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Introduction 
 

Compared to upland forests, wetland forests and swamps1 have generally poor tree growth 

due to inadequate oxygen in the rooting zone caused by persistently high water table levels 

(Westman and Laiho 2003, Dahl and Zoltai 1997). The problem is intensified when wetland 

forests are harvested. This generally results in paludification, that consequently raises the water 

table level and further negatively affects tree growth (Paavilainen and Paivanen 1995, Paré and 

Bergeron 1995; Harper et al. 2002, 2003). According to the review by Lavoie et al. (2005), 

waterlogged condition through paludification (Joosten and Clarke 2002) causes colonization of 

mosses and Sphagnum on the forest floor, further reducing the soil aerated zone and nutrient 

turnover (Payette 2001; Taylor et al. 1987; Larson et al. 1982). 

Drainage is widely used in the northern hemisphere to increase oxygen availability in the 

surface organic layer and timber growth by removing excess water from the rooting zone 

(Paavilainen and Paivanen 1995). About 14 to15 million hectares of wetlands globally have been 

drained for forestry in the boreal and temperate zones, mainly in Finland (Paivanen 1997). 

Drainage experiments are very recent in Canada (Paivanen 1997) compared to Nordic countries 

or Russia that started using drainage as a forest management technique in the early 20th century 

(Paivanen and Paavilainen, 1995). Only a few and geographically restricted studies have been 

conducted to look at the influence of drainage on belowground C storage and C balances in 

forested wetlands. 

Drainage improves oxygen availability in the soils with lowering water-table level (Belleau 

et al. 1992; Hillman 1992; Silins and Rothwell 1999) and increases soil macro-porosity (Silins 

and Rothwell 1999; Roy et al. 2000b). Increasing the aeration of the soil may increase root 

metabolism and growth and change the vegetation composition and structure.  It can also 

increase populations of aerobic decomposers and microbial biomass which further affect 

mineralization of nutrients, organic matter decomposition and CO2 efflux. Each of these changes 

will affect carbon balance, net primary production and growth of the forest. 

Improved tree and regeneration growth and biomass following drainage have been reported in 

many studies (Payandeh 1973a; Dang and Leiff1989, Macdonald and Yin 1999; Minkkinen et al 

1999; Roy et al. 1999, 2000). Water-level drawdown is shown to initiate a forest succession from 
                                                 
1 A swamp, by the North American definition, is a wetland dominated by trees or tall shrubs, on either mineral or 
organic soils, that is influenced by minerotrophic groundwater.  
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sites originally dominated by sphagnum and graminoids towards arboreal vegetation type in two 

decades (Laiho and Vasander 2003; Minkkinen et al. 1999; Laine et al. 1995a, 1995 b). The level 

of impact is positively correlated with the nutrient status of the site (Minkkinen et al. 1999; Laine 

et al. 1995b; Korpela 1999).  

The role of drainage in wetland forests in sequestering atmospheric CO2 and global 

warming remains uncertain. Enhanced populations of aerobic decomposers (Chmielewski 1991) 

and heterotrophic respiration (Minkkinen and Laine, 1998) due to increased oxidation status after 

draining the soil have been suggested to be the reason for higher CO2 emissions in some cases 

(Byrne and Farrell 1997; Silvola et al. 1996a; Glenn et al. 1993). Nevertheless, these losses may 

be offset by CO2 sequestration in biomass (Byrne and Farrell 2000). It is suggested that the 

increase in aboveground and belowground C storage in wetland forests compensates for the 

increase in peat mineralization after drainage (Byrne and Farrell 2005; Hargreaves et al. 2003; 

Martikainen et al 1995). Martikainen et al. (1995) found that the effects of drainage on gas fluxes 

and C store depended on the trophy of the original mires rather than the drainage itself. They 

found minor influences of drainage on the annual emissions of CO2, CH4 and N2O at the fen sites 

with a growing a tree stand. Thus, the general belief that drainage of peatlands always makes 

them sources of C to the atmosphere is not correct. Also, studies of in-situ organic matter 

decomposition in wetland forests have often shown that losses from litter, fine root or needles, 

were not clearly affected by drainage (Laiho et al. 2004; Domisch et al. 2000; Minkkinen et al. 

