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Abstract 

Temporal changes in the seasonal and daily pattern and volume of discharge from the 
Mactaquac Dam, Saint John River, were examined for possible relationship with the abrupt 
cessation in 1980 of the annual arrival of elvers of the American eel (Anguilla rostrata) to the fish lift 
at the dam. Cumulative sum (CUSUM) analysis of the variability in magnitude, duration, timing, 
frequency and rate of change of the hourly and daily seasonal (May 15-July 15, 1970-1 992) mean 
discharges from the hydroeiectric dam showed significant changes that coincide with the 
installation of the final two (of six) turbines in the fall and winter of 1979-1 980 and with the raising 
by 0.9 m of the headpond water level in 1984. American eel elvers are weak swimmers that, after a 
period of active upstream migration, settle into a bottom-dwelling, less-migratory mode. Changes 
in the pattern and volume of discharge from the dam may have sufficiently delayed upstream elver 
migration, via the creation of velocity barriers or other discharge conditions within a higher-gradient 
zone of about 11 km, such that reaching the Mactaquac Dam was no longer achievable during the 
window of active migration. 

Although suggestrve, the correlat~on between the t~mrng of the cessation of annual elver 
appearance at the Mactaquac Dam flshway and the ~nstailat~on of the flnal two turbines at the dam 
IS weakened by the absence of a well-des~gned before-after-control envlronmental impact study 
Unlooked-for and unantlclpated envlronmental impacts do occur even ~f the~r exact cause cannot be 
easily establ~shed afterward Flshery managers ant~cipatlng large man-made changes to the 
natural flow reglme of a river should consider the possib~lity of an effect on the upstream m~gratron 
of eel elvers 

Resume 

Nous avons examine les changements dans le temps des regimes saisonnier et quotidien 
du debit au barrage de Mactaquac, sur la riviere Saint-Jean, afin d'en determiner les liens possibles 
avec la disparition soudaine en 1980 de la remonte annuelle des civelles d'anguille d'Amerique 
(Anguilla rostrata) a l'elevateur a poissons du barrage. L'anaiyse, par la methode des sommes 
cumulees, de la variabilite de l'ampleur, de la duree, du moment, de la frequence et du taux de 
changement des rejets moyens horaires, quotidiens et saisonniers (du 15 mai au 15 juillet, de 1970 
a 1992) du barrage hydroelectrique a revele des modifications importantes qui co'incident avec 
I'installation des deux dernieres turbines (pour un total de six) a I'automne 1979 et a I'hiver 1980 et 
avec I'elevation du niveau de I'eau du bassin de retenue de 0,9 m en 1984. Les civelles d'anguille 
d'Amerique sont de faibles nageurs qui, apres une periode de remonte, adoptent un mode de vie 
plus sedentaire au fond de I'eau. Les changements dans les regimes du barrage et le volume d'eau 
qu'il rejette peuvent avoir suffisamment retarde la remonte des civelles, en creant des barrieres 
hydrodynamiques ou en modifiant les conditions de rejet de I'eau dans un tronqon a forte pente 
d'environ 11 km, pour qu'elles ne puissent plus atteindre le barrage Mactaquac au cours de leur 
periode de migration. 

Bien que suggestive, la correlation entre le moment de la disparition des civelies dans 
l'elevateur a poissons du barrage de Mactaquac et i'installation des deux dernieres turbines est 
affaiblie par I'absence d'une etude d'impact environnemental bien concue et fondee sur une 
comparaison avant-apres. Des impacts environnementaux imprevus se produisent, m6me si leur 
cause exacte est difficile a determiner par la suite. Les gestionnaires des peches qui prevoient que 
les activites humaines entraineront des modifications importantes du regime naturel d'une riviere 
devraient envisager la possibilite d'un effet sur la remonte des civelles. 





Introduction 

Naturally variable flows are critical to the ecosystem function and native biodiversity of 
unregulated rivers (Poff et al. 1997). Regulated rivers, such as those with hydroelectric dams, are 
subject to a wide variety of hydrological and ecological effects, many of which negatively affect the 
native biota (Cushman 1985; Moog 1993; Poff et al. 1997). The critical components of flow 
variation that affect ecological processes are the magnitude, frequency, duration, timing, and rate of 
change (Moog 1993; Poff et al. 19973. lnstream migrations of diadromous fishes evolved under the 
timing and pattern of natural flow regimes. The rapid, short-term fluctuations in discharge 
characteristic of peaking operations at hydroelectric dams may seriously affect life cycle transitions 
of resident and diadromous fishes such as upstream and downstream migration and spawning as 
well as their abundance, diversity, and productivity (Cushman 1985; Zincone and Rulifson 1991; 
Moog 1993; Auer 1996; Stalnaker et al. 1996; Poff et al. 1997). Young and small fish may be highly 
susceptible to downstream displacement and mortality during high flows, depending upon the 
species (Harvey 1987). The loss or reduction of shallow water, low flow habitat may also alter the 
fish community (Bain et al. 1988). 

American eels (AnguiNa rostrata) are one of several diadromous fishes native to the Saint 
John River, New Brunswick, that have been affected by the construction of hydroelectric dams 
(Ruggles and Watt 1975). American eel elvers (freshwater age-0) juvenile eels recently arrived 
from the sea, typically 55-65 mm TL) typically enter rivers in southwestern New Brunswick annually 
between early May and late June (Groom 1975; Jessop 1998). Prior to 1980, large numbers of 
elvers, often forming ribbons along the outer walls of the fishway at the Mactaquac Dam, could be 
observed during their upstream migration between mid-June and early July (LeBlanc 1973; 8 .  
Jessop, personal observation). In 1980, the presence of elvers at the fishway abruptly ceased and 
they have not been observed since (B. Jessop; R. Price, Supervisor, Mactaquac Dam fishway, 
personal observations). In this study, we provide a possible explanation for the abrupt 
disappearance of elvers at the Mactaquac Dam; specifically, the increased daily and seasonal 
variability, and seasonal mean level of water discharge associated with the installation of the final 
two of six turbines in late 1979 and early 1980. 

