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: COMPARING CATEGORICAL AND CONTINUOUS ECOLOGICAL
ANALYSES: EFFECTS OF “WAVE EXPOSURE” ON ROCKY SHORES

MATS LINDEGARTH! AND LARS GAMFELDT
Department of Marine Ecology. Goteborg Universiry, Tjirné Marine Biological Laboratory, 5452 96 Stromstad, Sweden

Abstract.  Development of general theories and subsequent empirical testing are fun- E
damental ingredients in ecological science. The progress of such efforts is determined by !
the logical coherence among central concepts, theories, and predictions on one hand, and )
experimenta] design, statistical analyses, and interpretation of results on the other. Here,
we specifically explore an example of how differences in the way ecological concepts are
defined lead to differences in the formulation and statistical testing of hypotheses and
ultimately to differences in conclusions about the relative tmportance of ecological pro- :
cesses. '

In marine intertidal habitats, the notion that wave exposure has an important structuring
role is widely agreed upon. Nevertheless, generalizations about its effects and vse for
accurate prediction of assemblages are often limited. This may partly be explained by the
frequent use of cateporical rather than quantitative definitions of wave exposure. We com-
pared the conclusions about the importance of wave exposure from (1} analyses of variance
based on relative classification of wave exposure and geogsraphic location to those of {2)
regression analyses based on continuous measures from 16 locations on the Swedish west
coast.

Variability in richness was substantially better explained by the regression analyses,
while for the cover of individual taxa there was no consistent difference between the two
analytical approaches in terms of explained variability. The two approaches detected sig-
nificant spatial patterns for the same taxa, but conclusions about the nature of these patterns
were often divergent. Categorical analyses of relative measures of wave exposure and
geographic location indicated that interactive effects and differences between geographic
areas were predominant. Regression analyses of absolute, continucus measures suggested
that mean significant wave height was a better predictor than geographic location and
interactive terms. Thus, the choice of definition of wave exposure has important conse-
quences for how causes of spatial patterns of intertidal assemblages are perceived. Cate-
gorical analyses appear to provide clearer indications as to which factors are important
while the use of continucus predictors semetimes provides a better {it to the data. The
consequences of these findings are discussed in the context of rocky shore ecology as well
as in a general perspective of ecological models, hypotheses, experimentation, and analysis.

Key words:  envirommental factors; experimental design; spatial patterns; statistical analysis;
Wave exposure.

INTRODUCTION can be operationalized, i.e., unambiguously identified

Contemporary ecological research embraces a large and quantified {e.g., Lochle 1987, Peters 1991) and (2)

diversity of methodologies and philosophical frame- that its pre:dxcnons are f'.es‘ted 1.xsing one of many avail-
works (¢.g., Loehie 1983, Peters 1991, Hilborn and able teckniques for stanstlczf.l inference, accounting for
Mangel 1 99’7 Underwood 1997). Despite the diversity the‘ever-present n_atural variability and samplmg‘-crror
of approaches, the development of general theories {or typical of ecological systems and data (e.g., Hilborn
models) is a common theme for ecological research indc;\’larg;}s;%’h Underwood 1997, Legendre and Le-
within any such framework (Lawton 1999, Ford 2000, $°0ndre 177%). . )

Colyvan and Ginzburg 2003), and the importance of In marine intertidal 'hablmts, t?}e‘lmp'o.rtancc of wave
testing hypotheses (predictions, deductions) derived cxpo{s:;lure asa structu;mg z;gent 13 mtmn.v Za“d unc;)r;-
from theories is widely agreed upon (Platt 1964, Peters feste AMONg researchers. Fvcrt}l)cl&?ss, ft does not o
1991, Hilborn and Mangel 1997, Underwood 1997) low that its apparent scological significance can easily

. an i ienti is, from
Such tests require 1) that the components of the theory be = sfox_med o gencrfll 'scmntiﬁc mod_e
which precise. testable predictions can be derived {e.g.,