1999; Lieffers et al. 1988). 

Primary production and biomass are increased after drainage in most cases (Laiho and 

Finer 1996; Laiho and Laine 1997). The C stores of pine mires in Finland increased by 5.9 ± 14.4 

kg.m-2 over 60 years after drainage but it varied between and within mires (Minkkinen and Laine 

1998). The change in the C balance of both the soil and the whole ecosystem largely depends on 

the relation between the rates of C input via the trees and decomposition of previously 

accumulated peat C (Domitsch et al 2000; Minkkinen and Laine 1996; Martikainen et al. 1995; 

Cannell et al. 1993). The results of studies on the effects of drainage on dissolved organic C have 

also been inconsistent (Johnson et al. 1996; Laine et al. 1995b). 

Most of the drainage-related studies carried out in Canada have focused on hydrological 

aspects of drainage in forested peatlands and the impacts on regeneration and stand growth in 

black spruce forests of eastern Canada (Lieffers and MacDonald 1990; Berry and Jeglum 1991; 
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Belleau et al. 1992; Sundstrom and Jeglum 1992; Hillman 1992 ; Rothwell et al. 1996; Prevost et 

al. 1997, Roy et al. 1999). In western Canada, extensive portions of the productive forest land 

base in coastal British Columbia display below-average timber productivity. This is believed to 

result from excess soil water and consequent poor drainage coupled with high levels of 

precipitation or over-land flow (van Niejenhuis and Barker 2002); yet no studies were found that 

assess drainage as a potential solution for the poor forest productivity. In this study we present 

the results of drainage on carbon store in organic layers and the vegetation in a cedar-swamp 

forest on northern Vancouver Island. Based on conclusions from other drainage trials, we 

hypothesize that drainage changes the composition of plant species, and increases tree growth, 

CO2 flux, microbial biomass, and the soil carbon storage. 

 

 

Methods and materials 

Study Site 

The study site was located on the Suquash flats on northern Vancouver Island, Canada (50º 

38’N, 127º 15’E). The Suquash is a coal-bearing sub-basin within the Georgia basin. The basin is 

composed of by Crystalline basement rocks of ‘Triassic and Jurassic age with sediments of 

sandstone, some shale, and minor amounts of conglomerate and coal (Kenyon 1991). Erosion of 

the soft Cretaceous sedimentary beds has produced the low-lying topography within the Suquash 

Basin. Ponded water in depressions covers more than 30 percent of the area throughout much of 

the year (van Niejenhuis et al. 2003). The site is classified as a Coastal Western Hemlock Zone 

with Submontane very wet maritime climate condition (Green and Klinka 1994).  Annual 

temperature and precipitation are 8.1ºC and 1870 mm, respectively. The original vegetation 

before harvesting was dominated by shore pine (Pinus contorta Dougl. ex Loud.  var. contorta) 

and cedar (Thuja plicata Donn.) with sphagnum (Sphagnum spp) and skunk cabbage (Lysichiton 

americanum Hultén & H. St. John) in the understory. The soils in the Suquash Basin included 

depressions of poorly-drained mucky organics over marine silty clays, combined with raised 

hummocks of freely drained organic matter with significant portions of rotting wood (Lewis 

1982).  An undulating hardpan restricts the drainage of this site (van Niejenhuis et al. 2003).   
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Sampling and analysis   

A cutover which had characteristics of productive forests but was influenced by excess soil 

moisture throughout much of the year was chosen as the study site. Following harvesting and 

slash-burning in 1993-1994, the cutover was planted in 1995 to western redcedar. In 1997, four 

treatment areas within the cutover were identified.  An open-channel technique with ditches at 

30-m intervals was chosen over subsurface drainage after an initial hydrology study (van 

Niejenhuis et al. 2003). Five parallel ditches comprised a treatment area. A control undrained 

area was selected in each treatment area to compare response variables in drained versus control 

plots. Also, a partly-drained plot was developed along a border ditch in each site to provide a 

gradient of moisture conditions. In each site, a 0.09-ha plot was established in the middle of the 

ditches (between the 2nd and 3rd line) prior to ditch installation for seedling measures and 

vegetation monitoring representing the drained plot. The plot centre of any control plot was at 

least 45 m from any existing or proposed ditch line. Vegetation was recorded at the time of 

installation in 2 x 2 m plots in six subplots at the centre of the plot in a row within the sample 

plots. Additional seedlings were planted with available western hemlock and yellow cypress 