Study Site 

The Saint John River is 678 km long, drains an area of 54,930 km2 and enters the lower 
Bay of Fundy at Saint John, New Brunswick (Ruggles and Watt 1975). The lower 120 km is tidal 
with a saline wedge penetrating about 70 km upstream during low flow periods (Carter and 
Dadswell 1983). Tidehead is at about river kilometer (rkm) 120, downstream of Fredericton (rkrn 
129), but the tidal influence is difficult to measure much beyond rkm 90 because of the effect on 
water levels of the operation of the Mactaquac Dam hydroelectric station, located about rkm 148. 
The river bed gradient between the Reversing Falls at the river mouth (created by a sill 5 m below 
the Bay of Fundy mean high tide level; Carter and Dadswell 1983) and the Mactaquac Dam is 
about 0.019 m.km-' and may be divided into two segments - Reversing Falls to Fredericton (129 
km) with a riverbed gradient of 0.0048 m.km-' and Fredericton to Mactaquac Dam tailrace (18 km) 
with a gradient of 0.1 19 m.km-'. The river surface gradient between the Mactaquac Dam and the 
head of tide varies with the lagged (1 h) discharge from the dam, from about 0.09 m.km-' at 80 m3.s' 
' discharge to 0.1 6 m.km" at 1,150 m3.s7' (Randall 1975). Within the steeper river bed gradient 
zone, a 9-km section of braided channels, bars, and islands with riffles, runs, and pools begins 
about 5 km downstream of the Mactaquac Dam. 

The Mactaquac Dam (Figure 1) was constructed in 1968 as a combination of "run of the 
river'' and peak load hydroelectric plant, with generation largely controlled by the natural river flow 
but with a peak-load cycle imposed by daily demand that produces rapid alterations in downstream 
flow (Ruggles and Watt 1975). The generating station is operated as a peak-load plant during low 



flows and as a base-load plant during high flows. A typical daily generating pattern is as follows: 
multiple unit discharge commences about 0600 h, rises sharply to about 150 MW by 0700 h then 
rises steadily until 1200 h when an average load of 245-255 MW is reached and maintained until 
about 2200 h when the decline to the overnight low of 10-1 5 MW begins and is reached by 0100 h 
where it remains until the cycle begins again. The duration of the minimum load period varies with 
seasonal and daily demand. 

The first three turbines were installed during 1968 and the fourth was installed in 1972. 
Installation of the final two of six turbines in October of 1979 and February of 1980 achieved a rated 
generating capacity of 660 megawatts. The headpond was raised by 0,9 m during June of 1984 
following work that raised the dam height, which effectively increased potential power generation by 
3%. Each turbine has a maximum discharge of about 396 m3.s"; the maximum total discharge for 
six turbines is 2,380 m3,s-'. Prior to 1980, flows exceeding about 1,500 m3.s-' were spilled; after 
1980, flows exceeding 2,380 m3.s-' were spilled. At low flows (minimum allowable discharge of 
65.1 m3.s'7), all discharge is typically through the turbine nearest the fishway collection gallery. 
There is presently an approximately 10:1 maximum (about 650 m"s-'):minimum (65 m3.s-') 
discharge ratio during normal conditions, during which the tailrace can range from about 3 m to 4.8 
m above datum (personal communication, F. Harriman, Manager, Mactaquac Generating Station). 

Upstream passage for Atlant~c salmon (Salmo salarj and river herring (Alosa 
pseudoharengus, A. aesfivalisj at the 55 m high dam is provided by a trap-and-truck facility 
(Ruggles and Watt 1975). This facility is not designed for, or suited to, the passage of American 
eel elvers or juveniles due to the high water velocities through the collection gallery and associated 
crowder, brail, and hopper pools and the spacing of the floorboards in the brail pool. However, 
small numbers (typically less than 100 eels; personal observation B. Jessop) of larger (exceeding 
300 mm TL) yellow eels may get passed upstream during the run of river herring. The Atlantic 
salmon brail pool has a hydraulic jump at the entrance, which deters eels, and the salmon are 
trucked to a nearby fish culture facility for sorting before transfer upstream. Eels and other species 
transported to the culture facility are released downstream of the dam. 

Methods 

Mean daily discharge measurements (m s 7 for the per~od May 15-July 15, which brackets 
the period of hlstor~c elver appearance at the Mactaquac Dam, were obta~ned for the years 1970- 
1992 (Envrronment Canada 1994) Measurements were taken at the Environment Canada, Water 
Survey Branch, McKinley Ferry gauging statlon located about 1 km downstream of the Mactaquac 
Dam. Hourly measurements of river d~scharge (ms-') were obtained for the period May 15 to July 
15 for the years 1975 to 1992 because the annual data for this period were most complete 
(Envrronment Canada, Envrronmental Monitoring D~vis~on, Fredericton, NB). Hourly values that 
were misslng, occas~onally extending for several days, were excluded from further consideration 
Thirteen of the 18 years contalned missrng hourly values, representing from 0.07% to 66.2% of the 
seasonal data (Table 1) The high correlation (r = 0.91, P c 0 001, N = 18) between the annual 
seasonal (May 15-July 15) mean d~scharges estimated from the hourly discharge data and the 
mean May 15-July 15 dally d~scharges supports the relrab~lrty of annual trends based upon the 
hourly discharge data 

Richter et al. (1 996) define 32 hydrolog~c parameters for the lndlcators of Hydrologic 
Alteration method (IHA) to assess the change in a hydrologic regime before and after the system 
has been altered by human activities. These parameters reflect the magnitude, duration, timing, 
frequency and rate of change of discharge within a river system. We have selected many of these 
parameters, along with several more based primarily on hourly discharge values, to provide a 
b~ologrcally relevant flow profile of the Saint John River below the Mactaquac Dam (Table 2) .  



Thirty seasonal (May 15 to July 15) hydrologic parameter values were calculated for each 
year between 1970 and 1992. A shorter, more focused season interval (May 15 to June 15) was 
also examined, provrdrng a second set of values for 24 of the hydrologic parameters. The shorter 
season defines a trme ~nterval that is thought to have the strongest influence on the movement of 
elvers The set of annual values for each hydrologic parameter is defined in this analysrs as a data 
series 

The cumulative sum (CUSUM) method of analysis (Woodward and Goldsmith 1964) was 
applied to all 54 data series (long and short season) to assess changes rn annual seasonal 
discharge over the years of the data series. The CUSUM method is a technique for detecting the 
magnitude and location of changes in mean level within a time series. A constant target value (c, 
usually the data series average, as used in this analysis) is subtracted from each value in the data 
series (x,) and the differences are accumulated over each successive series value, forming 
cumulative sums (S,): 

s, = C(x,  -c) 
j=1 

The cumulatrve sums are plotted in a CUSUM chart on the origrnal t~me scale (I) A change in the 
underlyrng mean of the data series will be revealed as a s~multaneous change in the slope of the 
CUSUM chart When the data series mean corresponds to the target value, the path of the 
CUSUM is roughly horizontal When the local average of the series IS greater than the target value, 
the CUSUM slopes upwards Conversely, when the local average is less than the target value, the 
CUSUM slopes downwards The greater the difference between the local average of the series 
and the target value, the steeper the slope of the CUSUM path Therefore, relatively small changes 
in the mean level of a data series wtll appear as noticeably different slopes in the CUSUM chart 
The point at which the slope of the CUSUM chart changes is a "turning point", corresponding to the 
point in the data series just before the change in mean level took place Turning points are tested 
for srgnlfrcance in this analys~s by the Span test 

