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Preface 

 
This report summarizes results from monitoring and analysis during 2004 as part of the FSP project 

LOI Y05116.  Results in this report should be considered preliminary until all data analysis and 

interpretation are complete.  Additional publications related to this work will be completed and 

released during the summer of 2005. 
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Abstract 
 
 
Aquatic systems throughout many parts of British Columbia have been impaired by human activity, 
and they continue to deteriorate despite legal mandates such as the B.C. Water Protection Act and 
the Forest Practices Codes, and massive expenditures such as Forest Renewal British Columbia.  
Identifying specific impacts to stream ecosystems can be challenging, and determining the causes of 
those impacts even more difficult.  Impacts are often cumulative, meaning that small impacts 
accumulate to have large effects.  Characterization and quantification of cumulative watershed 
effects are essential if land-use activities and restoration projects are to be designed to minimize 
deterioration.  The standardized methods of cumulative effects analysis tend to be too time 
consuming and expensive to be practical.  This study examines the utility of analysing diurnal 
dissolved oxygen and pH cycles for assessment of cumulative effects of forest harvesting on stream 
ecology.   These diurnal cycles, observed with continuous monitoring, can be largely driven by 
stream metabolism (photosynthesis and respiration), and thereby used as a measure of whole-stream 
productivity and, potentially, the cumulative effects on productivity resulting from forest 
harvesting.   
 
Water temperature, pH, and dissolved oxygen were monitored continuously from 2002 to 2004 in 
three relatively undeveloped first order streams in the southern coast region of British Columbia.   
Diurnal oscillations were detected for each parameter in all three streams, and noted to each have 
similar amplitudes between streams.  Water temperature tended to oscillate diurnally by, on 
average, approximately 1oC during winters and more than 2oC during summers.  Dissolved oxygen 
and pH oscillations showed little seasonal variability, averaging roughly 0.6 mg/L and 0.10 pH 
units respectively across seasons.  Their diurnal cycles were near mirror images (opposite phases) 
of those in water temperature, suggesting that the observed diurnal changes were caused primarily 
by changes in water temperature rather than by photosynthetic activity.  This was confirmed by net 
daily metabolism estimates, and is likely explained by low biomass and high reaeration in these 
streams.  It was therefore determined that this technique is not suitable for measuring stream 
productivity, or cumulative effects upon it, in the relatively unproductive streams of coastal British 
Columbia.  The technique was, however, shown to be useful in streams with high productivity and 
low reaeration, and therefore may be useful for measuring cumulative effects in forested streams in 
the interior of British Columbia. 
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Introduction 
 
 

Aquatic systems through many parts of British Columbia have been impaired, and they continue to 

deteriorate as a result of human activity (MWLAP 2002).  Deterioration continues despite legal 

mandates such as the B.C. Water Protection Act and the Forest Practices Codes, and massive 

expenditures such as Forest Renewal British Columbia (FRBC), in which millions of dollars were 

spent on stream restoration and monitoring.  Identifying specific impacts to stream ecosystems can 

be challenging, and determining the causes of those impacts even more difficult.  Impacts to stream 

environments may be cumulative, meaning that small impacts accumulate to have large effects.  For 

example, one road crossing may introduce a relatively insignificant amount of sediment to a stream; 

however, many stream crossings and a larger road network could have an enormous effect.  

Similarly, a few hours of very high stream temperatures may have insignificant impacts on aquatic 

life; however, repeated exposures may have severe effects.  Characterization and quantification of 

cumulative watershed effects are essential if land-use activities and restoration projects are to be 

designed that accomplish their intended objectives (Reid 1998).  

 

Standardized methods of cumulative effects analysis tend to fall into one of three categories: 1) 

biological measures (e.g. stream algae, insects, and/or fish); 2) physical measures (e.g. channel 

measurements, pebble counts, hydrometric), and 3) water quality sampling.  Each approach has 

benefits and limitations.  Biological approaches, such as the Multimetric Approach (USEPA) and 

the Reference Conditions Approach (Environment Canada), which are often the methods of choice 

in B.C., are beneficial in that they evaluate stream ecosystems directly.  For example, changes to 

algal biomass, to insect communities, or to fish diversity can be estimated.  However, natural 

variability, both spatial and temporal, introduces large amounts of uncertainty.  Furthermore, 

limitations in taxonomic resolution (e.g. identifying stream insects to species level), understanding 

of biology (e.g. habitat and habits), and diversity (e.g. low diversity of fish in B.C.) substantially 

reduce the effectiveness of these methods.  Physical changes to streams are often used for 

cumulative effects analysis because they are easy to measure; however, their link ecological health 

can be ambiguous.  Water quality measures are limited by the same problem, often reflecting only 
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chemical processes in the watershed.  A combination of all three methods would be best, but is 

usually too time consuming and expensive to be practical. 

