7.4 Example: environmental impact on
molluscs

The study design

We consider here a study examining effects of a sewage outfall for $p$ = 151 mollusc species from
subtidal habitats (3-4 m depth) in the Mediterranean Sea along the southwestern coast of Apulia,

Italy ( Terlizzi et al. (2005) ). Abundances of each species were obtained from each of $n$ = 9
replicate 20 cm x 20 cm quadrats in each of three random sites (separated by 80-100 m) at the
outfall location ('l', putatively impacted), and at each of two control locations ('C1' and'C2').
Overall, there was therefore a total of $N$ = 81 sampling units: 9 replicates within each of 3 sites
within each of 3 locations (Fig.7.3).

Important: the two control locations were chosen randomly from a set of 8 possible such locations
along that particular coastline, which were separated by at least 2.5 km and which provided
comparable environmental conditions (in terms of slope, wave exposure, type of substratum) to
those occurring at the outfall.

Impact vs Controls: Controls Impact

Locations: Location 1 Location 2 Location 3

Sites: Site 1 | Site 2 Site 3 Site 4 Site 5 Site B Site 7 Site 8 Site 9
| 1 =9 replicates per site etc...

Fig. 7.3 Schematic diagram of the hierarchical design used by Terlizzi et al. (2005) to examine
effects of a sewage outfall on subtidal molluscan assemblages.

The ANOVA model for this design has three factors:

e Impact vs Controls ('IvC', fixed with $a$ = 2 levels)
e Locations ('L', nested in IvC, with $b_1$ = 2 controls and $b_2$ = 1 impact location)
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e Sites ('S', random and nested in L with $c_{j(i)}$ = 3 for all $j = 1,\ldots,b_i$ and all
$i=1\ldots, a$.

Is the factor of 'Locations' fixed or random? Well, the $b_1$ = 2 control locations were chosen
randomly from a finite population, having a total size of $B_1$ = 8 possible control locations. This
yields a sampling fraction of $b_1/B_1$ = 1/4 for the controls, whereas there was only one (fixed)
impact location, hence $B_2$ = 1 and $b_2/B_2%$ = 1. When we set up the design file to run this
model to assess the response of the whole assemblage (based on the Bray-Curtis resemblance
measure), using the PERMANOVA routine in PRIMER 8, we will be able to specify precisely this
design, including details of the finite nature of the population of control locations from which we
have sampled.

Note that the onus is on us, as researchers, to specify the size(s) of any finite population(s) of
levels for each factor as precisely as we can, as part of our design. This means we have to consider
carefully just what the population of levels actually is that we are drawing from for any random
factor, and, therefore, the genuine spatial extent of the inferences we intend, and will be able to
make, from the analysis. In some cases, particularly at large spatial scales, as in this case, a
random factor may be finite. This shifts it, along the sampling-fraction progression, towards being

considered more like (though not entirely as) a fixed factor (see Fig. 7.2). Conceptually, it makes
sense that if we know more about the population (because we have sampled a greater fraction of
its possible levels), then we will accordingly (generally) have more power to draw specific
inferences about that population.

Examine patterns in the multivariate data

1. Start running PRIMER 8, then click File > Open... to open the data file named '
Med_molluscs_counts.pri' (found inside the 'Examples_P8 > Med_molluscs' folder).


https://learninghub.primer-e.com/link/1037#bkmrk-a-progression-of-ste

 PRIMER — O X

File  Edit Select View Wizards  Pre-treatment Analyse Plots PERMANOVA+ Tools Window  Help

B EE SO ?2 raaFESL RR/IPXO

Mec;!"ferran;'aﬂ Molluscs
Abundance

Lepidopleurus (Lej

Lepidopleurus {Leq
Ischnochiton (Ischn
Callochiton septem

Lepidochitona mon

Chiton (Rhyssoplax

Chiton (Rhyssoplay

Acanthochitona crin

Acanthochitona fas

Patella ulyssiponen
Emarginula octavia

Diodora gibberula
Scissurella costata

Sinezona cingulata
Haliotis tuberculatg

Tricolia tenuis (Mich

Clanculus (Clanculo
Gibbula {Colliculus
Gibbula (Colliculus

Gibbula (Steromph
Gikhola MMamolee= ol

o oo ololololojlo M oie Moo R ololololoe
oe o e oo oo o b o olo oo el o ol o o
o oo ololo o oolololo R ool oo o oo
oo lo o|lolo|lo|lklolbs oo ok o blololololo
oo ololololoolork|oolor omoelo ol o
slolololololamolmoloolwolrloolalolo