The Span test uses an estimate of the data series variation to determine whether a turning 
point on the CUSUM chart corresponds to a real change in the mean level of the data series or just 
random fluctuation. The test assumes the data to be independent, normally distributed and with 
constant variance. The ends of any segment of the CUSUM path, within which a single change in 
the mean of the data series is suspected, are joined and the maximum vertical distance (V,,,) 
between the CUSUM path and this line is measured. The test statistic (Vm,,/s) is the maximum 
vertical distance standardized by dividing it by an estimate of the data series variation (s) 

i 

where n IS the number of data series values. The test statrstic is referred to the nomogram of 
critical values (BSI 1980) for the appropriate span (m) to obtain the probability of exceeding 
]Vmax/sl In a sequence of length m from a series of independent, approximately normal 
observations. Critical values at the a = 0.05 level were used in this analysis. 

The CUSUM chart can be dissected into shorter spans and each span treated in the 
manner as described above, with the basis for segmentation the occurrence of local maxima or 
minima in the CUSUM chart. Each span must start or end on either end of the CUSUM path or on 
a significant turning point, straddle the turning point being analysed, and have its other end on any 
point which looks as if it might possibly be a significant turning point. The test is carried out at the 
mainO/o level to provide a significance level for the whole series of approximately a%. 

The CUSUM method is widely applied in industrial quality control (Woodward and 
Goldsmith 1964; van Dobben de Bruyen 1968; BSI 1980). Nicholson (1984) examined time series 



for sei whale percent female maturity and current meter velocity data, Jessop and Anderson (1 989) 
examined longitudinal trends in juvenile fish CPUE, Manly (1994) applied the method to time series 
of various environmental variables and Hurst (1954) examined annual discharge to determine 
reservoir storage capacity requirements. We are unaware of any previous application of the 
CUSUM method to examme temporal trends in the discharge parameters of a hydroelectric dam. 

Results 

Between 1967 and 1992, annual discharges at the Mactaquac Dam, measured at McKinley 
Fe iv  gauging station, ranged from 581 to 1 170 m3.s-' (Environment Canada 1993). Annual 
discharge did not differ significantly between the years before 1980 and 1980 and beyond (F = 
0.14, df = 1,24, P = 0.72). The maximum monthly mean discharge occurred either in April (56% of 
years) or May as a consequence of spring runoff while minimum mean monthly discharges usually 
occurred between July and March. 

Group I :  Magnitude of Seasonai and Biweekly Daiiy Mean Discharge 

The daily mean discharge typically is high during May and declines through the spring and 
summer (Figure 2). Mean seasonal (May 15-July 15) daily discharge varied annually between 366 
and 1735 m3.s-' (Figure 3a), and between 357 and 2698 rn3.s-7 in the short season (May 15-June 
15). Based on the CUSUM chart of the longer season data series, potential turning points were 
identified at 1971, 1979, 1982, and 1984 (Figure 3b). The Span test indicated that only 1979 was 
significant at a= 0.05 (Table 3). The mean daify discharge during the period 1980-1 992 was 34% 
lower than during the period 1970-1979 (Figure 3a). The shorter season data series also indicated 
1979 as a significant turning point (Table 3). 

CUSUM charts for the 4 biweekly data series of mean daily discharge indicated that, under 
the Span test, 1978 was a significant turning point in the May 15-31 data series, with the mean of 
the period 1979-1 992 49% lower than that of 1970-1 978 (Table 3; Figure 4a). The years 1982 and 
1984 were identified as significant turning points in the June 1-15 data series, with the mean of the 
period 1985-1 992 43% lower than that of 1970-1 982, and both much lower than that of 1983-1 984 
(Table 3; Figure 4b). Neither of the June 16-30 or July 1-1 5 data series provided significant turning 
points (Table 3). 

Group 2: Magnitude and Duration of Seasonal Extremes in Daily Mean Discharge 

Seasonal I -day maximum daily mean drscharges varred annually between 11 59 and 61 20 
m3 s-' while l-day rntnrmum values typ~cally remarried about 100 to 200 m3.s-' A potentral turnrng 
pornt In the data serres of maxrmum discharges occurred in 1979, but was only marg~nally non- 
significant at P = 0 059 (Table 3, Figure 5a) The high maximum discharge In 1984 likely 
contributed to a hrgher p-value than expected 

Seasonal 3-day, 7-day and 30-day maximum daily mean discharge series were ail similar 
in appearance and gave similar results. The Span test indicated that 1979 was a significant turning 
point in all 3 data series, with the mean of the period 1980-1992 38-42% lower than that of 1970- 
1979 in each series (Table 3; Figure 5b). None of the potentiai turning points in the I-day, 3-day, 
7-day or 30-day minimum daily mean discharge series were found to be significant at u = 0.05. 

The shorter seasonal l-day, 3-day and 7-day maximum data series showed similar results 
to the longer seasonal data series, with all 3 series indicating significant turning points at 1979. 
The shorter seasonal l-day and 3-day minimum data series also had significant turning points at 
1979 (Figure 6a-b), but the 7-day minimum data series indicated that 1984 was the significant 
turning point (Figure 6c). Visually, the data series drops to a lower average after 1979, but high 



values in 1983 and 1984 obscure the effect. In all data series, the mean of the post-turning point 
period was lower (range 37-6396) than that of the pre-turning point period (Table 3). 

The range between the seasonal l-day mtnrmum and l-day maxlmum darly mean 
discharge values varied annually between 1063 and 5992 m3 s-' The CUSUM chart was very 
simrlar to that of the seasonal I -day maxrmum darly mean discharge series (Figure 5a), though the 
Span test ~ndrcated that 1979 was a margrnally more signrflcant turnrng polnt The mean range of 
the perrod 1980-1 992 was 36% lower than that of 1970-1 979 The shorter seasonal range serres 
did not indicate any srgnrficant turn~ng po~nts (Table 3) 

Group 3: Timing of Seasonal Extremes in Daily Mean Discharge 

The timing of the seasonal 1 -day minimum generally occurred after day 26 of the season. 
The CUSUM chart and the Span test for the minimum data series indicated that a significant turning 
point occurred In 1983, with the mean timing of the period 1984-1 992 28% lower than that of 1970- 
1983. The I -day maximum generr-illy occurred before day 19, but no potentia! turning points were 
found to be significant. The timing of the 1 -day minimum and maximum in the shorter season 
showed no significant turning points (Table 3). 

