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8.1 Introduction

Most of the world’s 4030 million ha of forested
lands are situated on hilly, mountainous or well-
drained upland landscapes where improved drain-
age is not needed. However, there are millions of
hectares of poorly drained forested lands where
excessively wet soil conditions limit tree growth
and access for harvesting and other manage-
ment activities. Improved or artificial drainage
has been used to improve forest productivity on
such lands substantially. Drainage has increased
timber growth in natural forests and, applied as
a silvicultural practice, enabled harvesting, re-
generation and increased production of planta-
tion forests. Improved drainage is needed in
regions where precipitation exceeds evapotrans-
piration (ET) on lands where natural drainage
processes are not sufficient to remove the excess.
Such conditions frequently occur in northern
climates where ET is low and, in the absence of
adequate natural drainage, soils remain satur-
ated for long periods of time. Drainage may also
be needed in lands that receive runoff and seep-
age from upslope, and in areas subjected to fre-
quent flooding from adjacent streams. Peatlands,
which form under very wet soil conditions, have
been drained extensively to facilitate forest pro-
duction in many parts of the world.

Paavilainen and Pédivinen (1995) presented
a detailed review of the history, methods and
results of forest drainage of peatlands. They date
reports of ditching of peatlands to promote tree
growth to a 1773 Swedish publication and, based
on a review of literature regarding drainage in
Russia, the Baltic countries and Germany, noted
that drainage to increase tree growth was well
known in the region in the mid-19th century.
While statistics documenting forest drainage go
back to the mid-1800s in Sweden, Norway and
Finland, the period of most intensive drainage
activity started during the 1920s and 1930s,
was inactive during World War II, and resumed
in the 1950s and 1960s. In addition to northern
and eastern Europe, drainage has been used in
the British Isles, Canada and the USA as a rela-
tively economical means of increasing forest
productivity (Laine et al., 1995; Paavilainen and
Péividnen, 1995). Trottier (1991) concluded
that, for poorly drained lands, few silvicultural
practices can compete with drainage in terms of
costs per unit increase of forest yield. By 1995
about 15 million ha of northern peatlands and
other wetlands had been drained for forestry
(Laine et al., 1995). More than 90% of these
lands are in Finland, Scandinavia and the former
Soviet Union. The peak of forest drainage activ-
ity in Sweden was in the 1930s when drainage
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was subsidized by the state to improve forest
production while reducing unemployment
(Paavilainen and Pédivinen, 1995). Peltomaa
(2007) reported that 5.5 million ha (more than
20%) of the 26 million ha of forest land in Fin-
land is drained. About 4.5 million ha of the
drained forest is peatlands. Beginning in the
1930s, with the greatest activity in the 1960s
and 1970s, drainage was subsidized by the Finn-
ish government in an effort to increase forest
production. Peltomaa (2007) attributed the
positive influence of drainage as one of the main
reasons for a 40% increase in growing stock dur-
ing the 30-year period 1970-2000. Forest prod-
ucts made up as much as 40% of Finnish exports
in the 1970s and were still 20% of exports in
2005. Tomppo (1999) reported that drainage of
forest lands in Finland had increased annual
tree growth by 10.4 million m? since the begin-
ning of the 1950s. While forest drainage has
been applied on peat soils in Canada (Hillman,
1987), Quebec (Trottier, 1991), Ontario (Stanek,
1977) and Alberta (Hillman and Roberts, 2006),
the area drained there and in northern USA
states is a small fraction of that drained in nor-
thern Europe (Paavilainen and Pédivdnen, 1995).
The evolution of forest drainage in the US
south started with a large-scale drainage project
in the Hoffman Forest in eastern North Carolina in
the 1930s (Fox et al., 2007). Early observations of
improved growth of pine adjacent to drainage
ditches on both mineral and peat soils (Miller and
Maki, 1957; Maki, 1960) led to field trials and
more studies (Terry and Hughes, 1975, 1978),
and finally to widespread drainage of forested wet-
lands. By the mid-1980s, drainage was used to
provide access for harvest and regeneration, and
to improve production on over 1 million ha of
poorly drained forests in the coastal plains of
states along the Atlantic and Gulf of Mexico
(McCarthy and Skaggs, 1992). Expansion of
drainage projects to establish new plantations on
wetland forests ended by 1990 because of con-
cern for their effect on jurisdictional wetlands and
federal regulations for wetland protection. Gov-
ernment support for drainage was also reduced in
other countries. Finland ceased subsidies for new
forest drainage projects in 1992, due mostly to
ecological concerns. However, in recognition of
the economic importance of forest drainage it
continued to subsidize maintenance and reclam-
ation of old drainage systems (Peltomaa, 2007).

While forest drainage activity has been re-
duced substantially compared with 40 years
ago, drainage is responsible for substantial in-
creases in production on millions of hectares of
natural and plantation forests, and the associ-
ated economic and social benefits. Optimum
management and operation of existing drainage
systems, as well as the design and construction
of new systems, is complex since these systems
need to address both production and environ-
mental/ecological goals. An understanding of
the methods and theory of drainage is needed to
optimize drainage systems to achieve competing
objectives. This chapter reviews the impacts of
drainage on forest production and the hydrology
of forested lands.

8.2 Purpose and Impact of Forest
Drainage

The purpose and effects of drainage on forest
production are well documented in the litera-
ture. There are two primary purposes: (i) to en-
able access and provide trafficable conditions
such that planting, harvesting and other field
operations can be conducted on time with min-
imum damage to soil and water resources; and
(ii) to remove excess water from the soil profile to
improve aeration status and promote tree growth.
A related purpose/benefit of forest drainage in
cold climates is to remove water from snowmelt
and warm soils earlier in the season to promote
growth (Peltomaa, 2007).