 

Resource managers need an improved cumulative effects analysis method.  To be effective, the tool 

must have the following characteristics (Reid 1998): 

• Able to consider a variety of impacts. 

• Evaluates impacts at any point downstream. 

• Evaluates the influence of any expected kind of land use activity. 

• Can be done for a reasonable cost over a reasonable length of time. 

• Integrates effects over a watershed scale. 

• Provides an ecosystem-scale indicator. 

A method employing automated continuous electronic water quality monitoring has the potential to 

have these characteristics, and might provide an improved alternative for assessment of cumulative 

effects.   

 

Automated continuous monitoring has become a preferred method of stream monitoring in British 

Columbia.  More than 100 monitoring stations have been installed in B.C. since 1996, most through 

FRBC, and stations continue to be installed by the provincial government, municipalities, and by 

industry.  Monitoring is at a high frequency, usually at 15-minute intervals, allowing for evaluation 

of stream conditions 24 hours a day, year round.  The technology allows for the detailed tracking of 

water quality trends across temporal scales (from years to minutes) and provides new insight into 

ecosystem processes that cannot be obtained using infrequent grab or spot sampling.  For example, 

Quilty et al. (2004) used continuous stream temperature data to estimate acute impacts to salmonids 

in a warm coastal BC stream, and to forecast future impacts based on various climate change 

scenarios.  The high-frequency data permitted calculation of magnitude and duration of temperature 

extremes, which when integrated with existing fisheries science allowed prediction of mortalities to 

each species during extremes, and cumulative impacts over seasons.  Fleming et al. (2004) and 

Fleming and Quilty (in review) developed methods for assessing cumulative, or chronic, risk to 

salmonids from elevated water temperature, and to clear-water fish (including salmonids) from 

elevated turbidity; these improved methodologies for assessment of cumulative impacts were made 

possible by the availability of near-continuous automated water quality data.  The purpose of this 



FSP LOI Y05116 – Annual Technical Report (DRAFT ONLY) 
   Assessing cumulative effects on streams using continuous water quality data.  April 30, 2005.  

3 

study is to investigate the utility of using detailed analysis of water quality diurnal cycles for 

assessment of cumulative effects on stream ecology from forest harvesting.      

 

Water temperature is arguably the most important physical property of streams and rivers (Webb, 

1996).  It affects metabolism (respiration and photosynthesis), growth, mortality, disease resistance, 

behaviour, gas solubility, chemical toxicity, etc.  Water temperature is largely controlled by air 

temperature (Brown 1969) and therefore tends to follow the same seasonal and daily cycles – 

warmest during afternoons and summers, and coolest during nighttimes and winters.  These water 

temperature cycles in turn drive cycles in other water quality parameters, such as dissolved oxygen 

(O2) and carbon dioxide (CO2), which are effected by temperature-related changes in gas solubility.  

Cooler saturated water contains higher concentrations of gases than warmer saturated water (Table 

1).  So, given water temperature effects alone, O2 and CO2 concentrations are highest during 

nighttimes and winters.  However, during the daytime when stream algae are actively 

photosynthesizing, the algae release O2
 and consume CO2.  The opposite occurs at nighttime, hence 

daily cycles driven by a stream’s biology are created in which O2 is highest during daytime and CO2 

is highest at night.  These cycles can change seasonally depending on stream metabolism (i.e. 

relative contributions of photosynthesis and respiration).  The  “solubility cycle” and “biological 

cycle” can together create trends in O2
 and CO2 which, although complex, can potentially yield 

much insight into the biological, chemical, and physical dynamics of aquatic ecosystems. 

 

Table 1.  Concentration of dissolved oxygen and carbon dioxide in saturated pure water for 
atmospheric partial pressure at sea level.  Taken from Allan (1997). 
 

