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INTRODUCTION

Clean water is essential for ecosystems and societies 
worldwide. In British Columbia, the water that flows 
from forested watersheds is known for its high qual-
ity. Approximately 80% of municipal water in this 
province is drawn from forested, surface sources; 
the balance is supplied by groundwater (Bryck 99; 
Parfitt 2000). Considering the prevalence of forests 
as drinking water source areas, management activi-
ties that can potentially affect water quality are often 
a concern to the public. 

This chapter provides an overview of factors 
influencing water quality in British Columbia with 
a focus on forested watersheds and the manage-
ment activities conducted in these areas. The chapter 
provides a review of applicable legislation in British 
Columbia, describes the B.C. Ministry of Envi-
ronment’s water quality guidelines and objectives, 
reviews common water quality parameters, and con-
cludes with a review of potential forest management 
effects on water quality. 
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WATER QUALITY IN BRITISH COLUMBIA

The term “water quality” is generally used to 
describe the chemical, physical, and biological 
characteristics of water, usually with respect to its 
suitability for a particular use. Streamflow genera-
tion mechanisms and flow routing processes are 
the largest determinants of water quality in forested 
watersheds (Stednick 200). 

Although rivers and lakes contain low concen-
trations of dissolved nutrients, nutrient concentra-
tions may spike seasonally because of decomposing 
salmon carcasses, internal nutrient cycling (e.g., 
return of phosphorus from lake sediments to the 
overlying water), nitrogen-fixing plant species, and 
(or) seasonal movement of accumulated nutrients 
from soils (Pike and Perrin 2005). 

Forests can affect water quality in many ways. 
Riparian forests provide shade, which moderates 
water temperatures, and provide a source of organic 
debris and nutrients, which are used by aquatic or-
ganisms. Natural processes in forested areas, such as 
landslides, channel erosion, blowdown, and wildfire, 
can affect water quality by creating temporarily 
increased concentrations of sediment, increased 
stream temperatures, and (or) increased nutrient 
concentrations (Harr and Fredriksen 988). Forests 
also modify the chemistry of incoming precipitation 
as a result of vegetation and soil interactions. Nutri-
ent movement within forest ecosystems involves 
uptake and retention by biota, which retards chemi-
cal or nutrient movements to surface waters (Figure 
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2.). Thus, natural disturbances and management 
activities that remove or disturb forest vegetation or 
alter hydrochemical flow paths may change dissolved 
and chemical particulate concentrations and fluxes 
in water bodies. 

Across British Columbia, chemical fluxes in forest 
ecosystems are variable and have been observed to 
increase, decrease, or remain unaffected by distur-
bances. Disturbances to these ecosystems include 
forest harvesting, road construction and use, wild-
fire, insects, tree diseases, and chemical applications 
of fire retardants, herbicides, and fertilizers. Other 
disturbances, such as the clearing of forests for min-
ing, agriculture, or urban development, may also af-
fect water quality (Dissmeyer [editor] 2000; Kaushal 
et al. 2006; de la Crétaz and Barten 2007), but these 
activities are not discussed in this chapter. 

Important determinants of the chemistry of sur-
face waters flowing from a forested watershed (Feller 
2005, 2008) include:

• geological weathering;
• climate: precipitation amount and timing, tem-

perature, and streamflow rates;

• precipitation: chemistry of dissolved and particu-
late materials;

• terrestrial biological processes, including chemi-
cal uptake, chemical transformations, and pro-
duction of soluble chemicals;

• physical-chemical reactions in the soil; and 
• physical, chemical, and biological processes 

within aquatic ecosystems.

Because of the complexity of these factors, the 
chemical “loading” in streams draining apparently 
similar watersheds can vary due to small differ-
ences in geology, soil, streambed materials, stream 
shading, or prevailing weather patterns. Chemical 
fluxes may also vary in time (e.g., annually, season-
ally) as a result of changes in weather, precipitation 
chemistry, and atmospheric deposition. Atmos-
pheric deposition of air pollutants from natural and 
anthropogenic sources is also a significant source 
of water quality problems, acidification of streams 
and lakes, and toxic contamination in many areas 
(U.S. Environmental Protection Agency 200). For 
example, an estimated 80% of the mercury input to 
Lake Michigan is a result of atmospheric deposition 
(U.S. Environmental Protection Agency 200). The 
monitoring of atmospheric deposition of pollutants 
to water bodies usually focusses on heavy metals, 
compounds of sulphur, nitrogen, or mercury, and 
certain pesticides and herbicides (U.S. Environmen-
tal Protection Agency 200). 

Water quality variations over time are also caused 
by the dilution influence of storm events (Whit-
field et al. 993) or by different seasonal streamflow 
sources. A flow–dilution relationship is frequently 
observed in forested watersheds; that is, when 
streamflow increases, dissolved constituents de-
crease (e.g., using electrical conductivity as a proxy; 
Figure 2.2). In areas where base flow is composed 
largely of groundwater, changes in the proportion of 
runoff volume to groundwater input will vary over 
seasons and storm events. After a storm, a river may 
be composed largely of storm runoff, whereas the 
pre-storm flow regime may have been predominantly 
from groundwater. The differences in the chemical 
composition of these water sources create tempo-
ral variability in water quality. At Place Creek near 
Pemberton, frequent measurements of electrical con-
ductivity were used to identify streamflow sources 
(Figure 2.3). Other water quality parameters, such 
as sediment, are often more prominent on the rising 
limb than on the falling limb of the hydrograph 
because sediment supply is usually exhausted after 

FIGURE 2.  Forest ecosystems can retard chemical or nutrient 
movements to surface waters. (Photo: R.G. Pike)
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FIGURE 2.2  Common flow–dilution relationship for a forested watershed in Oregon. Q represents 
stream discharge; EC represents electrical conductivity, a proxy for dissolved  
constituents. (Data source: U.S. Geological Survey water quality records; graph:  
J.D. Stednick, unpublished, 2009).

FIGURE 2.3  Identification of streamflow sources based on the relationship between electrical  
conductivity (EC) and stream discharge (Q) at Place Creek during the 2000 melt  
season (Moore et al. 2008a).
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and phosphorus, often leads to greater biological 
productivity than in rivers and thus differing water 
quality. 

Groundwater frequently has lower mixing rates 
and generally longer residence times than rivers and 
lakes; consequently, groundwater is normally more 
uniform in temperature and exhibits lower variabil-
ity in chemical composition in time and space than 
lakes and rivers (Lamb 985). This can be important 
for aquatic life. For example, in areas where streams 
freeze in winter, groundwater inflows can provide 
temperature refugia for fish and other aquatic life 
(Power et al. 999) and (or) can ensure the winter 
survival of salmon eggs (Leman 993; Smerdon and 
Redding 2007).

Water quality naturally varies across British 
Columbia and can be driven by a watershed’s normal 
hydrologic regime and disturbance agents. Variabili-
ty in chemical and physical constituents subsequent-
ly affects biological water quality. This is important 
to consider, as this natural variability is the baseline 
from which the regulation of activities that affect 
water quality are judged and managed. 

some period of time (Macdonald et al. 2003: see Sec-
tion 7.3., “The Hydrograph”).

 Although most lakes are similar in chemical 
composition to the rivers that feed them, reduced 
water velocity and turbulence in lakes leads to 
settling of particulates and suspended sediments, 
lower turbidity, and greater light penetration (Lamb 
985). Most lakes have low water current velocities or 
multidirectional currents, water residence times of 
months to years, and periods of thermal or chemical 
stratification (Meybeck and Helmer 992). Ther-
mal stratification within lakes can create anaerobic 
conditions near the lake bottom. Decomposition 
of organic materials that settle on the lake bottom 
increases the biological oxygen demand and may 
deplete dissolved oxygen from the overlying waters. 
These anaerobic conditions can change the lake oxi-
dation-reduction potential, which creates a reducing 
environment above the sediments. Such reducing 
conditions may result in the release of orthophos-
phate and iron from the lake sediments, which 
potentially can affect drinking water quality. The 
internal cycling of major nutrients, such as nitrogen 

In British Columbia, the protection of water quality 
is based on designated water uses at given locations. 
These uses include:

• drinking water, public water supply, and food 
processing;

• aquatic life and wildlife;
• agriculture (livestock watering or irrigation); 
• recreation and aesthetics; and
• industrial water supplies. 

Water quality guidelines and objectives are used 
to assess water quality so that the most sensitive 
designated use at a given site can be protected. As 
such, the standards by which water quality is judged 
to be acceptable often differ between water uses. For 
example, water deemed satisfactory for agricultural 
irrigation may be inappropriate for use as drinking 
water. 

The regulation of activities that affect water qual-
ity in forested watersheds in British Columbia (Fig-
ure 2.4) is controlled by both federal and provincial 
governments through various legislative acts and 
regulations. The following acts and regulations apply 

to the management of activities on forested Crown 
land.

• Dam Safety Regulation 
• Dike Maintenance Act 
• Drinking Water Protection Act 
• Environmental Assessment Act 
• Environmental Management Act
• Fish Protection Act 
• Forest and Range Practices Act 
• Groundwater Protection Regulation 
• Ministry of Environment Act 
• Sensitive Streams Designation and Licensing 

Regulation 
• Utilities Commission Act 
• Water Act 
• Water Protection Act 
• Water Regulation 
• Water Utilities Act 

In addition, water quality guidelines and objec-
tives are used in the regulation of water quality in 
British Columbia.

GUIDELINES, OBJECTIVES, AND PARAMETERS IN BRITISH COLUMBIA

http://www.qp.gov.bc.ca/statreg/reg/w/water/44_2000.htm
http://www.qp.gov.bc.ca/statreg/stat/D/96095_01.htm
http://www.qp.gov.bc.ca/statreg/stat/D/01009_01.htm
http://www.qp.gov.bc.ca/statreg/stat/E/02043_01.htm
http://www.env.gov.bc.ca/epd/main/ema.htm
http://www.qp.gov.bc.ca/statreg/stat/F/97021_01.htm
http://www.qp.gov.bc.ca/statreg/stat/f/02069%5F01.htm
http://www.env.gov.bc.ca/wsd/plan_protect_sustain/groundwater/index.html
http://www.qp.gov.bc.ca/statreg/stat/M/96299_01.htm
http://www.qp.gov.bc.ca/statreg/reg/F/FishProtect/89_2000.htm
http://www.qp.gov.bc.ca/statreg/reg/F/FishProtect/89_2000.htm
http://www.qp.gov.bc.ca/statreg/stat/U/96473_01.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96483_01.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96484_01.htm
http://www.qp.gov.bc.ca/statreg/reg/W/Water/204_88.htm
http://www.qp.gov.bc.ca/statreg/stat/W/96485_01.htm
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Water Quality Guidelines

Water quality guidelines (formerly called “criteria” 
in British Columbia) provide the benchmark for as-
sessing the province’s water quality and setting water 
quality objectives (see below). Water quality guide-
lines are numerical values that indicate acceptable 
levels of physical, chemical, and biological charac-
teristics of water, biota, and sediment for different 
types of designated water uses. Approved water qual-
ity guidelines are applied province-wide to prevent 
detrimental effects from occurring to a water use, 
and to support aquatic life. A water quality problem 
is deemed non-existent if the substance concen-
tration is lower (or higher in some cases, such as 
dissolved oxygen) than the guideline level; however, 
this approach does not recognize that the cumulative 
effect of several substances may cause a water qual-
ity problem. Where a guideline is exceeded or falls 
below a threshold, an assessment of water quality is 

usually required. British Columbia’s water quality 
guidelines are science-based and subjected to wide 
review before finalization. Once established, the 
guidelines are reviewed periodically to incorporate 
newly available information. Water quality guide-
lines for the support of aquatic life are the most diffi-
cult to develop and are based mainly on the effects of 
toxins on various life forms. Given the uncertainty 
involved, conservative safety factors are usually 
applied in determining the final guideline level. For 
example, the maximum nitrate guideline is based on 
the results of toxicity tests with the lowest 96-hour 
LC50,

1 which are multiplied by a safety factor of 0.5, 
whereas the 30-day average nitrate guideline (again 
based on the lowest 96-hour LC50) is multiplied by 
a safety factor of 0. (Meays 2009). Provincially ap-
proved water quality guidelines take precedence over 
any other guidelines or standards (e.g., those of the 
Canadian Council of the Ministers of the Environ-
ment or the U.S. Environmental Protection Agency). 
Approved water quality guideline information for 
British Columbia can be found on the Ministry of 
Environment’s Environmental Protection Division 
website at: www.env.gov.bc.ca/wat/wq/wq_ 
guidelines.html. 