Both the need for and the effectiveness of
improved subsurface drainage in providing traf-
ficable soil conditions are depicted in Fig. 8.1,
where soil on a poorly drained site (upper right
of the picture, above the road) was severely pud-
dled during the harvest operation. By contrast,
the drainage ditch below and left of the road
lowered the water table and significantly re-
duced compaction and puddling. Soil damage
resulting from harvesting or site preparation
during wet site conditions can reduce growth
rates significantly and may be only partially off-
set by subsequent amelioration (Terry and
Campbell, 1981). Terry and Hughes (1978) dis-
cussed the impacts of drainage on both natural
stands and new pine plantations. They noted
that drainage installation at least 1 year prior to
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Fig. 8.1. Picture of soil conditions after harvesting on a plantation pine site, contrasting subsurface

drainage (left of the road) with that without improved drainage (right of the road). Note severe puddling of
soil in contrast with soil conditions on left of the road, where drainage had been improved. (Photo by Joe
Hughes, 1981.)

harvest extends the logging season and minim-
izes soil damage, and concluded that about half
of the cost of preharvest ditching was offset by
reduced logging and site preparation costs, reduced
site damage and increased site preparation ef-
fectiveness. Use of conventional equipment for
both harvesting and site preparation on un-
drained sites is limited to dry seasons. Drainage
extends the season for harvesting and makes it
possible to conduct needed field operations in a
timely fashion without damaging the soil.
While the impact of drainage on tree
growth and yield has been studied by a number
of researchers over the years (Miller and Maki,
1957; Graham and Rebuck, 1958; Maki, 1960;
Klawitter et al., 1970; White and Pritchett,
1970; Brightwell, 1973; Terry and Hughes,
1975; Trottier, 1991; Hillman and Roberts,
2006; Jutras et al., 2007; Socha, 2012), pub-
lished data on the subject are relatively limited.
A number of articles by Weyerhaeuser scientists
(Terry and Hughes, 1975, 1978; Campbell,
1976; Campbell and Hughes, 1991) reported

results of a programme initiated in 1972 to im-
prove drainage for the production of high-yield
loblolly pine. Results originally summarized for
pine by Terry and Hughes (1975) are given in
Table 8.1, which has been expanded to include
results published in recent years and for other
regions. Results reported by Miller and Maki
(1957), Klawitter et al. (1970), White and Prit-
chett (1970) and Terry and Hughes (1975)
showed that drainage increased annual growth
on very poorly drained mineral soils by 3.6 to
8.9 m’/ha. These results are similar to those re-
ported for peatlands in northern Europe and for
bogs and poorly drained mineral soils in Quebec
(Trottier, 1991). Annual increases in yield were
typically more than 100% and in some cases
much greater (Table 8.1). However, for cases
where trees had negligible volume or rate of growth
prior to drainage, large percentage increases
may not be particularly meaningful (Payandeh,
1973). Growth responses to drainage not only
differed among species, but also among stand
ages. Socha (2012) determined that drainage
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increased yields of Scots pine planted after
drainage of a peatland in Poland by 25%, as
compared with 15 and 6% increases for trees 30
and 40 years old, respectively, at the time of
drainage. Langdon (1976) and Andrews (1993)
reported significant increases of tree growth at
ages 5 and 21 years for a drained loblolly pine
stand in the coastal plain of Virginia, USA. How-
ever, Kyle et al. (2005) reported no significant
tree volume increase for the same site at a stand
age of 33 years. These results may have also
been impacted by the natural drainage condition
of the site. The soils on the site are classified as
‘poorly drained’ as opposed to the ‘very poorly
drained’ soils of most of the other studies. In-
creased ET with stand age could have reduced
the difference of water table depth between
drained and undrained plots and hence the re-
sponse to drainage (Kyle et al., 2005). Hokka
and Ojansuu (2004) found that drainage in-
creased site productivity by over 80% on a pine
fen in northern Finland, but had only a moder-
ate effect on another site with better natural
drainage. In other cases tree growth responded
well to drainage, but narrow ditch spacings were
required to increase yields significantly. Jutras
et al. (2007) found that drainage had little im-
pact beyond 15 m from the ditch in a black
spruce stand in Quebec.

8.3 Drainage Systems and
Their Function

Most forest drainage systems can be character-
ized as one of two types or a combination of the
two: (i) natural or systems that use and often en-
hance existing drainage patterns, branches,
creeks and streams developed as a result of the
watershed topography; and (ii) a grid system of
parallel ditches such as that shown in Fig. 8.2.
Where there is enough relief, natural drainage
systems may provide a sufficient outlet for
needed drainage. Additional ditches may be ne-
cessary to increase drainage intensity (DI) in
some cases, but the basic drainage patterns are
unchanged. The grid pattern is used in broad,
poorly drained areas. Its regular pattern with
relatively straight rows increases efficiency of
site preparation, planting and harvesting. The
drainage system for either a natural forest or a

plantation will often be a combination of both
types (Terry and Hughes, 1978). The drainage
system may also be characterized as to whether
it provides primarily surface drainage, subsur-
face drainage, or a combination of the two. The
system shown in Fig. 8.2 provides primarily sub-
surface drainage through parallel ditches about
1 m deep and typically spaced 100 to 200 m
apart. The tree seedlings are planted on beds,
about 30 cm in height, which provide protection
from flooded conditions and good soil-root con-
tact. The water standing between the beds in Fig.
8.2 is the result of more than 150 mm of rainfall
during a hurricane. In this case the furrows be-
tween the beds are not connected to the ditches;
thus, the intensity of surface drainage is very
low. Although there may be some runoff during
extreme events, annual surface runoff is small
and nearly all of the drainage water is removed
by relatively slow subsurface flow. This has the
advantage of reducing outflow rates from these
watersheds during large storms and of prevent-
ing sediment and associated contaminants from
moving into the ditches and on downstream. It
also tends to keep water from intense runoff-pro-
ducing rainfall events on the site making more
of it available for ET.

For tight soils, subsurface drainage is slow
and surface drainage may be the best option for
removing excess water. In this case the furrows
in Fig. 8.2 would be connected to the ditches
such that most of the surface water would run
off the site during the storm event. The beds
would still provide protection from waterlogging
and the water table would subsequently be
drawn down by ET. Annual surface runoff
would be greatly increased compared with a site
with intensive subsurface drainage, as will be
shown in a later example. The intensity or qual-
ity of surface drainage may be defined as the
average depth of depression storage (i.e. the
average depth of water stored on the surface at
the time surface runoff ceases following a large
rainfall event). For drainage of existing stands,
beds are usually not an option. The intensity of
surface drainage in that case is still dependent
on depressional storage and is generally in-
versely proportional to ditch spacing, but is im-
proved by distributing the ditch spoil such that
entry of surface water is not impeded.