(Chamaecyparis nootkatensis (D. Don) Spach) in March of 1998.  To provide a performance 

comparison, control plots were also planted. Vegetation data were collected again after two 

(1999), four (2001) and ten (2007) years. The entire cutover was fertilized in 2006 with SCHIRP 

Blend (30.5-23-0) applied at 740 kg/ha for timber growth improvements.  In August 2007, height 

and diameter (dbh) of the 20 largest trees were measured and the species composition along with 

their coverage (%) was recorded in each of the 12 sample plots.  

Soil samples were collected from the upper humus layer (H horizon) and mineral (B horizon), 15 

cm down from the top surface, at four randomly selected points within each plot. A second 

sample was collected from the lower humus layer if the humus was more than 30 cm thick. 

Soil samples were kept cool at 4 ºC during field work and then transported to the laboratory 

and stored at 4 ºC for further analysis. The four samples collected in each sample plot were 

composited and passed through a 5-mm sieve to remove all large pieces of wood and roots and 

coarse fragments before incubation. A portion of each sample was oven-dried at 70ºC for 48 h 

and 105 ºC for 24 h to determine moisture content of organic and mineral samples, respectively. 

The remaining mass was finely ground and used to measure total C and N by combustion 

(LECO, 2000).  
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An additional five samples were collected from the H horizon at 15 cm from the soil surface at 

each sampling location to determine bulk density. A wooden frame was used to excavate a 0.10 x 

0.10 m square sample. The exact dimensions and depth of each sample was re-measured and 

each sample was placed in a separate bag, transported to the laboratory and weighed after 

removing large woody debris. A subsample was used to measure moisture content, and bulk 

density was calculated by dividing the equal dry mass of the sample by its volume.  

 

Incubation study 

A 50-g proportion of the fresh sieved samples were transferred into glass canning jars (Kerr wide 

mouth, 1 pint (0.6 dm3)) and aerobically incubated in the dark at room temperature (about 20ºC) 

for a month. Response variables (microbial biomass, DOC, pH, redox and moisture) were 

measured after the incubation period.  

 

Redox and pH  

Reduction-oxidation (redox, Eh) potential and pH of the fresh sieved samples were 

measured in 1:3 (soil:0.01 M CaCl2) solutions in the lab (Sparks, 2000). A digital waterproof 

oxidation-reduction potential testor (OAKTON ORPTestr BNC) was used to detect Eh values. 

The solution was stirred until the soil solution was well mixed and allowed to settle for 10 min 

with occasional swirling. After the last swirling, the electrode was inserted in the solution and 

allowed to stand for 5 min before reading. The readings were corrected for pH 7 by adding -59 

mV per pH unit (Qualls et al. 2001; Bohn 1985). In October 2007, the Eh and pH of the samples 

were measured in three randomly selected points in drained and control plots in the field. Large 

particles were removed from the soil samples and solutions were made with distilled water, using 

the same ratios, equipment and procedure.  

 

Microbial biomass  

Microbial biomass was measured using chloroform fumigation-extraction technique (Parkinson 

and Paul, 1982, Voroney et al., 1993). A third 10-g portion of the fresh sieved soil sample was 

fumigated under vacuum for 24 h. Fumigated samples were then extracted with 0.5 M K2SO4, 

gravity-filtered through Whatman No.42 filter paper, and then vacuum-filtered through a 0.45-

µm Durapore PVDF membrane filter. Material that passes through a filter of this pore size was 
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considered to be dissolved (Hannam and Prescott, 2000). The solutions were then analyzed for 

organic carbon using the high-temperature combustion method, with a Shimadzu TOC-500 

Carbon Analyzer. Microbial biomass C was estimated as the difference between fumigated and 

unfumigated samples and no correction factor was used. Measurements from unfumigated 

samples are reported as soluble organic carbon (SOC). 