Group 4: Frequency and Duration of High and Low Daily Mean Discharge Pulses 

The low pulse threshold is defrned as the 25" percentile of all dally mean discharge values 
In the perrod 1970-1 979. The hrgh pulse threshold IS l~kewise defrned as the 7!jth percentile of all 
such values. The count of low dally mean drscharge pulses vaned annually between 0 and 10 and 
the count of hrgh darly mean discharge pulses varred between 0 and 4 (Frgure 7a-b). The CUSUM 
charts of both data serres rndicated a potentral turnrng polnt at 1984, srgnrficant at u = 0.05. In 
additron, 1982 was found to be a signlf~cant turning po~nt In the high pulse data series The mean 
count of low pulses of the 1985-1 992 period was 100% h~gher than that of 1970-1984 The mean 
count of h~gh  pulses was srmilar between the periods 1970-1982 and 1985-1992, but about 65% 
lower than that of 1983-1 984 (Table 3) 

The mean duratron of the low pulses var~ed annually between 0 and 10.5 days, with 1971 a 
noticeably high value There were no slgnrfrcant turnrng polnts found In the data serres The mean 
duratron of the h~gh  pulses vaned between 0 and 20 days (F~gure 7c) The only s~gnif~cant turn~ng 
point was 1979, the mean of the perlod 1980-1 992 dropprng 68% from that of 1970-1 979 (Table 3) 

For the shorter season, the CUSUM chart of the low pulse count data series showed 1978, 
1979 or 1980 as almost equally likely turning points. Due to the discrete nature of the count data, 
the most appropriate turning point could not be determ~ned from the CUSUM chart, so the mrd-pornt 
year, 1979, was chosen. The mean count of low pulses of the 1980-1992 period was 77% higher 
than that of 1970-1979 The CUSUM chart of the h~gh  pulse count data ser~es showed a potential 
turning point at 1979, which was srgnif~cant at a = 0.05. The mean high pulse count for the period 
1980-1 992 was 65% lower than that of 1970-1 979 (Table 3) 

The shorter season low and high pulse duration data series showed results similar to the 
longer season, with the mean high pulse duratton of the per~od 1980-1 992 67% lower than that of 
1970-1 979 (Table 3). 

Group 5: Rate and Frequency of Change of Daily Mean Discharge 

The mean of all positrve differences between consecutive daily discharge values (rise rate) 
generally ranged between 100 and 200 m3.s-' per day. The mean fall rate data series varied 
annually between 11 5 and 292 m3.s-' per day. No srgnifrcant turnrng points were found either data 



series. The same data series for the shorter season indicated significant turning points at 1982 and 
1985 for the fall rate data series, but none for the rise rate data series. The mean fall rates were 
sim~lar for the periods 1970-1 982 and 1986-1 992, but about 40% lower than that of 1983-1 985 
(Table 3). 

The number of times daily mean discharge changed from rising to falling or falling to rising 
during the season varied annually between 20 and 38, but showed a steady increase over time 
The CUSUM chart showed a gradual change in slope between 1977 and 1984, with 1977 being the 
most significant turn~ng polnt The mean number of fiow changes of the 1978-1992 period was only 
19% higher than that of 7970-1977 The same data series for the shorter season showed a more 
marked 88% increase after a significant 1974 turning point (Table 3) 

Group 6: Magnitude of Daily Range of Hourly Discharge 

The daily range (max~mum - m~n~mum) of the hourly d~scharge values, highl~ghting the 
amount of discharge vanalron found wilhrn each day c?f the season, was plotted in Figure 8 The 
mean seasonal daily range vaned annually between 468 and 1272 m3 s-' The CUSUM chart 
indicated s~gnifrcant turning points at 1980 and 1986. The mean daily range of the period 1987- 
1992 was sl~ghtly higher than that of 1975-1980, and both were 25-35% lower than that of the 
period 1981-1986. The data serres for the shorter season was similar, but with a turning po~nt at 
1985 instead of 1986 (Table 3). 

A minimum level of discharge flow was observed in most years, usually starting in late 
June, which reduced the daily range. The mean seasonal daily range was recalculated, excluding 
those days when the discharge "bottomed out". The data series for both the full and shorter 
seasons increased steadily from 1975 to 1985, dropped sharply over the next year or two, then 
leveled off. The steady increase in the daily range contributed to CUSUM charts with rounded 
paths ~nstead of sharp turning points. However, significant turning points were found at 1979, 1982 
and 1985 in both the full and shorter seasons. The mean daily range for the period 1986-1992 was 
close to that of 1980-1982, about 26% lower than that of 1983-1985, and about 51 % higher than 
that of 1975-1 979 (Table 3) 

Group 7: Magnitude of Extremes of Hourly Mean Discharge 

The hourly d~scharge values were averaged, over the season, for each hour of the day 
(0100-2400 h) and plotted by year. The discharge slowly descends from 0100 h to the daily 
minimum at 0500 h, qulckly rises to the dally maxtmum at 1100 h, slowly falls until 2100 h or 2200 
h, then falls quickly to 2400 h (F~gure 9). The seasonal minimums, maximums and ranges of these 
values vary annually The seasonal minimum hourly mean discharge data series varied between 
117 and 988 m3 s" A s~gn~ficant turn~ng point was found at 1979, result~ng in the mean of the 
period 1980-1 992 belng 56% lower than that of 1975-1 979 The seasonal maximum hourly mean 
d~scharge varied between 588 and 1658 m3 s-I The CUSUM of the data serres ~ndrcated a 
s~gnificant turning point at 1986, giving a mean level 31 % lower after 1986 than for the per~od 1975- 
1986 The shorter season data series gave slmilar results, except that a turn~ng polnt was found in 
1985, rnstead of 1986, for the seasonal maxrmum data series (Table 3) 

The seasonal range of hourly mean discharge varied between 252 and 1039 m3.s-' (Figure 
10a). The years 1980 and 1986 were found to be significant turning points in the data series. The 
means of the periods 4 975-1 980 and 1987-1 992 were similar, but b ~ t h  were about 40% lower than 
that of the period 1981 -1 986. The range of hourly mean discharge between 1 100 h and 2200 h 
was calculated as an indication of the length of time the flow remained constantly high during the 
daily cycle. The CUSUM chart showed 1979 as a significant turning point, resulting in the mean 
level of the 1980-2 992 period being 175% higher than that of 1975-1 979 (Figure lob). The shorter 
season data series gave similar results (Table 3). 