A schematic of the drainage system show-
ing the evolution of the water table and its effect
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Fig. 8.2. Drained pine plantation in the coastal plain of North Carolina, USA. Picture taken 1 day after
rainfall of over 150 mm from hurricane Dennis, August 1981. Beds protect young seedlings from drowning.
Note furrows between beds are not connected to ditches, virtually eliminating surface runoff in all but the
most extreme rainfall events. (Photo by Joe Hughes, 1981.)

on drainage rates following a rainfall event is
given in Fig. 8.3. Drainage rate is plotted as a
function of water table elevation midway be-
tween the drains, m, in Fig. 8.3b. Drainage rates
for specific water table positions 1-6 (Fig. 8.3a)
are denoted in Fig. 8.3b. Exact solutions for this
case may be obtained by numerically solving the
governing equations for combined saturated and
unsaturated flow (Skaggs and Tang, 1976). An
approximate approach is to use a combination of
methods as follows. When the profile is saturated
and water is ponded on the surface (position 1),
the drainage rate may be calculated by equa-
tions developed by Kirkham (1957) (denoted by
DK in Fig. 8.3D). After the depth of surface water
recedes due to drainage and evaporation to a
depth below the top of the beds, water can no
longer move across the surface to the vicinity of
the drains (position 2) and the Kirkham equa-
tion is no longer applicable. Drainage rates con-
tinue to decline as the ponded water drains
through the profile until the water table midway
between the drains is just coincident with the

surface (position 3). At this point the drainage
rate can be estimated with the steady-state
Hooghoudt equation (Bouwer and van Schilf-
gaarde, 1963), which may be written for ditches as:

q=4Km(2d+m)/I?, (8.1)

where ¢ is drainage rate (cm/h), m is midpoint
water table elevation above the drain, K, is the
equivalent lateral hydraulic conductivity of the
profile (cm/h), d is the depth from the drain to
the restrictive layer (cm) and L is the drain spa-
cing (cm) (Fig. 8.3a). For drain tubes used in
agricultural applications an equivalent depth d,
rather than the actual depth, d, is used to com-
pensate for radial head losses near the drain. The
drawdown process as the water table falls from
position 3 to position 4 and finally to drain depth
(position 5) is obviously not steady state but, in
most cases, proceeds slowly, and the drainage
rate can be estimated by the Hooghoudt equa-
tion. The water table may continue to recede
(position 6) due to ET and/or seepage, but the
drainage rate would be zero when the water
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Fig. 8.3. (a) Schematic of a parallel subsurface drainage system with 1 m deep ditches spaced a
distance L apart in a layered soil profile. (b) Drainage rates, g, corresponding to water table (WT)
positions 1 to 6 shown in (a) are plotted as a function of the WT elevation, m, midway between the
ditches. Drainage rates may be limited by the hydraulic capacity, DC, of the outlet, as shown.

table falls below drain depth. The drainage rate
when the water table midway between the
drains is at the surface (position 3) may be de-
fined as the subsurface DI. DI is thus a function
of the drain spacing and depth, and the thick-
ness and hydraulic conductivity of the profile.
The values predicted by the Kirkham and
Hooghoudt equations quantify the rate of water
movement through the soil to the drains for given
water table elevations. Most of the time, the
water table is below the soil surface, drainage
rates follow curve ABC in Fig. 8.3b and may be
calculated with Eqn 8.1 above. The quality or in-
tensity of subsurface drainage for a given site is
typically quantified by the DI as defined above.
However, in some cases the drainage rate may be
limited not by the rate that water will move from

the soil profile to the drain, but by the rate water
will move through the ditch network to the
drainage outlet; that is, by the hydraulic capacity
of the system. The hydraulic capacity is called the
drainage coefficient (DC) and depends on the size
of the area being drained and the capacity of the
outlet works, which is dependent on the size,
slope and hydraulic roughness of the main drain
or, in the case of pumped outlets, the pumping
capacity. For example, let us assume the hy-
draulic capacity is 2.5 cm/day. When the profile
is saturated and water is ponded on the surface
such that it could theoretically drain through the
soil at a rate of DK = 3.0 cm/day (Fig. 8.3b), the
actual rate would be limited by the outlet capacity
to DC = 2.5 cm/day. Once the water table falls to
position 3 in Fig. 8.3b, ¢ = DI = 1.5 cm/day which
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is smaller than DC, so the drainage event would
follow curve ABC from there forward. In this ex-
ample, DI < DC < DK, but DC may be greater than
DK or less than DI, depending on the capacity of
the outlet. For the case where DC is less than DI,
say DC = 1.0 cm/day, the drainage rate for water
table position 3 would be 1.0 cm/day and flow
rates during a drainage event would follow A'BC
in Fig. 8.3b. In this case water would back up in
the ditches, the water table would become flatter
and the flow rate from field to ditch would equili-
brate with the DC.

Subsurface drainage rates may be reduced
by obstructions in the ditches or downstream in
outlet canals. In some cases obstructions such
as weirs may be placed in the ditches to purposely
reduce drainage rates. This practice is called
controlled drainage (CD) and may be applied in
both agricultural and forested lands to conserve
water and reduce nutrient losses. Drainage rates
for these cases may still be calculated with Eqn
8.1 as discussed above, with the value of m in
Fig. 8.3 defined as the distance from the top of
the weir in the ditch to the water table midway
between drains. This approach could also be
used to determine drainage rates when there is
an obstruction or partial fill of the ditch.

The effect of drainage on water table depth
is shown in Fig. 8.4 for a site in eastern North
Carolina, USA. Measured water table depths for
a drained loblolly pine plantation, an undrained
forested wetland and a drained agricultural
cropland are plotted for a 3-year period (1993—
1995). Annual precipitation was 1004 mm
(77% of average) in 1993, about average in
1994 (1284 mm) and 1368 mm in 1995. Very
dry conditions during summer 1993 caused the
water table to recede to depths greater than 1.2
m in the cropland site and to even greater depths
in the deeper-rooted wetland and drained for-
ested sites. The water table in the wetland was at
or above the surface for extended periods in the
winter and spring months of all three years and,
except for the very dry summer 1993, well above
the water tables in both the drained cropland
and managed forest. Drainage from the wetland
was mostly surface runoff, with minor subsur-
face drainage to widely spaced shallow natural
drains. The average water table depth (1.54 m)
on the drained forested site was much deeper
and receded more rapidly than on the cropland
site (0.75 m) or the undrained site (0.55 m).

Drainage is the obvious reason for deeper water
table depths in the forested compared with the
wetland sites. Difference in ET is the reason for
the greater water table depths on the drained
forested versus the cropland site. Rooting depths
are greater and the ET demand continues all
year for the pine forest. The ditch depth was only
0.9 m but ET caused the water table to be drawn
down to a maximum depth of more than 2 m for
the drained forest, compared with only about
1.4 m for the agricultural site.

