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Abstract
Often the Before-After-Control-Impact (BACI) design is suggested as being a statistically powerful
experimental design in environmental impact studies. If the timing and location of the impact are
known and adequate pre-data are collected, the BACI design is considered optimal to help isolate
the effect of the development from natural variability. This paper presents 9 years of results from
a long-term BACI experiment tested using a range of statistical models and post-impact monitoring
designs. To explore suboptimal designs that are often utilized in environmental effects monitoring,
the same data were also explored assuming either no control system was available (Before-After
only), or that no pre-impact data were available (Control-Impact only). The results of the BACI
design were robust to the statistical model used, and the BACI design was able to detect effects from
the impact that the two suboptimal designs failed to detect. However, the BACI design demon-
strated different conclusions depending on the number and configuration of post-impact years
included in the analysis. Our results reinforce the idea that caution should be employed when using,
or interpreting results from, a BACI design in an environmental impact study, but demonstrate that
a well-designed BACI remains one of the best models for environmental effects monitoring
programs.

Key words: anthropogenic impact detection, design and analysis considerations, long term
monitoring, Before-After-Control-Impact

Introduction
Environmental effects monitoring design and analyses have been highlighted in the scientific
literature for decades (Green 1979; Stewart-Oaten et al. 1986; Underwood 1991; Chapman 1998).
Many challenges surround the ability to separate a human-induced change from natural variability,
and addressing this real-world problem has been the focus of many sampling designs and statistical
analyses. Green (1979) outlines a hierarchical tree of design options dependent on if the location
and timing of the impact are known and/or if a control area is available. If a spatial control is
lacking, the effects must be inferred from sampling both Before and After an impact (a design
termed Intervention Analysis by Stewart-Oaten and Bence 2001), but this design necessarily
assumes that an unaffected site would not have changed in a similar fashion. If the impact occurred
before any monitoring began, the Impact site can be compared to a nearby (or upstream) Control
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site, but this design is suboptimal because it assumes the Control and Impact sites were similar prior
to the impact. If the timing and location of the impact are unknown, the Reference Condition
Approach has been suggested as a method for quantifying impairment of an affected site, but
specific and rigorous guidelines must be met for this approach to be considered sound (Bowman
and Somers 2005). If the impact has not yet occurred, but the timing and location are known, the
Before-After-Control-Impact (BACI) design was suggested as optimal (Green 1979). However,
since the BACI design was first introduced by Green (1979) many criticisms and suggestions for
improvement have been made.

The first criticism was from Hurlbert (1984) who suggested that the use of a single Control area and a
single Impact area (with replicate samples) analyzed by analysis of variance (ANOVA) only demon-
strated significant differences between locations, and not of the impact itself because the treatment
could not be randomly assigned to the experimental plots. Stewart-Oaten et al. (1986) refuted
Hurlbert’s (1984) claim by suggesting that using sampling times as replicates with the Control and
Impact sites sampled (near) simultaneously, and each sampling time represented by only one number
(as the difference between the Impact and Control samples for that time), allows for the detection of
the mean difference between time periods, using any standard two factor test. They do stress, how-
ever, that the assumptions of additivity and independence must be met in the data within a time
period (Stewart-Oaten et al. 1986). If differences are not used the equivalent BACI test is the test for
an interaction effect in a two-way ANOVA (specifically the BA × CI interaction), but the same
assumptions apply (Underwood 1991; Smith et al. 1993).

Reviews of designs, new criticisms, and suggestions for design improvement were presented in a
series of papers by Underwood (1991, 1992, 1993, 1994). The biggest concerns raised in these
papers include the lack of ability to determine causation by the human impact, even with a signifi-
cant BACI, and the need for multiple Control sites. An asymmetrical design using one Impact site
and multiple Control sites was suggested to alleviate the problem of the need for simultaneous sam-
pling, and for interpreting causation so long as the changes observed at the Impact site are greater
than the patterns observed in the set of control locations (Underwood 1991, 1994). Stewart-Oaten
and Bence (2001) refute Underwood’s criticisms by clarifying that BACI Controls are not experi-
mental controls, and are not chosen randomly but are instead deliberately chosen to be highly cor-
related with the Impact site to be useful covariates. As such, the variation among Control sites is
irrelevant to assessing the problem, and thus multiple Control sites are unnecessary. In addition,
the claim that causation cannot be inferred from the BACI model is refuted because of the funda-
mental reason that the Impact site is not randomly chosen, and therefore the analyses should not
be considered that of a typical experiment (Stewart-Oaten and Bence 2001). Their final conclusion
is that the BACI design is sound for use in impact assessments so long as statistical analyses are con-
ducted carefully by checking assumptions, exploring sensitivity, inquiring where the “chance”
comes from, checking models, and interpreting parameters and results (Stewart-Oaten and
Bence 2001).

In Canada, any permanent alteration or destruction of fish habitat is assessed for impacts to affected
fisheries to avoid violation of the revised Fisheries Act. Any residual serious harm to fish is addressed
via an offsetting plan that includes a monitoring component with the objective of determining
whether the proposed measures will be effective in offsetting the serious harm, and that such measures
have stabilized and are functioning as intended (DFO 2013). Recent guidelines for effectiveness
monitoring designs recommended the BACI design when possible, with a minimum of 3 years of
pre-treatment monitoring and a range of options presented for post-term monitoring
(Smokorowski et al. 2015). However, recognizing that there are often practical limitations on the
duration, frequency, and intensity of monitoring that can be conducted as part of offsetting a
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development project, a range of suboptimal designs may be adopted, with potential implications for
the scientific soundness of the conclusions arising from such monitoring.

