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Development of a water quality index for watercourses

downstream of harvested peatlands

Hermine Betis, André St-Hilaire, Claude Fortin and Sophie Duchesne
ABSTRACT
This study aimed to adapt the Water Quality Index of the Canadian Council of Ministers of the

Environment (CCME WQI) for its application to water quality assessment of drainage water and

watercourses downstream of peat harvesting operations. It integrates different parameters that

potentially reflect the overall water quality condition of a stream. Thus, it is calculated using

multivariate water quality data and accounts for their conformity with respect to water quality

guidelines. Adaptation of the index proceeded to identify, through a literature review, the physico-

chemical parameters that may change due to peat harvesting. The CCME WQI was used to compare

water quality of receiving watercourses to that of streams located within a 200 km radius from the

study sites in three regions of Quebec. The availability of water quality data guided the selection of

parameters among those identified. They are ammonia, conductivity, pH and suspended sediment

concentrations. Results indicated a significant difference between WQI values of water from

harvested peatlands and those of streams in two of the three regions studied. Results have also

shown that it is the pH guideline that is not respected in most cases for harvested peatlands.
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INTRODUCTION
Peatlands are wetlands characterized by a high accumu-

lation of partially decomposed organic matter (Moore

). In Canada, peatlands represent approximately 9% of

the territory, i.e. 113.6 million hectares (Tarnocai et al.

) of which 29,750 hectares are being or have been har-

vested (Canadian Sphagnum Peat Moss Association ).

Harvested peat in Canada is used mainly for horticulture

to improve the quality of soils to which it is added. Peat

is hydrophilic and has a large cation exchange capacity

(Carpenter & Farmer ). Harvesting is usually done by

vacuuming the dried peat surface, after having removed

the living vegetation and drained the water contained in
the upper peat layers. To this end, drainage ditches are

dug in harvested areas. Drainage water is generally routed

to nearby streams which will, henceforth, be named ‘receiv-

ing streams’ or ‘receiving watercourses’.

The disturbance of the peatland by artificial drainage

and peat harvesting leads to changes in hydrology and

possibly in the accumulation and decomposition of organic

material. Holden et al. (), in their review on the impacts

of artificial drainage on peatlands, reported that changes

in runoff, as well as changes in the physical and chemical

properties of water and peat, are often observed. These

modifications can have impacts on the water quality and

fish habitat of receiving streams.

Peatlands are complex systems where different physical,

chemical and biological processes occur. In order to evalu-

ate a potential impact from their harvest on the quality of
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receiving watercourses, the variability in concentrations

of physico-chemical parameters in drainage water from har-

vested peatlands must be taken into account. In fact, these

parameters depend in part on the local geology in which

peatlands are located. The next paragraphs summarize

succinctly the information found in the literature about the

variability of these parameters in the context of peat

harvesting.

In North America, the peat harvesting industry mainly

operates in ombrotrophic peatlands (Ferland & Rochefort

). This type of peatland is typically acidic with a

vegetation that is not very diversified, i.e. dominated

by sphagnum mosses, poor in minerals and with a low

decomposition rate of organic matter (Payette ). Some

studies conducted on the potential impact of peat harvesting

on peatland drainage water chemistry are summarized in

Table 1. This table, albeit not exhaustive, presents different

water quality parameters and the ranges of concentrations

that have been measured, mainly in Québec (Canada).

It was also mentioned in some studies that conductivity,

which is a function of the amount of dissolved solids, can

be higher in the drainage water of harvested sites than in

natural peatlands (Morrison et al. ). Aluminium (Al),

manganese (Mn) (Åström et al. ) and total organic

carbon (TOC) concentrations can also differ in drainage

water of natural vs. harvested peatlands (Moore ;

Holden et al. ). Data in Table 1 suggest an increase
Table 1 | Physico-chemical parameters in water of natural and harvested peatlands

Parameters

Nutrients Ammonium (NH4
þ)

Nitrate (NO3
�)

Phosphorus (P)

Other inorganic parameters pH
Calcium (Ca2þ)
Magnesium (Mg2þ)
Sodium (Naþ)
Potassium (Kþ)
Chloride (Cl�)
Sulfate (SO4

2�)

Metal Iron (Fe)

Organic and physical parameters Conductivity
Suspended sediments (SS)
Dissolved organic carbon (DOC

Nutrients, ions, metals, DOC and SS concentrations are in mg/L and the specific conductivity is

(a) Wind-Mulder et al. (1996); (b) Moore (1987); (c) Comeau & Bellamy (1986); (d) Glaser (1992);
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of the concentration for most parameters in harvested peat-

lands, compared to undisturbed sites. However, for pH and

TOC, several studies have shown an increase (Moore ;

Wind-Mulder et al. ; Holden et al. ), while other

a decrease of values (Moore ; Holden et al. ) in

harvested vs. natural peatlands.