ERE=RE=RE=R === A=A == =]

2. Get the resemblance matrix among the sampling units based on the Bray-Curtis measure.
Click Analyse > Resemblance... > (Measure > $\bullet$ Bray-Curtis similarity) &
(Analyse between > $\bullet$ Samples). The resulting resemblance matrix will be called '
Reseml'.
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Interest lies in examining variation among sites and locations in this hierarchical design. It would
therefore be useful to observe an ordination of resemblances among the averages of the 9 sites
(based on the identities and relative abundances of mollusc species they contain), and to get a
visual sense of the variability in those averages across the locations, rather than viewing a (noisy
and high-stress) ordination of relationships among all of the replicate quadrats.t

We will therefore examine an ordination of bootstrap averages at the scale of Sites for this
example. Specifically, within each site, we will bootstrap re-sample (with replacement, in a suitable
number® of dimensions, $m$) the $n$ = 9 quadrats a total of $n_{\text{boot}}$ = 50 times. We
then calculate fifty corresponding bootstrap averages (1 from each bootstrap re-sample) for each
site, and plot these all together in a threshold-metric multi-dimensional scaling ordination based on
the Bray-Curtis resemblances among them. We will also choose to output the $m$-dimensional
bootstrap averages themselves, just to give us more flexibility for plotting.

3. From the 'Reseml’ similarity matrix, click Analyse > Bootstrap Averages... and choose
the following options (leaving the rest as defaults):
$\hspace{0.5 cm}$> Factor: Site
$\hspace{0.5 cm}$> Number bootstraps per group: 50
$\hspace{0.5 cm}$> $\checkmark$ m dimensional data to worksheet
$\hspace{1.0 cm}$ $\checkmark$ Bootstrap averages
$\hspace{1.0 cm}$ $\checkmark$ Group average
$\hspace{0.5 cm}$> $\checkmark$ MDS Plot > $\bullet$ Metric, then click the button
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that says 'MDS options..."' and pick
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The default bootstrap average ordination plot (called 'Graphl' in the Explorer tree after you run the
bootstrap averaging) can be tweaked by changing the colours, labels, symbols, etc. (just click
Graph > Sample Labels & Symbols... and click on the 'Key' button). If you want even finer

control, you can work from the $m$-dimensional bootstrap averages themselves, output as 'Datal’
here. Specifically, from 'Datal’:

e (i) calculate the Euclidean distances among all of these samples (they are the full set of
bootstrap averages) by clicking Analyse > Resemblance... > (Measure > $\bullet$
Euclidean distance) & (Analyse between > $\bullet$ Samples).; and

e (ii) create a threshold metric MDS of this Euclidean distance matrix by clicking Analyse >
MDS > Metric MDS (mMDS / tmMDS...).

Changing the symbols/labels of the output graphic (which would be output in an item labeled '
Graph3'in the Explorer tree, based on the above steps) essentially gives Fig. 7.4, shown below.
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Fig. 7.4 Threshold-metric MDS plot of the averages of three sites from each of three locations in the
study design ("C1", "C2" and "I", labeled inside white squares), along with 50 bootstrap averages
(coloured symbols specific to each site) for subtidal molluscan assemblages in the Mediterranean,
based on Bray-Curtis resemblances.

Average assemblages in sites at the impact location ("I", shown using symbols coloured with
orange hues) appear to be quite separate and distinguishable from those occurring at either of the
control locations ("C1" in blue hues and "C2" in green hues) (Fig. 7.4). It is not clear, on the face of
it, however, whether this difference would be sufficient to be detected as statistically significant,

because there is quite a lot of variability among control sites and potentially a difference between
the two control locations as well.

Create the design file

To run a PERMANOVA on these data, we first need to create a design file that matches the study
design.

4. Make as many rows as there are factors - From the original resemblance matrix ('
Reseml'), click PERMANOVA+ > Create PERMANOVA Design..., then click twice on

the button to add a row (337 ) 55 that there are three rows in total.
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. Choose the name of the factor you want in each row - In this design file (called
'‘Designl'), double-click inside each cell of the first column (headed 'Factor') in order to
choose the following factors so that they occur sequentially in rows 1, 2, and 3,
respectively: row 1 = 'lvC', row 2 = 'Loc' and row 3 = 'Site', like so:

Sources of variation

Terms... Poal. ..