 

Carbon Mineralization 

Mineralization of carbon was measured by estimation of CO2 efflux in incubated samples 

(Prescott et al. 2000). A fourth 5-g and 10-g dry-weight portion of the organic and mineral soil 

samples, respectively, were transferred into glass canning jars (Kerr wide mouth, 1 pint (0.6 

dm3)), with an air-tight septum on the lid. Samples were incubated in the dark at room 

temperature (about 20ºC) for 27 days. One ml of the headspace gas inside the jar was sampled 

with a syringe twice per week for a month. CO2 concentration of each sample was measured with 

an infrared gas analyzer (Model LI-800, LI-COR Inc., Lincoln, NE, USA) using nitrogen as a 

reference gas. The jars were opened for 20-30 min immediately after each measurement. The 

concentrations of CO2 were then converted to mg of CO2 and C and summed for the eight 

sampling occasions to estimate the total amount of C mineralized through microbial respiration 

during the incubation period.  

 

Carbon storage 

Carbon density was calculated as the product of C concentration (C%) and bulk density. 

The C storage wase then estimated as the product of C density and organic layer thickness 

assuming that C density did not change in deeper horizons. 

 

 

Statistical analysis  

Two-way randomized complete block designed ANOVA in SAS 9.1 environment was used 

to test for the differences in response variables considering site and drainage as the block effect 

and the main treatment, respectively. To compare mean values, α levels were adjusted for the 

number of the comparisons using Bonferroni test. The interaction between the site and the 

treatment was tested for variables measured repeatedly in each plot. We used Kolmogorov-
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Smirnov and Barttlet’s Chi-square test to examine the normality of the distribution of the data 

and the homogeneity of the residuals, respectively.  

 
Principal component analysis (PCA) was used as an ordination method to look at the variation of 

the ground vegetation species in response to drainage. The use of the technique and its 

qualifications are explained in detail by McCune and Grace (2002) and Manly (2000). To reduce 

the variation in the analysis, only the sum of the fern, moss, grass, rush, and Vaccinium species 

were used.  

 

 

Results 

 
Water-level draw-down decreased moisture content of the forest floor by 100% on overall (P 

= 0.04, adjusted α = 0.033; Table 1). Redox potential (Eh-CaCl2) was 64 mV higher in the forest 

floor of the drained plots than the control plots (Table 1); although the differences were not 

significant due to the high variation in control plots (Mean=92; range from3-162). pH-H2O was 

significantly lower in drained sites (P = 0.03; Table 1) 

 

Stand volume and ground vegetation composition  

 Drainage significantly improved regeneration growth. The average height and diameter were 

22% (p = 0.003) and 29% (p = 0.02) higher in drained sites, respectively (Table 1). The average 

height of 20 dominant trees varied from 4.1-5.9 m (Table 1). Results from PCA analysis 

indicated that ground vegetation composition also changed on drained areas (Fig.1). The first 

three axes explained 72% of the variation. The species correlated to the first axis were more 

abundant in control plots and those correlated to the second axis were more abundant in drained 

plots. The majority of the variance accounted for was in the first axis which indicates the high 

heterogeneity among control plots. Salal, salmonberry and ferns were found more abundant in 

drained plots; whereas skunk cabbage, and the sum of grass, rush and moss species were more 

abundant in control plots. 

 

CO2 flux  
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Rate of C mineralization in forest floors over a month of incubation varied from 0.02 to 0.20 mg 

g-1 d-1. CO2 flux was significantly higher in control than drained plots in each site (except plot 4 

with no difference between the two treatments) and it was in general 47% higher in control plots 

(Table 2). In site 2, the control plot had unusually higher CO2 flux through the entire incubation 

period than all other plots. The differences in daily CO2 emission between control and drained 

plots changed from significant differences during the first two weeks of incubation to similar rate 

of C mineralization during the last two weeks of incubation (Fig. 2). 

 

Microbial Biomass and SOC 

Microbial biomass values lie between 2.3-7.3 mg g-1 dry organic matter (Table 2). Drained plots 

tended to have less microbial biomass, but the differences were not significant (P=0.16). Soluble 

organic C was slightly higher in drained than control areas in each site, but no significant 

difference was found between them and between DOC and other measured variables. 