Temperature 
(oC) 

O2 
(mg/L) 

CO2 
(mg/L) 

0 14.2 1.1 

15 9.8 0.6 

30 7.5 0.4 

 

 

Stream pH is also influenced by the diurnal cycle of water temperature, through changes in CO2 

concentrations.  Streams naturally contain various bicarbonate and carbonate compounds, 

originating from dissolution of sedimentary rocks.  The calcium bicarbonate content of freshwater 
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determines the pH or acidity/alkalinity balance (Allan, 1997).  Stream water contains a solution of 

CO2, carbonic acid (H2CO3), and bicarbonate (HCO3
-) and carbonate (CO2

3-) ions forming an 

effective buffer system that tends to resist changes in pH (Wetzel, 1983).  Nevertheless, when free 

CO2 diffuses in water, it reacts and forms the weak acid, H2CO3, which disassociates into hydrogen 

ions and HCO3
-.  During the daytime when stream algae are actively photosynthesizing and thereby 

removing CO2, H2CO3 is reduced, therefore increasing pH (Figure 1).  At nighttime CO2 is released 

and forms H2CO3, reducing pH again.     

 

 
Figure 1.  The carbonic acid cycle in a stream. 

 

Primary productivity is defined as the rate of formation of organic matter from inorganic carbon by 

photosynthesizing organisms and thus represents the conversion of solar energy to reduced 

chemical energy (Bott, 1996).  Net primary productivity (NPP) is the portion of formed organic 

matter stored in biomass, while gross primary productivity (GPP) includes that which is respired.  

Primary productivity can be determined empirically though direct sampling of biomass (e.g. 

periphyton sampling), through C14 uptake procedures, or measured changes in O2 or CO2 

concentrations, with O2 most often used (Bott, 1996).  Sampling of biomass is labour intensive, and 

results can be highly variable due spatial heterogeneity in growth.  It can also be difficult to separate 

autotrophic from heterotrophic biomass. The C14 uptake procedure is the more sensitive technique 

and is useful where production rates are expected to be low (Bott, 1996); however, it requires the 

use of radioactive tracers and is not a practical technique that could be widely adopted.  The in situ 
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‘open systems’ dissolved O2 change technique was introduced by Odum (1956) and has been used 

by many others to measure whole stream community metabolism (e.g. Kelly et al., 1974; 

Hornberger et al., 1976; Bott et al., 1978; Kosinski, 1984; Wiley et al., 1990; Uehlinger, 1993; 

Marzolf et al., 1994; Young and Huryn, 1996; Mulholland et al, 1997; Naegeli and Uehlinger, 1997; 

Guasch et al., 1998; Uehlinger and Naegeli, 1998; Young and Huryn, 1999; Uehlinger, 2000; 

Uehlinger et al., 2003).  Wright and Mills (1967) also used the method in principle, but measured 

CO2 instead.  Odum’s work also lead to the development of in situ respiration chamber approaches, 

or ‘closed systems’ (e.g. Sumner and Fisher, 1979; Bott et al., 1985), that are useful for detailing 

productivity on particular substrata with considerable confidence.  While free from the need to 

correct for gas exchange, concerns related to the use of chambers centre on nutrient limitation, 

alteration of flow regime, changes in surface area and water volume ratios, and other aspects of 

chamber design that may affect metabolic rates (Uehlinger and Brock, 1991).  All in situ methods 

are based on the premise that the change in dissolved gas concentration (Q) is related to 

photosynthesis (P), respiration (R), and gas exchange with the atmosphere (E) as long as accrual 

from surface and groundwater inputs is negligible; thus, Q (dissolved O2) = P – R + E (Bott, 1996). 

 

Instream measurements may be done at one location (single station method), in which case it is 

assumed that changes in O2 or CO2 concentration are identical throughout the reach, or at two 

stations, one at either end of a study reach which allows estimation of metabolism in a parcel of 

water flowing downstream (Bott, 1996).  Measurements made on the open system require accurate 

determination of gas exchange with the atmosphere.  The methods focus on measuring O2 or CO2 

changes during the day (photosynthesis and respiration) and during the dark (respiration only).  

Because respiration rates include the metabolism of heterotrophs such as microbes and insects, as 

well as autotrophs, they are termed community respiration (CR) (Bott, 1996).  Net daily metabolism 

(NDM) can be estimated from the difference between gross primary productivity (GPP) and 24hr 

community respiration CR24; thus, NDM = GPP – CR24 (Bott, 1996). 

 

In this study we employed the single station O2 change technique to examine the cumulative effects 

of forest harvesting and development on stream productivity.  Our study focused on three 

watersheds located in Maple Ridge and Mission, British Columbia, where extensive residential 

developments were to have begun in 2004.  The early stages of development include clearing of the 

forests, which provide a useful analogue to forest practices.    Our hypothesis is that this technique 
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will be able to detect and quantify impacts from acute and chronic events through continuous 

measurements of stream productivity.    