Dayten 1971, Underwood and Denley 1984, Denny
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19%5). This seeming paradox stems parily from the fact
that wave exposure is a physically compiex concept
(but see accessible accounis in Denny 1988 and Massel
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1999). Wave exposure affects organisms directly
through mechanisms such as physical disturbance (e.g.,
Vadas et al. 1990}, fluxes of propagules and nutrients
{e.g., Bertness et al. 1992), sedimentation (e.g.. Airoldi
and Cinelli 1997) and indirectly by modifving behavior,
importance of biotic interactions, and thermal and des-
iccation stress {(Connel 1972, Menge 1976). However,
the problem is further augmented by the frequent lack
of continuous definitions and measurement of the term
“wave exposure.” A survey of papers in two leading
marine ecological journals {Jeurnal of Experimental
Marine Biology and Ecology and Marine Ecology Pro-
gress Series) during the last 10 years suggest that ap-
proximately 50% of the studies involving tests of hy-
potheses about effects of wave exposure on the com-
position and abundance of assemblages, morphology
and behavior of organisms use categorical definitions,
such as “‘sheliered,” “‘moderately exposed™ or “‘semi-
exposed,” or “‘exposed” (M. Lindegarth, personal ob-
servation). These characterizations are often based on
physical or biological proxies such as wave heights,
momentumn flux, orientation, composition of benthic
assemblages or organismal morphology (Dalby et al.
1978, Bustamante and Branch 1996, McQuaid et al.
- 2000, Arsenault et al. 2001, Scrosati and Mudge 2004).

The frequent lack of guantitative definitions is sur-
prising given the obstacles it may present for the de-
velopment of genera! theories based on wave exposure.
For example, it is possible that locations of similar
exposure may be classified differently in different stud-
ies or that broadly defined categories may mask much
variability because the physical mechanisms of expo-
sure are in fact continucus. These problems can be
alleviated if quantitative measures are used in combi-
nation with appropriate methods of analysis {e.g., Pal-
umbi 1984, Denny 1995, Harley and Helmuth 2003).
The most important force components experienced by
benthic organisms, drag and lift, are functions of flow
velocity (Denny 1988, 1995). Mean and maximum flow
velocities can sometimes be measured directly using
sophisticated techniques (e.g., Gaylord 1999}; how-
ever, simultanecus measurement using such techniques
at a large number of locations is vsually not feasible.
Therefore indirect estimates of flow are sometimes ob-
tained from calibration curves and measurements using
devices for measurement of maximum force on a stan-
dardized object (Jones and Demetropoulos 1968, Pal-
umbi 1984, Carrington-Bell and Denny 1994) or rates
of dissolution of plaster (e.g., Doty 1971, Porter et al.
2000). Although these methods are only approximate,
they do provide an objective way to quantify individual
or collective aspects of exposure. Another possible in-
dex of exposure is the wave height, which can be used
to derive flow velocities using various versions of wave
theory (Denny 1988). In ecological studies, estimates
of wave heights are sometimes obtained by direct mea-
surement {(e.g., Denny 1995, Milligan and DeWreede
2000}, but more commonly indirect measures of wave
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heights are obtained by measurement of local coastal
morphology and information on wind speed and direc-
tion (e.g., Thomas 1986, Persson and Hikanson 1995,
Ruuskanen et al. 1999). These and more sophisticated
measures, availeble in the oceanographic and engi-
neering literature (see also in Denny 1988 and Massel
1999), can be used as quantitative definitions of wave
exposure and reasons for the frequent failure to provide
such definitions must be sought elsewhere.