Potential changes in several physico-chemical parameters

in receiving watercourses have also been mentioned in the

literature. Several studies have shown an increase of sus-

pended sediment (SS) concentrations (e.g. Clément et al.

) and of dissolved organic carbon (DOC) (Wallage

et al. ) in watercourses downstream of harvested

peatlands. An increase of conductivity and metal concen-

trations, such as Al and Mn (Andersen et al. ), and of

nutrient concentrations near peat harvesting sites have been

observed (St-Hilaire et al. ). In a study on peat harvesting,

Carpenter & Farmer () mentioned that peat particles con-

tained in the drainage water can lead to an increase in the

mobility of metals in receiving watercourses such as copper

(Cu), nickel (Ni), lead (Pb), mercury (Hg) and uranium (U),

that are adsorbed on the peat particles.

These changes in physico-chemical parameters can have

negative consequences on the health of aquatic species and

their habitat quality. Indeed, chemical changes in receiving

watercourses, such as the increase in nutrient loads that

promote eutrophication, can cause the loss of aquatic

diversity (Kløve ). An increase in conductivity can
Natural peatlands Harvested peatlands References

0–1.4 0–5.7 a, b
0–0.1 0–0.6 a
0–0.2 <0.6 a, b

3.6–4.1 3.7–5.4 a, b, c, d
0.07–4.6 0.02–8.3 a, b, c, d
0.06–3.1 0–4.4 a, b, c, d
0.1–16.5 0.2–12.3 a, b, c, d
0–0.5 0.1–2.5 a, b, c, d
0.1–14.9 0.1–7.2 a, c
0.7–9.6 0–17.4 a, c

0.07–0.35 0.08–0.48 b

0–115 0–143 a
36 71 e

) 23.7–43.7 26.2–46.6 a

in μS/cm.

(e) Pavey et al. (2007).
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have a negative effect on aquatic species (Morrison et al.

). The decrease of pH can lead to loss of fish habitat

(Papoulias & Velasco ). Furthermore, a decrease in

pH and an increase in nutrient loads can stimulate the

methylation of mercury leading to methylmercury accumu-

lation in the food chain (Surette et al. ). An increase

in SS concentration can lead to local reduction of quality

and availability of habitats, which may lead to a decrease

in the density and diversity of resident populations in

these streams. This also affects the survival and reproduc-

tion of some aquatic species (Bilotta & Brazier ).

Facing possible changes, there is a need to monitor

watercourses downstream of harvested peatlands to assess

their physical and chemical characteristics against water

quality guidelines for the protection of aquatic life.

Presently, no predefined index adapted to the assessment

of water quality in these watercourses exists (Andersen

et al. ). Therefore, the purpose of this study was to

adapt the Water Quality Index of the Canadian Council of

Ministers of the Environment (CCME WQI; CCME )

to watercourses receiving drainage water from peat harvest-

ing operations, in order to assess and monitor their potential

effects on receiving streams.

The CCME WQI is a mathematical tool developed

in 2001 by the Canadian Council of Ministers of the Environ-

ment that combines multivariate water quality data and

provides a single score for describing the state of water qual-

ity (CCME ). It is a flexible index which can be applied to

a variety of situations. Its calculation involves water quality

data and their associated guidelines, which have been defined

depending on water use (CCME ). This index is based on

three factors: (1) the number of variables not in compliance

with recommended guideline threshold values, (2) the

number of times that recommended values are not met and

(3) the difference between the measured and recommended

values. These factors are combined in a formula (described

in the Methods section) that gives a score between 0 and

100, categorized in five classes of water quality, with a

CCME WQI of 100 indicating water of excellent quality.

The CCME WQI has been used in numerous

applications and is recognized as a helpful tool for

communicating the status of water quality to the public,

policymakers and managers (Khan et al. ; Khan et al.

; Lumb et al. ). In Canada, the water component
://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
of the Canadian Environmental Sustainability Indicators

(CESI) uses the CCME WQI to report on water quality at

the national level (Lumb et al. ). This index has also

been used for other purposes. For instance, it allowed a

water quality assessment in three rivers of Atlantic Canada

for various water usages (Khan et al. ). Khan et al.

