. 

Gosselink. J. G., L. C. Lee, and T. A. Muir. 1990. Ecological 
Processes and Cumulative Impacts Illustrated by Bottomland 
Hardwood Wetland Ecosystems. Lewis Publishers, Chelsea. MI, 
USA. 

Herrmann, R. B. and W. M. White. 1983..roues 5 plantation 
fertilizer runoff monitoring, 1983. Weyerhaeuser Research and 
Development Report, New Bern Forestry Research Station, New 
Bern, NC, USA. 

Hollis, C. A., R. F. Fisher, and W. L. Pritchett. 1978. Effects of 



26 WETLANDS, Volume 14, No. 1, 1994 

some silvicultural practices on soil-site properties in the Lower 
Coastal Plains. p. 585-607. In C. T. Youngberg (ed.) Forest Soils 
and Land Use. Proceedings 5th North American Forest Soils Con- 
ference. Forest and Wood Science, Colorado State University, Ft. 
Collins, CO, USA. 

Jackson, B. D. and J. L. Chambers. 1981. Timber harvesting in 
wetlands. Louisiana State University Division of Continuing Ed- 
ucation, Baton Rouge, LA, USA. 

Knighton, M. D. and J. H. Stiegler. 1981. Phosphorus release 
following clearcutting of a black spruce fen and a black spruce 
bog. p. 677--683, In Proceedings of the Sixth International Peat 
Congress, August 17-23, 1980, Duluth, Minnesota. W. A. Fisher 
Company, Eveleth, MN, USA. 

Lynch, J. A. and E. S. Corbett. 1990. Evaluation of best manage- 
ment practices for controlling nonpoint pollmion from silvicul- 
tural operations. Water Resources Bulletin 26:41-52. 

Lockaby, B. G., F. C. Thornton, R. H. Jones, and R. G. Clawson. 
1994. Ecological responses of an oligotrophic, floodplain forest 
to harvesting. Journal of Environmental Quality (in press). 

Martin, C. W., D. S. Noel, and C. A. Federer. 1984. Effects of 
forest clearcutting in New England on stream chemistry. Journal 
of Environmental Quality 13:204-210. 

McCarthy, E. J. and R. W. Skaggs. 1992. Simulation and evaluation 
of water management systems for a pine plantation watershed. 
Southern Journal of Applied Forestry 16:48-56. 

McClurkin, D. C., P. D. Duffy, S. J. Ursic, and N. S. Nelson. 1985. 
Water quality effects of elearcutting upper coastal plain loblolly 
pine plantations. Journal of Environmental Quality 14:329-332. 

North Carolina Department of Environmental Management. 1989. 
Classification and water quality standards applicable to surface 
waters of North Carolina. North Carolina Administrative Code 
15 NCAC 2B.0100 and 15 NCAC 2B .0200. 

Riekerk, H. 1985. Water quality effects of pine flatwoods silvi- 
culture. Journal of Soil and Water Conservation 40:306-309. 

Shepard, J. P., A. A. Lucier, and L. W. Haines. 1993. Industry and 
forest wetlands: Cooperative research initiatives. Journal of For- 
estry 91:29-33. 

Trettin, C. C. and P. J. Sheets. 1987. Impacts of forest drainage 
on water quality, p. 231-239. In Drainage design and manage- 
ment: Proceedings ofthe 5th national drainage symposium. Amer- 
ican Society of Agricultural Engineers. St. Joseph~ MI, USA. 

Trousdell, K. B. and M. D. Hoover. 1955. A change in ground- 
water level after clearcutting of Ioblolly pine in the coastal plain. 
Journal of Forestry 53:493-498. 

Verry, E.S. 1986. Forest harvesting and water: The Lake States 
experience. Water Resources Bulletin 22:1039-1047. 

Williams, T. M. and D. J. Lipscomb. 1981. Water table rise after 
cutting on coastal plain soils. Southern Journal of Applied Forestry 
5:46-48. 

Williams, T. M. and G. R. Askew. 1988. Impact of drainage and 
McCarthy, E. J., R. W. Skaggs, and P. Farnum. 1991. Experimental 

determination of the hydrologic components of a drained forest 
watershed. Transactions of the American Society of Agricultural 
Engineers 34:2031-2039. 

McCarthy, E. J., J. W. Flewelling, and R. W. Skags. 1992. Hy- 
drologic model for drained forest watershed. Journal of Irrigation 
and Drainage Engineering 118:242-255. 

site conversion of pocosin lands on water quality, p. 213-218. In  
D. D. Hook (ed.) The Ecology and Management of Wetlands, Vol. 
2 Management, Use, and Value of Wetlands. Croom Held, Lon- 
don, UK. 

Manuscript received 6 October 1992; revision received 20 De- 
cember 1993; accepted 11 January 1994. 