 

Methods 
 

This study was designed using a BACI (before-after-control-impact) study design.  In this design, 

three streams were to be monitored before, during, and after development.  Millionaire Creek is 

located in Maple Ridge (south of the UBC Malcolm Knapp Research Forest) (Figure 2), and was to 

remain relatively undeveloped (control) to 2005.  Nearby Jameson Chester Creeks are located in the 

Silver Valley, and development was to begin in these two “treatment watersheds” during 2004. The 

three creeks are similar in size and have similar watershed characteristics (climate, geology, 

elevation, species present, etc.).   

 

 

 
Figure 2.  Location map, modified from CDMR (2005) 
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Automated Monitoring 

Continuous monitoring stations were installed in the lower reaches of Millionaire Creek during July 

2001 (Figure 3), in Jamieson Creek during July 2002 (Figure 4), and in Chester Creek during 

August 2002 (Figure 5).  The stations were installed as part of a joint project between Genstar 

Development Inc. (represented by SEACOR Environmental) and the B.C. Ministry of Water, Land, 

and Air Protection.  A Hydrolab Series 4 sonde was installed in Millionaire Creek, and YSI 6920 

sondes were installed in Jameson and Chester Creeks.  The automated monitoring stations collected 

data every 15-minutes year-round for pH, water temperature, dissolved oxygen, turbidity, 

conductivity, and flow.  Stations were visited approximately every 4 weeks for maintenance and 

downloading.       

 

 
Figure 3.  The Millionaire Creek automated water quality monitoring station. 
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Figure 4.  The Jameson Creek automated water quality monitoring station. 

 

 
Figure 5.  The Chester Creek automated water quality monitoring station. 
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Discrete Sampling 

Grab samples for general water chemistry (alkalinity, hardness, nutrients, pH, turbidity, etc.) were 

collected during monthly station visits and sent to Zenon Environmental for laboratory analysis.  

Hydrometric measurements (stream discharge, mean velocity, mean depth, slope, etc) were also 

collected intermittently from each site. 

 

Data Analysis 

All data processing and analysis was completed using MatlabTM and AquariusTM analytical software 

platforms.  Continuous water temperature, pH and dissolved oxygen data were corrected for outliers 

and drift, and net daily metabolism (NDM) for each stream was then determined according to the 

following protocol: 

1. The rate of change in O2 concentrations between each measurement was calculated.  

2. The O2 saturation concentration was determined at each interval by comparing water 

temperature to a standard oxygen saturation conversion table (APHA et al., 1992). 

3. The saturation deficit/surplus calculated as the difference between the O2 and the O2 

saturation concentration. 

4.  The gas exchange coefficient (K2(20oC)) was determined using the energy dissipation model 

(Tsivoglou and Neal, 1976): 

 

V
X
H

KK
Co *'*

)20(2 ∆
∆

=  

where XH ∆∆ / is the slope expressed as m/1000m; V, velocity in m/s; and K’ varies with 

stream flow.   

5. K2(20oC) was then adjusted for streamwater temperature at each time using the following 

equation (Elmore and West, 1961): 

 
)20(

)20(2)(2 024.1* −= t
CCt oo KK  

6. The gas exchange (mg liter-1 h-1) at each time interval was calculated by multiplying the 

saturation deficit/surplus by K2(t
o
C): 

24

*)(
)( )(211 Cts oKCC

hlitremgexchangegas
−

=−−  
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When a deficit exists, O2 diffuses into the water and masks the true metabolic rate, and gas 

exchange has a (-) sign so that when algebraically added to the observed rate of change, the 

“true” respiration rate is obtained (Bott, 1996).    When water is supersaturated, O2 diffuses 

out of the system, minimizing the actual metabolic rate, and gas exchange has a (+) sign so 

that when algebraically added to the observed rate of change the “true” photosynthesis rate 

is obtained (Bott, 1996). 

7. The rate of O2 change was corrected for gas exchange by adding the O2 rate of change to the 

average gas exchange. 

8. Respiration was set as the mean overnight respiration, extrapolated through the day.  This 

required sunrise and sunset times for each day.   

9. GPP was determined by calculating the area under the curves, and CR24 was determined by 

by multiplying the average hourly nighttime respiration rate by 24.   

10. NDM was the calculated as the difference. 
 

 

Results 
 

Development did not proceed in any of the three study watersheds during 2004, but is likely to 

proceed during 2005.  For the purposes of this study, this allows us to collect another year of 

baseline data so that we may better characterize predevelopment conditions; however, for the 

purposes of the FSP project, it makes completion of the all of the original project goals difficult by 

April 2005.  This project has therefore focused on examining diurnal cycles in the study streams, 

and on testing the stream productivity estimation methodology.   For assessment of cumulative 

effects, we have also included analysis of a large productive system known to have many 

anthropogenic influences along its length.  