() have adapted the CCME WQI for drinking water

quality assessment in Newfoundland and Labrador. In

New Brunswick, it was applied in water quality assessments

of Mackenzie Lake (Lumb et al. ), and Rosemond et al.

() adapted it for a comparative study of water quality

sites exposed to metal mining and reference sites in

Canada. In addition, the CCME WQI has been used to

assess the spatial and temporal variability of water quality

for small water distribution systems in Newfoundland and

Labrador to monitor some contaminants, and thus to ident-

ify seasons/locations for which water quality did not meet

guidelines (Scheili et al. ). It has also been used as an

indicator of the freshwater quality for a monitoring network

in watercourses of southern Canada (Environnement &

Climate Change Canada ).

The CCME User Manual mentions parameters that

may be relevant when the guideline objectives are related

to the protection of aquatic life (CCME ). These par-

ameters include pH, TOC, DOC, SS, turbidity, ammonia

(NH3), NO3
� , NO2

�, P, Al, Cadmium (Cd), Cu, Pb and

Zn. NH3 is mentioned instead of NH4
þ because, along

with NO3
�=NO2

�, they are the forms of nitrogen (N)

that are the most toxic for aquatic species (Ministère de

l’environnement et de la lutte contre les changements

climatiques (MELCC) ).

Table 2 summarizes parameters that have been taken into

account for the evaluation of water quality downstream of har-

vested peatland in previous studies. Parameters are divided

into four categories: (1) organic and physical parameters, (2)

nutrients, (3) metals and (4) inorganic parameters.

The first objective of this study was to adapt the CCME

WQI to evaluate the variability of physico-chemical

parameters of streams downstream of harvested peatlands.

This was done by selecting a short list of parameters

among those collated in Table 2 and their associated guide-

lines. A second objective was to apply this index to water

quality data from drained water, effluents of sedimentation

ponds and receiving streams to see how they compare to



Table 2 | Relevant parameters for assessment of water quality for the protection of aquatic life in watercourses downstream of harvested peatlands

Categories (1) Organic and physical parameters (2) Nutrients (3) Metals (4) Other inorganic parameters

Parameters TOC
DOC
SS
Turbidity
Conductivity

NH3

NO3
�=NO2

�

P total
N total
Total dissolved phosphorus (TDP)

Fe
Al
Mn
Cu
Ni
Pb
Hg
U
Cd
Zn

pH
Ca
Mg
Na
K
Cl
SO4

2�
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other streams in the study regions. Data used were measured

physical and chemical variables from harvested peatlands

and a set of streams in three regions of Quebec (Canada)

where there is commercial peat harvesting.
METHODOLOGY

Calculation of the CCME WQI (CCME 2016)

The CCME WQI value is obtained by the comparison of

physico-chemical parameters against their guidelines. In

this calculation, three factors are considered:

• The scope (F1) to determine the percentage of parameters

for which at least one measure does not meet the

prescribed guideline (‘failed parameters’)

F1 ¼ Number of failed parameters
Total number of parameters

× 100

• The frequency (F2) that gives for all parameters the

percentage of measurements that do not meet their

guidelines (‘failed tests’)

F2 ¼ Number of failed tests
Total number of tests

× 100

• The amplitude (F3) that gives for all parameters and

each failed test the amount by which a guideline value

(‘Objective’) is not met. This calculation is based on the

determination of the coefficient of deviation against

guidelines (‘excursion’ (CCME )).
om http://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf

4

The ‘excursion’ is computed in two different ways,

depending on the type of guideline. When the guideline

must not be exceeded, it is computed using:

Excursioni ¼
Failed test valuej

Objectivej

� �
� 1

And when the actual value must not be less than the

guideline:

Excursioni ¼
Objectivej

Failed test valuej

� �
� 1

Then, excursions are normalized to obtain an F3 value in

percentage:

F3 ¼
Pn

i¼1 Excursion i
� �

=(Number of tests)

0:01
Pn

i¼1 Excursioni
� �

=(Number of tests)
� �þ 0:01

• Subsequently, these three factors are combined in a

calculated index in which the denominator value of

1.732 is used to normalize the end result to a value

between 0 and 100.