The response to drainage shown in Fig. 8.4
is in contrast to that reported for less permeable
soils at other locations. For example, Jutras et al.
(2007) reported that while drainage increased
the annual growth rate of the diameter of black
spruce close to the ditches in a peatland, it had
only minor effects more than 15 m from the
ditch. They concluded that narrow ditch spacing
would be necessary to transform unproductive
sites into productive ones. Such differences in re-
sponse to drainage may be partly due to differ-
ences in climate, but are more likely due to
differences in soil properties. The soil property
having the greatest effect on drainage is the
saturated hydraulic conductivity, K (Eqn 8.1).
Paavilainen and Péivinen (1995) presented a
summary of published measurements on a wide
range of undisturbed peat soils. The K values
varied from 4 X 102to 9 x 10®* cm/s (35 to 8 X
10 m/day), with magnitudes generally de-
creasing with increasing decomposition of peat.
Published K values for mineral soils are roughly
dependent on soil texture and vary from about
6 x1072to2 x 10°cm/s (Smedema et al., 2005).
The effect of K on response to drainage is shown
in Table 8.2 for a 3 m deep homogeneous profile
with parallel 0.9 m deep drainage ditches. Re-
sults show that profiles with K, values less than
107° cm/s would have minimal response to sub-
surface drainage. Ditches spaced less than 2 m apart
would be required for DI values of 5 mm/day.
Depending on profile depth, K greater than 10~
cm/s (0.36 cm/h) would be necessary for a typical
forest drainage ditch spacing (40 m or greater)
to result in a DI of just 1 mm/day. For soils with
very low K values, the best alternative may be to
provide drainage to remove surface water so that
the water table can be lowered by ET. This will
make runoff events flashier, but not have a great
effect on annual catchment drainage (Robinson,
1986; Holden et al., 2006).
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Fig. 8.4. Measured water table depths (WTD) for a drained loblolly pine plantation (F3), an undrained
forested wetland (Wet1) and a drained agricultural field (AG3) near Plymouth, North Carolina, USA. Soils
on the three sites (all located within a 3 km radius) are mineral (Portsmouth and Cape Fear sl and scl).

(After Skaggs et al., 2011.)

Table 8.2. Effect of hydraulic conductivity (K_) on
ditch spacing required for drainage intensity (DI) of

5 mm/day and on DI for a 40 m ditch spacing (L).
Calculations made with Egn 8.1 for ditch depth of 0.9 m
and 3 m deep homogeneous soil profile (Fig. 8.3a).

Ditch spacing (m) DI (mm/d)
K, (cm/s) for DI = 5 mm/day for L=40m
10¢ 0.15 0.0001
10°¢ 1.5 0.01
10 15 1
102 150 100

8.4 Long-term Forest Drainage and
Water Management Case Study

A long-duration watershed-scale study of forest
drainage was conducted at the Carteret 7 site in
Carteret County, North Carolina, USA. Initiated
in 1986, the research site consists of three artifi-
cially drained experimental watersheds (D1, D2
and D3), each about 25 ha in size. Deloss fine
sandy loam soil on the site is classified as very
poorly drained with a shallow water table under
natural conditions; the topography is nearly flat

with slopes less than 0.1%. Each watershed is
drained by four parallel lateral ditches about 1.2 m
deep, spaced 100 m apart. A pump was installed
on the outlet ditch to provide a reliable drainage
outlet so that flow measurements could be made
and water quality samples collected with min-
imum interference from elevated water levels in
the outlet canal. The site was instrumented and
water table and outflow data collection began in
1988 when the loblolly pine trees were 15 years
old. Watershed D1 was maintained as the con-
trol with standard drainage practices from 1988
through 2009. Paired watershed studies were
conducted to determine the hydrological and
water quality impacts of several silvicultural and
water management practices over the 21-year
period 1988-2008.

After a 2-year calibration period, CD treat-
ments were implemented on watersheds D2 and
D3 to evaluate the impacts on water balance and
storm event hydrology (Amatya et al., 1996,
2000). In 1995, watershed D2 was harvested to
study the impacts of harvesting, site preparation
and regeneration on hydrology and water qual-
ity. At the same time, an orifice weir was installed
on watershed D3 to study the performance of a
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weir arrangement that would extend drainage
flow events and reduce peak flow rates (Amatya
etal., 2003). Watershed D3 was thinned in 2002
to study the impact of thinning on hydrology and
drainage water quality (Amatya and Skaggs,
2008). The 21-year data set collected on the site
was used to develop and test simulation models
for predicting the hydrology of drained forested
watersheds under the treatments referenced
above.

8.4.1 General hydrology

Observations on the Carteret 7 watersheds indi-
cated that the principal hydrological compo-
nents for drained forested watersheds in the
coastal plain are rainfall, ET and subsurface
drainage. These processes are dominated by
shallow water tables that result from the com-
bination of very low relief, micro-topography
that produces high surface detention storage,
and aquitards within a few metres of the sur-
face. A restrictive layer that begins at an average
depth of about 2.8 m limits vertical seepage,
which was estimated to be less than 3% of pre-
cipitation (Amatya et al., 1996). Surface depres-
sional storage is large on the bedded watersheds
causing surface runoff to be small and, except
for large tropical storms and hurricanes, negli-
gible. Analysis of data for a 17-year period
(1988-2005) on the control watershed (D1)
showed that annual rainfall ranged from 852 to
2331 mm with an average of 1538 mm (Amatya
and Skaggs, 2011). The large range in annual
rainfall resulted from tropical storms and hurri-
canes in some years and drought in others. The
annual runoff coefficient, defined as the ratio of
outflow to rainfall, averaged 0.32 for the 17-
year period. It ranged from 0.05 in the very dry
year 2001 to 0.56 in the year of highest rainfall,
2003. Outflow on these watersheds is primarily
subsurface flow to drainage ditches. Outflow
rates were greater, more continuous and longer
in duration in winter than in other seasons.
Winter outflow was 59% of rainfall on average.
The water table tended to be close to the surface
during winter and early spring when ET de-
mands are low, and during summer when hurri-
canes and tropical storms produced large
outflows. However, it was drawn down to depths

much deeper than the ditch depth during long
dry periods in the summer and autumn. Annual
ET, calculated as the difference between rainfall
and outflow, averaged 1005 mm, which was
close to the Penman—Monteith based average
annual potential ET for a grass reference.