The choice between continucus or categorical defi-
nitions of environmental conditions has fundamental
consequences for the study of ecological patterns and
their causes. This is because this choice affects the way
in which ecological hypotheses are formulated. More
explicitly, 1t determines which statistical methods can
be used to evaluate hypotheses (Hilborn and Mangel
1997, Underwood 1997, Legendre and Legendre 1998).
Differences among categories of a predictor, such as
“low™ or “high’” levels of wave exposure, are typically
evaluated statistically using uni- or multivariate anal-
yses of variance. These analyses are very useful for
estimating effects and testing hypotheses about effects
of individual levels of a factor and their interactive
effects ar different temporal and spatial scales (e.g..
Underwoed and Denley 1984). The interpretation does
not require any prior knowledge about the nature of
relationships between predictors and response {i-.,
whether it is linear or curvilinear) and proper experi-
mental and sampling design ensures that such analyses
provide independent estimates and tests of individual
sources of variation in the model. Aliernatively, quan-
titative measures of continuons predictors may be used
in combination with one of many available techniques
for regression to test hypotheses about quantitative re-
lationships (e.g., Neter et al. 1990, Hilbom and Mangel
1997, Legendre and Legendre 1998). Depending on the
degree of correlation among predictor variables, how-
ever, it may be difficalt to estimate the effects of in-
dividual} predicior variables independently using these
types of analyses {e.g., Neter et al. 1990, Mac Nally
2000). One particularly useful aspect of these analyses
is that the estimated parameters can readily be used to
make quantitative predictions about new observations
of gssemblages. In summary, the way in which envi-
ronmental factors, such as wave exposure, are defined
constrains the types of analyses and therefore the types
of inferences that can be made about their effects.

The aim of this study was to test the hypothesis that
explanatory power and relative effecis of environmen-
tal factors differ depending on whether models and
hypotheses are based on qualitative, categorical or con-
tinuons definitions of environmental variables. This
was done through a series of analyses on the effects of
wave exposure and position in an archipelago on abun-
dance and diversity of intertidal assemblages of algae
and animals on the Swedish west coast. Comparisons
were made berween conclusions from analyses using
two types of linear models with identical numbers of
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F1G. 1. Maps of regional and Jocal coastal
raorphology and positions of exposed and shel-
tered locations in the inner and outer parts of
the archipelago, Skagerrak, Sweden. Position in
the archipelago. D, is measured as the distance
frome the outer location paralie] to the dominant

M Outer exposed
@ Outer sheltered
L Inner exposed

O inner sheltered

[

wind direction (see Muaterials and methods:
Sampling and experimental design for further
details). TMBL indicates the location of Tjirnd
Marine Biological Laboratory and N-K {Nord-
Koster) location of wind measurements. The
length of gray wedges in the wind rose indicate
frequencies of observations from that direction,
and black wedges are an index of energy (mean
velocities cubed multipled by their frequencies).

parameters. This allowed direct comparison of the con-
clusions about {1) proportion of variance explained and
(2) relative importance of environmental factors for
each type of model. Recognizing that the two types of
analyses partly have unigque purposes, common and dis-
tinctive features are further discussed and illustrated.

MATERIALS AND METHODS
Sampling and experimental design

The study was done in the Swedish part of Skagerrak,
a semi-enclosed coasial sea connected to the North Sea
(Fig. 1). The tidal range is 0.3 m, but, due to differences
in atmospheric pressure and winds, the amplitude of
fluctuations is up to 1 m in the area. Fluctuations in
temperature and salinity (9.5° = 6.2°C and 25.2% *+
3.8%c [mean * 1 sp}) exist and are largely driven by
seasonal factors but there are no obvious gradients
within the range of the investigated area. Sixteen lo-
cations situated on rocky islands in the archipelago
close to Tjarnd Marine Biological Laboratory {TMBL;
58°54" N, 11°7" W) were sampled during two weeks
in May 200! (Fig. 1). Due to regionzl and local to-
pographic characteristics, the wave climate around

these isiands is completely dominated by locally gen-
erated waves and not by swell from the Norih Sea (M.
Lindegarth, personal observation). The sampled Ioca-
tions were defined as stretches of rocky shores (10-30
) with slopes of 5-20° around mean water level. Sub-
tidally, however, the slopes of the bottom at these sites
were considerably steeper (45-70%) and energy dissi-
pation due to shoaling is therefore minimal. Three 0.5
X 0.5 m quadrates with 7 X 7 {=49) regularly spaced
points were randomly located and sampled at each lo-
cation. Quadrates were placed 0.3 m vertically below
mean water level (standardized against tidal gauge data
at TMBL). Cover of macroalgae and sessile fauna was
estimated by noting the type of organism under each
of the 49 points. Abundances of mobile fauna were
esiimated by counting the number of animals in the
quadrates. Algae and animals were identified to the
lowest possible taxonomic level, usually species.
Locartions were classified according 10 two factors:
Exposure and Area (Table 1). In this region, the dom-
inant wind direction is southwest. Therefore, within
each of the “inner™ and “outer” parts of the archi-
pelago (the two levels of the factor Area), locations

Wi
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TanLe 1. Categorical and continnous descriptors of positions and degrees of exposure for

each of the 16 Tocarions.