Group 8: Rate of Change of Hourly Mean Discharge 

The rate of change between minlmum and maxrrnum hourly mean discharge within the 
dally cycle, or "ramp up" rate to full drscharge, was estrmated by the average slope of the lrne 
between the minimum and maximum hourly drscharges Srgnificant turning points in the CUSUM 
chart of the data serres occurred rn 1979 and 1986 (Figure 10c) The seasonal mean rate of 
change was srmrlar between the periods 1975-1 979 and 1987-1 992, but both were about 40% 
lower than that of 1980-1 986 The shorter season data series indicated significant turning pornts at 
1979 and 1985 (Table 3) 

Discussion 

Annual variabrlity in seasonal (May 15-July 15) mean darly discharge at a "run of the river" 
hydroelectric statron depends marnly upon seasonal precipitatron and the timrng of the spring snow 
melt relat~ve to the period examined, less so on operating procedures Thus, the hrgh seasonal 
mean discharges In 1972 and 1984 resulted from unusually heavy spring preclp!tatiorl coup!ed w~th  
a later than usual runoff The 1972 flood will not be further discussed because it had no ~nfluence 
on the post-1979 failure of elvers to reach the Mactaquac Dam The effects of the 1984 extended 
(May-July) high water levels on various CUSUM analyses are particularly noticeable rn the 
analysis, e g , F~gure 3. The high water effectively masked the reduction in mean level after 1979 
of the June 1-1 5 daily mean drscharge (Figure 4b), the seasonal I -day, 3-day, 7-day and 30-day 
minimum darly discharge, and the I-day maxrmum daily discharge (Figure 5a) 

The installation of the last two turbines at the Mactaquac Dam tn 1979-1 980 corncides wrth 
the first group of significant CUSUM turnrng points in the analysis of daily and hourly seasonal 
drscharge The increase In generat~ng capacrty from four to six turbines and changes to operating 
procedures reduced the seasonal darly mean discharge relative to the pre-1980 perrod (Figure 3), 
decreased the seasonal 3-day, 7-day and 30-day maxrmum daily drscharge (Table 3, Figure 5b), 
decreased the shorter seasonal 1 -day and 3-day minlmum daily drscharge (Figure 6),  decreased 
the range of the daily mean discharge (Table 3), ~ncreased the shorter seasonal count of low daily 
mean drscharge pulses (Table 3), decreased the shorter seasonal count of hrgh daily mean 
discharge pulses (Table 3), decreased the duration of high d~scharge pulses (Figure 7c), increased 
the daily range of hourly discharge (Table 3), decreased the mrnrmum hourly mean discharge 
(Table 3), increased the range of the hourly mean discharge and of the hourly mean d~scharge 
between 1 100-2200 h (Figure 10a-b), and increased the rate of change of the hourly mean 
discharge during the daily ramping up of power generat~on (F~gure 10c) 

The second group of significant CUSUM turning pornts occurring In 1984, 1985 and 1986 IS 

co~nc~dent, on a lagged or cumulative-effect basrs, with the raising of the Mactaquac Lake water 
level In the spring of 1984, which became fully effectwe with respect to the elver run in 1985. This 
group can be divided rnto two subgroups those data serles wrth the significant turning point 
apparently based only on the effect of the extended high water level in 1984 andlor the extended 
low water level In 1987 and 1988 (Figure 21, and those data serres where the change in mean level 
does not appear to rely primarrly on these water level extremes, but likely is affected by the raising 
of the headpond water level in 1984 The June 1-1 5 daily mean discharge (Figure 4b), shorter 
seasonal 7-day minimum daily discharge (Figure 6c), seasonal count of low discharge pulses 
(Figure 7a), and seasonal count of hrgh discharge pulses (Figure 7b) data serres appear to all have 
had signrficant 1984 turning points affected only by the extreme water levels, based on the abrupt 
and short-lived change in the data series at these years. Without such extremes in the data series, 
there would lrkely have been no signrficant change In mean level for the two pulse counts series, 
and only one sign~frcant change after 1979 for the June 1-1 5 dally mean drscharge and the 7-day 
minimum daily drscharge serles The ralsrng of the headpond appears to have significantly reduced 
the data serres mean level for the seasonal maximum (Table 3), seasonal range (F~gure 10a), and 
rate of change (Figure 10c) of the hourly mean discharge, the seasonal mean of the dally range of 



hourly discharge (Table 3); and the seasonal mean of the daily range of hourly discharge above 
minimum flow (Table 3) The additional water storage provided by raising the headpond level also 
extended the period during which higher power generation levels could be ma~ntained by reducing 
the rate of seasonal drawdown of the headpond 

Although the CUSUM approach may not have been previously used to examrne temporal 
trends in river d~scharge parameters for sign~ficant change, the CUSUM results were largeiy s~mliar 
(Jessop and Harvie, unpubl~shed data) to those of the recently described IHA method (Richter et ai 
1996) As an alternatrve to the /HA method, the CUSUM method offers some advantages, 
including its well-developed methodology (\.Woodward and Goldsmrth 1964, van Dobben de Bruyn 
1968), graphical presentation, and lack of any a priori presumptions about locations of turning 
points (or critical events) in the data series, as IS required by the IHA method 

Hydroelectric dams are major modifiers of river flow and ecology (Cushman 1985; Moog 
1993; Stalnaker et at. 1996; Poff et al. 1997). Operation of the Mactaquac Dam, largely as a "run of 
the river" hydroeiectric station, has not greatly altered the seasonal flow pattern of the spring flood 
that serves to cue the spawning migrations of anadromous fishes such as the Atlantic salmon, river 
herring and elvers of the catadromous American eel. However, superimposition of a daily peak- 
load generation cycle can have serious ecological effects that increase in magnitude with an 
increasing ratio of maximum: minimum discharge and rate of change in discharge (Moog 1993; Poff 
et al. 1997). An abrupt cessation of the annual appearance of American eel elvers at the 
Mactaquac Dam in 1980 coincided with the installation of the final two turbines at the dam in fall 
and winter of 1979-1 980. The changes to daily and hourly discharge patterns indicated by the first 
group of CUSUM turning points can plausibly account for the failure of elvers to migrate to the 
Mactaquac Dam after 1979 and implies a threshold set of generating conditions beyond which elver 
migration is prevented, 