In situations where guidelines have not yet 
been fully assessed or endorsed, “working” water 
quality guidelines are used in British Columbia. 
These guidelines are obtained primarily from the 
Canadian Council of the Ministers of the Environ-
ment and other North American jurisdictions. The 
working guidelines provide the best guidance, in the 
interim, on safe levels of different substances in the 
environment. Nevertheless, these draft guidelines 
should always be used with caution because they can 
be based on historic information or different deriva-
tion protocols. Importantly, the appropriate techni-
cal document must be used to ensure that approved 
water quality guidelines are applied correctly.

Water Quality Objectives

Water quality objectives are based on scientific water 
quality guidelines. These objectives are established 
on a site-specific basis and take into consideration 
local water quality, water use, water movement, and 
waste discharges. 

In contrast to the provincially applicable water 
quality guidelines, water quality objectives are 

FIGURE 2.4   In British Columbia, water quality in forested 
watersheds is regulated by both federal and 
provincial governments. (Photo: R.G. Pike)

 Concentration of toxicant lethal to 50% of test organisms during a defined time period and under defined conditions.

http://www.env.gov.bc.ca/wat/wq/wq_guidelines.html
http://www.env.gov.bc.ca/wat/wq/wq_guidelines.html
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commonly used to: guide the evaluation of water 
quality; issue permits, licences, and legal orders; and 
manage fisheries. The objectives also provide a refer-
ence against which the state of water quality in  
a particular water body can be checked over time. 

Water Quality Parameters 

Water quality parameters are measures of specific 
characteristics of water and can be categorized 
as physical, chemical, and biological parameters 
(Table 2.). This section describes some of the most 
common water quality parameters and serves as an 
introduction to the example measures. For addi-
tional information on water quality parameters and 
sampling strategies, see the publications listed in 
Table 2.2.

Water temperature
Water temperature is a physical property of a system 
defined as the average kinetic energy of atoms in 
a solution (Stednick 99) and is a measure of the 
intensity (not amount) of heat stored in a volume of 
water. Temperature is measured in degrees Celsius 
(°C) and is influenced primarily by solar radiation as 
modified by the seasons, latitude, elevation, vegeta-
tion cover, discharge, stream channel characteristics, 

prepared for specific bodies of fresh, estuarine, 
and coastal marine surface waters. Objectives are 
prepared only for specific water bodies and water 
quality characteristics that may be affected by hu-
man activity currently or in the future. Water quality 
objectives are set by the B.C. Ministry of Environ-
ment under Section 5(e) of the Environmental Man-
agement Act. In addition, Section 50 of the Forest 
and Range Practices Act contains provisions for the 
designation of community watersheds and the estab-
lishment of objectives to protect drinking water. For 
this reason, water quality objectives developed for 
community watersheds generally focus on potential 
effects from roads, forest harvesting, and range ac-
tivities. Currently, 46 community watersheds have 
been approved in British Columbia. Section 8.2 of 
the Forest and Range Practices Act’s Forest Planning 
and Practices Regulations contains details on objec-
tives for water in community watersheds. 

If water quality objectives for community wa-
tersheds are established by the Minister of Forests 
and Range’s order following the Forest and Range 
Practices Act’s Government Actions Regulation 
process, then those forest agreement holders who are 
required to prepare a forest stewardship plan must 
include in this plan a result or strategy consistent 
with the water quality objective. Objectives are most 

TABLE 2. Forest water quality parameters and example measures

Category Parameters Example measures

Physical Water temperature Temperature 
 Sediment Total suspended solids 
  Turbidity

Chemical Ions, dissolved constituents,  pH
 and nutrients  Electrical conductivity
  Total dissolved solids 
  Dissolved oxygen
  Ions (e.g., sodium, potassium, calcium, magnesium, iron) 
  Nitrogen (nitrate, ammonium) 
  Phosphorus (various forms) 

 Toxic parameters Pesticides (insecticides, herbicides, and fungicides)
  Metals (e.g., lead, mercury, cadmium, aluminum, copper, selenium,
  zinc)

Biological Biological parameters Chlorophyll a
  Fecal coliform 
  Benthic invertebrate communities
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cloud cover, and time of day. In British Columbia, 
measured surface water temperatures (Figure 2.5) 
can naturally range from less than 0°C under ice 
to more than 40°C in hot springs. For additional 
information on water temperature variability and 
measurement, see Chapter 7 (“Watershed Measure-
ment Methods and Data Limitations”). 

Changes to water temperature regimes (water 
temperature over time) beyond optimal ranges can 
have significant effects on aquatic life, such as fish 
(e.g., metabolic rates, eggs, behaviour, and mortal-
ity). Increasing water temperature may lead to more 
rapid decomposition of organic material, which in 
turn could result in decreased oxygen levels. In-
creased temperatures also elevate metabolic oxygen 
demand, which in conjunction with reduced oxygen 
solubility, may affect aquatic species. In most moun-
tain streams, however, high aeration rates preclude 
significant changes in dissolved oxygen content 
(Brown and Beschta 985; Stednick 99). Tempera-
ture also affects the solubility of many constituents 
such as metals that may influence water quality. 
Information on preferred temperatures for spawn-
ing and incubating salmon and lower or upper lethal 
and preferred temperatures for select salmon species 
can be found in Bjornn and Reiser (99).

Water temperature guidelines vary depending 
on water use (e.g., consumptive use vs. aquatic life). 
A summary of guidelines for water temperature 
follows; for complete details on each of these guide-
lines, see Singleton (200):

TABLE 2.2 Water quality sampling literature

Title Author (year)

Ambient Freshwater and Effluent Sampling Manual Resources Information Standards Committee (1998)

British Columbia Field Sampling Manual Clark (editor, 2003)

Continuous Water Quality Sampling Programs: Operating  Resources Information Standards Committee (RISC) 2006a
  Procedures 

Continuous Water Quality Sampling Programs: Appendices Resources Information Standards Committee (RISC) 2006b

Freshwater Biological Sampling Manual Cavanagh et al. 1997a

Guidelines for Designing and Implementing a Water Quality  Cavanagh et al. 1998a
  Monitoring Program in British Columbia 

Guidelines for Interpreting Water Quality Data  Cavanagh et al. 1998b

Guidelines for Monitoring Fine Sediment Deposition in  Rex and Carmichael 2002
  Streams, Version 1.3 

Lake and Stream Bottom Sediment Sampling Manual Resources Information Standards Committee 1997

a Resources Information Standards Committee approved protocol.

FIGURE 2.5  Measuring stream temperature in a British  
Columbia coastal stream. (Photo: T. Redding)

• Drinking water: maximum of 5°C for aesthetics.
• Aquatic life (streams with known fish distribu-

tion): ±°C beyond optimum temperature range 
for the most sensitive species present.

• Aquatic life (streams with unknown fish distribu-
tions): mean weekly maximum temperature of 
8°C or less.
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Sediment: Total suspended solids and turbidity
Clay, silt, and very fine sand particles less than 
0. mm in diameter can be transported as suspended 
sediment (MacDonald et al. 99) in water at most 
velocities. Fine sediment in forested watersheds is 
generally measured as total suspended solids (TSS) or 
turbidity (Stednick 99). 

Total suspended solids Total suspended solids (also 
known as non-filterable residue) refer to the portion 
of sediments suspended in a water column. Suspend-
ed sediment is measured by drying or filtering a wa-
ter sample (usually a depth-integrated sample) and 
weighing the residual portion, which is expressed 
as a concentration in milligrams per litre (mg/L) or 
parts per million (ppm). 

Fine sediment has many important implications 
for water quality (Figure 2.6). In addition to re-
stricting light penetration in water, suspended solids 
can result in damage to fish gills and impair spawn-
ing habitat by smothering fish eggs. Suspended solids 
can also impair water treatment processes (Cavanagh 
et al. 998b). 

Guidelines for TSS are based on increases over 
background levels. These guidelines can be either 
pre-operational, whereby monitoring must be 
done to establish appropriate background levels, 
or post-operational, whereby a site upstream of the 

anthropogenic influences contributing to increased 
turbidity is used to define background (see Caux et 
al. 997). In British Columbia, TSS guidelines have 
been developed for aquatic life and for other uses. 
A summary of TSS guidelines to protect aquatic life 
follows; for complete details on each of these guide-
lines, see: www.env.gov.bc.ca/wat/wq/BCguidelines/
turbidity/turbidity.html.

• Induced suspended sediment concentrations 
should not exceed background levels by more 
than 25 mg/L at any one time for a duration of 
24 hours, or exceed 5 mg/L from background 
at any one time for a duration of 30 days, in all 
waters during clear flows.

• Induced suspended sediment concentrations 
should not exceed background levels by more 
than 25 mg/L at any time when background is 
25–00 mg/L during high flows or in turbid water.

• When background exceeds 00 mg/L, suspended 
sediments should not be increased by more than 
0% of the measured background level at any one 
time. 

Details of methods commonly used to sample 
suspended sediments are presented in Chapter 7, 
“Watershed Measurement Methods and Data Limi-
tations” (see subsection on “Suspended Sediment”). 

FIGURE 2.6  Suspended sediment in streams can have many important implications for water  
quality. (Photo: P. Teti)

http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
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Turbidity  Turbidity is used as a proxy to describe 
sediment content of water samples (Figure 2.7). 
Turbidity refers to the amount of light scattered by a 
fluid (Stednick 99) and is measured in nephelomet-
ric turbidity units (NTU). Increasing turbidity is usu-
ally associated with increasing suspended sediment 
concentrations. Turbidity cannot be used as a direct 
measure of suspended sediment as values are influ-
enced by solution colour, particle size, particle shape, 
solute concentration, and dissolved air (Anderson 
and Potts 987); however, relationships between 
turbidity and suspended sediment may be developed 
on a site-specific basis (Stednick 99). Details of 
methods commonly used to measure turbidity are 
presented in Chapter 7, “Watershed Measurement 
Methods and Data Limitations” (see subsection on 
“Turbidity as a Proxy for Suspended Sediment”). 