8.4.2 Effects of controlled drainage on
hydrology of drained pine plantations

The DI needed for agricultural and silvicultural
production varies with season and stage of the
production cycle. For plantation forest the most
critical stage is during harvest, site preparation
for planting, and in the first years after planting
when the seedlings require protection from high
water table and excessive soil water conditions.
ET is reduced during the seedling and early stage
of growth, so drainage to lower the water table
and provide suitable conditions for tree growth is
more critical than later in the production cycle.
For similar reasons, drainage is more critical in
winter than in summer when the water table
may be relatively deep due to ET alone (e.g. Fig. 8.4).
Drainage in excess of that needed should be
avoided as it removes water that could be used by
the growing trees. Drainage can be reduced or
managed on a temporal basis through the pro-
cess of CD. CD may be applied in forested lands
by the installation of a weir in the drainage out-
let ditch such that the water level in the ditch
must exceed the elevation of the weir for drain-
age water to leave the system.

Watershed D1 was maintained in conven-
tional drainage with the weir level 1 m below the
surface. CD to conserve water during the grow-
ing season was practised on D2 and CD to reduce
drainage outflows during the spring was applied
on D3. Results from the 3-year treatment period
indicated that CD increased both ET and seepage
and reduced outflows from D2 and D3 by 25 and
20 %, respectively, compared with the conven-
tional drainage (Amatya et al., 1996). The CD
treatment on watershed D2 resulted in rises in
water table elevations during the summer. But
the rises were small and short-lived due to in-
creased ET rates as compared with the spring
treatment with lower ET demands. Spring-time
CD on watershed D3 also reduced freshwater
outflows substantially, minimizing off-site water
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quality impacts. CD significantly reduced storm
outflows for all events, and peak outflow rates for
most events. In some events, flows did not occur
at all in watersheds with CD. When outflows oc-
curred, duration of the event was reduced
sharply because of reduced effective ditch depth.
While sediment and nutrient transport from
these flat forested watersheds is low compared
with other land uses (Chescheir et al., 2003), CD
was effective in reducing those loads to surface
waters (Amatya et al., 1998).

8.4.3 Effect of harvesting, bedding and
planting on hydrology

Watershed D2 was harvested in July 1995 at a
stand age of 21 years. Continuous flow and
water table records were analysed to determine
the hydrological effects and their change with
time after replanting. The biggest effect of har-
vesting is the removal of growing plants, which
substantially reduces ET. This reduced water
table depth and increased drainage outflow and
runoff coefficient compared with the control
(D1), which was not harvested. Harvesting and
regeneration reduced annual ET by 28% and in-
creased outflow by 49% during the 5-year period
1995-1999 (Skaggs et al., 2006). The average
runoff coefficient for the period was increased
from 0.32 to 0.51. Analysis of the long-term
flow and water table data indicated that differ-
ences in both drainage outflows and water table
depths between D2 and the control (D1) had re-
turned to normal by 2004, 7 years after replant-
ingin 1997.

Hydrological data collected in the Carteret
7 studies provided clear evidence that land use

and operations such as harvesting and site prep-
aration for new planting may substantially im-
pact soil properties that may also result in
further hydrological changes. Recorded water
table and drainage flow data were analysed to
determine the relationship between g and m (e.g.
Fig. 8.3b) for various stages of the production
cycle. The measured g(m) relationship was used
with Eqn 8.1 to calculate the field effective satur-
ated hydraulic conductivity for a range of water
table elevations (m). Then the field effective sat-
urated hydraulic conductivity was determined
for the three principal layers of the soil profile
above the restrictive horizon. Results are sum-
marized in Table 8.3.

Results indicate that the field effective hy-
draulic conductivity (K) in the top 80 cm of the
soil profile prior to harvest of the 21-year-old
loblolly pine was 20 to 30 times greater than
values given in the county soil survey for the
Deloss soil series. The K value of 1.6 m/day for
depths greater than 80 cm was apparently un-
affected as it remained within the range given in
the soil survey for Deloss throughout the prehar-
vest to postharvest period. The high K values in
the shallower layers are attributed to the pres-
ence of large pores that result from tree roots
and biological activity that is uninterrupted for
many years in a forest. Similar high K values
were reported for an organic soil on the Parker
tract in eastern North Carolina (Grace et al.,
2006) and for a mineral soil on the same tract
(Skaggs et al., 2011). All sites were in plantation
forest. Hydraulic conductivity (K) determin-
ations based on water table and drainage out-
flow measurements after harvest in 1995, but
prior to site preparation for the new plantation
in October 1996 (postharvest in Table 8.3),
were the same as obtained for the preharvest

Table 8.3. Field effective hydraulic conductivity (m/day) by layer for the soil profile on Carteret 7 watershed
D2 prior to and following harvest, bedding and planting. Transmissivity (T) of the soil profile is also shown.
Values published in the county soil survey for Deloss soil series on the site are given in parentheses for
reference and are considered typical for agricultural land uses. (After Skaggs et al., 2006.)

D2
Depth (cm) K, Deloss soil survey  Preharvest Postharvest Post bedding 7 years post planting
0-50 3.6 (1.2-3.6) 60 60 3.6 50
50-80 1.6 (0.36-1.6) 55 55 1.6 20
80-280 1.6 (0.36-1.6) 1.6 1.6 1.6 1.6
T (m?/d) 5.5 50 50 5.5 34
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condition. However, after bedding and planting,
drainage rates were substantially reduced and
the field effective K values determined from field
data after bedding were in good agreement with
the range of values published in the soil survey
(Table 8.3). Apparently the bedding process des-
troyed the macropores in the surface layers such
that the profile had effective K values similar to
that expected for agricultural land use. These re-
sults indicate that K values needed for drainage
design on plantations can be estimated from soil
survey data. These values may be conservative
as field effective K values in the top part of the
profile may increase as the trees grow, only to re-
turn to original values after harvest and site
preparation for new plantings. Other studies
have found that drainage may change soil phys-
ical properties (possibly reducing K), through
subsidence and compaction, and chemical prop-
erties, including decreased pH (Minkkinen et al.,
2008), decomposition rates of soil organic matter
(Domisch et al., 2000) and soil C stock (Minkkinen
and Laine, 1998; Laiho, 2006).