Alternative expianatrons may exist For example, larval production in the Sargasso Sea 
may have declined after 1979, or oceanic condit~ons may have altered their drstribut~on patterns, 
w~th consequent effect on the availability and distribution of glass eels/elvers to the Maritime 
Prov~nces and specif~cally the Saint John River Unfortunately, no good data exists to convincingly 
support such hypotheses for the relevant time period, except perhaps for oceanographic conditions 
represented by the North Atlantic Oscillat~on (NAO) index, assuming that the trends In North 
American elver abundance follow those of Europe (ICES 2001) No extended t~me series of elver 
abundance exist for North Amer~ca, the longest available index (for the East River, Sheet Harbour, 
Nova Scotla) covers only the per~od between 1989-1999 and shows no trend in abundance (Jessop 
in press) Even ~f elver run size to the Salnt John River has decl~ned since 1979, a failure of elvers 
to appear at the Mactaquac Dam might presuppose a major effect of elver density on the strength 
of upstream migrat~on rather than an ~nnate urge for upstream migration and expansion ~nto 
available habitat Our understanding of the nature of elver migratron does not perm@ a definitive 
answer 

In the low gradient, slower flowing, tidal section of the Saint John R~ver downstream of 
Fredericton, American eel elvers likely use selective tidal stream transport to move rapidly 
upstream (McCleave and Kleckner 1982) but active swimming is required as the river gradlent 
increases upstream of Fredericton. Prior to 1980, elvers are estimated to have taken about 62 d 
(assuming mean elver entrance to the river during mid April and the first substantial appearance of 
elvers at the Mactaquac Dam in mid June) to migrate the 148 km from the river mouth to the dam at 
an average speed of 2.4 kmd-', wtth progress most rapid in the tidal zone. An 11-km section of 
braided channels, gravel bars, and islands begins about 5 km downstream of the Mactaquac Dam. 

A detailed understanding does not exist of the interaction of stream velocity/discharge and 
stream morphology on the upstream migration of eel elvers. However, elvers are weak swimmers 
and move along the stream edge where water velocities are reduced and shore irregularities 



provide resting areas. Jessop (2002a) concluded that river discharge, with its associated effect on 
water velocity, was the primary instream factor controlling the rate of elver upstream movement. At 
water velocities exceeding 35-40 cm.s-', elvers have difficulty swimming or cannot maintain position 
and most will not swim at water velocities exceeding 25 cm.s'', tending instead to rest in the stream 
substrate (McCleave 1980; Barbin and Krueger 1994). Velocity barriers need only act along a 
relatively short shoreline length (centimeters to tens of meters depending upon water velocity) to 
seriously delay or prevent upstream movement by elvers. At a discharge of 1,120 m3.s-', near- 
shore (2-3 m) water velocities in a downstream braided channel were measured at 12 cm.s" at the 
shallow-slope stream bank and 26 cm.s-' at the steep-slope stream bank (Randall 1975). Water 
velocity rneasuremenis made inshore (about 0.3 m from shore and 10 cm depthj at I 5  sites located 
from just downstream of the Mactaquac Dam to 7.5 km downstream averaged 10.0 cm.s" (range 
1.5-27.4 cm.se') at a discharge of 1,540 m3.s". At hourly discharges ranging from 300 m3.s-' to 
1,500 m3.s" or more the potential exists for velocity barriers to elver upstream migration over 
several kilometers. Depending upon seasonal water levels, elvers migrated upstream in the East 
River, Chester, at 15.3-38.2 m.d-' over a distance of 1.3 km with an average gradient of 1.3% 
within which were two small (about 2.4 m) falls (Jessop 2002b). In a high (2.2%) gradient zone of 
the Annaquatucket River, Haro and Krueger (1 988) reported upstream movement by elvers of 
slightly more than 6 m'd-'. 

Although power generation and high discharges occur primarily during daylight when elver 
migratory activity is less than at night, low nighttime discharge may also reduce migration success. 
At night, the reduced discharge withdraws the water flow into the steeper-sided main stream 
channel, greatly reducing the wetted area and the shallow, slower-flowing areas at the stream edge 
(Heede and Rinne 1990), thereby maintaining effective velocity barriers to elver migration. Elvers 
left at the high-water stream edge may also experience higher mortality under these more 
hazardous environmental conditions. If sufficient cumulative delay is provided by higher and more 
variable hydroelectric discharge cycles, elvers may cease their visibly-migrating phase and enter 
their bottom-dwelling phase before reaching a previously attainable stream location. A declining 
proportion of juvenile eels continue upstream migration for a number of years, unless prevented by 
obstructions (Tesch 1977; Moriarty 1986). Prior to construction of the Mactaquac Dam, juvenile 
eels migrated as far as Grand Falls, about 220 km upstream of the Mactaquac Dam. 

Larger and older eels are abundant downstream of the Mactaquac Dam, as is evident by 
the commercial fishery that occurs there. A preliminary study into the feasibility of trapping and 
trucking small juvenile eels upstream of the Mactaquac Dam evaluated the abundance of small 
juvenile eels at a site about 0.5 km downstream of the Mactaquac Dam fish-lift (Jessop, 
unpublished data). Between June 19 and August 13, 1992, almost 1,900 juvenile eels were 
collected by a shorelrne eel trap similar in general design to that used to collect elvers at other sites 
(Jessop 2000). The juvenile eels averaged 100.4 mm iong (range 74-133 mm); none were 
considered elvers (Jessop 1998). 

The absence of quantitative measurements of elver abundance prior to 1980 limits some 
conclusions but the issue IS presence and absence and not annual var~ability In numbers greater 
than zero. This study retrospectively analyzes a fortu~tously observed, unantrcrpated perturbation 
that, by ~ t s  nature, is not read~ly dupl~cated or man~pulated in a more traditronal scient~f~c manner 
S~nce 1973, fishway staff have regularly, but casually, observed the occurrence or non-occurrence 
of elvers as has one of the authors (Jessop) durrng regular vlsits to the fishway when sampl~ng river 
herring 1-3 days per week during thelr upstream migratron and wh~le monitoring the commercral 
fishery at the dam (Jessop 1990) The obv~ous presence of elvers prror to 1980 and a scarcity of 
informatron on their biology at that trme prompted preparatron of a sampling program for elvers to 
be rmplemented during the spring of 1980 The absence of elvers at the frshway that spring and 
thereafter have srnce prevented such a sampllng program 
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A hypothesis examlnrng thls relatronship could be experrmentally tested by active manrpulation of 
seasonal d~scharge patterns, although active manipuiatlon may be ~mpractical for economic 
reasons The role of the 1984 Increase in headpond elevation is less clear but it irkely contributed 
further to preventing the upstream m~gration of elvers to the Mactaquac Dam. The fortuitous 
observatron reported here should be notice that, where eel elvers are present, any planned study of 
the env~ronmental Impact of the potentral effects of changing the hydrological regime of a regulated 
river should cons~der the poss~bie effects on the upsiream movement of elvers 
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Table I. Number and dates of missing hourly discharge values and their percentage of the 
May 15 - July 15 seasonal data. 