Excessive sedimentation rates can adversely affect 
aquatic life as fine sediment can fill gravel interstices, 
thereby reducing oxygen availability for developing 
fish eggs and embryos (Fredriksen 973). Prolonged 
turbid waters also block light, which reduces prima-
ry productivity. Excessive turbidity negatively affects 
the aesthetics associated with recreational water use. 
Turbid waters also require higher levels of treatment 
if used for drinking water because of the increased 
total available surface area of solids in suspension 
upon which bacteria can grow. Turbidity also inter-
feres with the disinfection of drinking water and is 
aesthetically unpleasing (Cavanagh et al. 998b).

As with TSS, turbidity guidelines are based on 
increases over background levels. A summary of 
turbidity guidelines follows; for complete details, 
see Caux et al. (997) or www.env.gov.bc.ca/wat/wq/
BCguidelines/turbidity/turbidity.html. 

• For raw drinking water with treatment for par-
ticulates: turbidity should not increase from back-
ground by more than 5 NTU when background is 
less than or equal to 50 NTU, or should not change 
from background by more than 0% when back-
ground is greater than 50 NTU.

• For raw drinking water without treatment for 
the removal of particulates: turbidity should not 
increase from background by more than  NTU 
when background is less than or equal to 5 NTU, 
or should not change from background by more 
than 5 NTU at any time when background is 
greater than 5 NTU.

Turbidity guidelines for other water uses are also 
dependent on background levels and have specific 
requirements for determining attainment (Caux et 
al. 997).

pH, electrical conductivity, total dissolved solids, 
dissolved oxygen, nitrogen, and phosphorus
pH The pH of a substance is a measure of hydrogen 
ion (H+) activity. The “H” in “pH” represents the 
moles per litre of H+ and “p” is the negative log; thus, 
a H+ activity of 0–5.6 is expressed as a pH of 5.6. A 
4-point scale is used to quantify pH: less than 7 is 
acidic, 7 is neutral, and greater than 7 (up to 4) is 
basic. For solutions in which the concentration of 
hydrogen ions (H+) is higher than hydroxide ions 
(OH–), the solution will be acidic (i.e., pH < 7). For 
solutions in which hydroxide ions have a higher ac-
tivity than H+, the solution will be basic (pH > 7).

Various methods are used to measure pH, the 
most common of which is colour indicators (e.g., 
litmus strips) or specialized probes that generate 
voltage proportional to the pH of a solution. A com-
prehensive review of pH determination and meas-
urement is available in McKean and Huggins (989). 

In British Columbia, the range of pH in surface 
water is variable and is largely a product of the 
amount of precipitation and the rate of geologic 
weathering in soils and bedrock (McKean and Nag-
pal 99). Regarding water quality, pH is important 
as it determines the solubility of heavy metals.  
McKean and Nagpal (99) outlined the following 
ways in which pH can affect aquatic organisms.

• alteration of chemical species (metals, etc.) to 
toxic forms

• destruction of gill tissue 
• creation of acidosis or alkalosis FIGURE 2.7  Measuring the turbidity of a water sample. 

(Photo: P. Teti)

http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/turbidity/turbidity.html
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• loss of electrolytes
• inhibition of ammonia excretion mechanism

Guidelines for pH vary depending on water use 
(e.g., drinking vs. aquatic life). Additionally, some 
other guidelines are pH-dependent and are adapted 
for conditions at the site (e.g., ammonia). Further 
details on ambient water quality criteria for pH are 
found in McKean and Nagpal (99) and in Table 2.3 
below. 
 
Electrical conductivity Electrical conductivity 
(EC) is a measure of the ease with which electrical 
current passes through water, and is expressed in 
microSiemens per centimetre (μS/cm). The EC of 
water varies with ion composition, ion concentra-
tion, and temperature (Moore et al. 2008a). Because 
of the temperature dependence, the measurement 
of EC is corrected to a standard temperature (e.g., 
25°C). The term “specific conductance” (SC) refers to 
electrical conductivity measured at a specified refer-
ence temperature, usually 25°C (Moore et al. 2008a), 
and is often considered synonymous with electrical 
conductivity (Mills et al. 993). 

Electrical conductivity is used as an indicator of 
water chemistry and hydrologic processes (Figures 
2.2, 2.3, 2.8), and is also used to identify ground-
water discharge zones. The introduction of tracers 
that temporarily alter water EC (e.g., sodium chlo-
ride) are used to measure stream discharge (Moore 
2004a; 2004b; Hudson and Fraser 2005; Moore et al. 
2008a). 

Additional information on the use of electrical 
conductivity as an indicator of water chemistry and 
hydrologic process can be found in Moore et al. 
(2008a). 

Total dissolved solids Total dissolved solids (TDS) is 
a measure of inorganic salts dissolved in water. The 

principal constituents are usually calcium, magne-
sium, sodium, potassium, carbonate, bicarbonate, 
chloride, sulphate, phosphate, and nitrate (Health 
Canada 978). These dissolved solids come from 
both natural and human sources (road salt, ferti-
lizer, etc.), and as such, concentrations vary across 
British Columbia. In general, concentrations of TDS 
in drinking water are well below 500 mg/L but may 
be higher in some areas (Health Canada 978). It is 
measured by collecting electrical conductivity data 
and converting it to TDS values using a multiplica-
tion factor (0.55–0.8) (Health Canada 978); it is also 
measured gravimetrically (Health Canada 978). 

Dissolved oxygen Dissolved oxygen (DO) is a 
measure of the amount of oxygen dissolved in water 
through diffusion from the air, aeration or turbu-
lence in a stream, or photosynthesis occurring in 
aquatic ecosystems. Most aquatic organisms require 
DO. In British Columbia, DO levels in surface waters 
are usually high. Saturation levels are the maximum 
level of DO that can be contained in the water, based 
on water temperature and partial pressure of atmos-
pheric oxygen, and are often greater than 0 mg/L 
(B.C. Ministry of Environment 997). 

Dissolved oxygen is most often measured in 
situ through the use of specialized probes and data 
loggers. Measuring DO in the laboratory via grab 
samples may cause errors in accuracy compared 
to in situ conditions. For more information on DO 
and its measurement, see B.C. Ministry of Environ-
ment (997). Guidelines for DO in British Columbia 
are also available at: www.env.gov.bc.ca/wat/wq/
BCguidelines/do/index.html.

Nitrogen In relation to the potential effects of forest 
management activities on chemical water quality, 
changes to nitrogen (N) and phosphorus (P) inputs 
are considered important (Brown and Binkley 994). 

TABLE 2.3 Summary of surface water pH guidelines in British Columbia

Water use Guidelines for pH units Comments

Drinking water supply pH 6.5–8.5 Designed to minimize solubilization of heavy metals and 
  salts from water distribution pipes and the precipitation 
  of carbonate salts in the distribution system, and to 
  maximize the effectiveness of chlorination; however, 
  natural-source water outside the guidelines may be safe   
  to drink from a public health perspective.

Recreational waters pH 5.0–9.0 No irritation to eyes. Note that lakes with naturally low or 
  high pH are not in contravention of the guideline.

http://www.env.gov.bc.ca/wat/wq/BCguidelines/do/index.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/do/index.html


4

Nitrogen and phosphorus typically limit terrestrial 
and aquatic productivity, respectively, and increased 
concentrations can lead to eutrophic conditions in 
aquatic environments (Binkley and Brown 993). 
Excessively high levels of nitrate can be toxic to fish 
(Stednick [editor] 2008). Nitrate-N concentrations 
greater than 0 mg/L can also adversely affect hu-
man health and can cause methaemoglobinaemia  
or “blue baby” syndrome (Binkley et al. 999a). 

Nitrate and ammonium are the primary con-
stituents of interest when considering nitrogen. 
Nitrate (NO3

–) ions are formed through the oxidation 
of nitrogen by micro-organisms in plants, soil, or 
water, and to a lesser extent, by electrical discharges 
such as lightning (Beatson 978). In North America, 
background concentrations of nitrate-N in streams 
are low and average 0.3 mg/L with a median value 
of 0.5 mg/L (Binkley 200). Concentrations are typi-

cally lower than this in British Columbia’s coastal 
streams, and sometimes are as low as 0.00 mg/L 
(Perrin et al. 987). Nitrite (NO2

–) is another form of 
nitrogen that tends to oxidize rapidly to nitrate in 
the environment. Nitrite is rare in forested water-
sheds. Detectable concentrations in surface waters 
often suggest an input of organic waste such as sew-
age. Water quality guidelines for nitrate and nitrite 
are summarized in Table 2.4.

 Ammonia (NH3) is a colourless gas that has a 
strong pungent odour. Ammonia is produced natu-
rally by the biological degradation of nitrogenous 
matter (e.g., amino acids) and is an essential link in 
the nitrogen cycle (Health Canada 987). Ammonia 
concentrations as low as 0.03 mg N/L can be poten-
tially toxic to aquatic organisms in the short term; 
concentrations greater than 0.002 mg N/L may be 
toxic over the long term (Binkley et al. 999a, 999b). 

FIGURE 2.8  Measuring electrical conductivity in a British Columbia coastal stream. (Photo:  
D. Spittlehouse)

TABLE 2.4 Summary of British Columbia water quality guidelines for nitrate and nitrite (Meays 2009)

 Nitrate Nitrite
Water use (mg/L as nitrogen) (mg/L as nitrogen)

Drinking water 10 mg/L (maximum) 1 mg/L (maximum)
Freshwater aquatic life (maximum) 31.3 mg/L (maximum)a 0.06 mg/L (maximum)
Freshwater aquatic life (average) 3.0 mg/L (30-d average)a 0.02 mg/L (average) when chloride is ≤ 2 mg/L

 a Source: http://a00.gov.bc.ca/pub/eirs/viewDocumentDetail.do?fromStatic=true&repository=EPD&documentId=9930).

http://a100.gov.bc.ca/pub/eirs/viewDocumentDetail.do?fromStatic=true&repository=EPD&documentId=9930
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The conversion of ammonium (NH4
+) to ammonia 

(NH3) is pH-dependent. Both ammonia and am-
monium can exist in water, but ammonia is stable 
only when pH is greater than 9. Concentration of 
ammonia decreases tenfold with each decrease in pH 
unit; thus, for acidic forest soils (pH 4–6.5), ammonia 
concentrations are typically below detection limits 
(Binkley et al. 999a). Ammonium concentrations 
are also typically below detection limits in surface 
waters, since ammonium is rapidly utilized in plant 
uptake or fixed on soil cation exchange sites.

Phosphorus Phosphorus (P) is often the nutrient 
that limits biological production in aquatic ecosys-
tems. Overloading a system with phosphorus can 
lead to excess production of unwanted algae, as well 
as other water quality problems, including reduced 
oxygen content, which can kill fish and may lead 
to drinking water impairment (taste, odour, and 
treatment difficulties) (Wetzel 200). The magnitude 
of the effect depends on the characteristics of the 
receiving water body (e.g., discharge, background 
phosphorus concentration, and water residence 
time) (Pike and Perrin 2005). 

Phosphorus is naturally derived mainly from the 
weathering of minerals. The cycling of phosphorus 
between plants, animals, soils, and water involves 
both dissolved and particulate forms of the element 
(Scatena 2000). In freshwater, phosphorus occurs 
in three forms: () inorganic phosphorus, (2) undis-
solved or particulate organic phosphorus, and (3) 
dissolved organic phosphorus (Environment Canada 
2005). Phosphorus dissolved in water usually occurs 
in the form of phosphates (PO4

3 -). In North America, 
more particulate than dissolved phosphorus occurs 
in stream water (Feller 2008). Unlike nitrogen, phos-
phorus does not have a gaseous component (Scatena 
2000). Sources of phosphorus include agricultural 
and urban runoff, soil erosion, and sewage. 