 
Monitoring Results 

Results from continuous monitoring of water temperature, dissolved oxygen and pH in Millionaire 

Creek, Jameson Creek, and Chester Creek from 2002 to 2004 are shown in Figures 5, 6, and 7 

respectively.  There are several large data gaps for Jameson and Chester Creek because the sensors 

needed to be removed for repairs after damage from debris torrents during storms.  Outliers, offsets, 

and drift were corrected using Aquarius software.  Readings were similar in each stream and 

showed strong seasonal trends.  Water temperatures generally ranged from as low as 0oC during 
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winters to 20oC during summers; while dissolved oxygen tended follow the opposite trend, with 

concentrations exceeding 12 mg/L during winter and dropping to below 7 mg/L during summers.  

Stream pH tended to drop into the 6.5 to 7.0 range during winter, and slowly rise to more than 7.5 

during summers.  Seasonal trends in water temperature and dissolved oxygen appeared to respond 

to air temperature trends, while seasonal trends in pH tended to follow hydrological trends.  pH 

would depress during higher flows (fall and winter), responding to precipitation (pH ~5) and 

increase during summer low flows when contributions of groundwater were greatest.  Normally, the 

acids associated with precipitation are neutralized as they filter through groundwater, though this 

may not be the case where catchments are dominated by hard rocks (Allan, 1997).  Decreasing CO2 

solubility during the summer would also contribute to this trend. 

 

 
Figure 6.  Millionaire Creek automated continuous data for water temperature (top), dissolved 
oxygen (middle) and pH (bottom), 2002 to 2004.  Grab samples for pH are shown as red circles. 
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Figure 7.  Jameson Creek automated continuous data for water temperature (top), dissolved oxygen 
(middle) and pH (bottom), 2002 to 2004. 
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Figure 8.  Chester Creek automated continuous data for water temperature (top), dissolved oxygen 
(middle) and pH (bottom), 2002 to 2004. 
 
 

In addition to seasonal trends, the continuous water temperature, dissolved oxygen and pH signals 

were observed to have diurnal trends.  Figure 9 shows diurnal oscillations recorded during July 

2004 in Millionaire Creek.  During July, water temperature oscillated by roughly 2oC daily, while 

dissolved oxygen oscillated by roughly 0.6 mg/L and pH by 0.10 units.  Results were similar for 

Jameson Creek and Chester Creek (see Appendix I).  Monthly average amplitudes of diurnal 

oscillations for each month are provided in Table 2.  In all three creeks, water temperature 
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oscillated by approximately 1oC during winter months and 2oC during summer months.  

Interestingly, such seasonal trends in the diurnal oscillation were not observed for dissolved oxygen 

and pH.  Dissolved oxygen in these systems tended to oscillate by roughly 0.6 mg/L year round, and 

pH by roughly 0.10 units year round.  When the signals were examined more closely (e.g. Figure 

10), it was apparent that they were out of phase with each other.  In Millionaire Creek, peaks in 

water temperature were at roughly 4 pm daily, while minima in dissolved oxygen were at 

approximately 5 pm (i.e. almost exactly out of phase), and pH minima were around noon (partially 

out of phase).  Phase differences for all three creeks are reported in Table 3.  Phase delays in 

Jameson and Chester creek were similar to those observed in Millionaire Creek, though pH 

minimums lined up almost completely with water temperature maximums.  

  

 
Figure 9.  Millionaire Creek water temperature, dissolved oxygen and pH, July 2004. 
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Table 2.  Average diurnal oscillations in water temperature (WT), dissolved oxygen (DO), and pH 
during 2002-2004 in Millionaire, Chester, and Jameson Creeks. 
 
  Dec Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov 

Millionaire  0.7 1.0 1.5 2.2 2.0 2.2 2.2 2.2 1.8 1.4 1.1 1.1 
Chester  1.0 1.3 1.7 2.5 2.9 1.5 1.8 2.1 1.6 1.1 1.0 0.9 

WT 
(oC) 

Jameson  1.0 1.3 1.6 2.3 1.4 1.7 2.0 1.4 1.4 1.0 1.1 1.0 
Millionaire  0.2 0.5 0.5 0.7 0.7 0.6 0.6 0.7 0.7 0.5 0.6 0.5 
Chester  0.5 0.5 0.6 0.7 0.6 0.5 0.4 0.4 0.4 0.6 0.6 0.5 

D.O. 
(mg/L) 