With the requirement for effectiveness monitoring now established in regulations, Fisheries and
Oceans Canada (DFO) has an opportunity to guide proponent monitoring programs to be scientifi-
cally sound, clearly reported, and to contribute towards the long-term improvement of program effec-
tiveness (Smokorowski et al. 2015). Conversely, poorly designed programs may hinder future
decision-making ability by presenting, unknowingly, false conclusions about the ecological impacts
of development or offsetting actions. With these important consequences in mind, we used data from
a long-term BACI experiment as a case study to explore various design and analysis decisions. For
illustration purposes, we used 9 years of total invertebrate and fish community biomass and diversity
data (3 years pre and 6 years post) from two rivers, one with a hydroelectric facility that changed its
operational regime, and one reference river. We used multiple models to explore the results of the
BACI analyses using different combinations of years for the “After” period to test the implications
of duration of monitoring and balanced vs. unbalanced designs. We used multiple statistical models
to explore the effects of model choice on the results, and we examined the resulting confounding
factors that can arise in the analyses and interpretation. Specific predictions tested include: (1) the
BACI design results would be robust to the statistical model used; (2) the BACI design results would
be robust to changes in continuous post-duration monitoring, but that intermittent sampling may
affect results; and (3) that the BA or CI design may not produce the same results as the BACI models.
Our intention is to show that caution should be employed when using, or interpreting results from, a
BACI design in an environmental impact study, but that a well-designed BACI remains one of the
best models for environmental effects monitoring programs.

Methods

Case study
To develop the scientific information necessary to design management tools that address both
ecosystem integrity and energy efficiency, the DFO, the Ontario Ministry of Natural Resources and
Forestry, Brookfield Renewable, and the University of Waterloo collaborated on a long-term, adaptive
management experiment to test whether regulating ramping rates through hydroelectric turbines pro-
vided ecological benefits, while at the same time minimizing electricity production losses
(Smokorowski et al. 2011). The main purpose of this experiment was to determine if removing all
operational constraints on ramping rates from a hydroelectric facility was detrimental to the down-
stream riverine ecology. Aspects of river ecology that were monitored included hydrology, fluvial geo-
morphology, chemistry and plankton, benthic macroinvertebrates, fish populations and community
structure, and food web ecology (via stable isotopes).

We used a BACI design for this experiment, which in this case involved comparing conditions on a
regulated peaking river (Impact river; Magpie) to conditions on an unregulated river (Control river;
Batchawana), Before and After implementing a change in ramping rates. The Control river had a
natural flow regime and was carefully selected to be similar to the Impact system (Metcalfe et al.
2001). The intention was that this approach should allow detection of a change in the metrics of inter-
est that were caused by the experimental ramping rate changes, as the Control river should reflect any
changes in metrics resulting from regional environmental factors. Both rivers were similarly sampled
during the entire field study, which included a Before period from 2002 to 2004 and an After period
from 2005 onward (the planned final year of monitoring is 2017). The purpose of this paper is not
to focus on the results of the Magpie project, but instead to use those results to examine the implica-
tions of using different BACI analyses methods and different post-impact monitoring designs.
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Therefore, detailed methods on field sampling will not be provided, nor will a thorough analysis of
results from a biological implications perspective.

Study sites
The experimental site was the Magpie River, Wawa, Ontario (48°0′N; 84°7′W) on the 40 km stretch
between Steephill Falls and the Harris waterpower facilities (WPF) (Fig. 1). The reference river was
the unregulated Batchawana River (47°0′N; 84°3′W), located approximately 60 km north of Sault
Ste. Marie, Ontario. Both rivers were divided into transects spaced 500 m apart to provide a spatial
reference and allow for the selection of sampling sites in a stratified random sampling design. The first
2.5 km below the dam on the Magpie River was characterized by large deep plunge pools and blasted
channels that are atypical of a natural river system. For the Magpie, the most intensively sampled river
segments were those considered the most vulnerable to ramping due to their riffle-run-pool riverine
nature (total length 18 km, beginning 2.5 km downstream from the dam at Transect 5, Fig. 1) and
these are the results presented here. The spatial and sampling coverage was similar for the
Batchawana River.

Between 2002 and 2004, data were collected from the regulated Magpie River under the original
restricted ramping rate regime: ramping rate could not exceed 1 m3·s−1·h−1 from 10 October to
15 November; 2 m3·s−1·h−1 from 16 November until spring freshet (early May); from May until early
October, the dam was restricted to an increase or decrease of 25% of the previous hour’s flow. From
2005 to 2010, data were collected with no restrictions on ramping and while the Steephill Falls plant
operated in accordance with water availability and market forces (Fig. 2). During the majority of
the study period (with one exception noted in the Results), through all seasons the Steephill Falls
WPF could not release a discharge lower than 7.5 m3·s−1 as that was the regulated minimum flow.
All sampling from the Batchawana River was done contemporaneously.

Field sampling
Hydrological data were obtained both from Brookfield Renewable (for data from the Steephill Falls
Generating Station on the Magpie River), and from the Water Survey of Canada gauge on the
Batchawana River (02BF001). Invertebrate data are from an annual sampling of the community in
the thalweg of the river using rock bags. In each year at each site, five mesh rock bags were randomly
placed in a riffle, ensuring a minimum distance of 3 m apart, and at a depth to maintain a sufficient
flow over the bags throughout low water periods. The rock bags were constructed out of 5.1 cm net
mesh, were 122 cm in circumference and 46 cm in length, and were filled with rocks of representative
size found along the shoreline at the site of placement until each reached a weight of 7 kg (± 0.5 kg).
The actual number of rocks used, their diameter, and the weight of each bag was recorded, as were the
water depth and velocity (Marsh McBirney Flomate 2000 Portable Flow Meter) at each bag location.
The bags were left in the river for a period of approximately 60 d (June to August), a sufficient length
of time for full colonization to reach fluctuating taxa richness, abundance, and biomass (Mason et al.
1973; Shaw and Minshall 1980). Once bags were retrieved the rocks were cleaned and all invertebrates
and debris were preserved in 70% ethanol. The entire sample was subsampled for identification to
taxonomic level of family, and enumeration, although in each year a number of samples were identi-
fied in their entirety to allow for the calculation of accuracy and precision of subsampling procedure,
which were always found to be within acceptable limits (defined as being within 20% of true counts,
Elliott 1977).