Phosphorus is not considered hazardous to hu-
man health (Scatena 2000). In British Columbia, 
guidelines for phosphorus vary between lakes and 
streams (Nordin 985). Currently, approved water 
quality guidelines for phosphorus are based on  
Water Quality Criteria for Nutrients and Algae  
www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/ 
nutrientstech.pdf). A summary of the phosphorus 
guidelines for lakes follows.

• Drinking water sources: < 0 µg/L total P
• Recreation: < 0 µg/L total P
• Aquatic life: 5–5 µg/L total P (for lakes with  

salmonids as the predominant fish species).

For streams, chlorophyll a is used as the water 
quality measure because several conditions (i.e., 
water velocity, substrate, light, temperature, and 
grazing pressure) must be met before phosphorus 
becomes a factor causing nuisance levels of algal 
growth (Nordin 985). As algal biomass is the focus of 
concern it was chosen as the measure (Nordin 985). 
A summary of the guidelines for chlorophyll a follows.

• Drinking water sources: no recommendation
• Recreation: < 50 mg/m2 chlorophyll a
• Aquatic life: < 00 mg/m2 chlorophyll a

Other biological and toxic parameters
Water quality analysis in forested ecosystems can 
also focus on several other parameters. Biological 
parameters of interest often include total coliforms, 
Cryptosporidium, and Giardia. Further discussion 
of these constituents and the factors influencing 
their generation and transport to water bodies can 
be found in Dissmeyer (editor, 2000) and Scatena 
(2000). 

Toxins can be defined as any chemicals that cause 
adverse effects (Brown and Binkley 994). Acute 
toxicity occurs in the short term and is the rapid re-
sponse of organisms to a chemical dose (Norris and 
Moore 976). Chronic toxicity occurs over the long 
term and is the delayed response of organisms to 
the exposure of a chemical (Norris and Moore 976). 
Examples of toxins that may be monitored in water 
include heavy metals, such as lead or cadmium, or 
pesticides. 

Biological parameters and toxins are generally 
monitored in association with land use (e.g., agricul-
ture, range) or point and non-point source discharg-
es (e.g., mineral extraction, urban stormwater/sewer, 
pulp mill effluent, wildlife/cattle). Approved water 
quality guidelines for biological and toxic param-
eters in British Columbia are available from:  
www.env.gov.bc.ca/wat/wq/BCguidelines/ 
approv_wq_guide/approved.html. Working guide-
lines are available at: www.env.gov.bc.ca/wat/wq/ 
BCguidelines/working.html.

http://www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/nutrientstech.pdf
http://www.env.gov.bc.ca/wat/wq/BCguidelines/nutrients/nutrientstech.pdf
http://www.env.gov.bc.ca/wat/wq/BCguidelines/approv_wq_guide/approved.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/approv_wq_guide/approved.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/working.html
http://www.env.gov.bc.ca/wat/wq/BCguidelines/working.html
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In the last 20 years, numerous reviews of forest 
management effects on water quality have been 
published, including those of Krause (982), Hether-
ington (987), MacDonald et al. (99), Binkley and 
Brown (993), Brown and Binkley (994), MacGregor 
(994), Martin (995), Miller et al. (997), Teti (998), 
Carignan and Steedman (2000), Dissmeyer (editor, 
2000), and Sedell et al. (2000). A summary of water 
quality components that can be affected by forest 
management activities is presented in Table 2.5.

Forest Management Effects on Sediment and Water 
Temperatures

Increased sediment inputs and stream temperatures 
are two common concerns associated with the effects 
of forest management on water quality. Because sev-
eral different natural disturbances and forest prac-
tices can affect sediment and stream temperature in 
British Columbia, the coverage of these topics has 
occurred extensively throughout many other chap-
ters in this Compendium. Specifically, the reader is 
referred to the following information.

• Groundwater influence on stream temperatures 
(Chapter 6)

• Riparian management effects on stream tempera-
ture (Chapter 5)

• Stream temperature measurement (Chapter 7) 
• Climate change, stream temperature, and water 

quality (Chapter 9)
• Modelling future stream temperatures (Chapter 

9)
• Glaciation, geology, and effects on sediment re-

gimes (Chapter 2)
• Landslides, erosion, and sedimentation processes 

(Chapter 8) 
• Forest management and sediment production 

(Chapter 9)
• Sediment influence on stream channel morphol-

ogy (Chapter 0) 
• Sediment production in karst environments 

(Chapter )
• Sediment and stream/riparian ecology (Chapter 

3)
• Sediment and salmon (Chapter 4) 
• Riparian management, sediment production, and 

stream habitat (Chapter 5)
• Practices to avoid harvesting-related landslides 

and sediment production (Chapter 9)
• Practices to avoid landslides and sediment pro-

duction from forest roads (Chapter 9)

FOREST MANAGEMENT AND DISTURBANCE EFFECTS ON WATER QUALITY

TABLE 2.5 Components of water quality potentially affected by forest management activities

Activity Variants Affected water quality components

Timber harvesting Clearcutting Temperature, sediment, nutrients, dissolved
 Variable retention solids, dissolved oxygen

Timber extraction Tractor (crawler or wheeled) Sediment, dissolved solids
 Rubber-tire skidder
 Cable yarding (ground lead, high lead, skyline)
 Helicopter 

Roads and stream crossings Road construction, use, maintenance,  Temperature, sediment, toxins, dissolved solids, 
 and deactivation dissolved oxygen
 Bridge and culvert installation 

Site preparation Mechanical preparation, scarification,  Sediment, nutrients, dissolved solids, dissolved
 slash disposal oxygen

Prescribed burning Broadcast, pile and burn Nutrients, sediment, dissolved solids, dissolved 
  oxygen

Applied chemicals Fertilizers Nutrients, toxins 
 Pesticides and herbicides Toxins, temperature
 Fire suppressants and retardants Nutrients, toxins 
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• Climate change effects on landslides, glaciers, and 
sediment (Chapter 9)

• Measuring suspended sediment and turbidity 
(Chapter 7)

• Sediment source mapping (Chapter 7) 
• Riparian assessment and fine sediment (Chapter 

5) 
• Watershed assessment and sediment (Chapter 6)
• Sediment in forested watersheds and rehabilita-

tion measures (Chapter 8)

Therefore, this chapter will not duplicate these 
sources of information. Rather, the following mat-
erial briefly highlights these parameters from a water 
quality perspective. The reader should consult the 
sources listed above for more detailed information.

Stream temperature
Stream temperature is influenced by various energy 
sources including short- and long-wave radiation, 
sensible and latent heat from the atmosphere, con-
duction from the streambed, and advective inputs 
from groundwater, hyporheic, and tributary inflows 
(Moore et al. 2005). All of these energy sources vary 
in response to daily and seasonal cycles of climatic 
variables as well as synoptic-scale weather systems. 
As a result, stream temperatures also vary on daily, 
synoptic, and seasonal time scales. The influence of 
groundwater on stream temperature is discussed 
further in Chapter 6, “Hydrologic Processes and 
Watershed Response.” 

Stream temperature sensitivity to hydroclimatic 
conditions varies with both riparian vegetation 
cover and channel morphology. The riparian forest 
canopy provides shade, emits long-wave radiation, 
and reduces wind speed, thus exerting an important 
control on the radiative and turbulent exchanges at 
the stream surface. The effects of the forest canopy 
vary with stream width, as a wider stream has a 
greater sky view factor and thus reduced shading 
and longwave radiation and higher wind speeds over 
the stream. The sensitivity of stream temperature to 
energy inputs is inversely related to stream depth. As 
a result of these factors, wide, shallow streams in un-
disturbed riparian zones are generally more sensitive 
to heating than deep, narrow streams with a similar 
discharge. 

Stream temperature exhibits systematic variabil-
ity within and among catchments. Within a catch-
ment, stream temperature is generally coldest in 
the headwaters and increases downstream for both 

glacier-fed and groundwater-fed streams. Particular-
ly on the interior plateaus, many catchments contain 
lakes and wetlands that become much warmer than 
groundwater during periods of calm, sunny weather. 
This warming produces elevated stream tem-
peratures at the outlets of lakes and wetlands, with 
cooling in downstream reaches caused by inflow of 
colder groundwater (Mellina et al. 2002). Among 
catchments, stream temperature tends to increase 
with fractional lake coverage and to decrease with 
mean catchment elevation and fractional glacier cov-
erage, as the increased inputs of cool water during 
periods of warm weather serve to moderate diurnal 
warming (Moore 2006). It is expected that a con-
tinued reduction in meltwater contributions associ-
ated with glacier retreat will lead to altered aquatic 
habitat characteristics, including increased stream 
temperatures and altered stream water chemistry 
(see Chapter 9, “Climate Change Effects on Water-
shed Processes in British Columbia”). A complete 
description of how stream temperature may be af-
fected by climate and climate change is provided in 
Chapter 9. 

Forest harvesting has the potential to influence 
stream temperature in several ways. Harvesting in 
riparian areas can affect stream temperature directly 
through the removal of shading vegetation and 
alteration of riparian microclimate. Riparian forest 
harvesting can also cause stream widening caused by 
the loss of bank strength as tree roots decay, result-
ing in greater temperature response to heat inputs. 
Forest harvesting outside the riparian zone can also 
lead to channel destabilization and widening as a 
result of increased inputs of coarse sediment and 
discharge, particularly where debris flows occur 
(Chapter 5, “Riparian Management and Effects on 
Function”). Forest harvesting has led to increases in 
stream temperatures in all seasons, with the greatest 
increases occurring in the summertime (see Table 
5.2 for details).

Stream temperature is an important water quality 
parameter as it has a strong influence on metabolic 
rates, biological activity, and decomposition that can 
affect the chemical and biological composition of 
waters. Altering stream temperatures thus has the 
potential to have a strong influence on local biologi-
cal communities. Certain fish species in British 
Columbia, such as the bull trout (Salvelinus conflu-
entus), have been shown to be sensitive to tempera-
ture changes. Overall, responses to increased water 
temperatures, and how these changes will affect the 
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various life stages (from egg to spawning adult) are 
generally defined by fish species. For example, at 
Carnation Creek, minor changes in stream tem-
peratures in the fall and winter caused by forest 
harvesting profoundly affected salmonid popula-
tions, accelerating egg and alevin development rates, 
emergence timing, seasonal growth, and the timing 
of seaward migration (Tschaplinski et al. 2004). Fur-
ther details of the influence of riparian management 
on stream temperature can be found in Chapter 5, 
“Riparian Management and Effects on Function.” 

Sediment
The production of sediment and movement to 
streams and lakes in British Columbia is caused by 
both natural and human-caused factors (Figure 2.9). 
Primary sources of sediment include surface erosion, 
mass movements (e.g., landslides), and streambank 
erosion (Hetherington 987). Importantly, each 
sediment source contributes different calibres (sizes) 
of sediment at different time intervals. Mass move-
ments contribute large and fine sediment fractions 
episodically (see Chapter 8, “Hillslope Processes,” 
Chapter 9, “Forest Management Effects on Hillslope 
Processes,” and Chapter 0, “Channel Geomorphol-
ogy: Fluvial Forms, Processes, and Forest Manage-
ment Effects”). In contrast, surface erosion generally 
contributes finer sediments continually, which can 
have an important effect on drinking water quality, 

aquatic life, and habitat conditions. The size of the 
sediment (i.e., coarse fractions) is one of the most 
significant of the potential factors influencing chan-
nel morphology (Figure 2.9; see also Chapter 0). 