Jameson  0.2 0.2 0.1 0.1 0.2 0.2 0.2 0.2 0.1 0.1 0.1 0.1 
Millionaire  0.20 0.09 0.17 0.12 0.10 0.09 0.10 0.10 0.18 0.11 0.10 0.08 
Chester  0.09 0.17 0.15 0.16 0.07 0.12 0.29 0.39 0.13 0.08 0.09 0.05 

pH 
(units) 

Jameson  0.04 0.05 0.09 0.11 0.10 0.06 0.07 0.06 0.07 0.05 0.05 0.05 
 
 
 

 
Figure 10.  Diurnal oscillations in Millionaire Creek water temperature (top), dissolved oxygen 
(middle), and pH (bottom).  Note that water temperature and dissolved oxygen are nearly 
completely out of phase (12 hrs) with each other, and pH is partially out of phase. 
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Table 3.  Comparison of average daily water temperature peaks and dissolved oxygen and pH 
minimums.  
 

 WT Peak D.O. Min pH Min 

Millionaire Creek Water Temperature 16:00 17:00 12:00 

Chester Creek Water Temperature 13:00 15:30 13:45 

Jameson Creek Water Temperature 15:30 16:30 17:30 

 
 
 
Stream Metabolism 

 
Millionaire Creek 

Net daily metabolism calculations were completed for Millionaire Creek using the observed diurnal 

oxygen oscillations.  The rate of change (steepest slopes) in dissolved oxygen concentration tended 

to peak between noon and 2 pm at roughly 0.13 mg l-1 hr-1 (e.g. Figure 11).  During most of the 

year there was an O2 saturation deficit of approximately 2 mg/L (a surplus was never observed) 

(e.g. Figure 12).  The adjusted gas exchange coefficient was determined for each reading using 

stream flow, discharge and slope measurement in the energy disassociation model.  K2(t
o
C) was 

found to range from about 270 to 315 during July 2004, which is reasonable for a small well-mixed 

system (Holtjc, 1972; Guasch et al, 1998).  Gas exchange rates were negative due because of the O2 

deficits.   Respiration was set as the mean overnight respiration, extrapolated through the day, using 

daybreak and sunset information (shown as vertical lines in the Figure 12 at roughly 5:00 and 

20:00).  GPP was determined by calculating the area under the blue curve in Figure 12, and CR24 

was determined by multiplying the average hourly night-time respiration rate by 24, and net daily 

metabolism was the calculated as the difference.  In this example, GPP was estimated to be 

approximately 11 g O2 m–2 day–1, CR24 was estimated to be –223 g O2 m–2 day–1, and therefore 

NDM was estimated to be –212 g O2 m–2 day–1.  Results for all of July 2004 are shown in Figure 

13, with NDM ranging from –180 to –240 g O2 m–2 day–1.  NDM was also calculated for the rest of 

the year, and for Jameson and Chester Creeks.  In all cases the rates were in the same range as noted 

above.        
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Figure 11.  Millionaire water temperature and dissolved oxygen readings on July 21, 2004. 
 
 

 
Figure 12.  NDM calculation for Millionaire Creek July 21, 2004.  The top figure compares the 
observed dissolved oxygen readings to saturated values.  In the lower figure, NDM is calculated as 
the area between the net production (blue) and respiration (red) lines. 
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.  

 
Figure 13.  Gross primary productivity, daily community respiration, and net daily metabolism 
estimated for Millionaire Creek, July 2004. 
 
 

Grand River (an example from a system known to have high metabolism) 

Since dissolved oxygen and pH in the three study creeks appeared to be driven by water 

temperature rather than stream productivity, we tested the methodology on the Grand River, 

Ontario, a system known to have high stream metabolism.   With 34 municipalities, 26 water 

treatment plants, and 75% of the watershed used for agriculture, the system is also exposed to a 

wide range of anthropogenic influences.  As part of its mandate to manage the watershed, the Grand 

River Conservation Authority (GRCA) has maintained five automated water quality monitoring 

stations throughout the drainage.  Each station records water temperature, pH, dissolved oxygen, 

level, and turbidity every hour.  The GRCA has kindly provided data for 2002 and 2003 for 

inclusion in this study.  Figure 14 shows water temperature at the most downstream station in the 
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watershed, Glen Morris, during 2002.  Both temperature and dissolved oxygen are observed to have 

large seasonal and daily variations, with summers having higher diurnal oscillations, higher water 

temperature, and lower dissolved oxygen.  Figure 15 shows four days during July 2002, where the 

amplitude of diurnal oscillations in temperature and dissolved oxygen are more than 6oC and 10 

mg/L, respectively.  These are very large when compared to the three small coastal study streams in 

BC, which had diurnal oscillations of 2oC and 0.6 mg/l during summers.  The Grand River 

dissolved oxygen and pH signals are also nearly completely in phase with each other, suggesting 

that the biological cycle has “uncoupled” the solubility cycle.   