 

Carbon storage 

The humus in drained plots had higher carbon concentration, but the differences were not 

significant at the treatment level (P = 0.90; Table 1). Bulk density of the forest floor did not differ 

between the two treatments in overall (P = 0.86). There was a tendency for drained plots to have 

greater C density (mean of 59 kg/m3 vs 53 in control plots), but the difference was not 

significant (P= 0.36). The variation among sites was high. In site 1 and 2 C density increased 15 

and 19 kg/m3 and in site 3 and 4 it decreased 2 and 9 kg/m3, respectively. Forest floor thickness 

was 19 ± 19 cm (mean ± SD; range from 4-45 cm; P=0.19) higher in drained sites and always 

higher in drained plots in each site (Table 1). Total C storage in the humus layer increased 130 ± 

130 t/ha after drainage on average. 

The humus in drained plots also had higher C:N ratio (Table 1), but the differences were not 

significant at the treatment level (P = 0.15). At the site level, C:N ratio was significantly higher 

in site 1 than in site 2 (P=0.017) and 3 (p=0.012).  

 

Correlations 

Stand volume was negatively correlated to microbial biomass g-1 soil (Fig. 3) and positively 

correlated to forest floor thickness (Fig. 4), carbon store (Fig. 5) and microbial biomass ha-1 (Fig. 
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6). The changes in bulk density after drainage was strongly and positively correlated with the 

changes in stand volume (Fig. 7).  

 
 
Conclusions 

 

Operational drainage of this cedar swamp was successful in reducing the moisture content and 

increasing the redox potential of the soil.  

Average tree height and diameter increased by 22% and 29% respectively in drained areas. 

Drainage increased the cover of salal, salmonberry and ferns and reduced the coverage of skunk 

cabbage, and the sum of grass, rush and moss species. 

There were no significant changes in microbial biomass, CO2 efflux or soluble organic carbon. 

Forest floor thickness and total C storage in the humus layer increased after drainage. 
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Table 1. Stand and soil properties in control and drained plots at the four sites. 
 C1 D1 C2 D2 C3 D3 C4 D4 Average C Average D 

Height (m)* 
a
 4.66 ± 1.29

1
 5.91 ± 0.67 4.4 ± 0.75 5.35 ± 0.85 4.64 ± 0.68 5.41 ± 0.69 4.14 ± 0.79 5.16 ± 1.02 4.37 (0.14)

2
 5.38 (0.14) 

Diameter (m)* 
b
 0.07 ± 0.02 0.10 ± 0.02 0.06 ± 0.01 0.09 ± 0.02 0.07 ± 0.02 0.08 ± 0.02 0.07 ± 0.02 0.08 ± 0.02 0.07 (0.005) 0.09 ± (0.005) 

Moisture (% dry mass)* 
b
 468 385 635 536 446 308 459 372 502 (28) 400 (28) 

Eh (mv) - CaCl2 118 208 60 194 176 193 183 198 134 (17.4) 198 (17.4) 

Eh (mv) - dH2O 110  111  70  119  96  116  - - 92 (9.7) 115 (9.7) 

pH - CaCl2 2.74 2.62 2.67 2.45 2.58 2.32 2.44 2.67 2.61 2.52 

pH - dH2O
* b

 3.74  3.18  3.49  2.99  4.04  3.12  - - 3.76 (0.10) 3.10 (0.10) 

Total N (% ) 1.13 0.90 1.43 1.28 1.28 1.11 1.03 1.12 1.22 (0.05) 1.10 (0.05) 

Carbon (%) 49 48 41 49 36 41 47 48 43 (1.42) 46 (1.42) 

C/N 44 53 29 38 28 37 45 43 36 (2.17) 43 (2.17) 

OM thickness (cm) 33 ± 30 37 ± 19 12 ± 5 57 ± 19 7 ± 2 30 ± 20 11 ± 7 15 ± 5 16 (6.07) 35 (6.07) 

bulk density (kg/m3) 88 ± 17 131 ± 18 125 ± 29 135 ± 24 144 ± 51 120 ± 37 141 ± 38 121 ± 17 125 (8.21) 127 (8.21) 