Historically, forest management increased the 
production and movement of sediment to waterways 
directly through practices such as: the logging of 
floodplains, fans, and riparian forests; cross-stream 
yarding; harvesting unstable or marginally stable 
terrain; road construction causing landslides and 
surface erosion; inadequate stream crossings; and 
indirectly through channel and bank destabiliza-
tion (for a more complete history, see Chapter 8, 
“Stream, Riparian, and Watershed Restoration”). 
These historic practices have largely been discontin-
ued or have been modified to reduce the potential 
for sediment transport. In more recent times, timber 
harvesting has been shown to have minimal direct 
effects on sedimentation levels (Egan 999; and see 
Chapter 9, “Forest Management Effects on Hillslope 
Processes”). Stream crossings by roads or skid trails 
are the most frequent sources of sediment input 
because these crossings act as focal points for the 
introduction of sediment into streams (Taylor et al. 
999) from road surfaces and ditch-lines. Natural 
sediment production in any given watershed is gen-
erally related to precipitation and snowmelt events, 
and the degree of connectivity of sediment source 
to waterway. So while certain forestry practices in 

FIGURE 2.9  The production of sediment and movement to streams and lakes in British Columbia is 
caused by both natural and human-caused factors. (Photo: R.G. Pike)
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some areas may increase the potential for sediment 
production, precipitation will still be a key factor 
(Chapter 6, “Detecting and Predicting Changes in 
Watersheds”). 

Sediment is an important water quality parameter 
because it can directly influence aquatic organisms 
as well as water treatment effectiveness. For exam-
ple, sediment particle size distribution of incubation 
gravels and the percentage of fine sediments (e.g., 
< 0.85 mm diameter) (Chapman 988; Young et al. 
99) in streams can have a strong influence on egg 
survival to emergence for salmon and trout (Chapter 
4, “Salmonids and the Hydrologic and Geomor-
phic Features of Their Spawning Streams in British 
Columbia”). Fine sediment can reduce intergravel 
water flows, decrease the supply of dissolved oxygen 
to the eggs and alevins, and decrease the transport of 
ammonia and other metabolites away from the egg 
pockets (Chapter 4).

Forest Management Effects on Nutrients

Nutrient uptake
Nutrient cycling in forested environments is often 
complex and dependent on ecosystems, vegetation 
species, and structure. In general, forest harvest-
ing initially reduces nutrient uptake by terrestrial 
vegetation, which may lead to increased nutrient 
concentrations and loads in aquatic ecosystems for 
periods of –7 years for nitrogen and up to 0 years 
for base cations. Conceptually, nutrient loading ini-
tially increases after forest harvesting, then declines 
when local plant uptake is at a maximum (e.g., at 
canopy closure); however, forest harvesting effects 
differ depending on forest species composition and 
structure (including understorey vegetation). The 
following four subsections are based on literature 
reviews conducted by Feller (2005, 2008). The reader 
is directed to these reviews for additional detail and 
supporting references.

Nutrient transformations
Forest harvesting can affect microbiologically 
mediated soil processes. For example, the creation 
of forest openings by harvesting or canopy gaps by 
blowdown, or the falling of old-growth trees, can 
increase nitrification in the soil (Feller 2005, 2008). 
This may increase nitrate flow through the soil, 
which may reach surface water bodies. This flow may 
be enhanced if nitrogen fixation also increases after 
forest harvesting. For example, nitrogen fixation may 
increase if the cover of nitrogen-fixing plant species, 

such as Alnus spp. (alder), increases after forest har-
vesting (Feller 2005, 2008), particularly when alder 
is part of the riparian vegetation (Stednick [editor] 
2008). Nitrogen fixation increases existing nitrogen 
pools and may increase nitrate mobility. Conversely, 
nitrate flow can decrease in forests because of 
denitrification, especially in riparian forests where 
anaerobic conditions may result from increased soil 
moisture and increased dissolved organic carbon 
(DOC) in soil solution (caused by enhanced decom-
position of organic material) (Feller 2005, 2008). 
Recognition of this process is commonly used in 
designing riparian or streamside management zones 
to improve water quality from upslope sources (Sted-
nick 200). 

Production of soluble constituents
In general, forest harvesting deposits variable 
amounts of organic material and litter on the soil 
surface. Harvesting in the riparian zone may cause 
an initial decrease in forest litter production and re-
sult in less organic matter input into streams imme-
diately following harvesting. Organic material and 
litter produces easily soluble constituents, which are 
leached into the soil or water as the material decom-
poses. This may not always contribute to enhanced 
soil nitrogen availability following harvesting. Forest 
harvesting has a variable effect on litter decom-
position rates because of differences in the type of 
material being decomposed, the climate, the effects 
of harvesting on soil organisms, and the degree of 
mixing of organic matter with soil materials (Feller 
2005, 2008). 

Process effects within aquatic ecosystems 
Forest harvesting can influence many processes 
within aquatic ecosystems, but the extent of this 
influence depends on the amount of organic debris, 
fine sediment, and solar radiation reaching the 
aquatic ecosystem. Increases in ion exchange, chemi-
cal oxidation-reduction reactions, and microbial 
transformations all increase with the surface area 
of the streambed substrate. Although many studies 
have investigated chemical cycling processes within 
undisturbed forested streams, the direct effects of 
forest harvesting on these processes has not been  
widely studied (Feller 2005).

Primary production in a stream ecosystem in-
creases with solar radiation and with temperature. 
When these parameters increase because of forest 
harvesting, primary production may also increase. 



47

Other factors 
Chemical loading is further influenced by the char-
acteristics of the harvesting itself, soil properties, 
and the rate of re-vegetation following harvesting 
(Figure 2.0). Specifically, these influencing factors 
include: 

• proportion of the watershed harvested; 
• presence of riparian reserves between freshwater 

and disturbed areas; 
• nature of the site treatment following forest har-

vesting; 
• rate of re-vegetation following harvesting; 
• nutrient content of the soil (soil fertility) before 

harvesting; 
• buffering capacity of the soil; 
• abundance of water storage areas in a watershed; 

and 
• timing of forest harvest.

In general, the greater the proportion of the wa-
tershed harvested, the greater the effects on constitu-
ent movement through the watershed (Feller 2005; 
Gundersen et al. 2006; Titus et al. 2006). 

Undisturbed vegetated strips adjacent to a water 
body can effectively remove sediments and nutrients 
flowing from a harvested area upslope of the water 
body (Figure 2.). The filtering efficiency of these 

vegetated strips generally increases as the width of 
the strip increases. It has been suggested that 00% 
removal of excess nutrients occurs when widths are 
greater than 00 m (Feller 2008); however, the effec-
tiveness of buffer strips varies by watershed and de-
pends on other factors, such as soil properties, slope 
angle, subsurface hydrology, presence or absence of 
small ephemeral channels running through the buf-
fer strips to the water body, and the type of vegeta-
tion present (Vidon and Hill 2006; de la Crétaz and 
Barten 2007; Mayer et al. 2007; Feller 2008). 

Site preparation treatments, such as mechanical 
scarification, slashburning, or herbicide applica-
tion, can potentially increase the effects of timber 
harvesting on stream water chemistry. Clearcutting 
plus slashburning may cause more change in stream 
water chemistry than clearcutting alone. Herbicide 
applications to control competing vegetation follow-
ing clearcutting can cause the greatest observable 
changes in stream water chemistry. For example, 
Feller (989) found that nitrate-N in stream water 
increased from clearcutting (approximately 0 kg/ha), 
to clearcutting plus slashburning (approximately 
20 kg/ha), to herbicide application in young planta-
tions (approximately 40 kg/ha) in Coastal Western 
Hemlock (CWH) biogeoclimatic zone forests in 
southwestern British Columbia. Herbicides such as 
glyphosate can chelate heavy metals, such as copper 

FIGURE 2.0  The characteristics of forest harvesting, soil properties, and the rate of re-vegetation 
following harvesting can have a strong influence on chemical loading in a watershed. 
(Photo: R.G. Pike)
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and aluminum, and displace anions, such as phos-
phate, from the soil exchange complex, which can 
cause increased leaching of these nutrients (Barrett 
and McBride 2006). 

In Finland, leaching of nitrogen and phosphorus 
through the soil was greater in mechanically mound-
ed areas than beneath furrows. This was because less 
organic material occurred in the furrows, and chem-
ical fluxes in mineral soil leachate were increased 
by mounding compared to clearcutting with no site 
preparation (Piirainen et al. 2007); however, in Fin-
land, ditching and mechanical scarification caused 
no increase in chemicals in stream water compared 
to clearcutting alone (Ahtiainen and Huttunen 999). 
Hart et al. (98) found that the overall amount of 
leaching from a windrow and burn treatment was 
similar to that from a broadcast burn treatment; the 
increased leaching from beneath windrows compen-
sated for the decreased leaching between windrows. 
Feller and Hamilton (994) found greater cation and 
nitrogen levels in mineral soil leachate after clearcut-
ting and mechanical scarification in Engelmann 
Spruce–Subalpine Fir forests than after clearcutting 
alone. 

Generally, the more rapidly an area re-vegetates 
after harvesting, the more rapidly stream nutrient 

loading returns to pre-harvest levels. If vigorous 
re-vegetation results in greater nutrient immobiliza-
tion rates than occurred before harvesting, nutrient 
fluxes to freshwater can decline to below pre-har-
vesting levels (Feller 2005). Partial cut or variable 
retention silvicultural systems remove less vegeta-
tion than clearcutting; therefore, the magnitude of 
the impact on stream chemistry will be less than 
clearcutting, and the duration of the effects may 
also be less (Gundersen et al. 2006; Stednick [edi-
tor] 2008). Generally, the greater the ability of a 
forest soil to retain nutrients, the lower the amount 
of nutrients that will be leached from the soil into a 
water body.

Selected case studies 
Public concern has been expressed about the effects 
of forest harvesting on stream water quality (e.g., 
MacDonald and Stednick 2003). For example, high 
concentrations of nitrate can have adverse effects on 
human health. However, no study in North America 
has shown that forest harvesting (even clearcutting 
followed by slashburning) increases stream water 
nitrate concentrations above permissible levels for 
drinking water (Brown and Binkley 994; Binkley et 
al. 2004; ). Although forest harvesting can increase 

FIGURE 2.  The maintenance of streamside buffers is one strategy to help prevent changes in 
water quality following forest harvesting. (Photo: J.D. Stednick)
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stream water nitrate levels, exceeding water quality 
guidelines would likely occur only in areas where the 
background ecosystem nitrogen levels are already 
high because of higher atmospheric inputs from 
anthropogenic sources or in areas dominated by 
nitrogen-fixing vegetation species, such as red alder 
growing in riparian zones. 

Most published studies reported minimal to 
modest changes in water chemistry due to timber 
harvesting. Removal of woody debris after harvest-
ing can decrease the magnitude of chemical loading 
unless the removal causes substantial site distur-
bance, which can increase chemical loading (Feller 
and Hamilton 994; Staaf and Olsson 994; Strahm et 
al. 2005; Belleau et al. 2006). 