 
 

 
Figure 14.  Grand River water temperature at Glen Morris station, 2002. 
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Figure 15.  Grand River water temperature (top), dissolved oxygen (middle), and pH (bottom) 
during July 16 to July 19, 2002 at Glen Morris station. 
 
 
Dissolved oxygen readings from the Grand River’s Glen Morris station during 2002 are compared 

to saturated dissolved oxygen values in Figure 16.  A large oxygen deficit is seen during fall and 

winter, when dissolved oxygen is roughly 5 mg/L below saturation values.  In summer, dissolved 

oxygen is near saturation and occasionally seen to be supersaturated, creating an oxygen surplus.  

Daily GPP, CR24, and NDM were estimated for each day during 2002.  Figure 17 shows an 

example of metabolism measured during one day, July 2, 2002.   An oxygen surplus is observed 

during both nighttime and daytime, though it doubles during the day.  On this day, NDM was 

estimated to be 16.55 g O2 m–2 day–1.  During the entire month of July in 2002, NDM ranged from 

approximately –6 to 17 g O2 m–2 day–1 (Figure 18).  Highest productivity rates were on days that 
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had the highest stream temperatures and presumably the greatest light penetration.  Observing NDM 

rates across the year (Figure 19), NDM and CR24 follow the general seasonal trends of 

temperature, with relatively small daily productivity gains during summers and relatively large 

productivity losses during winters. 

  

 

 
Figure 16.  Dissolved oxygen (green line) and saturated dissolved oxygen (blue line) values for the 
Grand River’s Glen Morris station during 2002. 
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Figure 17.  Stream metabolism estimates for July 14, 2002, at the Glen Morris station, Grand River.  
Top: comparison of dissolved oxygen readings are compared to saturated values.  Bottom: 
comparison of net production and respiration, and estimated values for GPP, CR24, and NDM. 
 
 

 
Figure 18.  Stream metabolism estimates for July 2002 at the Grand River Glen Morris station. 
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Figure 19.  Stream metabolism estimates for 2002 at the Grand River Glen Morris station. 
 
 
As an example of how this technique could be used for assessment of cumulative effects spatially, 

stream metabolism was compared between the five stations along the Grand River during June 

2003.  The Shand Dam station is the uppermost station, followed by Road 32, Bridgeport, Blair, and 

Glen Morris.  Figure 20 shows results for GPP, CR24, and NDM estimates at each station.   GPP 

was similar at the three uppermost stations, averaging 5 to 15 g O2 m–2 day–1, while it more than 

tripled at the two lowermost stations (Blair and Glen Morris) in the latter half of June.  CR24 tended 

to increase gradually at all five stations.  As a result, NDM’s during June show an interesting 

pattern in that at the uppermost station, Shand Dam, and at the lowermost stations (Blair and Glen 

Morris), NDM fluctuated between slightly positive and negative values (net additions and losses of 

energy respectively), while the two other middle stations (Road 32 and Bridgeport) were 

substantially negative (high net losses).  In a pristine and productive system, a relatively consistent 

increasing trend in NDM would be expected from upstream to downstream.  The Grand River 

results suggest that respiration is disproportionably higher, and gross productivity lower, at the 

Road 32 and Bridgeport sites, possibly due to cumulative effects of higher inputs of organic 

pollution in this section of the river.   In larger rivers receiving a substantial organic load, degassing 

(diffusion of CO2 out of river water) is unable to compensate for excess CO2 generated by microbial 
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respiration (Allan, 1997).  The Grand River ecosystem appears to recover to a more natural state in 

the lower portion of the watershed.  

  

 

 

 
Figure 20.  Comparison of stream metabolism measures at five stations along the length of Grand 
River.  The stations are ordered from upstream to downstream: Shand Dam, Road 32, Bridgeport, 
Blair, and Glen Morris. 



FSP LOI Y05116 – Annual Technical Report (DRAFT ONLY) 
   Assessing cumulative effects on streams using continuous water quality data.  April 30, 2005.  