CCMEWQI ¼ 100�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2
1 þ F2

2 þ F2
3

q
1:732

0
@

1
A

WQI values were classified into five categories that are

as follows (Canadian Council of Ministers of the Environ-

ment ): Excellent: between 95 and 100; Good:

between 80 and 94; Fair: between 65 and 79; Marginal:

between 45 and 64; Poor: between 0 and 44.
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In this work, the CCME WQI values were computed by

means of the WQI Calculator, Version 1.2, developed by the

CCME (CCME a). This version of the calculator is con-

structed in Microsoft Excel and contains a large selection of

potential parameters (note that Version 2.0 is constructed in

Visual Studio.NET 2013; CCME b). For each selected

parameter, water quality data can be imported in the

Calculator, along with associated guidelines (CCME ).
Monitoring sites, sampling period and final selection of

parameters

Monitoring sites

The choice of monitoring sites was guided by the require-

ments of the CCME WQI application, that a minimum of

four variables be sampled at least four times per year,

during three consecutive years (CCME ). The emphasis

was on sites located in or near harvested areas, immediately

downstream of sedimentation ponds and in receiving water-

courses for three distinct hydroclimatic regions (R1, R2 and

R3) of Quebec (as delineated by the provincial Department

of Environment and Fight Against Climate Change using

major drainage basins) where peat harvesting operations

are concentrated. Subsequently, the index has been applied

to streams in these regions (‘reference watercourses’) in

order to use them as control sites to compare water quality.

Ideally, local control sites should include a sampling station

in the receiving waters upstream of the input of drainage

water from peatlands. However, in most cases, these

upstream sites are currently not sampled by the peat produ-

cers. R1 covers an area of approximately 22,000 km2

with 10% of agricultural land and 6% of wetlands and its

average (±standard deviation) total annual precipitation

(n¼ 16) is 1041± 62 mm/year. R2 covers an area of more

than 230,000 km2 with 0.02% of agricultural land and

1.72% of wetlands and its average total annual precipitation

(n¼ 7) is 978± 120 mm/year. And finally, R3 covers an area

of 95,000 km2 with 2% of agricultural land and 9% of

wetland and its average total annual precipitation (n¼ 8)

is 1031± 102 mm/year. Therefore, most rivers used as refer-

ence sites can be considered as being pristine or moderately

impacted by agriculture (especially in region R1).
://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
Reference watercourses. To calculate the CCME WQI of

reference watercourses in the three regions, data were

accessed from the Quebec Aquatic Environmental

Quality database (the BQMA), which collates surface

water physico-chemical data from existing sampling stations

(MELCC ). Generally, stations were sampled monthly

throughout the years. This database contains 22 parameters,

of which the physico-chemical parameters include cations

(Ca2þ, Kþ, Mg2þ and Naþ), determined during the years

2006–2007, total dissolved phosphorus (TDP), from 2006

to 2009, as well as pH, SS, COD, conductivity, ammonia-

nitrogen (N-NH3), N total, NO3
� and NO2

�, all measured

between 2006 and 2016 (MELCC ).

In R1, data from 19 selected stations were used. The

chosen watercourses are located at a distance of 5–200 km

of the studied peatland. For R2, data from 12 stations were

used. A distance between 4 and 172 km separates the

streams from the peatlands. In R3, 18 reference river

stations were used, with a distance between the streams

and peatland of approximately 12–80 km.

Although these rivers are sometimes far from the peat-

land sites, comparing them with harvested sites offers the

first benchmark for broad characterization of the variability

of water quality in regions that were predefined by local

(provincial) authorities.

Harvested peatlands. The CCME WQI values were

calculated from water quality data obtained from peat

moss producers participating in this study. In this paper,

actual locations are not mentioned to preserve confidential-

ity. The period was selected to include years during which

sampling has been done concomitantly in harvested peat-

lands and in reference rivers. In accordance with CCME

methodology, the WQIs were calculated over a period of

three consecutive years. The chosen period was from 2014

to 2016 during the ice-free months (April–October). The

location of sampling points is shown in Figure 1. In R1,

peatland A, sampling points at sedimentation ponds exit

(PE) are named R1-PE-1 and R1-PE-2. In R2, sampling

points in the PE are named R2_B-PE-1 and R2_B-PE-2 for

peatland B; and R2_C-PE-1, R2_C-PE-2 and R2_C-PE-3 for

peatland C. In R3, peatland D, sampling points in the PE

are named R3-PE-1, R3-PE-2, R3-PE-3 and R3-PE-4. In this

last region, a receiving watercourse was also sampled



Figure 1 | Location of sampling points in harvested peatlands. R1: Region 1, R2_B: Region R2 peatland A, R2_C: Region R2 peatland C, R3: Region R3, PE: Sedimentation pond exit, WD:

Watercourse downstream, WU: Watercourse upstream.
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downstream (R3-WD) and upstream (R3-WU) of the point of

discharge of the drained water from site R3-PE-4.