In the Alsea watershed study near Newport, 
Oregon, Brown et al. (973) observed no significant 
changes in nitrate-N or phosphorus concentrations 
after logging when streamside buffers were main-
tained. Tiedemann et al. (988) analyzed the effects 
of various harvesting methods (uncut, 4% clearcut, 
7% clearcut, and selection) in four catchments in the 
Blue Mountains of eastern Oregon. Minimal increas-
es in nitrate-N concentration occurred in clearcut 
treatments and peaked at 0.52 mg/L (increased nitro-
gen outputs were balanced by inputs through precip-
itation), whereas dissolved phosphate-P increased in 
the 4% clearcut treatment (Tiedemann et al. 988). 

Murray et al. (2000) examined the long-term ef-
fects of partial harvesting in two watersheds (7 and 
33% of watershed) on the western Olympic Penin-
sula, in Washington. In this study, partial harvesting 
had little influence on stream chemistry –5 years 
after harvesting. Higher nitrate concentrations in 
the harvested areas were attributed to the presence 
of red alder. Similar findings were recorded at the 
Alsea watershed experiment 25 years after harvesting 
(Stednick [editor] 2008).

Adams and Stack (989) examined several harvest-
ing methods in four watersheds on the west slopes of 
the Cascade Range at Coyote Creek, Oregon. The 
treatments studied included uncut, shelterwood (50% 
area removed), patch cut (30% removed), and clear-
cut. Clearcutting had the largest influence on water 
quality, whereas shelterwood and patch cut showed 
very little effect. Nitrate yields in the clearcut were 
highest in the third year following harvest (2.9 kg/
ha), with a peak concentration of 50 µg/L recorded 
in the fourth year after harvesting. Differences among 
all four watersheds were negligible after 9 years. 

Harr and Fredriksen (988) studied the effects of 
logging on water quality in the Bull Run watershed 
in Oregon. They assessed three different treatments: 
() uncut, (2) clearcut, and (3) clearcut and broadcast 
burned. Both clearcut treatments had essentially 
no streamside buffers. Nitrate-N concentrations 
increased sixfold in the clearcut treatment for 7 years 
after harvesting, with values frequently exceeding 
00 µg/L during the high-flow period (Harr and 
Fredriksen 988). Nitrate-N concentrations in the 
burned clearcut treatment increased fourfold for 
6 years after harvesting, but values rarely exceeded 
50 µg/L during the high-flow period. No other water 
quality changes were detected. 

The forest harvesting effects on water quality 
recorded in Washington and Oregon are consistent 
with those observed in British Columbia. Hether-
ington (976) monitored the effects of harvesting 
on the chemical water quality of a small watershed 
(Dennis Creek) near Penticton. Harvesting resulted 
in a significant increase in water colour, and minor 
increases in K+, Na+, Cl-, electrical conductivity, total 
organic carbon, and dissolved solids. Following har-
vesting, all parameters, except colour, were within 
drinking-water standards (Hetherington 976).

Scrivener (988) summarized the changes in 
concentrations of dissolved ions recorded during the 
Carnation Creek study in coastal British Columbia. 
Increases in conductivity occurred  year after log-
ging and slashburning, but on average, returned to 
pre-logged conditions 2 years after logging was com-
pleted. Nitrate concentrations effectively doubled 
at Carnation Creek  year after logging began. 
Increased concentrations were of short duration and 
persisted for only 2 years at low flows and 7 years at 
high flows after harvesting activities ended (Scriv-
ener 988).

In studying the long-term effects of forest harvest-
ing on a small, southern Vancouver Island coastal 
lake, Nordin et al. (2007) reported increased concen-
trations of Ca2+, Cl–, Mg2+, Na+, specific conductance, 
nitrate, and ammonia/ammonium in the lake water 
after logging. For most constituents, peak concen-
trations occurred 2–3 years after logging, and most 
ions returned to background concentrations after 
5–8 years. Nordin et al. (2007) also reported that the 
largest increases in constituents were for nitrate and 
ammonia, with a decreasing trend for phosphorus, 
which indicated no obvious response to logging. 
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Forest Management and Dissolved Oxygen

Declines in stream water dissolved oxygen concen-
trations during the summer following forest harvest-
ing have sometimes been significant and resulted in 
values below the Canadian guidelines of 6.5 mg/L for 
cold water (Plamondon et al. 982; Brown 985). For-
est harvesting can alter stream water dissolved oxy-
gen concentrations primarily by affecting solubility, 
depletion rates, and re-supply rates, and by creating 
barriers to oxygen movement. 

Forest harvesting has no effect on atmospheric 
pressure but can affect both stream temperature and 
dissolved ions. Changes in dissolved ions are usually 
small; therefore, water temperature becomes the 
most important determinant of oxygen solubility 
(Brown 985; Hanson et al. 2006). When forest har-
vesting increases stream temperatures, declines in 
dissolved oxygen concentrations are proportional to 
the degree of increase in stream water temperature.

Deposition of organic material into streams may 
increase chemical and biological oxygen demands, 
leading to declines in dissolved oxygen levels (Servizi 
et al. 97; Moring 975; Schreiber and Duffy 982; 
Brown 985). This may be exacerbated when water 
velocities are reduced, as in pools or areas where 
water is impounded by organic materials and where 
organic matter loads are high (Krammes and Burns 
973; Plamondon et al. 982; Naiman 983). In one 
study, Servizi et al. (97) determined that stream  
water dissolved oxygen was a balance between 
stream velocity, temperature, and concentrations  
of tree bark in the stream. 

If forest harvesting removes a water body’s protec-
tive canopy cover, increased exposure to the atmo-
sphere in winter could theoretically lead to increased 
ice cover and decreased mixing of oxygen-contain-
ing air with the water beneath the ice (e.g., Whitfield 
and McNaughton 986); however, this effect does not 
appear to be documented in the literature. More im-
portant is the influence of forest harvesting on sedi-
ment levels in water and deposition of this sediment 
onto streambeds, which prevents the movement of 
oxygen in the surface waters into the streambed 
(Scrivener and Brownlee 982; Whitman and Clark 
982; Everest et al. 987). 

Wildfire, Prescribed Fire, and Water Chemistry

In British Columbia, some wildfires have led to 
severe surface erosion, debris flows, and flooding 
(Curran et al. 2006; see also Chapter 9, “Climate 

Change Effects on Watershed Processes in British 
Columbia”). The specific effect of fire on hydrologic 
and geomorphic processes has been discussed in de-
tail in many other references (see Moore et al. 2008b) 
and chapters of this Compendium. Specifically, the 
reader is referred to the following information.

• Formation of water-repellent, or hydrophobic, soil 
properties (Chapters 6 and 8)

• Effects of fire on snow accumulation, snow abla-
tion, and interception processes (Chapter 7)

• Influence of fire on streamflow duration  
(Chapter 6)

• Effects of fire on peak flows (Chapter 7)
• Fire-generated erosion and landslides (Chapter 8)
• Rehabilitating wildfire-affected areas (Chapter 8)
• Climate change and effects of frequency of distur-

bances (fire) (Chapter 9)
• Modelling future frequency/magnitude of forest 

disturbances (Chapter 9)

Some wildfires can cause severe changes in soil 
and vegetation, which can affect hydrology and slope 
stability (Scott and Pike 2003). A common concern 
is the formation of a water-repellent layer below 
the soil surface that results from the deposition of 
hydrophobic compounds, leading to a reduction 
in water infiltration (see Chapter 6, “Hydrologic 
Processes and Watershed Response,” and Chapter 
8, “Hillslope Processes”). These changes can cause 
overland flow, especially during high-intensity rain-
fall under dry soil conditions (Chapter 8) leading to 
increased runoff and sediment input to water bodies. 
Additionally, the loss of the protective vegetation 
and organic soil layer can increase the likelihood of 
splash erosion of exposed mineral soil (see Chapter 
8). Fire also has the potential to increase stream tem-
peratures through the reduction of shading vegeta-
tion in riparian areas (Leach and Moore 200) and 
the widening of the channel because of the loss of 
channel bank strength (Eaton et al., 200). 

Following wildfire, the potential effects on water 
quality include increased sediment inputs and 
stream temperatures (Bladon and Redding 2009), 
flooding, and other water chemistry changes. The 
balance of this discussion will be on the effects of 
fire on water chemistry. Both wildfire and prescribed 
burning have been shown to have similar effects on 
stream chemistry as does forest harvesting. Many 
studies have reported increased nutrient movement 
through soils and into streams following fire (Tiede-
mann et al. 979; DeBano et al. 998; Minshall et al. 



42

200; Bêche et al. 2005; Murphy et al. 2006; Bladon 
et al. 2008). Fire effects and forest harvesting effects 
are influenced by similar factors. For example, the 
extent of nutrient movement into streams following 
fire depends on the buffering capacity of soils (Mc-
Coll and Grigal 977; DeBano et al. 998), proportion 
of a watershed burned (Carignan et al. 2000; Bêche 
et al. 2005), rate of regrowth of vegetation (Clinton 
et al. 2003), streamflow generation mechanisms 
(Huffman et al. 200; Kunze and Stednick 2006), and 
streamflow regime (Bladon et al. 2008). 

An important factor that influences fire effects 
on stream chemistry is fire behaviour (Figure 2.2). 
Fires that consume more organic material generally 
have a greater effect on water quality than fires that 
consume less (Boerner and Forman 982; Nakane et 
al. 983; Bayley et al. 992; Belillas and Feller 998; 
DeBano et al. 998; Malmer 2004). The seasonal tim-
ing of fire events is also important. Fall and spring 
burns can have different effects on water quality 
depending on soil moisture content and the amount 
of nutrient uptake by the surviving vegetation.

Fire could be expected to cause a greater duration 
and magnitude of water quality effects than forest 
harvesting partly because of the greater loss (death) 
of vegetative cover, and the conversion of insoluble 
chemicals within organic matter into readily solu-
ble chemicals in ash, which are more quickly and 
easily transported into streams (Stednick 200); 
however, there are many confounding factors. For 
example, net nitrification in the soil may be greater 
after harvesting than after fire. This may happen if 
nitrifying bacteria are more adversely affected by 
fire or if greater immobilization of nitrate occurs in 
the soil after a fire (LeDuc and Rothstein 2007), in 
which case less nitrate could be expected to leach 
into streams. Fire often enhances nitrification (Mroz 
et al. 980; Jurgensen et al. 98; Herman and Rundel 
989; DeBano et al. 998) because of the increased 
ammonium levels, stimulation of nitrifying bacteria 
or fungi, or sorption by charcoal of nitrification-
inhibiting phenolics (DeBano et al. 998; DeLuca et 
al. 2006). The charred material left by fire can be a 
chemically active heterogeneous mixture of com-
pounds containing nitrogen, sulphur, and oxygen 
functional groups, which can be quickly oxidized, 
attacked by microbes, and rendered soluble (Knicker 
2007), thereby facilitating nitrate and sulphate 
additions to streams. Furthermore, dissolution of 
smoke gases directly into streams may also enhance 
stream water nitrate levels. Spencer and Hauer (99) 
reported that dissolution of smoke gases into fresh-
water would yield relatively more nitrate for a well-
ventilated fire, and relatively more ammonium for an 
incomplete combustion or poorly ventilated fire. In 
general, slashburning and clearcutting are associated 
with greater chemical constituent flow through soil 
and streams than clearcutting alone (Hart et al. 98; 
Feller and Kimmins 984; Tiedemann et al. 988).