8.5 Application of a Forest
Drainage Simulation Model

Computer models can be applied for simulating
hydrological processes and their interactions in
drained forests. The models include DRAINMOD
(Skaggs et al., 2012), FLATWOODS (Sun et al.,
1998), SWAT (Arnold et al., 1998) and MIKE
SHE (Abbott et al., 1986). As an example, an ap-
plication of DRAINMOD is presented to illustrate
impacts of subsurface DI on forest hydrology.
DRAINMOD was developed in the 1970s to de-
scribe the performance of agricultural drainage
systems. It is based on a water balance in the soil
profile and uses the methods discussed in Section
8.3 to calculate drainage rates. Components of
the water balance are simulated on an hourly
basis for several years of weather record. The
model used here is DRAINMOD-FOREST (Tian
et al., 2012, 2014), an enhanced version of
DRAINMOD for forested landscapes; the model is
briefly described in Chapter 9 (this volume).
Simulations were conducted for the Deloss soil
on the Carteret 7 site with mid-rotation (age
15 years) pine for DI ranging from 0.5 to 32 mm/
day (corresponding to ditch spacing varying

from 800 to 100 m), while other parameters were
kept the same as in Tian et al. (2012). Results of the
simulations show the effects of drainage system
design on drainage objectives and the hydrology of
drained watersheds. The effect of DI on average
number of days with soil water and weather condi-
tions suitable for field work is shown in Fig. 8.5a for
three different periods of the year. A day was
counted as a working day if the predicted water
table depth was at least 0.6 m and the precipitation
during the day was less than 10 mm. The number
of working days increases sharply with increase of
DI from 0.5 to 8 mm/day (Fig. 8.5a). Based on these
results, a DI of between 5 and 8 mm/day would be
recommended for this location. This would provide
an average of 55 to 65 working days suitable for har-
vesting and site preparation during January—March,
the wettest 90 days of the year. A DI of 5 to 8 mm/
day is less than half of that required for agricultural
production, which is about 15 mm/day for eastern
North Carolina (Skaggs, 2007).

The effect of DI on average annual outflow
for the 21-year simulation period (1988-2008)
is shown in Fig. 8.5b. Results are shown for sur-
face depression storages of 150 mm (characteris-
tic of a bedded surface as shown in Fig. 8.2) and
25 mm, which is the minimum expected surface
storage on either natural or non-bedded planta-
tion forests on these nearly flat lands. For the bed-
ded condition, average annual predicted
subsurface drainage varied from a low of 420 mm
for DI = 0.5 mm/day to 510 mm for DI = 32 mm/
day. That is, the large majority of outflow from
these bedded lands occurs as subsurface flow,
even for wide ditch spacing and low DI. This isnot
the case when surface storage is small (25 mm). In-
creasing the DI from 0.5 to 32 mm/day for that
case decreased predicted average annual surface
runoff from 390 to 30 mm and increased annual
subsurface drainage from 60 to 480 mm (Fig.
8.5b). Increasing the DI reduced predicted aver-
age annual ET and increased total outflow by
about 60 mm (4% of annual precipitation) for
both surface storage values considered. The 60 mm
predicted increase in annual flow is about the
same as reported by Robinson (1986) following
the installation of a dense network of 0.5 m deep
plough ditches on upland clay and peat soils in
northern England. Drainage outflows accounted
for about two-thirds of precipitation and ET one-
third — almost exactly the reverse of the situation
at Carteret where drainage accounts for about
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Fig. 8.5. (a) Effect of drainage intensity (DI) on predicted average number of days suitable for harvesting
and site preparation during indicated periods. (b) Effect of subsurface DI on annual average drainage and

surface runoff for average surface depression stora
21-year DRAINMOD-FOREST simulations for a De!
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one-third of annual rainfall and ET roughly two-
thirds. While the magnitude of increase in out-
flows was about the same as predicted for
Carteret, the mechanisms were very different.
The dense network of shallow ditches on the
England site increased baseflows, quickly re-
moved surface runoff, and increased peak flow
rates and sediment loss. However, except for the
zone very close to the ditch, drainage had limited
effect on soil moisture (Robinson, 1986).

8.6 Summary

Drainage is used to improve access and yields on
a small percentage of the world’s forested lands.

ges (S) of 15 cm and 2.5 cm. Results predicted by
loss sandy loam in Carteret County, North Carolina,

However, it has had a big impact on the millions
of hectares on which it is applied. Drainage has
increased timber yields on poorly drained peat-
lands and mineral soils in northern Europe, Can-
ada and the southern USA. Substantial yield
responses to drainage have been reported on
both natural and plantation forests, with typical
annual increases of 2 to 8 m*/ha. In some cases
yields have not responded to drainage due to cli-
mate, soil physical properties or fertility issues.
First applied in the mid-1700s, forest drainage
has a long history with the most active periods in
the 1930s and from 1950 to about 1985. In recent
years forest drainage has been de-emphasized
because of concerns about its effects on ecology,
biodiversity and related environmental issues.
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Government programmes to subsidize forest
drainage have been phased out in most coun-
tries, and new drainage projects to enhance for-
est production on wetland soils have been greatly
reduced or effectively terminated by regulations
to protect wetlands. In most countries exemp-
tions to the regulations or special government
programmes allow replanting on, and continued
maintenance of, existing forest drainage sys-
tems. It is perhaps unreasonable to assume that
the needs for wood and wood products for over
7 billion people can be provided without some
ecological and environmental costs. Recogniz-
ing that, in spite of regulations limiting forest
drainage, drained forests are here to stay,
Lohmus et al. (2015) suggested:

Forest drainage can be seen as a scientifically
exciting case for ecosystem management which
must use novel approaches to reconcile timber
production, water management and biodiversity
conservation in functional forest-wetland
mosaics and their hydrological networks.

Research has increased our understanding of
the impacts of forest drainage and the response
of hydrology, soils and tree growth to their design
and management. For some cases, it is possible
to control drainage outlets to conserve water
during periods when drainage is not needed and
remove excess water when it is. Simulation
models have been developed for predicting, on
a day-to-day basis, the effects of drainage man-
agement on hydrology, primary productivity,
water quality and C stock. Their reliability and
range of application will likely improve as we go
forward. Future models may be run in real time
to manage drainage on wetland forests to enhance
both production and ecological objectives. While
it may not be possible to economically produce
timber and other forest products on forested wet-
lands without some impact on biodiversity and
the environment, to do so in ways that create a
sustainable balance between economic and en-
vironmental/ecological objectives appears to be a
reasonable and achievable goal.