• In R1, the CCME WQI was tested on physico-chemical

data from two sites located in one harvested peatland

(A). In this peatland, available parameters were SS,

pH, conductivity, N-NH3, Fe and Na. Data were

obtained from sampling that was conducted from 2014

to 2016.

• In R2, WQIs were calculated using physico-chemical

data from two peatlands (B and C). Available parameters

were Ca, Cu, Fe, Mg, Mn, K, Na, Zn, N-NH3, conduc-

tivity, SS, NO3
� , NO2

�, pH and P total from 2011 to

2016.

• In R3, the CCME WQI was tested on physico-chemical

data from peatland D. Available parameters were Ca,
om http://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
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Cu, Fe, Mg, Mn, K, Na, Zn, N-NH3, conductivity, SS,

NO3
� , NO2

�, pH and P total from 2011 to 2016.

The period was selected to include years during which

sampling has been done concomitantly in harvested peat-

lands and in reference rivers. In accordance with CCME

methodology, the WQIs were calculated over a period of

three consecutive years. The chosen period was from 2014

to 2016 during the ice-free months (April–October).
Choice of physico-chemical parameters

Taking into account the limited number of parameters

sampled at site R1_A, a maximum of six parameters could

be used for the calculations, i.e. pH, SS, conductivity,

N-NH3, Fe and Na. However, few data are available for Fe



Table 3 | Specific objectives for the region and CWQGs of the CCME of the parameters

selected for the calculations of WQIs

Parameters CCME guidelines

RSO

R1 R2 R3

N-NH3 (mg/L) Calculated according to
pH and temperature

– – –

SS (mg/L) 25 – – –

pH 6.5 to 9 5.1 3.7 2.7

Conductivity
(μS/cm)

– 422.7 105.5 380.1

125 H. Betis et al. | Water quality index for watercourses downstream harvested peatlands Water Quality Research Journal | 55.2 | 2020

Downloaded from http
by guest
on 10 April 2024
and Na in reference streams (MELCC ), so these two

parameters were excluded. Conductivity data were used

because this measure provides global information about

ions present in water. Ultimately, four parameters were

used in the calculation of the WQIs; these are pH, SS,

conductivity and N-NH3.

Water quality guidelines for selected parameters

The Canadian Water Quality Guidelines (CWQGs) devel-

oped by the CCME (CCME ) were used as threshold

values. Among these, guidelines for N-NH3, pH and SS

were used (CCME c). For the protection of aquatic

life, the concentration of SS should not exceed 25 mg/L;

the guideline for N-NH3 is calculated according to pH and

temperature, and pH should be between 6.5 and 9.0

(CCME c). In natural peatlands, pH of water is naturally

low (e.g. St-Hilaire et al. ) and this could cause a

decrease of pH in receiving watercourses compared to

other rivers for which peatlands do not occupy a large

percentage of the drainage basin. Hence, CWQGs for pH

were deemed potentially inadequate for this study. Finally,

there is no stated guideline for conductivity.

Thus, for pH and conductivity, local conditions have

been considered to define a guideline. Specific objectives

for the region (RSO) have therefore been calculated by the

determination of the upper and lower limit of the back-

ground concentrations using descriptive statistics like the

mean± two standard deviations (sd) on water quality refer-

ence river data (CCME ; Rosemond et al. ). The use

of the RSO approach was completed using water quality

data collected over several years (CCME ) (knowing

that the RSO approach can be used only if the database con-

tains at least 10 values (Rosemond et al. )). The mean

plus two standard deviations (2sd) was used to determine

the upper limit and the mean minus 2sd must be used to

determine the lower limit of the RSO values (Khan et al.

). In this study, monitored data (MELCC ) were

used to calculate the upper limit of the RSO for the conduc-

tivity. For pH, the RSO for the lower limit was calculated

using data collected by Andersen et al. (), and the exist-

ing guideline regarding the upper limit was retained (pH of

9.0 (CCME c)). For pH and conductivity, RSOs were

calculated from datasets having sample sizes greater than
://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
10. Table 3 presents the values of RSOs and CCME

CWQGs corresponding to the parameters that were used

in the WQI calculations.

Calculation of CCME WQIs

For the application of CCME WQI to drainage waters, sedi-

mentation pond outlets, receiving streams and reference

streams of each region, the WQIs were calculated firstly

by using CWQG of the CCME and the RSO values for con-

ductivity (for which there is no CCME CWQG) (Method 1).