Some of the reported effects of prescribed fire in 
logging slash are confounded by the effects of forest 
harvesting. In the Alsea watershed study, nitrate-N 
increased from 0.70 to 2.0 mg/L on a clearcut and 
broadcast-burned basin but returned to pre-logging 
levels after 6 years, whereas the patch-cut treat-
ment showed no associated changes in water quality 
(Brown et al. 973). Martin and Harr (989) studied 
nutrient changes related to harvesting and broadcast 
burning of two mature Douglas-fir forested water-
sheds in the H.J. Andrews Experimental Forest. In 
their study, clearcutting and shelterwood harvest-
ing in combination with broadcast burning did not 
increase net losses of nutrients from the study sites. 
However, stream water nitrate-N levels did increase 

FIGURE 2.2  Fires that consume more organic material 
generally have a greater effect on water quality. 
(Photo: P.J. Tschaplinski)
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30-fold after harvesting, although this level was still 
less than half of the nitrogen input from precipita-
tion. 

Feller and Kimmins (984) separated burning and 
harvesting effects by monitoring stream water chem-
istry for 2 years before and 9 years after clearcut 
logging of two small basins near Haney. During log-
ging, streams in both watersheds were avoided, and 
a combination of tractor and cable yarding was used 
for timber extraction. Both watersheds possessed 
minimal roads and one of the treatment watersheds 
was broadcast burned. In general, all constituents 
increased for 2–3 years following harvest and then 
declined below pre-harvest values. The largest in-
creases occurred in potassium and nitrate. Clearcut-
ting and burning resulted in greater nutrient losses 
than clearcutting alone (293 kg N/ha vs. 245 kg N/ha 
for the first 2 years after harvesting), although most 
of the difference was due to losses to the atmosphere 
during burning. Subsequent work by Feller (989) 
indicated that slashburning doubled the increased 
stream water nitrate output compared to clearcut-
ting alone. 

For 3 years, Carignan et al. (2000) monitored nu-
trient changes in 38 thermally stratified Boreal Shield 
lakes located in catchments that were subjected to 
forest harvesting and wildfire. Dissolved organic 
carbon and light attenuation was 3 times higher in 
lakes within harvested catchment areas than in lakes 
in control catchments. Lakes in the treatment catch-
ments contained 2–3 times higher concentrations of 
total phosphorus, 2 times higher total organic nitro-
gen concentrations, and up to 6 times higher levels 
of K+, Cl-, and Ca2+ than lakes in the control catch-
ments. Nitrate concentrations were up to 60 times 
higher in lakes in burned catchments than in those 
in harvested and control catchments. Carignan et 
al. (2000) stated that the chemical changes observed 
were directly proportional to the area disturbed (cut/
burned) divided by the lake volume/area. Although 
increased levels of nitrogen and phosphorus export 
from the forest were negligible, Lamontagne et al. 
(2000) reported that it was an important supple-
mentary source of nutrients for the study lakes. In 
northern Alberta, McEachern et al. (2000) studied 
forest fire–induced effects on nutrient concentrations 
in 29 boreal sub-Arctic lakes for 2 years following 
wildfire. Lakes in burned catchments had 2 times 
higher concentrations of total phosphorus, total dis-

solved phosphorus, and soluble reactive phosphorus; 
.5 times higher dissolved organic carbon concentra-
tions; and .2 times higher concentrations of total 
and total dissolved nitrogen, nitrate+nitrite, and 
ammonium than lakes in unburned catchments. 

An important difference between forest harvest-
ing and fire is that both phosphate and sulphate flux-
es in streams are often greater following fire (Gluns 
and Toews 989; Spencer and Hauer 99; Williams 
and Melack 997; DeBano et al. 998; Earl and Blinn 
2003), whereas these fluxes are usually unaffected, 
or reduced in the case of sulphate, following forest 
harvesting. This can be attributed to the leaching of 
relatively large amounts of phosphate and sulphate 
from the ash left by fires (Figure 2.3). 

Studies on the effects of forest fires on stream 
water dissolved oxygen are scarce. Earl and Blinn 
(2003) found that dissolved oxygen levels in streams 
in New Mexico declined following wildfires. Fel-
ler (unpublished data) found that clearcutting and 
slashburning in the CWH zone in southwestern 
British Columbia caused greater declines in stream 
water dissolved oxygen in the summer than clearcut-
ting alone. This effect was expected, as fire increased 
summer stream temperatures to a greater extent 
than did clearcutting alone (Feller 98). Conse-
quently, fire can potentially cause declines in stream 
water dissolved oxygen, depending on its effect on 
stream temperature and organic material in streams.

Fire Retardants and Water Chemistry 

Forest fire suppression often involves the aerial ap-
plication of fire retardants. These are primarily am-
monium phosphate– or sulphate-based compounds 
with small amounts of other chemicals used as dyes, 
for anti-corrosion, or for other purposes. Fire sup-
pressants are generally applied as foams that are 
made of proprietary mixtures of sodium and ammo-
nium salts, alcohol, ether, and sulphates. Relatively 
few studies have assessed the effects of fire retardants 
on freshwater; even fewer have assessed the effects 
of fire suppressants. The major factors that influence 
the effects of fire retardants on freshwater chemistry 
have not all been quantified, but based on an analogy 
of herbicide applications, which have been studied 
(see “Herbicide chemicals” below), these factors are 
likely to include: 
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• location of the application in relation to the water 
body;

• retardant type;
• quantity applied;
• application method;
• weather at the time of application;
• weather following the application;
• season of application;
• soil characteristics;
• ability of the aquatic ecosystem to utilize the 

added retardant chemicals; and
• ability of the water body to dilute the retardant 

chemicals (e.g., volume, discharge of the water 
body). 

Fire retardants applied close to a water body have 
been shown to increase stream water ammonium, 
phosphate, and nitrate concentrations (Norris and 
Moore 98; Norris and Webb 989; Dissmeyer [edi-
tor] 2000). These increases are usually short lived 
(<  hour initially) but may re-occur in response to 
subsequent streamflow-generating rainfall events 
(Stednick 2000). High phosphate concentrations in 
streams following retardant application may be a 
concern from the viewpoint of downstream eutroph-
ication. A useful summary of the ecological effects 
of firefighting foams and retardants can be obtained 
from Adams and Simmons (999).

Some fire retardants contain sodium ferrocyanide 
as a corrosion inhibitor (Norris et al. 983). In the 
presence of UV radiation, the ferrocyanide decom-
poses, yielding cyanide ions that react in acidic 
solutions and produce the highly toxic hydrogen 
cyanide. Norris et al. (983) estimated that toxic 
concentrations of cyanide are unlikely following 
application of ferrocyanide-containing retardants, 
but more recent work by Little and Calfee (2002) 
suggested that toxic concentrations can occur, par-
ticularly when light levels are high and soils adjacent 
to streams are coarse textured and contain little 
organic matter. 

Insects, Tree Diseases, and Water Chemistry 

Insect infestations that kill trees can have a simi-
lar effect on water and chemical constituent flow 
through forested watersheds as forest harvesting 
(Figure 2.4). Studies on insect effects on fresh-
water, particularly on its chemistry, are relatively 
scarce. The few published studies available have all 
reported increases in nitrate leaching through soil 
or in streams following insect-caused tree mortality, 
even with as little as 20% basal area affected (Swank 
et al. 98; Douglass and Van Lear 983; Webb et al. 
995; Eshleman et al. 998; Huber 2005; Lewis and 
Likens 2007). Stream water and soil leachate nitrate 

FIGURE 2.3  Both phosphate and sulphate fluxes in streams are often greater following fire due to 
leaching from ash. (Photo: J.D. Stednick)
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levels can remain elevated for extended periods—for 
at least 7 years after a severe bark beetle infestation 
of spruce in Germany (Huber 2005) and 5 years after 
defoliation of mixed hardwood-conifer forests in the 
northeastern United States (Lewis and Likens 2007). 
This duration is longer than usually occurs after for-
est harvesting, but peak concentrations were below 
water quality guidelines. Lewis and Likens (2007) 
also found elevated cation and decreased sulphate 
concentrations in stream water, identical to trends 
following forest harvesting.

Even fewer studies have looked at the effects of 
tree disease outbreaks on stream water chemistry, 
and none of these was conducted in Canada. Hobara 
et al. (200) found elevated stream water nitrate 
concentrations and Tokuchi et al. (2004) found 
elevated stream water nitrate, magnesium, and 
calcium concentrations and reduced sulphate con-
centrations following tree mortality from a pine wilt 
disease in Japan. Again, these influences on stream 
water chemistry are similar to those following forest 
harvesting. No studies have looked at the influence 
of insects and pathogens on stream water dissolved 
oxygen levels, although it can be inferred that any 
disturbance adding organic matter (e.g., litter from 
dying trees) to a stream or exposing a stream to 
increased solar radiation following tree mortality 
would have similar effects as forest harvesting. 

Herbicides and Water Chemistry

Herbicides may affect stream water chemistry, both 
through nutrient loading and the loading of the 
herbicide chemicals themselves. Studies that have 
looked at herbicide application effects on stream 
water dissolved oxygen levels and resulting effects on 
aquatic life appear to be lacking. 

Nutrients
Herbicide applications can cause greater increases 
in nutrient chemical concentrations in streams than 
forest harvesting, especially if buffers along riparian 
areas are not used. Nitrate concentrations increased 
to relatively high levels in stream water following 
repeated herbicide applications in a New Hamp-
shire forested watershed (Likens et al. 970) and in a 
California chaparral watershed (Davis 987). Repeated 
herbicide applications are uncommon in typical forest 
management practices but have been used to illustrate 
nutrient cycling processes. Large increases in stream 
water nitrate concentrations have been attributed 
to increased nitrification rates in the soil following 
herbicide application (Likens et al. 969; Davis 987), 
but this does not always happen (Stratton 990). 
Nitrification may depend on the relative abundance of 
nitrifying organisms in the ecosystem, the degree of 
impact of the herbicide, the increase in moisture and 

Figure 2.4  Changes in forest cover as a result of insect infestations in British Columbia, such as 
the mountain pine beetle, can have an important effect on water quantity and qual-
ity. (Photo: R.G. Pike)
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light reaching the soil surface, or the type of herbi-
cide used. Consequently, different herbicides will 
have different effects on nitrification (Guenzi [editor] 
974). This suggests that the type of herbicide used is 
another important factor influencing the effects of 
herbicides on stream water nutrient chemistry. 

In several studies, stream water nitrate concen-
trations increased following herbicide applications 
(Likens et al. 970; Sollins et al. 98; Neary et al. 
986; Davis 987; Feller 989; Simpson et al. 997). 
Other nutrient chemical concentrations also in-
creased, whereas sulphate concentrations decreased 
following herbicide application (Likens et al. 970). 
Intervals between herbicide applications that are suf-
ficiently long enough to allow vegetation to recover, 
such as 5–6 years in the CWH biogeoclimatic zone, 
may minimize increases in nitrate concentration to 
only moderate levels (M.C. Feller, unpublished data). 
These trends are generally the same as those fol-
lowing forest harvesting, suggesting that the factors 
controlling stream water nutrient chemistry re-
sponse to forest harvesting also control the response 
to herbicides.