*
 Significant difference between the averages of the two treatments; 

a level of significance with p< 0.05;  
b
 level of significance with p< 0.10; 1 The numbers in 

parenthesis are standard errors; 1 standard deviation; 
2 numbers in parenthesis are standard errors 

 
Table 2. Selected properties in four sites 

 C1 D1 C2 D2 C3 D3 C4 D4 Average C Average D 

total CO2 emission 
(mg/g C) 

4.27 2.76 10.41 2.79 5.30 2.58 3.71 3.69 5.92 (0.37)
 2

 2.95 (0.37) 

Daily emission
 1
  

(mg C-CO2/g soil) 
0.086 (0.006) 0.051 (0.006) 0.153 (0.006) 0.047 (0.006) 0.078 (0.006) 0.038 (0.006) 0.066 (0.006) 0.069 (0.006) 0.096 (0.006) 0.051 (0.006) 

Daily emission  
(mg C-CO2/ha) 

2.37 2.44 2.33 3.79 0.74 1.37 1.01 1.20 1.61 (0.46) 2.20 (0.46) 

MBC mg/g 5.49 5.46 7.31 4.67 7.03 5.89 7.02 4.73 6.71 (0.67) 5.19 (0.67) 

MBC mg/ha 159 264 110 357 71 209 111 85 113 (40.0) 229 (40.0) 

SOC (mg/g soil) 1.66 2.17 2.51 3.59 1.80 1.50 1.97 2.24 1.99 (0.20) 2.37 (0.20) 

C density(kg/m
3
) 44 62 51 66 52 50 66 57 53 (4.05) 59 (4.05) 

C store (t/ ha) 143 231 62 376 37 147 74 86 79 (4.57) 210 (4.57) 

N density(kg/m
3
) 1.00 1.18 1.79 1.72 1.84 1.33 1.45 1.35 1.52 (0.10) 1.40 (0.10) 

N store (t/ ha) 3.28 4.38 2.15 9.78 1.29 3.93 1.64 2.02 2.09 (1.20) 5.03 (1.20) 
1
 These values are the average of 8 times measurement over a month of incubation; 

2
 The numbers in parenthesis are standard errors. 
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Figure 1. 3-dimensional PCA biplot.  Plant species: Sa (Salal,Gaultheria shallon); sB 
(salmonberry, Rubus spectabilis); hT (horsetail, Equisetum arvense); sC (skunk cabbage, 
Lysichiton americanum); Vac (Vaccinium spp.); Gr (Grasses); Ru (Rushes); Fer (Ferns); Mos 
(Mosses) 
 
 
Table 3.Variance explained by the first three axis of the PCA analysis 
 

 % of Variance Cum.% of Var 
Axis1 33.85 33.85 
Axis2 23.28 57.13 
Axis3 15.67 72.81 

 
 
 
Table 4. Pearson and Kendall Correlations with Ordination Axes for 3-dimensional visualization. 
Variables with strongest  r-values are indicated with bold font. 
 

 Axis1 Axis2 Axis3 
Sa (Salal,Gaultheria shallon) 0.130 0.294 0.175 
sB (salmonberry, Rubus spectabilis) 0.000 0.538 0.212 
hT (horsetail, Equisetum arvense) 0.007 0.574 0.091 
sC (skunk cabbage, Lysichiton americanum) 0.792 0.001 0.075 
Vac (Vaccinium spp.) 0.373 0.84 0.344 
Gr (Grasses) 0.800 0.004 0.004 
Ru (Rushes) 0.511 0.008 0.002 
Fer (Ferns) 0.075 0.375 0.451 

Mos (Mosses) 0.357 0.217 0.056 

2C 3C 

1C 

4C 

1D 
2D 

3D 4D 
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Figure 2. Daily CO2 
emission over a month of 
incubation. 

Figure 3. Correlation 
between average tree height 
and microbial biomass C g -1 
dry soil.  

Figure 4. Correlation 
between average tree 
height and microbial 
biomass C ha-1.  
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Figure 6. Correlation 
between average tree 
height and C store 
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between average tree 
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