Backpack electrofishing was used to examine relative fish population abundance, biomass, growth,
species richness, diversity, and community composition on both rivers. Electrofishing was conducted
in July of each year in the Batchawana River and in August of each year in the Magpie River. At each
randomly selected transect, all areas ≤60 cm in depth were sampled using backpack electrofishing
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Fig. 1. Location of the (a) Magpie (altered) and Batchawana (natural) Rivers in Ontario, Canada, and detailed sections of the study reaches of the (b) Magpie
and (c) Batchawana, showing Steephill Falls Waterpower Facility, select transect locations (e.g., T5 and T27), with Water Survey of Canada stream gauges shown
for reference. Map modified from Smokorowski et al. (2011), and reproduced with permission from John Wiley & Sons, Inc.
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Fig. 2. Annual hydrograph of the Magpie (solid) and Batchawana (dotted) Rivers, (a) in 2002, before ramping change, and (b) in 2005, after unlimited
ramping of the Magpie. Data for the Magpie from the Steephill Falls Waterpower Facility (provided by and used with permission from Brookfield
Renewable); data for the Batchawana River obtained from the Water Survey of Canada, Environment Canada, gauge 02BF001. Insert plots highlight
discharge patterns.
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covering eight 100 m shoreline segments on each river. These segments were sampled according to
habitat type (fast or slow) using a standard back-and-fourth electrofishing technique, and shockers
were standardized by power (W), rate (s·m−2), area (m2), and time (s). Fish were identified to species
and enumerated by habitat area, which were averaged to the transect level. A random subsample of
the captured fish was preserved for accurate length, weight and age data. Fish biomass per unit area
(g(100 m2)–1) was calculated for each sampling site.

As backpack electrofishing was the exclusive method of fish capture, the fraction of the fish commu-
nity vulnerable to capture were smaller individuals of larger species, or small species residing in shal-
lower habitats (mean fish length captured was 50 mm ± 26 mm). The rationale was that relative
changes observed in this proportion of the fish community would reflect early life history impacts
on larger fish species. In addition, as home range size increases allometrically with body size (Minns
1995), sampling smaller body sizes ensured samples were representative of local conditions. Because
the home range of fish 150 mm or smaller is <500 m2 (Minns 1995), and the average distance between
adjacent transects was 571 m (min–max = 200–5000 m) on rivers with approximate mean widths
of >40 m, fishing transects were considered independent replicates.

Statistical analysis
All statistics were calculated using Statistica version 10 (StatSoft Inc., Tulsa, Oklahoma) software. Results
were considered significant at p-values that were adjusted using the sequentially rejective Bonferroni test
(or Holm–Bonferroni; Holm 1979), corrected for the number of tests within each data set and family of
tests. We chose to use the Holm–Bonferroni test to minimize the family-wise error rate for multiple tests,
because it is considered more powerful than the overly conservative Bonferroni method which runs the
risk of not detecting real effects. We did not consider the full suite of tests in our corrections given that
any one study would not normally conduct all analyses presented here, and we felt that correction would
be overly conservative. Simply stated, with the Holm–Bonferroni test p-values for your family of tests (n)
are ordered from smallest to largest, with the smallest p-value considered relative to α/n (where α = 0.05),
the same adjustment as the Bonferroni method. If the first test is found to be not-significant, the procedure
stops there; but if it is significant, you compare the second lowest p-value to α/(n−1), and then continue
the procedure until the sequentially larger p-value is found to be not significant, at which point all testing
stops. Data were tested for parametric assumptions (normality and homogeneity of variance of the data)
and transformed when necessary. Residuals from analyses of transformed data were tested for normality.
Additivity was tested on transformed data by testing for a zero slope in the regression of the difference and
averages of corresponding points between the Impact and Control rivers, which essentially corresponds to
Tukey’s test for additivity (Stewart-Oaten et al. 1986). Mean annual flow for each river was calculated as
the mean discharge from January to January of each year, and a correlation analysis was run between riv-
ers to test if changes in flow among years were similar.

Fish species and invertebrate families were used to calculate diversity (probability of interspecific
encounter (PIE); Hurlburt 1971). PIE is an unbiased diversity measure that calculates the chance that
two individuals drawn at random from a population represent different families:

PIE =
Xs

i=1

ðni=nÞ½ðn − niÞ=ðn − 1Þ� (1)

where n is the number of all individuals in the sample, ni is the number of individuals of a family in
the sample, and s is the number of families (Hurlbert 1971). PIE was selected over other diversity
indices because it provides a statistically and biologically understandable probability (out of 100%;
the higher the number the more diverse the community), unlike more traditional diversity measures
(Gottelli and Graves 1996).

