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Analyses of variance in sampling designs to detect environmental impacts.

a) BACI design; data are collected in two locations (Impact and Control) at / randomly chosen times Before and After a
planned disturbance. » replicate samples are taken at each time in each location. Relevant F ratios are calculated from
expected values of Mean Squares as in Underwood (1981). B and C are fixed factors; Times are a random factor, nested

in either Before or After.

F ratio
Source of variation Degrees of freedom V8. df for Fratio

Before vs. After = B 1 T(R)
Control vs. Impact = C 1 T(B)
BxC 1 T(B) x C* L2¢ -1
Times (Before or After) = T(B) 2t~ 1) Residual
By x C 20— 1) Residual* 20t ~1), 4t(n — 1)
Residual 41(n ~ 1)

b) Similar design, but there is a total of / locations sampled; locations are a random factor, otherwise details are as above.
There is no formal test for comparing Before versus After. This is irrelevant because an impact must cause an interaction

(B x Lor T(B) x L); see text for details.

F ratio
Source of variation Degrees of freedom Vs, df for F ratio
Before vs. After = B 1 No test
Among location = L -1 T(B) x L
Bx L -1 T(B) x L (- 1,20~ 1- 1
Times (Before of After) = T(B) 20 -1 TB) x L
T(B) x L 20— Y= 1) Residual
Residual 2(n -1 20~ DI - D, 2le(n = 1)

* This test 1s identical to the ¢ test recommended by Stewart-Oaten et al. (1986).

instead, alter the temporal pattern of variance of abun-
dance (Fig. 1C). Analysis of appropriate sampling for
these is not considered in detail in this review, having
been described in full in a previous paper (Underwood
1991).

The final part of this discussion is a consideration
of the ecological research programs necessary to replace
specific regimes of sampling to detect particular en-
vironmental impacts. These are required to solve the
usual problem of a lack of sufficient time to sample
before a possible impact and the lack of statistical pow-
er in many sampling designs used to detect impacts.

ASYMMETRICAL SAMPLING DESIGN TO DETECT
ENVIRONMENTAL IMPACT

First, consider the BACI design advocated by Bern-
stein and Zalinski (1983) and Stewart-Oaten et al.
(1986). The analysis of variance of this design is sum-
marized in Table la. As described in Underwood
(1991), the F ratio indicated in Table 1a is the ¢ test
recommended by these authors. Also in Table 1b is
the same analysis, extended to compare abundances in
more than two locations.

In Table 2, the asymmetrical analysis is described,
using a modelled set of dataillustrated in Fig. 2A. Now,
the useful contrasts of the Impacted vs. Control loca-
tions and its interactions with time can be extracted
from the variation among all locations and its inter-
action with time.

An environmental impact should now be evident,
in the simplest case, as an interaction between the dif-
ference between the mean abundance in the Impacted

location and that in the Control locations Before com-
pared to After the disturbance began (i.e., Table 2: B
x I; see Fig. 3 and Table 3 for examples). Alternatively,
if the impact is not sustained, nor sufficient to alter the
mean abundance in the impacted location over all times
of sampling after the disturbance, it should be detected
in the pattern of statistical interaction between the times
of sampling and the contrast of the Impacted and Con-
trol locations (i.e., Table 2: 7T(Aft) x I). This is ex-
plained in full in Underwood (1992) and illustrated
below.

Thus, a difference is sought between the time-course
in the putatively impacted location and that in the
controls. Such a difference would indicate an unusual
event affecting mean abundance of the population in
the single disturbed location, at the time the distur-
bance began, compared with what occurred elsewhere
in undisturbed controls. The impact will either be de-
tected as a different pattern of interaction among the
times of sampling or at the larger time scale of Before
to After the disturbance.

The patterns of significance in such analyses, under
different types of responses to disturbance are illus-
trated below.