References

Abbott, M.B., Bathurst, J.C., Cunge, J.A., O’Connell, PE. and Rasmussen, J. (1986) An introduction to the
European Hydrological System — Systeme Hydrologique Europeen, ‘SHE; 2: structure of a physically-
based, distributed modelling system. Journal of Hydrology 87, 61-77.

Amatya, D.M. and Skaggs, R.W. (2008) Effects of thinning on hydrology and water quality of a drained pine
forest in coastal North Carolina. In: Tollner, E.W. and Saleh, A. (eds) 27st Century Watershed Technol-
ogy: Improving Water Quality and Environment Conference Proceedings, 29 March-3 April 2008,
Concepcion, Chile. ASABE Publication No. 701P0208cd. ASABE, St Joseph, Michigan.

Amatya, D.M. and Skaggs, R.W. (2011) Long-term hydrology and water quality of a drained pine plantation
in North Carolina. Transactions of the ASABE 54, 2087—2098.

Amatya, D.M., Skaggs, R.W. and Gregory, J.D. (1996) Effects of controlled drainage on the hydrology of
drained pine plantations in the North Carolina coastal plain. Journal of Hydrology 181, 211-232.
Amatya, D.M., Gilliam, J.W., Skaggs, R.W., Lebo, M.E. and Campbell, R.G. (1998) Effects of controlled

drainage on forest water quality. Journal of Environmental Quality 27, 923-935.

Amatya, D.M., Gregory, J.D. and Skaggs, R.W. (2000) Effects of controlled drainage on storm event hydrology
in a loblolly pine plantation. Journal of the American Water Resources Association 36, 175—190.
Amatya, D.M., Skaggs, R.W., Gilliam, J.W. and Hughes, J.H. (2003) Effects of orifice-weir outlet on hydrology

and water quality of a drained forested watershed. Southern Journal of Applied Forestry 27, 130—142.

Andrews, L.M. (1993) Loblolly pine response to drainage and fertilization of hydric soils. MS thesis, Virginia
Polytechnic Institute and State University, Blacksburg, Virginia.

Arnold, J.G., Srinivasan, R., Muttiah, R.S. and Williams, J.R. (1998) Large area hydrologic modeling and as-
sessment part I: model development. Journal of the American Water Resources Association 34, 73-89.

Bouwer, H. and van Schilfgaarde, J. (1963) Simplified method of predicting fall of water table in drained
land. Transactions of the American Society of Agricultural Engineers 6, 288-291.

Brightwell, C.S. (1973) Slash Pine Plantations Respond to Water Control. Woodland Research Note No. 26.

Union Camp Corporation, Franklin, Virginia.

Campbell, R.G. (1976) Drainage of lower coastal plain soils. In: Proceedings of the Sixth Southern Forest
Workshop. Southern Forest Soils Council, Charleston, South Carolina, pp. 17-27.
Campbell, R.G. and Hughes, J.H. (1991) Impact of forestry operations on pocosins and associated wet-

lands. Wetlands 11, 467—-479.



Forest Drainage 139

Chescheir, G.M., Lebo, M.E., Amatya, D.M., Hughes, J., Gilliam, J.W., Skaggs, R.W. and Herrmann, R.B.
(2003) Hydrology and Water Quality of Forested Lands in Eastern North Carolina. Research Bulletin
No. 320. North Carolina Agricultural Research Service, Raleigh, North Carolina.

Domisch, T., Finer, L., Laiho, R., Karsisto, M. and Laine, J. (2000) Decomposition of Scots pine litter and the
fate of released carbon in pristine and drained pine mires. Soil Biology and Biochemistry 32, 1571—1580.

Fox, T.R., Jokela, E.J. and Allen, H.L. (2007) The development of pine plantation silviculture in the southern
United States. Journal of Forestry 105, 337-347.

Grace, J.M., Skaggs, R.W. and Chescheir, G.M. (2006) Hydrologic and water quality effects of thinning lob-
lolly pine. Transactions of the ASABE 49, 645—654.

Graham, B.F. and Rebuck, A.L. (1958) The effect of drainage on the establishment and growth of pond pine
(Pinus serotina). Ecology 39, 33-36.

Hillman, G.R. (1987) Improving Wetlands for Forestry in Canada. Information Report NOR-X-288. Northern
Forestry Centre, Canadian Forestry Service, Edmonton, Alberta, Canada.

Hillman, G.R. and Roberts, J.J. (2006) Tamarack and black spruce growth on a boreal fen in central Alberta
9 years after drainage. New Forests 31, 225-243.

Holden, J., Evans, M.G., Burt, T.P. and Horton, M. (2006) Impact of land drainage on peatland hydrology.
Journal of Environmental Quality 35, 1764—-1778.

Hokka, H. and Ojansuu, R. (2004) Height development of Scots pine on peatlands: describing change in
site productivity with a site index model. Canadian Journal of Forest Research-Revue Canadienne De
Recherche Forestiere 34, 1081-1092.

Jutras, S., Begin, J., Plamondon, A.P. and Hokka, H. (2007) Draining an unproductive black spruce peat-
land stand: 18-year post-treatment tree growth and stand productivity estimation. Forestry Chronicle
83, 723-732.

Kirkham, D. (1957) Theory of land drainage. In: Luthin, J.N. (ed.) Drainage of Agricultural Lands. American
Society of Agronomy, Madison, Wisconsin, pp. 139-181.

Klawitter, R.A., Young, K.K. and Case, J.M. (1970) Potential Site Index for Wet Pineland Soils of the Coastal
Plain. USDA Forest Service, State and Private Forestry, Southeast Area, Atlanta, Georgia.

Kyle, K.H., Andrews, L.J., Fox, T.R., Aust, W.M., Burger, J.A. and Hansen, G.H. (2005) Long-term effects of
drainage, bedding, and fertilization on growth of loblolly pine (Pinus taeda L.) in the coastal plain of
Virginia. Southern Journal of Applied Forestry 29, 205-214.

Laiho, R. (2006) Decomposition in peatlands: reconciling seemingly contrasting results on the impacts of
lowered water levels. Soil Biology and Biochemistry 38, 2011-2024.

Laine, J., Vasander, H. and Laiho, R. (1995) Long-term effects of water level drawdown on the vegetation of
drained pine mires in southern Finland. Journal of Applied Ecology 32, 785-802.

Langdon, O.G. (1976) Study of Effects of Clearcutting, Drainage, and Bedding of Poorly Drained Sites on
Water Table Levels and on Growth of Loblolly Pine Seedlings. Progress Report. USDA Forest Service
Government Printing Office, Washington, DC.