Number Percentage of 
Year Dates of hours seasonal data 

May 1 5 - 2 0  144 
June 10, hour 8 1 
June 22 - July 15 576 
May 15 24 
July 12, hours 6 - 7 2 
none 
July 15 24 
none 
none 
May 15-20;  June2 -7  288 
July 11 - 15 120 
June 15 - 27 31 2 
none 
none 
May 15 - 19; July 8 - 15 312 
May 15 - 24; May 27, hour 24; May 28 - June 27 985 
May 15 - 16 48 
June 3 - 4; June 6, hour 24; June 7 - 30; July 3 - 9 793 



Table 2. Description of the 30 hydrologic parameters used in the analysis. Source: Richter et al. (1996). 

Group characteristics Hydrologic parameters (number) 

Group 1: Magnitude of seasonal and biweekly daily Mean of daily discharge for season (1). 
mean discharge Mean of daily d~scharge for each b~weekly period (4): 

May 15-31, June 1-15, June 16-30, July 1-15, 

Group 2: Magnitude and duration of seasonal I-day, 3-day, 7-day and 30-day average minimums 
extremes in daily mean discharge and maximums of daily discharge (8). 

Seasonai range {I-day max - l-day min) of daily 
discharge ( I ) .  

Group 3 Timing of seasonal extremes in dally Season day number of I-day maximum and 
mean discharge mlnimum (2) 

Group 4: Frequency and duration of high and iow Number and average duration of high (> 25th percentile! 
daily mean discharge pulses and low (< 25th percentile) daily discharge pulses (4). 

Group 5: Rate and frequency of change of daily Mean of all positive and negative differences between 
mean discharge consecutive daily discharge values (2). 

Number of discharge flow reversals (1). 

Group 6 Magnitude of dally range of hourly Mean of dally range of hourly discharge (I). 
discharge Mean of dariy range of hourly drscharge for days when 

d~scharge stayed above mlnlmum flow (1) 

Group 7: Magnitude of extremes of hourly mean Minimum, maximum and range of hourly mean 
discharge discharge (3). 

Range of hourly mean discharge between 1100 and 
2200 hours (1). 

Group 8 Rate of change of hourly mean discharge Rate of change from rnlnlrnum to maximum hourly 
mean discharge - "ramp-up" (1) 



Table 3. Results of the cumulative suns (CUSUM) analyses Bold values indicate significance at the o = 0 05 level if more than one potentiai luming point tor a 
hydrological parameter was tested ior signiricance oniy those with a p-value less than 0 200 are included in the table Note that the bbologicai relevance of the 
turning ooints should be considered in relation lo !he years 1980 when tne absence oi elvers at the Ivlactaquac Dam fish-lifl first occurred and 1984 when the 
headpond leiel was raise3 Tbrning pants occur in lne {ear prior lo the eveni effects 

Fuli season iMav 15 - July 15) Short season (May 15 -Jane 15) 
Potential Wrlhin Senes Seamen1 Potential Within Senes Swment 

Hydroloqic parameter tuning point the senes p-value seqmeni mean turning point the series p-raiue seament mean 

G r o ~ p  1 Magnitude of seasonal and biweekly aaily mean discharge 
Season 1979 1970 - 1992 0.002 1970 - 1979 1151 1979 1970 - 1992 <0.001 1970 - 1979 1598 

1971 1970 - 1974 0195 1980 - 1992 754 1982 1980 - 1984 0 176 1980- 1992 990 
1982 1980-1984 0198 1984 1983 - 1992 0 126 
1984 1983 - 1992 0 187 

May 15-31 1978 1970 - 1992 <0.001 1970 - 1978 2354 
1979 - 1992 $189 

June 1-15 1984 1970 - 1992 0.040 1970 - 1982 968 
1982 1980-1984 0.031 1983-1984 1919 

1985 - 1992 549 
June 1630  1985 1970 - 1992 >0 500 1970 - 1992 583 
July 1-15 1991 7970-1992 >05O0 1970-5992 479 

Group 2 hlagnitude and duration of seasonal extremes in daily mean discharge 
l-dav minim~m 1984 19%-1992 0511 1970-1992 150 1979 1970 - 1992 0.001 1970 - 1979 660 

1980 - 1992 242 
3-day minimum 1984 1970 - 1992 0109 1970 - 1992 276 1979 1970 - 1992 0.002 1970 - 1979 762 

1980 - 1992 377 
7-day minimum 1984 1970 - 1992 0261 1970 - 1992 304 1984 1970 - 7992 0.017 1970 - 1984 791 

1985 - 1992 411 
30-day minimum 1984 1972-1992 0110 1970-1992 490 
1-day maximum 1979 1970 - 1992 0 059 1970 - 1992 3051 1979 1970 - 1992 0.049 1970 - 1979 3824 

1980 - 1992 2409 
3-dav maximum 1979 1970 - 1992 0.031 1970 - 1979 3525 1979 1970 - 1992 0.029 1970 - 1979 3525 

196G - 7992 2178 1980-1992 2157 
?-day maximum 1979 1970 - 1992 0.005 1970 - 1979 3035 1979 1970 - 1992 0.005 1970 - 1979 3035 

1980 - 1992 1753 1980-1992 1742 
30-dav maximum 1979 1970 - 1992 <0.001 1970 - 1979 17% 

3982 1980 - 7954 0 179 1980 - 1992 1041 
1984 1983.1992 015a  

1-day range 1979 1970 - 1992 0.047 1970 - 1979 3653 1978 1970 - 1992 0 162 1970 - 1992 2600 
1980 - 1992 2322 

Group 3 T~ming of seasonal exlremes m daily mean discnarge 
Day X of minimum 1983 1970 - 1992 0039 1970 - 1983 50 1974 1970-1952 ,0500 1970-1992 26 

1986 1984 - 1992 0 145 1984 - 1992 35 
Day P or maximum 1982 1970 - 1987 3055 1970 - 1992 7 3  7956 1983 1992 0193 1970-1992 5 5 

1987 7957 - 1992 0062 

Group 4 Frequency and duration of high and iow dally mean discharge pulses 
LOW puise count 1984 1970 - 1992 <0.001 7970 - 1984 3 4  1979 1970 - 1992 0.010 1970 - 1979 1 3  

1985 - 1992 5 8 1980 - 1992 2 3 

High pulse count 1982 1970 - 1984 0.040 1970 - 1982 1 5 1979 1970 - 1992 <0.001 1970 - 1979 1 7  
1984 1983 - 1990 <0.001 1983 - 1984 4 0 1980 - 1992 0 6 