25 

 
Discussion 
 

Continuous automated water quality monitoring provides new and invaluable insight into watershed 

processes.  The data allows for detailed investigation of stream response across a wide range of 

temporal scales, from years to minutes.  To date, researches and practitioners alike have tended to 

use this type of data for comparison to static water quality guidelines (e.g. dissolved oxygen not to 

be less than 5 mg/L), for the examination of stream response to transient events (e.g. rainfall-runoff 

modeling, sediment loading, etc.), or for detection of trends across seasons or years.  Few studies, 

however, have used the method to examine stream community dynamics, and we are unaware of 

any studies that have utilized the data for analysis of cumulative effects on stream ecosystems, 

either spatially or temporally.  

 

Our results suggest that the O2 change technique is useful for assessing cumulative effects, both 

spatially and temporally, in streams where productivity is high relative to diffusion, likely such as 

those in the interior of BC.  The technique does appear to be suited to the small and relatively 

unproductive streams of coastal BC.  In these turbulent coastal streams where reaeration is high, 

photosynthesis and respiration produce insufficient amounts of oxygen and carbon dioxide to 

uncouple the gas solubility cycle created by daily oscillations in water temperature.  Diffusion 

therefore maintains oxygen and carbon dioxide near saturation throughout the day and across 

seasons, thereby keeping water temperature, dissolved oxygen, and pH in phase with each other.   

However, diffusion plays a reduced role in large rivers, because of the smaller surface area relative 

to volume; and in more smoothly flowing rivers, because of less turbulence (Bott, 1996).  In these 

cases, naturally occurring high biological activity can greatly increase production and respiratory 

demand for oxygen, thereby uncoupling the daily cycles in oxygen and carbon dioxide due to 

solubility alone.   

 

This preliminary investigation suggests that O2 change technique provides a practical and relatively 

inexpensive way to monitor whole-community impacts on streams from anthropogenic activities 

such as forest harvesting and agriculture.  It provides high-resolution information on ecosystem 

health, and adds significant value to data that has already been collected throughout the province.  

Further testing and refinement, however, is recommended before being widely adopted. 
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Conclusions and Management Implications 

 
• This study introduces the idea of using the in situ ‘open systems’ dissolved O2 change 

technique to assess cumulative effects from forest harvesting and other anthropogenic 

activities on stream ecosystems. 

• Our results suggest that the technique is a useful tool in streams where productivity is high 

relative to diffusion, likely such as those in the interior of B.C.  The technique does not 

appear to be useful in the relatively unproductive streams of coastal B.C. 

• The tool can assess cumulative effects temporally and spatially.  Our results show that it can 

quantify changes in community productivity across seasons and days, and therefore likely 

before and after disturbances.  The analysis could be used to pinpoint when an event 

occurred, quantify the impact on the whole community, and measure how long the impacts 

persist.  Spatially, the tool can measure changes between monitoring stations, as illustrated 

with Grand River data.   

• The tool meets all of the requirements of an effective assessment tool: 

1. Able to consider a variety of impacts. 

2. Evaluates impacts at any point downstream. 

3. Evaluates the influence of any expected kind of land use activity. 

4. Can be done for a reasonable cost over a reasonable length of time. 

5. Integrates effects over a watershed scale. 

6. Provides an ecosystem-scale indicator. 

• This tool also has inherent advantages over the standard cumulative assessment methods: 

1. It is a direct measure of biological response to disturbance. 

2. It does not rely on taxonomy or diversity measures. 

3. It integrates impacts on all aquatic life, not a limited group of species. 

4. It could evaluate a variety of impacts, through time and space. 

5. It can be done relatively inexpensively, in a robust and standardized way.  
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• The technique investigated in this study would benefit from further testing and refinement 

before being widely adopted.  Recommendations include: 

1. Complete a sensitivity analysis to determine more precisely which types of streams 

are suitable for this type of analysis.  This current study focused on extremes – 

highly unproductive and highly productive systems.  The range of stream types in-

between should be investigated.  Ideally a decision chart based on amplitude and 

phase characteristics of water temperature, dissolved oxygen, and pH signals be 

developed to provide practical information on when the technique would be useful. 

2. Develop a similar technique that employs pH readings.   Preliminary investigations 

suggest that CO2 analysis may be more sensitive than O2 analysis in small streams.  

In these turbulent streams, O2 diffusion is higher than that for CO2 and therefore 

biological CO2 production may be remain sufficiently high to uncouple the CO2 

solubility cycle, whereas O2 production would not.  This CO2 cycle would be 

detected with continuous pH measurements. 
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Appendix I.  Raw Monitoring Data 

 
 
 

 
 

Chester Creek water temperature, dissolved oxygen, and pH during July 2004. 
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Jameson Creek water temperature, dissolved oxygen, and pH during July 2004. 
 
 
 