Then, the second set of WQIs was calculated using the RSO

values for the lower limit of pH instead of the guideline

given by the CCME (Method 2). This was done to consider

the fact that pH can be naturally acidic in the water down-

stream of undisturbed natural peatlands.

Statistical tests

Results of WQI values are presented by boxplots for each

region. Each boxplot describes the entire distribution of

the WQIs; the 25th percentile (Q1) is represented by the

lower edge of the box, the median (50th percentile) is rep-

resented by the bar in the box, and the 75th percentile

(Q3) is represented by the upper edge of the box; the inter-

quartile method was used to identify outliers (data points

outside of the 25th and 75th percentile; see Figure 2). The

Shapiro–Wilks test was used to determine if the WQI

values were normally distributed (Ghasemi & Zahediasl

). The Shapiro–Wilks test revealed that in most

sites, WQI values are not normally distributed (p-value

<0.05). For this reason, a non-parametric method, the



Figure 2 | Boxplots of WQI values for each type of site sampled in R1, R2 and R3. R1:

Region R1, R2: Region R2, R3: Region R3, PE: Pond Exit, WD: Watercourse

Downstream, WU: Watercourse Upstream.
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Wilcoxon–Mann–Whitney (WMW) test, was used to

compare WQI values. This test indicates if data of two popu-

lations have the same distribution with a null hypothesis

that the populations are identical. The null hypothesis is

rejected when the p-value is lower than the significance

level (Rosenthal ); a significance level of 0.05 was used

in this study. The WMW test allowed us to determine if

there is a difference between WQI values of different har-

vested sites and to compare WQI values of reference

streams and those of water located in harvested peatlands.

The Mann–Whitney pairwise test was used to compare

WQI calculated from harvested peatlands and in reference

streams using Method 1 with those obtained from the

calculations using Method 2. This test allows multiple com-

parisons, that is, pair by pair comparisons of two datasets,

with the null hypothesis that members of a pair are identical.

The p-value was obtained for each pair compared. The null

hypothesis was rejected when p-value <0.05. Statistical tests

were carried out in the RStudio interface.
RESULTS

Method 1

Water quality in harvested sites

Boxplots of WQIs distribution by site type in harvested peat-

lands of each region are presented in Figure 2. It can be seen

that most of the sampling effort andWQI variability occur at

the pond outlets (PE).

Taking into account the physico-chemical parameters

used in the calculation of the CCME WQI (pH,
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conductivity, SS and N-NH3), we can see in Figure 2 that,

for R1, the quality of the water sampled at the sedimentation

pond exit (PE) was fair (median WQI¼ 69.2) for the

study period of 2014–2016. Both pH and N-NH3 caused

the relatively low WQI values, with a failure to comply

with the guideline in 45% of the cases for pH and 18% of

the cases for N-NH3.

In R2, the water quality had been assessed for two

peatlands (B and C). In peatland B, for water sampled at

the PE, the boxplot in Figure 2 shows that the WQI values

varied from fair to good with a median WQI of 80.7.

However, in peatland C, the water sampled at the PE was

of fair quality (median WQI¼ 67.3).

In peatland B, pH did not meet the guideline for 78% of

data. In peatland C, pH and conductivity are the variables

that negatively affect the WQI value, with 96% of

pH measurements and 7% of conductivity measurements

which did not respect the guideline.

In R3, water samples taken at the PE had median WQI

of 79.3. The receiving stream also had a good quality (WQI

>79), whether the samples were taken downstream

(R3-WD) or upstream (R3-WU) of the point of discharge

of the drained water (sampling point R3-PE-4). In all

sampled sites, the pH guideline of Method 1 is never

respected. For the PE sites, 2% of SS measurements

exceed its corresponding guideline.
Comparison between water quality of harvested peatlands
and of reference watercourses

Figure 3 presents the boxplots of WQI values in reference

streams and in harvested peatlands for each region with

Method 1. For the sites in the harvested peatland in the

region R3, like regions R1 and R2, only results of WQI for

water sampled at sedimentation pond outlets are presented.