7985 - is92 1 3  
LOW pulse duration 197' 1970 - 1992 0285 7970 - 1992 5 1 1985 1970 - 1992 0294 1970 - 1992 8 7 
Hioh oulse duration 1979 1970 - 1992 c0.001 1970 - 1979 10 9 1979 1970 - 1992 <0.001 1970 - 1979 4 9 

Group 5 Rate and frequency of change of daily mean discharge 
Rise fate 1982 1970-1987 0098 1970-1992 156 1984 1984-1992 3085 1970-1992 205 

1987 1983-1992 0099 
Fail rate 1982 1970 - 1992 0059 1970 - 1992 -185 1982 1970 - 1992 0 145 1970 - 1982 -192 

1971 1970-1974 0156 1982 1970 - 1985 0.012 1983 - 1985 -335 
1985 1983-1992 0158 1985 1983 - 1992 0.022 1986 - 1992 -203 

Count or flow changes 1977 1970 - 1992 0.038 1970 - 1977 26 1974 1970 - 1992 <0.001 1970 - 1974 8 
1978 - 1992 31 1975 - 1992 15 



Table 3 (COnt . ) .  Results oi the cumub!ive sums (GLSUM, analyses Bolo values tndrcate significance a: h e  a = 0 35 fee: If more than O'ie potential !Urntog Porn! 
:ci d b)drolog c parameter ++as tested for signsilcance o i iy those wrlh a p-varue toss than 0 200 are rncicdsd in :ne UMe 

Fur! Season (Mav 15 - Juiv $5)  Short season (May $5 - -we 15) 
Po:eneni8al &'$thin Sene$ Segnient Po:entiaI flllhm Senes Segmec: 

tivdrcioq~c paijmetei tumlnq pan! [tie senes p-mlue seqneni mean tum!ng pol';! :he senes D-value seomeo! iriean 

Grout E 2.4agnaude of Gaily range of houri> discbarge 
Pange IBBO 4975 - 1992 00.21 1975 - 1500 608 1980 1975 - 1992 ~0.001 1975 - 7580 636 

1983 is81 - $985 0 1.53 1981 ?Fie6 939 $985 5981 - ?992 0.007 1981 - 1985 '1708 
1986 1981 1902 0 040 1987 - 1992 707 1986 - 1992 822 

mnge above rnm,mum 
1976 1975 - 1992 cD.001 $575 - 1979 612 $979 1975 - 1332 cO.Olll 1875 - 1970 597 

Group 7 Magnitude of ex:r&mes of hwfiy inem ascnarge 
b!dxnurn 1979 1975 - 1992 <0.001 1975 - 1979 812 4979 1975 - 1992 s0.001 1974 - 1979 1236 

1980 - 1992 357 1983 - 1992 554 
htaximum 1886 1975 - $997 0.018 1975 - 1586 1176 1985 1975 - 1992 0.018 1975 - 1985 1522 

1987 - 1992 816 1888 1986 - 1990 0 '13 19E6 - 1992 1122 
Range 1980 1975 - 1992 0.036 I975 - 1980 438 1979 1975 - 9992 <0.001 1975 - 1979 360 

1986 1881 - 1992 0.006 198: - 1986 784 1886 '960 - 1992 0.004 19m - i986 PA6 

Gfcsup 8 Rate of change of hmiriy mean 51scharge 
Ramp-up rate 1979 1975 - 1592 0 132 1975 - 1379 66 1879 1975. 1952 0.002 9975 - 1978 55 

1978 1975. 1986 0.008 1980 - 1986 118 1985 1980 - 7992 0.040 1980 - 1986 130 
1986 19.50 - 1992 0.037 1987 - 1992 77 1986 - 1992 86 
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Figure 3. Seasonal (May 15 - July 15) daily mean d~scharge with 95% conf~dence ~ntervals (A) and 
CUSUM values (B), 1970 to 1992. Bold vertical lines divide the series into sections with significantly 
different mean levels. The turning point is the year prior to the dividing line. 
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Figure 4. Biweekly May 15 - 31 (A) and June 1 - 15 (B) daily mean discharge, 1970 to 1992. Bold 
vertical lines divide the series into sections with significantly different mean levels. The turning point is the 
year prior to the dividing line. 
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Figure 5 Seasonal (May 15 - July 15) l-day (A) and 3-day (B) maxlmurn dally mean d~scharge, 1970 to 
1992 Bold vert~cal llnes divide the series rnto sect~ons wlth significantly different mean levels The turning 
polnt IS the year prior to the dlvldlng llne 
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Figure 6. Shorter seasonal (May 15 - June 15) I-day (A), 3-day (B), and 7-day (C) minimum daily mean 
discharge, 1970 to 1992. Bold vertical lines divide the series into sections with significantly different mean 
levels. The turning point is the year prior to the dividing line. 
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Figure 7 Seasonal (May 15 - June 15) count of low (A), count of high (B) and durat~on of high (C) daily 
mean d~scharge pulses, 1970 to 1992 Bold vertical lines divide the series Into sections with significantly 
different mean levels The turn~ng point IS the year prior to the div~ding line 

7980 - 1992 
Mean = 3.5 
95% CI = (2.1, 4.8) 

1970 - 1979 
Mean = 10.9 
95% CI = (7.7, 14.0) 

1 1 



Daily Range of Discharge (m3-s-I) 
2 2 N N 

ul 0 Cn 0 Cn 
0 0 0 0 0 
0 0 0 0 0 



Hourly Mean Discharge (m 3.s-1) 
2 2 



'auy 6u!p!~!p aql 01 JO!J~ JeaA aq1 s! lu!od 6u!u~nl aql .sjaAal ueaw luaJay!p /lilue3ij!u61s 
YIIM suoll3as olu! sapas ayl apyp Saul1 le3!pa~ plog '~661 01 2~61 'a6~ey3s1p ueaw /l~~noy 40 (3) a6ueq 

40 aleJ pue (a) q oozz pue q 001 1 uaawaq a6ue~ '(y) a6ue~ (5 1 A(ny - 1 Ae~y) leuoseas 'OL a~n6!j 

h 

ooz 3u 

OSF 

166 1 686 1 L86 1 S86 1 €86 1 1861 6L6 1 LL6 1 SL6 C 

I 
I I 

t ooz 

(S'PS~ 'O'E 19) = 13 %S6 

E'S~P = U~SW (1'19s 'P.916) = I3 YoS6 

1661 - L861 8'86P = UeaW 

v 
OOZ 1 