[] use short names
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() Type II (conditional)
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Add row Remove row
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Site Fixed
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6. Specify the nested structure - Next, in column 2, specify the nested relationships
among the factors in this hierarchical design. Specifically, the factor 'Loc' in row 2 should
be nested in 'lvC' and the factor 'Site' in row 3 should be nested in 'Loc', like so:

) Designl
Mediterranean Molluscs

Add row Remove row
Factor Mested in Type Contrasts
IvC Fixed
Loc vC Random
Site Loc Random
Sources of variation Covariables Dispersions
Terms... Foal... Worksheet: (] Allow for heterogeneity

[] use short names

Group covariables (indicator) Groups...
Sums of Sguares Term identifying groups with different dispersions:
© Type I (sequential) Make interaction terms available:
() Type I {conditional) Factor-by-covariable
() Type ITI (partial) Covariable-by-covariable

You will notice, after specifying the nested structure of the design, that the 'Type' of factor (column
3) has automatically been changed from 'Fixed' to 'Random' in rows 2 and 3, corresponding to the
two nested terms in the model, by default. In our case, we are indeed happy to treat 'Sites' as a
random factor, because there is a very large (perhaps uncountable) number of sites that we could
have chosen from within each of the locations. We are also (naturally) happy for the factor 'lvC' to
remain fixed. There are only two levels of this factor (impact and control), and we are only
interested in sampling and comparing these two specific levels (there are no other levels to
consider), so the sampling fraction is 1. When it comes to the 'Location' factor, however, we know
that it is finite and should be treated as such.

7. Specify any finite factor(s) and provide relevant population-level details - To
specify that the 'Location' factor is finite and give further details, first click inside the cell
in row 2, column 3 of the design file (shown below).
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In the 'Factor Type' dialog window, choose Type > $\bullet$ Finite, and click the button to 'Specify
number(s) of levels', like so:

Factor Type X

Factor: Loc

Type
() Fixed
() Random
O Finite

[ Spedfy number(s) ufleuelsiﬁ

() Subject/whole-plot error

Cancel

o)

Help

In the resulting dialog window, you will need to articulate the size of the population of levels from
which sampled levels have been drawn. PRIMER will already assert (in column 1 below) the number
of levels of the finite factor have been sampled, given the name of the factor you have provided.
But the number of levels in the population (from which sampled levels have been drawn) cannot be
gleaned directly from the data and its associated factor information. So, the researcher has to
provide it.

Note also that, in this particular case, the factor of 'Location' is nested in 'lvC'. So we will need to
specify the size of the population of levels for each of:
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e (i) the control locations (shown in row 1 below); and
e (ii) the impact locations (shown in row 2 below).

We drew $b_1$ = 2 control locations out of $B_1$ = 8, so we should enter '8' for the 'No. levels in
the population' for the control state ('C'). There is, however, only one impact location in total
($B_2% = 1), so we enter '1' for the 'No. levels in the population' for the impact state ('l'), as shown
below:

Finite Population(s) of Factor Levels — O >

Loc(TwC)

Ma. levels inthe sample Mo.levels inthe population
i
1

oK é | Cancel Help

The final completed design file will look like this:

Medliterranean Molluscs
Add row Remove row
Factor Mested in Type Contrasts
v Fixed
Loc v Finite(8,1)
Site Loc Random L

Sources of variation Covariables Dispersions
Terms... Poal... Worksheet: () Allow for heterogeneity
w
0 Use shart names [] Group covariables (indicator) Groups...
Sums of Squares v Term identifying groups with different dispersions:
© Type I (sequential) Make interaction terms available:
() Type I {conditional) Factor-by-covariable

() Type I1I {partial) [] Covariable-by-covariable



https://learninghub.primer-e.com/uploads/images/gallery/2025-05/08-molluscs-design-file-d3.png
https://learninghub.primer-e.com/uploads/images/gallery/2025-12/08-molluscs-design-file-e-complete-i.png

Run the PERMANOVA

When some identifiable fraction of a finite population of possible levels are drawn, the factor can
be thought of as somewhere in between fixed and random, and can be analysed explicitly as finite

directly within the ANOVA framework. Anderson et al. (2025) have provided (and PERMANOVA+ in
PRIMER 8 implements directly) the important methodology to derive expectations of mean squares
(EMS) for any ANOVA design having any types of factors along the entire graded progression from
fixed to random, inclusive. Furthermore, just as for any PERMANOVA model, tests of hypotheses
are carefully achieved here under minimal assumptions of exchangeability, using appropriate
permutation algorithms for each term in the model. Inclusion of finite factors merely requires, in
each case, the explicit specification of the population size from which observed levels are drawn.

Having specified the full such design for the present case-study, we are now ready to embark on
the PERMANOVA analysis itself.