Léhmus, A., Remm, L. and Rannap, R. (2015) Just a ditch in forest? Reconsidering draining in the context
of sustainable forest management. Bioscience 65, 1066—1076.

Maki, T.E. (1960) Improving site quality by wetland drainage. In: Burns, P.Y. (ed.) Southern Forest Soils,
Proceedings of the Annual Forestry Symposium. Louisiana State University Press, Baton Rouge, Louisiana,
pp. 106—-114.

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

Miller, W.D. and Maki, T.E. (1957) Planting pines in pocosins. Journal of Forestry 55, 659—-663.

Minkkinen, K. and Laine, J. (1998) Long-term effect of forest drainage on the peat carbon stores of pine
mires in Finland. Canadian Journal of Forest Research 28, 1267-1275.

Minkkinen, K., Byrne, K.A. and Trettin, C. (2008) Climate impacts of peatland forestry. In: Strack, M. (ed.)
Peatlands and Climate Change. International Peat Society, Jyvaskyla, Finland. pp. 98—122.

Paavilainen, E. and Paivéanen, J. (1995) Peatland Forestry — Ecology and Principles. Springer, New York.

Payandeh, B. (1973) Analysis of a forest drainage experiment in northern Ontario. I: Growth analysis.
Canadian Journal of Forest Research 3, 387-398.

Peltomaa, R. (2007) Drainage of forests in Finland. /rrigation and Drainage 56, S151-S159.

Robinson, M. (1986) Changes in catchment runoff following drainage and afforestation. Journal of Hydrology
86, 71-84.

Skaggs, R.W. (2007) Criteria for calculating drain spacing and depth. Transactions of the ASABE 50,
1657-1662.



140 R.W. Skaggs et al.

Skaggs, R.W. and Tang, Y.K. (1976) Saturated and unsaturated flow to parallel drains. Journal of Irrigation
and Drainage Division, ASCE 102, 221-238.

Skaggs, R.W., Amatya, D., Chescheir, G.M., Blanton, C.D. and Gilliam, J.W. (2006) Effect of drainage and
management practices on hydrology of pine plantation. In: Williams, T. (ed.) Hydrology and Manage-
ment of Forested Wetlands: Proceedings of the International Conference. American Society of Agri-
cultural and Biological Engineers, St Joseph, Michigan, pp. 3—14.

Skaggs, R.W., Chescheir, G.M., Fernandez, G.P., Amatya, D.M. and Diggs, J.D. (2011) Effects of land use
of soil properties of drained coastal plains watersheds. Transactions of ASABE 54, 1357—1365.
Skaggs, R.W., Youssef, M.A. and Chescheir, G.M. (2012) DRAINMOD: model use, calibration, and valid-

ation. Transactions of the ASABE 55, 1509-1522.

Smedema, L.K., Vlotman, W.F. and Rycroft, D.W. (2005) Modern Land Drainage: Planning, Design and
Management of Agricultural Drainage Systems, 2nd edn. Taylor & Francis, Delit, the Netherlands.

Socha, J. (2012) Long-term effect of wetland drainage on the productivity of Scots pine stands in Poland.
Forest Ecology and Management 274, 172—180.

Stanek, W. (1977) Ontario clay belt peatlands — are they suitable for forest drainage? Canadian Journal of
Forest Research 7, 656-665.

Sun, G., Riekerk, H. and Comerford, N.B. (1998) Modeling the forest hydrology of wetland-upland ecosys-
tems in Florida. Journal of the American Water Resources Association 34, 827-841.

Terry, T.A. and Campbell, R.G. (1981) Soil management considerations in intensive forest management. In:
Proceedings of the Symposium on Engineering Systems for Forest Regeneration. American Society
of Agricultural Engineers, St Joseph, Michigan, pp. 98—106.

Terry, T.A. and Hughes, J.H. (1975) The effects of intensive management on planted loblolly pine (Pinus
taeda L.) growth on poorly drained soils of the Atlantic Coastal Plain. In: Bernier, B. and Winget, C.H.
(eds) Forest Soils and Forest Land Management, Proceedings of the Fourth North American Forest
Soils Conference. Les Presses de I'Universite Laval, Quebec, Canada, pp. 351-377.

Terry, T.A. and Hughes, J.H. (1978) Drainage of excess water: why and how? In: Balmer, W.E. (ed.) Pro-
ceedings of the Soil Moisture-Site Productivity Symposium. USDA Forest Service, Southeastern
Area, State and Private Forestry, Atlanta, Georgia, pp. 148—166.

Tian, S., Youssef, M.A., Skaggs, R.W., Amatya, D.M. and Chescheir, G.M. (2012) DRAINMOD-FOREST:
integrated modeling of hydrology, soil carbon and nitrogen dynamics, and plant growth for drained
forests. Journal of Environmental Quality 41, 764—782.

Tian, S., Youssef, M.A., Amatya, D.M. and Vance, E.D. (2014) Global sensitivity analysis of DRAINMOD-
FOREST, an integrated forest ecosystem model. Hydrological Processes 28, 4389-4410.

Tomppo, E. (1999) Forest resources in Finnish peatlands in 1951-1994. International Peat Journal 9, 38—44.

Trottier, F. (1986) Accroissement de certains peuplements forestiers attribuable a la construction de cours
d’eau artificiels. In: Textes des Conférences Présentée au Colloque sur le Drainage Forestier. Ordre
des Ingenieurs Forestiers du Québec, Québec, Canada, pp. 66-84.

Trottier, F. (1991) Draining wooded peatlands: expected growth gains. In: Jeglum, J.K. and Overend, R.P.
(eds) Proceedings of the International Symposium on Peat and Peatlands Diversification and Innov-
ation, Quebec City, Quebec, Canada. Peatland Forestry, Vol. 1. Canadian Society for Peat and Peatlands,
Dartmouth, Nova Scotia and Echo Bay, Ontario, Canada, pp. 6-10.

Walker, L.C., Daniels, J.M. and Daniels, R.L. (1961) Flooding and drainage effects on slash pine loblolly
pine seedlings. Faculty Publication Paper No. 363. Available at: http://scholarworks.sfasu.edu/forestry/363
(accessed 3 April 2016).

White, E.H. and Pritchett, W.L. (1970) Water Table Control and Fertilization for Pine Production in the Flat-
woods. Technical Bulletin No. 743. Agricultural Experiment Station. University of Florida, Gainesville,
Florida.