Smokorowski and Randall

FACETS | 2017 | 2: 212–232 | DOI: 10.1139/facets-2016-0058 218
facetsjournal.com

FA
C

E
T

S 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.f
ac

et
sj

ou
rn

al
.c

om
 b

y 
16

2.
15

6.
12

.1
51

 o
n 

02
/1

2/
18

http://dx.doi.org/10.1139/facets-2016-0058
http://www.facetsjournal.com


Mean annual invertebrate community abundance (numbers per rock bag), and mean annual fish
biomass-per-unit-effort (by habitat type), and diversity for both taxon groups, were calculated and plot-
ted to illustrate annual variability. To explore the effect of using different statistical models on the
results, multiple approaches were used. First, to assess the effect of differing monitoring durations,
two-way ANOVAs were run on the BACI data for fish and invertebrate biomass and diversity, using
three options for the “after” period, each representing a different combination of continuous 3 year
monitoring blocks: (1) 2005–2007 representing the first 3 years post-ramping change and a balanced
design (short-term monitoring); (2) 2005–2010 representing a 6 year longer-term monitoring period
but creating an unbalanced design, which is unavoidable with a fixed duration pre-period (complete
long-term monitoring); and (3) 2008–2010 representing a long-term response period but keeping the
design balanced for statistical purposes (balanced long-term monitoring). The main statistic of interest
in a BACI analysis is the interaction term (Before-After×Control-Impact), which would be significant
when a change occurs at the impact site but not at the control site. To explore the effect of using an alter-
nate statistical model, as recommended by Stewart-Oaten et al. (1986), differences between the Impact
minus Control sites were calculated using means by transect and year, and a t test was run on the
Before and After periods (including the three continuous block After durations outlined above) to assess
if the BACI was significant. To test if the unbalanced design using the 6 year complete long-term mon-
itoring had an effect on the BACI model validity, we compared the standard ANOVA result with the full
data set to the same data using a restricted maximum likelihood estimation (REML) ANOVA, which is
considered more robust for unbalanced designs (Robinson 1987; Fletcher and Underwood 2002).

In addition, recognizing that there are often pressures to minimize the duration and frequency of
post-monitoring requirements, and that there are often practical limitations on monitoring designs,
our data were used to test a variety of possible post-impact sampling timetables, using a range of com-
binations of intermittent sampling in the BACI analyses. Finally, recognizing that sometimes the
incorporation of a control system is not feasible, or that the development will occur without the
opportunity to collect pre-treatment data, we examined the results from conducting a Before-After
only analysis (BA: no Control), and a Control-Impact only analysis (CI: no Before), to examine the
conclusions that would have resulted from these suboptimal designs.

Permitting
Fish for this project were collected under the Ontario Ministry of Natural Resources and Forestry
Collection of Fish for Scientific Purposes permit number 1000784. Animal care permits for this
project were approved by the Canadian Council for Animal Care certified GLLFAS/NWRI Animal
Care Committee (permit number GLLFAS/NWRI 0907). Work was reviewed and permits issued on
an annual basis.

Results
All abundance data were ln(x+ 1) transformed and PIE was arcsine transformed to meet assumptions
of additivity, normality, and homogeneity of variance. All transformed data met assumptions except
for the invertebrate diversity measure (arcsinePIE), which did not meet the additivity assumption.
In addition, residuals from the BACI analyses were not significantly different from normal with the
exception of the fish diversity measure (arcsinePIE) in the slow habitat. We present the analyses for
invertebrate and slow fish diversity despite these violations, but interpret the results with caution.

The natural hydrology of the Batchawana resulted in greater peak flows and lower minimum flows
relative to the altered Magpie River (Fig. 2). In 2002, when ramping rate was restricted, the dam
operated on a reduced peaking cycle. During the week when water supply was high, flow was
“perched” on an elevated minimum, and on weekends when demand was low water levels did not
reach full turbine flow (Fig. 2a). In 2005, however, full ramping from the maximum turbine
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discharge to minimum regulated flow occurred at a much greater frequency because the rate of
change was unrestricted (Fig. 2b). Mean annual flow of the rivers tracked each other over time
confirming the suitable use of the Batchawana River as a regional control for the Magpie River
(r = 0.78, p = 0.01, Fig. 3). Coincidentally, 2005, which was the year corresponding to the change
in unlimited ramping, also saw the beginning of a 3 year period of drought on both rivers. The
return to normal annual flow levels was observed on both rivers in 2008 and 2009, but 2010 was
again a relatively dry year (Fig. 3).

The average number of invertebrates per rock bag was generally greater for the Magpie than the
Batchawana, and the pattern among years was roughly similar (Fig. 4a). Invertebrate diversity
was initially greater for the Magpie River, but in 2005 the Batchawana diversity became higher
than the Magpie until it switched back again in 2009 (Fig. 4b). The BACI analysis interaction
was not significant for all year combinations for abundance (Table 1 and Fig. 5a), and was
significant for diversity when both short and complete long-term monitoring were tested, but
not when the balanced long-term monitoring was tested (Table 1 and Fig. 5b). Calculating the
difference between Impact minus Control means by site and running the two sample t test yielded
similar results for diversity, but different results for abundance, which was found to be significant
against the adjusted pcrit values (Table 2). The results for the REML ANOVA for unbalanced

Fig. 3. Annual water flow (discharge in m3·s−1) averaged from January to January for the Magpie and Batchawana Rivers from 2002 to 2010. The solid line
represents the historical mean annual flow for the Batchawana (22 m3·s−1) and the dashed line represents the historical mean annual flow for the Magpie
pre-dam (27 m3·s−1). Inset scatterplot correlation r = 0.77, p = 0.01. Data for the Magpie from the Steephill Falls Waterpower Facility (provided and used with
permission from Brookfield Renewable); data for the Batchawana River obtained from the Water Survey of Canada, Environment Canada, gauge 02BF001.
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Fig. 4. Average (a) abundance (number
per rock bag, ln transformed) and
(b) diversity (PIE, arcsine transformed)
of invertebrates per rock bag ± standard
error plotted as average across sites for
each year 2002–2010.

Table 1. Before-After-Control-Impact (BACI) ANOVA interaction term Before-After (BA) × Control-Impact
(CI) sum of squares (SS), F value (degrees of freedom), and significance level p for invertebrate abundance
(lnN) and diversity (arcsinePIE) in continuous monitoring designs.