PATTERNS IN ANALYSES TO DETECT
ENVIRONMENTAL IMPACTS

It is informative to consider disturbances of two
types—pulse and press (Bender et al. 1984). The former
are not sustained; the disturbance is removed after a
period, although effects may be longer term. The latter
are sustained disturbances. In environmental distur-
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Source of variation

Before versus After = B
Among Locations = L
9Impact versus Controls = |
9Among Controls = C
Times (B) = T(B)
B XL
aB X |
aB X C
TB) XL,
aTimes (Before) X L
aT(Bef) X 1
aT(Bef) X C
4Times (After) X L
aT(After) X 1
aT(After) X C
Residual
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Table 9.3. Asymmetrical Analyses to Detect Environmental Impact

() (b) (c) (d) () (8
Source of variation df MS F MS F MS F MS F MS F MS F MS F
Before versus After = B | 526.2 901.7 3417 42123 9687.5 42772 4228.5
Among Locations = L 3
aImpact versus Controls = [ 1 2108.2 980.6 3593.9 1881.2 10149.1 1953.2 1899.1
aamong Controls = C 2 35790.2 35790.2 35790.2 35790.2 35790.2 35790.2 35790.2
Y(B) 10 635.0 908.1 5816 552.5 560.8 580.9 5312
BxL 3 P e e
9B x 1 ! 11256 2340.2 492.2 12625.6 265?3 29370.3 (e@\gwﬁsi} 12825.0 ( L““O*E}' 12675.3 Qgﬁf}
aB x C 2 335.5 335.5 3355 3355 075 3355 075 3355 075 3355 075
T(B) x L 30
aT(Bef) x L 15
aT(Bef) xI 5 5156 5156 515.6 515.6 515.6 5156 5156
aT(Bef) x C 10 4359 435.9 4359 4359 435.9 4359 435.9
aT(Aft) x L 15 L~ N o 4353 . g e
aT(Aft) x 1 S 10414 3\3‘47*1{ 2666.0 {% 8.89”:") 1785.0 5;“5,95**“ / 453.6 145 4072 136 1734.2 gx**/ 683.3 {\2.28;}
aT(Af) x C 0 4s36 15T 4536 151 4536 15T 3000 151 4536 151 4536 131 4536 151
Residual 192 300.0 300.0 300.0 300.0 300.0 300.0

Nore- Four locations are sampled, each with five random, independent replicates, at each of 6 times Before and 6 times After a putative impact starts in one location; there are

3 Control locations; locations represent a random factor and every location is samp
Simulated disturbances are: (a), (b) pulses causing a brief reduction in mean abundance to 0.5
5) without altering mean abundance; (d), (e) press disturbance decreasing mean abundance to 0.5 or

(standard deviation X 5) and press reducing mean to 0.5; (g) as (f), standard deviation X 0.5, press to 0.5.
aRepartitioned sources of variation; impacts can be detected by tests of B % I and/or T(Aft) X I (see text for details).

*P <0.05
**P <0.01

led at the same time; times represent a random factor nested in each of Before or After.
and 0, respectively; (c) temporal variance increased (standard deviation X
0.2, respectively; (f) combination of altered temporal variance
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Figure 9.2. Simulated environmental disturbances in one location (solid line), with three
Controls, all sampled six times Before and After the disturbance (at the time indicated by the arrow).
These data are analyzed in Table 9.3. (A) No effect of the disturbance; (B) a pulse reduction to 0.5

of the original mean; (C) a pulse reduction to 0.

The analysis of such data is modeled in Table 9.3, assuming that residual vari-
ances (i.e., among samples at each time and location) were not altered by the dis-
turbance. To simulate the impact, the mean number of animals at the seventh time
of sampling (the first after the impact) was reduced by the requisite proportion.
\ The effect on the analysis of the data is obvious in Table 9.3. There is now a
| significant interaction between the difference between Impact and Control
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Figure 9.1. Sampling to detect environmental impacts. (A) BACIPS design; replicated samples
are taken at several times in a single control (dashed line) and the potentially impacted location (solid
line) Before and After a planned disturbance (at the time indicated by the arrow). (B) Sampling three
Control locations to provide spatial replication. (C) An impact that has no effect on long-run mean
abundance, but causes greater temporal variation.
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