In R1, water sampled in the harvested peatland was

of fair quality (median WQI¼ 69.2) compared to streams

which had a water quality that varied from fair to excellent,

with a medianWQI of 85.5. The WMW test shows that there

is a significant difference in the distribution of WQI values

between harvested peatland and streams with a p-value of

0.031, on the assumption that WQI values obtained with

the small sample size for the harvested peatland in R1 are

representative of the quality of the water coming out of the



Figure 3 | Variation of WQI values obtained with Method 1 in harvested peatlands and in reference streams for R1, R2 and R3.
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sedimentation pond. In streams, conductivity and SS are the

variables that negatively affect the WQI (7% and 4% of

measurements, respectively) compared to water sampled in

the harvested peatland, in which pH (45% measurements)

and N-NH3 (18% of measurements) are responsible for the

fair water quality.

In R2, the WQI median in harvested peatlands is

79.0 with a quality varying from fair to good. The same

observation was made in the streams, which had a median

WQI of 84.9. The WMW test shows a non-significant differ-

ence between the distribution of WQI values in harvested

peatlands and streams (p¼ 0.064). In harvested peatlands,

pH and conductivity negatively affect the WQI (respectively,

90% and 7% of measurements failed to meet the guideline).

In streams, pH, SS and conductivity, with respectively 19%,

7% and 7% of measurements not meeting the guidelines, are

the variables that lowered the WQI values.

In R3, the median WQI in peatlands is 79.3 and the

water quality is generally fair, while in streams, the water

quality varies from fair to excellent with a median WQI of

84.8. The WMW test shows a significant difference between

the distribution of WQI values in harvested peatland and
Figure 4 | Variation of WQI values obtained with Method 2 in harvested peatlands and in refe

://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
streams with a p-value of 0.023. The physico-chemical par-

ameters that affect the WQI in the harvested peatlands are

pH and SS. In streams, pH, SS and conductivity negatively

impact the WQI. In harvested peatlands, 100% of pH

measurements and 2% of SS measurements do not respect

their corresponding guidelines. In the streams, 2% of pH

measurements, 16% of SS measurements and 5% of conduc-

tivity measurements exceed their corresponding guidelines.

Comparison between WQI values of Methods 1 and 2

It should be recalled that Method 2 differs fromMethod 1 by

the pH guideline. In Method 1, the guideline used was that

of the CCME, while in Method 2, a specific objective was

calculated for each region (RSO) using water chemistry

data from natural peatlands. Figure 4 shows boxplots of

WQI values obtained with Method 2 in the harvested

peatlands and in the reference streams. For the region R3,

only results of WQI for water sampled at sedimentation

pond exit are also presented.

In R1 (Figures 3 and 4), for the harvested peatland, the

Mann–Whitney pairwise test shows that the difference is not
rence streams for R1, R2 and R3.
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significant between results of WQI obtained from the two

methods (p-value¼ 0.667). With Method 2, the water quality

remains fair with a median WQI of 69.4. Furthermore, the

pH is still negatively affecting the WQI in addition to

N-NH3. For the streams, pH did not have a notable impact

on the WQI value, and there are no significant differences

between results of both methods (p-value¼ 1.000). The vari-

ation of the WQI values in R1 remains the same with a

median WQI of 85.5.

In R2 (Figures 3 and 4), for the harvested peatlands, the

Mann–Whitney pairwise test shows a significant difference

between WQI calculated using Methods 1 and 2 (p-value¼
0.003). With Method 2, the water quality varied from good

to excellent with a median WQI of 100 (3 values out of 5

are of 100); the conductivity is the only parameter that affects

the WQI. For the streams, the WQIs obtained with Method 1

are significantly different from those obtained with Method 2

(p-value¼ 0.005). With Method 2, the water quality varies

from good to excellent in the majority with a median WQI

of 100 (7 values out of 12 are 100), and the parameters that

affect the WQI are SS and conductivity.

In R3 (Figures 3 and 4), for the harvested peatlands, the

difference is significant between the two methods (p-value

¼ 0.003). With Method 2, the water quality varies from

good to excellent with a median WQI of 100 (3 values out

of 4 are 100). The SS parameter is the only one that has

measurements not respecting the guideline. For the streams,

results of WQI obtained with Method 1 are not significantly

different from results obtained with Method 2 (p-value¼
0.641). With Method 2, pH is not a parameter that affected

the WQI value (median¼ 85.1) and water quality varies

from fair to good.

For Method 2, the comparison of WQI values obtained

for the water sampled in the harvested peatlands and in the

streams shows a significant difference in R1 (p-value¼
0.031) and no significant difference in R2 (p-value¼ 0.906)

and R3 (p-value¼ 0.103). For R1, the water quality of

streams is better than that of the harvested peatland.
DISCUSSION AND CONCLUSIONS

We adapted the CCME WQI to apply it to streams receiving

water from harvested peatlands. This was made by selecting
om http://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
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relevant physico-chemical parameters based on information

obtained from the literature. We then applied this adapted

CCME WQI to water samples taken from harvested peat-

lands and reference streams in three regions of Quebec,

Canada. Based on data availability in this study, parameters

selected for their relevance in the calculation of the WQI are

pH, conductivity, SS and N-NH3.