After years included SS F(df) p pcrit

Invertebrate lnN BACI

1, 2, 3, 4, 5, 6 Long-term unbalanced 1.8 3.8(1,66) 0.05 —

1, 2, 3 Short-term balanced 1.1 4.3(1,48) 0.04 —

4, 5, 6 Long-term balanced 1.6 4.3(1,40) 0.04 0.0125

Invertebrate arcsinePIE BACI

1, 2, 3, 4, 5, 6 Long-term unbalanced 412.5 6.7(1,66) 0.01 0.01

1, 2, 3 Short-term balanced 824.1 13.4(1,48) <0.001 0.008

4, 5, 6 Long-term balanced 6.5 0.08(1,40) 0.78 —

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as
indicated, where 1 = 2005, 2 = 2006, 3 = 2007, 4 = 2008, 5 = 2009, and 6 = 2010. pcrit provides
the critical p-value as adjusted by the Holm–Bonferroni method for determining significance, where
in this case the total number of tests was 6. Bold text indicates a significant difference.
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designs were the same as the standard BACI factorial ANOVA. As mentioned previously, inverte-
brate diversity statistics should be interpreted with caution due to the violation of the additivity
assumption.

Table 2. The t test results on differences between Impact minus Control means of invertebrate rock bags by site,
using Before-After as the grouping variable in continuous monitoring designs.

Source of
variation—invertebrates

Mean difference
Before± SE (n)

Mean difference
After± SE (n) t p pcrit

lnN (1, 2, 3, 4, 5, 6) 1.1± 0.13 (13) 0.43± 0.17 (22) 2.7 0.01 0.0125

lnN (1, 2, 3) 1.1± 0.13 (13) 0.51± 0.16 (13) 2.8 <0.01 0.01

lnN (4, 5, 6) 1.1± 0.13 (13) 0.32± 0.35 (9) 2.4 0.03 0.025

arcsinePIE (1, 2, 3, 4, 5, 6) 6.5± 3.4 (13) −3.5± 2.1 (22) 2.6 0.01 0.017

arcsinePIE (1, 2, 3) 6.5± 3.4 (13) −9.4± 1.2 (13) 4.4 <0.001 0.008

arcsinePIE (4, 5, 6) 6.5± 3.4 (13) 5.0± 3.2 (9) 0.32 0.75 —

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as
indicated, where 1 = 2005, 2 = 2006, 3 = 2007, 4 = 2008, 5 = 2009, and 6 = 2010. pcrit provides
the critical p-value as adjusted by the Holm–Bonferroni method for determining significance. Bold
text indicates a significant difference from before to after the change in dam operations.

Fig. 5. Average (a) abundance (number
per rock bag) and (b) diversity (probabil-
ity of interspecific encounter) of inverte-
brates per rock bag ± 95% confidence
interval (CI) plotted as the Before-After-
Control-Impact (BACI) plot, for the
Impact (triangles) and Control (circle)
rivers. Representative results are shown
including the Before period (2002–2004)
and the full After period (2005–2010).
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Fish biomass per unit effort (BPUE) followed a similar pattern among years on both rivers, although
overall interannual variability of the Batchawana was less than the Magpie (Figs. 6a, 6b). For the fish
data analyses the total number of tests considered in the Holm–Bonferroni correction was 12, result-
ing in no significant results regardless of the years included in the design (Table 3 and Figs. 7a, 7b).
Calculating the difference between Impact minus Control biomass means by transect and running the
two sample t test found the difference between the Before and After period were not significant for
either habitat type in the short- or long-term monitoring, but both habitat types were significant when
testing the balanced long-term monitoring design (Table 4). Again, the REML ANOVA results were
the same as the BACI ANOVA results.

Fish diversity in both habitat types was greater for the Batchawana than for the Magpie River
(Figs. 6c, 6d). The interannual pattern of fish diversity in fast habitat was similar among years
between the two rivers except in 2009. Fish diversity in the slow habitat was relatively consistent
among years for the Batchawana River, whereas the interannual variability of the Magpie was great.
The interaction term for fish diversity was not significant for any combination of years in either hab-
itat type (Table 3 and Figs. 7c, 7d). The t test results similarly demonstrated that the difference in fish
diversity from Before to After was not significant for any year combination (Table 4).

Exploring various intermittent sampling designs demonstrated that some significant impacts were no
longer apparent, and very different conclusions could result depending on the years included in the
monitoring program (Tables 5 and 6). The use of Before-After Magpie River only design

Fig. 6. Average fish biomass-per-unit-effort (lnBPUE)± standard error from 2002 to 2010 for (a) the Magpie River and (b) the Batchawana River, and average
fish diversity (PIE)± standard error from 2002 to 2010 for (c) the Magpie River and (d) the Batchawana River.
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(no Control) was not able to detect a significant change in either the fish or invertebrate community
in the impact river, although in most cases there was a decreasing trend in the metric from Before to
After the change to unlimited ramping (Table 7). The Control-Impact design (no Before) was simi-
larly not able to detect a difference in abundance between the Batchawana and Magpie Rivers, except
that it did capture that both invertebrate and fish diversity was lower in the impact Magpie River
relative to the control Batchawana River (Table 7).

Discussion
The purpose of this paper is to explore how results and conclusions can change depending on
the design and analysis of the monitoring program, and to raise awareness of resulting implications.
While it seems clear that the change in ramping rate regime had an effect on the biota of the Magpie
River (details of the biotic response are discussed elsewhere), the interpretation of the data and
conclusions of the statistical significance of those effects varied depending on the number and
configuration of years included in the analysis, and the statistical model used to analyze the data.
The computational procedure used to analyze the unbalanced BACI design resulting from
continuous long-term monitoring with a fixed baseline phase did not have an effect on the interpre-
tation of the data. However, it did appear that analyzing the difference between the reference and
control before and after the impact occurred (using a t test as recommended by Stewart-Oaten
et al. 1986), was a more powerful statistical test than the BACI ANOVA, as significant differences
were declared despite the higher bar set by the Holm–Bonferroni adjusted pcrit values.