8. Run the analysis - From the 'Resem1' matrix, click PERMANOVA+ > PERMANOVA.
Ensuring that the design worksheet is 'Designl’, we can take the defaults for the rest and
click 'OK'.

PERMANCWVA >

Design worksheet:

Designl b
Action P-values
Mum. permutations:
0 Main test
9999
() Pair-wise test
- Permute
() Raw data

IvC
0 Reduced-model residuals
IvC () Ful-model residuals

i) Cutput residual distance matrix [] Do Monte Carlo testz

[ Plot {(pseudo-)F values under permutation

Cancel Help
L3

The resulting output file, 'PERMANOVAL', is shown below.
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PERMANOVA
Permutational MANOVA

Resemblance worksheet

Name: Reseml

Data type: Similarity

Selection: All

Resemblance: S17 Bray-Curtis similarity

PERMANOVA design worksheet
Mame: Designl
Title: Mediterranean Molluscs

Sums of squares type: Type I (sequential)
Permutation method: Permutation of residuals under a reduced model
Humber of permutations: 9999

Factors

MName Type Levels
IvC Fixed 2
Loc Finite(8,1) 3
Site Random 9

Excluded terms
MNo terms excluded

Inestimable terms
MNo inestimable terms.

FPERMANOVA table of results

Unique
Source df 55 M5 Pseudo-F P(perm) perms
IvC 1 30352 30352 3.7936 0.021 §39
Loc{IvC) 1 10507 10507 1.4664 0.1972 &30
Site{Loc{IvC)) i 42992 7165.3 4.1045 0. 0001 9794
Res 72 1.2569e+05 1745.7
Total B0 2.0954E+05
Estimates of components of variation
source Estimate 5q.root
S{IvC) 620. 85 24,917
V{Loc(IvC)) 123.77  11.125
V(site(Loc(IvC))) 602.17 24.539
V(Res) 1745.7 41.782
Details of the expected mean squares (EMS) for the model
source EMS
IvC 1*v{Res) + 9*v{(site(Loc(IvC))) + 6.75*V{Loc(IvC)) + 36*s{IvC)
Loc{IvC) 1*V{Res) + 9*v{site{Loc(IvC))) + 27*v{Loc(IvC))
Site{Loc{IvC)) 1*V(Res) + 9*V{site(Loc{(IwvC)))
Construction of Pseudo-F ratip(’s) from mean squares
source Numer ator Denominator Num. df Den.df
IvC 1*IwC 0.75*site{Loc{(IvC)) + 0.25%Loc{IvC) 1 5.46
Loc{IvC) 1*Loc{IvC) 1*site{Loc{IvC)) 1 5
Site{Loc{IvC)) 1*site(Loc(IvC)) 1*Res 5 7

These results show a statistically significant impact of the sewage outfall on assemblages of
molluscs along this coastline in the Mediterranean (i.e., for the 'IvC' term, we have $F_{1,5.46}% =
3.79 and $P$ = 0.021). Also, although there is relatively high site-level variation ($F_{6,72}$ =
4.10, $P$ = 0.0001), there is no evidence for significant location-level variation, over and above
this, among the control locations ($F {1,6}$ = 1.47, $P$ = 0.1972). Note that our inferences here
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extend to the finite population of 8 locations along the Italian Mediterranean coast from which we
have sampled, but not beyond that.

There are some rather large abundance values here and, given the relatively large number of
replicates per site, these data would be a great candidate for the application of dispersion
weighting, as a pre-treatment option. Alternatively, we might think it sensible to apply a fourth-root
transformation as a pre-treatment, to downweight the influence of the more abundant species.
Here, we have chosen to analyse the data without any transformation or pre-treatment, simply to

maintain consistency with the approach taken by Terlizzi et al. (2005) .

tOne could also look at (say) a non-metric MDS ordination among all of the original $N$ = 81
replicates. The lowest stress achieved for the 2-dimensional solution is 0.196, which makes it
difficult to interpret finer details with much confidence (due to high variation among replicates).
Another alternative is to calculate and then plot distances among the site centroids, without doing
any bootstrapping, however, on its own, this won't show the variability in those site centroids. We
acknowledge that bootstrap routines to examine variation in centroids in the dissimilarity space
(rather than averages of the original variables) would be a desirable addition.

*Note that, for this example, the 'appropriate number of dimensions' in which to do the
bootstrapping (by default) turns out to be $m$ = 10 metric MDS axes, which achieves a matrix
correlation with the original resemblance matrix of $\rho$ = 0.960. This can be seen in the
'Diagnostics' section of the output file called 'Bootstrap Averagel', produced by the Bootstrap
Average routine when run with these parameters on this dataset.
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