The use of this adapted CCME WQI shows that the

quality of water in harvested peatlands is less than in

reference streams in two of the studied regions (R1 and

R3), whereas in the other (R2), no significant difference

has been observed. Differences in water quality are mostly

caused by pH that failed to meet guidelines and with the

additional effect of conductivity, SS and N-NH3. For the har-

vested peatlands in the study regions, we can see that the

CCME guideline of pH (6.5–9.0) is not respected for most

measurements because of the lower pH naturally occurring

in peat environments. Considering this characteristic, the

use of the pH of threshold values that are specific to peat

environments (RSO) resulted in a more environmentally

realistic guideline and improved WQI values for R2 and

R3. However, care should be taken in the choice of data

used for the calculation of the RSO. Here, only data from

sampled water in natural peatlands were available. The

use of these data have resulted in RSO values that are

more lenient in R2 and R3 (pH of 3.7 and 2.7, respectively),

leading to a water quality in peatlands ranked as excellent,

whereas at pH values less than 5, fish cannot survive

(Faurie et al. ). Considering that the CCME WQI is

used here for the protection of aquatic life, the calculated

RSO value should be consistent with necessary biological

and physico-chemical conditions needed for the survival of

aquatic life. Ideally, data from sampled water downstream

of natural peatlands could have been used to compute the

RSO, but no such data have been found in the literature.

The range of values defining the guidelines was calculated

using the standard deviation approach based on the limited

data available in the literature. In future work, with an aug-

mented database, it will be possible to test for normality and

decide whether the parametric standard deviation approach

should be replaced by the non-parametric percentile method.

Results obtained for R2 showed the importance of the

number of parameters used in the CCME WQI calculation.

Having only four parameters makes the index sensitive to
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changes in a single parameter. Indeed, in the harvested peat-

land B, pH is the variable that affected the WQI value

(WQI¼ 80.7; 78% of pH data do not meet the guideline),

while for the samples in the harvested peatland C, both

pH (96% of pH data) and conductivity (7% of conductivity

data) lowered the WQI value (WQI¼ 67.3). This difference

of 13.4 points between the two peatlands shows that the

WQI value is strongly affected by the number of parameters

that do not respect their guidelines when only a few par-

ameters are included in the calculation. As mentioned by

the CCME (), including only a few parameters gives

more importance to each of these parameters. For a better

use of the WQI CCME, the CCME recommends to include

at least eight parameters in the calculations, which would

potentially require an increase in the sampling effort by

peat producers. The choice of sampled sites must also be

considered; in this study, because of data availability, WQI

values of water sampled in harvested peatlands were com-

pared with those of reference streams. It could also be

interesting, in future work, to compare the quality of water

downstream of harvested peatlands and of water from sedi-

mentation pond with the quality of receiving streams as it

was done in R3. In this region, we could see that there is

no significant difference between the WQI of water from a

sedimentation pond and those from the receiving stream.

It, therefore, appears from this analysis that this harvested

peatland does not impact the receiving stream quality.

However, it must be taken into account that the receiving

watercourse is in a wetland area, so the upstream (R3-

WU) and downstream (R3-WD) sites may receive water

drained from these wetlands, which could explain a lower

quality of the water in the upstream site.

Thus, the use of the WQI CCME with our proposed

parameters allowed comparing the water quality from har-

vested peatlands to that of reference streams. This study

led to the following recommendations for the use of the

WQI CCME for the assessment of water quality from

harvested peatlands: (i) the sampling of receiving streams

and water from the sedimentation pond which flows into

these streams; (ii) the analysis of physico-chemical par-

ameters for the protection of aquatic life such as those

listed in Table 2, from which at least eight parameters,

weakly correlated, and sampled at least four times per

year during three consecutive years should be selected
://iwa.silverchair.com/wqrj/article-pdf/55/2/119/709342/wqrjc0550119.pdf
(CCME ); (iii) the building of a database of water quality

of receiving streams, downstream of natural peatlands and

(iv) using Version 2.0 of the WQI calculator will allow to

better quantify uncertainty and variability by using confi-

dence intervals calculated in this later version.
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