Table 3. Before-After-Control-Impact (BACI) ANOVA interaction term Before-After (BA) × Control-Impact
(CI) sum of squares (SS), F value (degrees of freedom), and significance level p for fish relative biomass
(lnBPUE) and diversity (arcsinePIE) in continuous monitoring designs.

After years included Design type Habitat SS F(df) p pcrit

Fish lnBPUE BACI

1, 2, 3, 4, 5, 6 Long-term unbalanced Fast 4.2 5.5(1,140) 0.02 —

1, 2, 3, 4, 5, 6 Long-term unbalanced Slow 3.4 3.3(1,132) 0.07 —

1, 2, 3 Short-term balanced Fast 1.1 2.0(1,92) 0.16 —

1, 2, 3 Short-term balanced Slow 0.34 0.45(1,88) 0.50 —

4, 5, 6 Long-term balanced Fast 6.1 7.9(1,92) 0.006 —

4, 5, 6 Long-term balanced Slow 7.3 7.8(1,84) 0.006 0.004

Fish arcsinePIE BACI

1, 2, 3, 4, 5, 6 Long-term unbalanced Fast 123 0.95(1,140) 0.33 —

1, 2, 3, 4, 5, 6 Long-term unbalanced Slow 311 1.4(1,132) 0.23 —

1, 2, 3 Short-term balanced Fast 14.9 0.15(1,90) 0.69 —

1, 2, 3 Short-term balanced Slow 95 0.57(1,88) 0.45 —

4, 5, 6 Long-term balanced Fast 237 1.7(1,92) 0.19 —

4, 5, 6 Long-term balanced Slow 453.8 1.7(1,84) 0.19 —

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as
indicated, where 1 = 2005, 2 = 2006, 3 = 2007, 4 = 2008, 5 = 2009, and 6 = 2010. pcrit provides
the critical p-value as adjusted by the Holm–Bonferroni method for determining significance, where
in this case the total number of tests was 12.
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Intermittent sampling designs often failed to detect effects that were found with continuous sam-
pling, as did the suboptimal designs used when no Control system or Before data were available.
We are unaware of any similar exploration of design and analysis options on environmental effects
monitoring results and conclusions. Although others have examined optimal study designs for
environmental effects or restoration programs (e.g., Benedetti-Cecchi 2001; Munkittrick et al.
2002, 2009; Liermann and Roni 2008), few have had the duration and consistency of data necessary
for such analyses.

Using a balanced number of years before and after affecting a perturbation is usually considered
important in statistical analyses due to its effect on the power of the test, the implications regarding
the assumption of equality in variance, and in how you estimate parameters and partition the sum
of squares (SS) to test the hypotheses of interest (Shaw and Mitchell-Olds 1993). Yet due to a myriad
of factors, ecologists rarely have completely balanced data and need to face decisions about imposing
balance by eliminating values (thus losing information), or to use computational methods that are
specifically designed for unbalanced data (Robinson 1987; Shaw and Mitchell-Olds 1993). For any
long-term environmental effects monitoring study, the period of pre-treatment or “before” data is
often limited, and therefore the longer duration of monitoring results in greater imbalance in the
design. Yet long-term monitoring programs, although relatively rare especially in environmental
effects assessments, are considered important to capture the full manifestation of management actions
as system response times can be on the order of decades (Burt et al. 2008; Roni et al. 2008;
Lindenmayer and Likens 2009). Therefore, reconciling the trade-off between long-term monitoring
and balanced statistical analyses becomes necessary.

Fig. 7. Representative BACI plots (all data included 2002–2010) for the Control (circles) and Impact (triangles) sites of average fish biomass per unit effort
(BPUE)± 95% confidence intervals for (a) fast habitat and (b) slow habitat; BACI plots of average probability of interspecific encounter (PIE)± 95% confidence
intervals for the Control (circles) and Impact (triangles) sites for (c) fast habitat and (d) slow habitat.
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In our example, the original balanced design was termed “short-term”monitoring because it included
only 3 years post-impact monitoring. While not having any statistical concerns due to imbalanced
design, if sampling ended in 2007 we would have concluded that the unlimited ramping had no
significant effect on relative fish biomass or diversity, but did have a significant effect on invertebrate

Table 5. Before-After-Control-Impact (BACI) ANOVA interaction term Before-After (BA) × Control-Impact
(CI) sum of squares (SS), F value (degrees of freedom), and significance level p for invertebrate relative biomass
(lnN) and diversity (arcsinePIE) in intermittent monitoring designs.

After years included SS F(df) p pcrit

Invertebrate lnN BACI

1, 3, 6 BA × CI 0.91 1.9(1,46) 0.17 —

2, 4, 6 BA × CI 0.82 3.0(1,42) 0.09 —

1, 3, 5 BA ×CI 1.8 7.0(1,46) 0.01 0.01

Invertebrate arcsinePIE BACI

1, 3, 6 BA × CI 351.9 4.4(1,46) 0.04 0.0125

2, 4, 6 BA × CI 104.3 1.3(1,42) 0.26 —

1, 3, 5 BA ×CI 556.8 7.9(1,46) 0.007 0.008

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as
indicated, where 1 = 2005, 2 = 2006, 3 = 2007, 4 = 2008, 5 = 2009, and 6 = 2010. pcrit provides
the critical p-value as adjusted by the Holm–Bonferroni method for determining significance. Bold
text indicates a significant difference.

Table 4. The t test results on differences between Impact minus Control means of fish relative biomass (lnBPUE) and diversity (arcsinePIE) averaged by
transect, using Before-After as the grouping variable in continuous monitoring designs.