Herbicide chemicals
The movement of herbicide chemicals and their 
degradation products into freshwater ecosystems has 
been relatively well studied and reviewed (Brown 
978, 985; Leonard 988; Norris et al. 99; Dissmey-
er [editor] 2000; Michael 2000). The main factors 
influencing the amount of herbicide that enters a 
water body are the same as those for fire retardants. 
The potential for herbicide drift into water bod-
ies is greater for aerial than ground applications, 
particularly if it is windy at the time of application. 
Herbicide chemicals are more likely to enter water 
bodies if these substances are soluble (although the 
fat-soluble–water-insoluble herbicides are generally 
more deleterious than the water-soluble ones), do not 
degrade quickly, do not volatilize easily, and are not 
easily sorbed by soils. The closer the application to 
a water body and the greater the quantity of herbi-
cide used, the greater the likelihood that the herbi-
cide will enter the water body. Direct application, 
chemical drift, and overland flow (including flow in 
ephemeral channels) are the main flow pathways by 
which herbicide chemicals enter water bodies and 
subsequently affect water quality. 

Herbicide concentrations in surface waters have 
sometimes exceeded permissible levels, but high 

concentrations tend to be short lived and generally 
occur soon after application, although concentra-
tions often increase during rainfall events that occur 
in the first few months after application (Norris et 
al. 983; Wan 983, 986; Brown 985; Leitch and Fagg 
985; Neary et al. 986; Michael et al. 989; Michael 
2000). Heavy rain shortly after application can 
result in relatively high concentrations of herbicides 
in stream water if flow occurs either overland (e.g., 
roads) or in ephemeral channels (Brown 978, 985; 
Norris et al. 983; Wan 983; Leonard 988). In two 
studies in coastal British Columbia and Oregon, herb-
icide levels in streams flowing through treated areas 
were shown to be elevated close to, but not beyond, 
permissible levels (Wan 983; Newton et al. 984). 
Large buffer strips and an aerial application of a 
relatively small quantity of glyphosate in the Interior 
Cedar–Hemlock zone in British Columbia resulted 
in undetectable levels of the herbicide in stream 
water (Gluns 989). A useful synthesis of Carnation 
Creek herbicide research can be found in Reynolds et 
al. (993). 

Fertilizer and Water Chemistry 

Forest stands are commonly fertilized to increase 
stand volume and reduce rotation length. Some 
lakes, reservoirs, and streams in British Columbia 
are fertilized to increase primary productivity and 
the growth rates of fish (Stockner and Shortreed 
978, 985; Perrin et al. 984; Johnston et al. 990; 
Pike and Perrin 2005). The added nutrients in-
crease growth rates of algae, which increases food 
availability for zooplankton (in lakes) or benthic 
invertebrates (in streams and lakes). This, in turn, 
increases food availability for fish, yielding greater 
growth rates and survival (Pike and Perrin 2005). A 
comprehensive review of the use of fertilizer for both 
forestry and fisheries applications can be found in 
Pike and Perrin (2005).

Numerous reviews have described the potential 
effects of forest fertilization on water quality and 
biological production in aquatic ecosystems (e.g., 
Fredriksen et al. 975; Moore 975; Bisson et al. 992; 
Binkley and Brown 993; Perrin 994; Binkley et al. 
999a, 999b; Dissmeyer [editor] 2000; Anderson 
200; Pike and Perrin 2005). Water quality concerns 
are mostly related to unintentional increases in con-
centrations of urea, nitrate, ammonia/ammonium, 
phosphorus, sulphur, and heavy metals.



426

In forestry applications, urea fertilizer (the most 
common fertilizer used) in the presence of moisture 
is hydrolyzed to yield ammonia and then ammo-
nium, which is effectively retained on soil cation 
exchange sites. Ammonium is actively taken up and 
used as a nitrogen source by trees (Perrin 994). Am-
monium is also nitrified in the presence of autotro-
phic bacteria in the soil to form nitrate. This nitrate 
is taken up and used as a nitrogen source by trees, 
but it is relatively mobile in forest soils and can be 
lost to streams more so than ammonium (Pike and 
Perrin 2005). 

In several case studies, most forest fertilizer appli-
cations resulted in short-term increases in nitrogen 
(e.g., nitrate–N) concentrations in streams. When 
leave strips or buffers were used around water bod-
ies, relatively low peak concentrations of nitrate–N 
and ammonium–N were recorded in the water bodies. 
Concentrations of total ammonia–N generally re-
mained above background concentrations for several 
weeks to months after treatment, whereas nitrate–N 
concentrations remained above background for sev-
eral months to a year after treatment (Perrin 994).

Because of the many controlling factors, the 
response of stream water nitrogen concentrations 
to fertilization has been quite variable (Table 2.6); 
however, the general consensus is that fertilization 
is not likely to have adverse effects on water quality 
(Bisson et al. 992; Binkley et al. 999a, 999b; Pike 
and Perrin 2005). 

Although no published water quality guidelines 
are available for urea–N, concentrations of several 
thousand milligrams per litre are required for toxic 
effects, which would be much higher than what 
might reasonably occur in any stream environment 
(Binkley et al. 999a). However, in southwestern Brit-
ish Columbia, Hetherington (985) found that stream 
water nitrate-N concentrations closely approached 

permissible levels following urea fertilization in 
areas where streamside buffers were not applied 
(Tables 2.6 and 2.7).

Few studies have looked at fertilizer applications 
on stream water dissolved oxygen levels. In one 
study, no effects were found following urea fertil-
ization of a boreal forest in Quebec (Gonzalez and 
Plamondon 978).

The addition of phosphorus to lakes and streams 
is typically done with very tight controls on specific 
phosphorus loadings because the element is often the 
primary nutrient that limits aquatic biological pro-
duction. Excess phosphate in water bodies can cause 
eutrophication, with subsequent death and decay of 
aquatic plants and algae, which leads to the deple-
tion of dissolved oxygen. Phosphorus fertilizers have 
sometimes caused large increases in stream water 
phosphorus levels. In New Zealand, peaks of 50 mg/
L of phosphate-P were recorded and concentrations 
exceeded 0. mg/L for many weeks following applica-
tion of phosphorus fertilizers (Neary and Leonard 
978). In review of forest fertilization trials in coastal 
British Columbia, Perrin (994) found that low-level 
phosphorus concentrations commonly dropped 
to background levels within 20 days of fertilizer 
application, and likely resulted in some increased 
productivity over 4 months (Table 2.8). Stream wa-
ter phosphorus concentrations are influenced by the 
time-release factor of the fertilizer; higher concen-
trations are likely to occur with fast-release rather 
than slow-release fertilizers (Sharpley and Syers 
983). Fertilizers also induce leaching of other chemi-
cals into streams, particularly potassium, sodium, 
magnesium, and calcium (Gonzalez and Plamondon 
978; Lundin and Bergquist 985; Edwards et al. 99; 
Briggs et al. 2000); however, the increases in these 
chemicals have generally been slight and short lived 
(<  year).
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TABLE 2.7 Peak urea-N concentrations from British Columbia case studies (Pike and Perrin 2005)

 Urea     Duration
 Treatment  Fertilizer-free Urea–N Peak urea–N of elevated
 level (kg  buffer  control  concentration urea levels
Location N/ha) width (m) (mg/L)a (mg/L) (days)b References

Sayward Forestc 200 None < 0.005 49.3 141 Perrin et al. 1984
Sayward Forestd 200 50 < 0.005 0.658 136 Perrin et al. 1984
Lens Creek 224 None 0.03 14.0 7 Hetherington 1985
Nusatsum River 200 None 0.005–0.018 0.005–0.018 na Perrin 1992
Sallompt River 200 30 0.005–0.018 0.005–0.018 na Perrin 1992
Tarundl Creek 200 30 < 0.01 0.614 66 Perrin 1991
Honna River 200 30 0.005–0.020 0.296 10 Perrin 1991
Honna River  200 none 0.005–0.055 2.43 91 Perrin 1991
  tributary

a Data are from sample sites not affected by fertilization and indicate concentrations at the time that peak concentrations were  
measured at the treatment site.

b Number of days from time of fertilization to return to control values.
c Data are the maximum concentration from six replicate streams; no streams were affected by fertilizer spills.
d Data are the maximum concentrations from four replicate streams.

TABLE 2.8 Peak soluble reactive phosphorus concentrations from British Columbia case studies (Pike and Perrin 2005)

    Peak soluble Duration
    Soluble reactive reactive of elevated
 Treatment  Fertilizer-free phosphorus phosphorus soluble reactive
 level (kg  buffer  control  concentration phosphorus
Location P/ha) width (m) (mg/L)a (mg/L) (days)b References

Keogh River  100 None < 0.001 10.6 120 Perrin 1994
  tributary
Glerup Creek 100 None < 0.001 1.92 73 Perrin 1989
Glerup Creek 100 10 < 0.001 0.560 73 Perrin 1989

a Data are from sample sites not affected by fertilization and indicate concentrations at the time that peak concentrations were  
measured at the treatment site.

b Number of days from time of fertilization to return to control values.



429

SUMMARY 

This chapter summarizes the interactions of chemi-
cal, physical, and biological processes that control 
water quality in British Columbia. It also provides an 
overview of the generalized effects of forest man-
agement and other disturbances, including forest 
harvesting, wild and prescribed fire, insects and tree 
diseases, and applications of chemical fire retardants, 
herbicides, and fertilizers on water quality. The ef-
fects on water chemistry are varied and are a func-
tion of the type and level of activity or disturbance, 
the terrestrial or aquatic ecosystem affected, the 
water quality constituents considered, and weather 
conditions. 

Most published studies reported small to moder-
ate chemical changes as a result of forest harvesting. 
Although harvesting can possibly increase stream 
water nitrate levels, exceeding water quality guide-
lines would likely occur only in areas where the 
background ecosystem nitrogen levels were already 
high. Changes in freshwater chemical loading (par-
ticularly for nitrogen) caused by forest harvesting 
are normally short lived—up to 7 years but usually 
considerably less; however, base cation changes may 
occur for more than 0 years. Wildfire, insects, and 
tree diseases have similar effects on water chemistry 
as forest harvesting. Yet wildfire can be expected to 
cause a greater duration and magnitude of effects 
than forest harvesting because more vegetative cover 

can be lost and insoluble chemicals within organic 
matter converted into readily soluble chemicals in 
ash, which are more quickly and easily transported 
into streams. Forest harvesting followed by pre-
scribed burning has a greater effect on freshwater 
chemistry than does forest harvesting alone. Fertil-
izer applications to forests may temporarily increase 
nitrogen concentrations in freshwater, especially if 
fertilizer-free application areas are not used. Fer-
tilization with urea has not been shown to impair 
drinking water quality. Herbicide concentrations in 
surface waters have sometimes exceeded permissible 
levels, but high concentrations tend to be short lived 
and generally occur soon after application. Defor-
estation with herbicides is likely to cause greater 
chemical changes in freshwater as compared to other 
disturbances.

This chapter began by defining water quality as 
the chemical, physical, and biological characteristics 
of water with respect to its suitability for a particular 
use. It is important to re-emphasize that water qual-
ity varies in space and time and that any water qual-
ity response can be immediate or manifest over the 
long term. Consequently, water quality monitoring 
and sampling programs must be designed to account 
for this variability and the complex effect multiple 
disturbances can have on sampled water quality.
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