Source of variation—fish
lnBPUE or diversity (arcsinePIE) Habitat

Mean difference
Before ±SE (n)

Mean difference
After ±SE (n) t p pcrit

lnBPUE (1, 2, 3, 4, 5, 6) Fast 0.84± 0.20 (24) 0.12± 0.16 (46) 2.6 0.01 0.005

Slow 0.25± 0.22 (22) −0.43± 0.20 (46) 2.0 0.05 —

lnBPUE (1, 2, 3) Fast 0.84± 0.20 (24) 0.40± 0.19 (24) 1.6 0.12 —

Slow 0.25± 0.22 (22) 0.005± 0.23 (24) 0.69 0.49 —

lnBPUE (4, 5, 6) Fast 0.84± 0.20 (24) −0.17± 0.26 (24) 3.1 0.003 0.0045

Slow 0.25± 0.23 (22) −0.90± 0.28 (22) 3.2 0.003 0.004

arcsinePIE (1, 2, 3, 4, 5, 6) Fast −8.5± 2.6 (24) −12.5± 2.6 (48) 0.96 0.34 —

Slow −5.6± 4.0 (22) −12.1± 3.1 (46) 1.2 0.22 —

arcsinePIE (1, 2, 3) Fast −8.5± 2.6 (24) −10.1± 3.1 (24) 0.39 0.70 —

Slow −5.6± 4.0 (22) −9.7± 2.5 (24) 0.88 0.38 —

arcsinePIE (4, 5, 6) Fast −8.5± 2.6 (24) −14.8± 4.1 (24) 1.3 0.20 —

Slow −5.6± 4.0 (22) −14.7± 5.8 (22) 1.3 0.20 —

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as indicated, where 1 = 2005, 2 = 2006,
3 = 2007, 4 = 2008, 5 = 2009, and 6 = 2010. pcrit provides the critical p-value as adjusted by the Holm–Bonferroni method for determining
significance. Bold text indicates a significant difference from before to after the change in dam operations.
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abundance (using the difference tests) and diversity. After 6 years of post-impact monitoring
differences in fish biomass were greater but still not significant using the adjusted pcrit values.
Using a computational procedure specifically designed for unbalanced designs (REML ANOVA,

Table 6. Before-After-Control-Impact (BACI) ANOVA interaction term Before-After (BA) × Control-Impact
(CI) sum of squares (SS), F value (degrees of freedom), and significance level p for fish relative biomass
(lnBPUE) and diversity (arcsinePIE) in intermittent monitoring designs.

After years included Habitat SS F(df) p pcrit

Fish lnBPUE BACI

1, 3, 6 Fast 1.7 3.2(1,92) 0.08 —

1, 3, 6 Slow 1.3 1.7(1,86) 0.20 —

2, 4, 6 Fast 2.4 3.1(1,92) 0.08 —

2, 4, 6 Slow 4.0 3.6(1,86) 0.06 —

1, 3, 5 Fast 3.9 5.6(1,92) 0.02 0.004

1, 3, 5 Slow 1.5 1.9(1,86) 0.17 —

Fish arcsinePIE BACI

1, 3, 6 Fast 25.6 0.28(1,92) 0.60 —

1, 3, 6 Slow 78.7 0.38(1,86) 0.54 —

2, 4, 6 Fast 21.6 0.16(1,92) 0.69 —

2, 4, 6 Slow 190.2 0.94(1,86) 0.34 —

1, 3, 5 Fast 213.5 2.1(1,92) 0.15 —

1, 3, 5 Slow 285.3 1.2(1,86) 0.27 —

Note: In all cases the Before period included 2002–2004. Years included in the After period varied as
indicated, where 1 = 2005, 2 = 2006, 3 = 2007, 4 = 2008, 5 = 2009, 6 = 2010. pcrit provides the
critical p-value as adjusted by the Holm–Bonferroni method for determining significance.

Table 7. One-way ANOVA results testing a Before-After Magpie only comparison (no Control), and a Control-
Impact After only comparison (no Before) for invertebrate and fish abundance (lnN and lnBPUE respectively)
and diversity (arcsinePIE) including all 6 years post monitoring.

Test Habitat
lnN/Fish BPUE
F(df), p, (trend)

arcsinePIE
F(df), p, (trend) pcrit

Invertebrates Before-After (no Control) 2.6(1,33), 0.12, (↓) 2.6(1,33), 0.11, (↓) —

Invertebrates Control-Impact (no Before) 3.2(1,42), 0.08, (↑) 4.0(1,42), 0.05, (↓) 0.0125

Fish Before-After (no Control) Fast 1.9(1,70), 0.18, (↓) 0.32(1,70), 0.57, (↓) —

Slow 0.87(1,66), 0.35, (↓) 0.004(1,66), 0.95, (↔) —

Fish Control-Impact (no Before) Fast 0.41(1,94), 0.52, (↑) 24.0(1,94), <0.001, (↓) 0.00625

Slow 3.5(1,90), 0.06, (↓) 15.6(1,90), <0.001, (↓) 0.007

Note: The trend arrow indicates the directional difference (increasing or decreasing) between the
mean values from Before to After or between Control and Impact. pcrit provides the critical p-value
as adjusted by the Holm–Bonferroni method for determining significance, where in this case the total
number of tests was 4 for invertebrates and 8 for fish.
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Robinson 1987) did not alter the significance of our BACI interaction term, or the interpretation of
our data. If our main concern was achieving statistical balance, this was easily achieved by eliminating
data and analyzing 3 year packages, which we refer to as balanced long-term monitoring. Losing years
of data would result in detecting a statistically significant difference in fish biomass results, but elimi-
nating significance in invertebrate diversity, and would have altered our conclusions. Therefore,
achieving statistical balance by eliminating data should not be considered an option in environmental
effects monitoring, preferentially using a computational procedure specific to unbalanced designs
(available in most statistical packages) to ensure that statistical bias is not introduced by long-term
environmental effects monitoring.

Smokorowski et al. (2015) provided recommendations for effectiveness monitoring designs that
included: (1) 3 years before development at the impact site to establish a baseline, (2) 3 years sampling
immediately post-change, (3) an additional 3 years of sampling at a later time (e.g., 4–6 years post or
some later time), and (4) a revisit 10 years after project impact to capture longer-term changes to the
site. These 3 year blocks of time were recommended to allow for the quantification of interannual
variability, increasing the likelihood of being able to distinguish project effects from natural
variability. However, when negotiating the duration and frequency of environmental effects
monitoring programs, resource managers are often faced with proposals suggesting alternate years
or multiple skipped years to increase the overall duration while minimizing the costs. For example,
it may be suggested that years 1, 3, and 6 post-impact (or post-offsetting) should be monitored to cap-
ture a longer duration response but still minimize effort, but in this case no differences would have
been found. Various scenarios could be envisioned and a number were tested with our data, which
clearly demonstrated that the conclusions from intermittent designs would have been different, and
would sometimes have failed to detect an effect that was found using continuous sampling. It is not
unusual for long-term datasets to vary in design, with intermittent sampling as a common feature,
which can have significant impacts on the ecological measure and change detection ability
(Magurran et al. 2010).

When annual data are available, it is important that statistical model results should not be the sole
basis for reaching conclusions of impact. A visual examination of the annual trend plots clearly
shows why selecting different combinations of post-monitoring years could affect the significance
of the statistical result. For example, the flip-flop between the Control and Impact sites for inverte-
brate diversity emphasize that caution is needed when interpreting the “significant impact” that was
found in the long-term continuous design. In 2010, the invertebrate diversity at the Impact site was
greater than at the Control site, despite continued unlimited ramping, indicating that invertebrate
diversity is likely influenced by factors other than ramping rates, and the statistical significance
was still being driven by 2005–2008 data. The violation of the additivity assumption for invertebrate
diversity similarly calls any significant impact into question (Stewart-Oaten et al. 1986, 1992).
The annual plots also highlight the potential pitfalls of intermittent sampling. For example, moni-
toring invertebrate abundance during 2006, 2008, and 2010 would have hit high abundance years
in the Magpie River and concluded no impact; monitoring 2005, 2007 and 2009 would have hit
low abundance years in the Magpie River and would have concluded the ramping change had a
significant effect on invertebrate abundance. Thus, long-term monitoring programs that consider
1 year snapshots of data on an intermittent basis may have difficulty arriving at any conclusions,
whether statistical or observational.

Invertebrate abundance and diversity were highly variable over the 10 years studied, and no one con-
sistent trend was apparent in either abundance or diversity for the statistical models or range of
designs tested. A quantitative review of the literature demonstrated mixed responses of macroinverte-
brate abundance to changes in flow magnitude, similarly preventing the development of any robust
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statistical relationships (Poff and Zimmerman 2010). The same review demonstrated a consistent
negative response of fishes to alteration in flow magnitude (Poff and Zimmerman 2010). So perhaps
our inconsistent invertebrate statistics are as much a reflection of the true (and inconsistent) inverte-
brate community response, and that this rapid-responding, ephemeral ecological group is not the best
to use to as an indicator of flow alteration in environmental assessments.

The fish community appears to be a more consistent and potentially reliable indicator of environmen-
tal effects. Backpack shocking sampled the smaller size classes and species of fish in the wadable por-
tion of the river. Thus, if response to environmental change at the population level is linked to life
history duration, sampling these smaller species suggests that change, if it was to occur, would manifest
in 3–5 years, or the maximum age reached by the majority of fishes sampled. Fish community biomass
generally did not fluctuate greatly year-to-year, and the patterns between the Magpie and Batchawana
were similar, with the greatest fluctuations observed in the Magpie close to the dam. This similarity rein-
forces the Batchawana as a good covariate for the Magpie in this BACI experiment (Stewart-Oaten and
Bence 2001). Our BACI statistics indicate that after 3 years a negative impact on fish biomass was
detectable; a time period that corresponds to when the majority of species will have completed one gen-
eration. The intermittent sampling analysis, however, failed to detect this effect. Fish diversity was never
found to be significantly altered by the change to unlimited ramping no matter what combination of
years were included in the analyses, but the Control-Impact analysis correctly detected that fish diversity
was consistently greater in the Batchawana than the Magpie. If no Before data were available, the impli-
cation would have been that the lower diversity was caused by the unlimited ramping regime, highlight-
ing the critical importance of Before data in helping to tease out causation.

Environmental impact assessments conducted in the real world are often limited by temporal and
financial constraints, resulting in lack of adequate before data or multiple controls. This paper dem-
onstrates that employing a long-term BACI design remains one of the best ways of detecting an effect
from an environmental change, but as cautioned by Stewart-Oaten and Bence (2001), this is true only
if statistical analyses are conducted carefully. The use of the BACI design with a minimum of 3 years
of before data was suggested as the best scientific framework for assessing the effectiveness of offset-
ting activities required under the Fisheries Act (2012) in Canada (Smokorowski et al. 2015), and this
paper further supports that recommendation. In addition, blocks of continuous monitoring after
the impact provide more robust conclusions, and it is to the benefit of the project proponent, the
regulator, and the aquatic system that poor designs and misleading statistical tests do not lead to
flawed decisions. As far as the ramping rate experiment goes, exploring the mechanisms behind the
observed biotic responses, if they continue with the inclusion of additional years of monitoring,
requires an examination of environmental characteristics such as the flow and temperature regimes,
and this is the subject of ongoing analyses. Also still to be considered is if the statistical significance
translates into biological relevance for the impacted system (Arciszewski and Munkittrick 2015), but
that question is beyond the scope of this paper.
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