Continuous
Categorical Distance Mean )
Location Area Exposure (km) H ., (m) sb M, (m)  Max H, (m)
| outer exposed 0.94 0.13 0.15 0.91
2 outer cxposed 0.00 .14 0.16 1.00
3 outer exposed 0.47 0.32 0.14 1l
4 outer exposed 0.94 0.19 0.24 1.69
5 ouier sheltered .65 0.07 014 1.52
6 outer sheliered 1.00 0.06 .1t 1.27
7 outer sheltered 1.24 0.02 002 .16
8 outer sheltered i.18 Q.02 .03 .16
9 inner exposed 1.71 0.04 0.05 0.26
1 inner cxposed 2.7} 0.05 0.05 0.30
i1 inner exposed 1.82 0.04 .03 0.19
12 inner exposed 2.64 .03 .03 .19
13 nner sheltered 1.65 0.02 0.02 0.23
14 nner sheltered 2.53 0.2 Q.03 019
15 innet shellered 2.47 .02 .03 Q.19
16 nner sheltered 3.12 (.02 Q.02 Q17

were defined as exposed if facing westerly with more
than 100 m of open water, and sheltered if facing east
This relative classification of locations was used for anal-
yses of exposure using analysis of variance (ANOVA).

For each location, quantitative. continuous ana-
logues to the categorical factors Exposure and Area
were also developed (Table 1). First, to estimate wave
exposure we calculated the energy based significant wave
height, H,,.,, according to the following empirical formula
{modified from equations [1-2-36 in Resio et al. 2003

H,o = 0.0132 X VX X u,

where X is the straight line fetch distance over which
the wind blows and #,, is the friction velocity in the
water. The latter was calculated from

Ule X CI)

0.001 > (1.1 + 0.035 X U},

Hy =

H

CD

where U, is the wind speed at 10 m elevation and C,
is the drag coefficient (Resio et al. 2003}, Data on wind
speed (U, and direction were obtained for eight times
of day for 18 months at the station Nord-Koster (located
a few km west of the study arca) from the Swedish
Meteorological and Hydrological Institute. At each lo-
cation, the straight-line fetch was estimated at 10° in-
tervals using digitally scanned maps and GPS software
(GPSy Pro v1.18; Global Mapping Systems. Brooklyn,
New York, EISA). These equations were combined with
data on winds and fetch to calculate mean {MW), stan-
dard deviation. and maximum of significant wave
height for the 18 months at each location. These three
parameters were all strongly correlated (7 > 0.83, F <
0.6001} and mean significant wave heights were se-
lected for further analyses. Second. 2 guantitative mwea-

sure of the position in the archipelago was obtained by
measuring the distance (D, in kilometers) from the out-
ermost location parallel to the dominant wind direction
(Fig. 1). Thus, these two measures of exposure and
position were used as quantitative analogues 1o Ex-
posure and Area and their effects were evaluated in
statistical analyses involving continuous predictor var-
iables, i.e., multiple regressions.

Physical basis for estimates of exposure

The perceived importance of categorical and quan-
titative measures of wave exposure was tested in an
experiment measuring the rates of plaster dissolution.
Blocks of plaster {with iron attachment hooks) were
cast in 100-mL plastic cups and left to dry for two days
at room temperature and then in an oven. slarting at
45°C and finishing at 65°C (for 12 d). On 30 May. two
blocks of plaster were attached to the rock (.3 m below
mean water level at each of the 16 sites. The blocks
were left in the field for 24 h, after which they were
collected, left to dry for 12 d at 65°C, and the loss of
mass per hour exposure was calculated.

Staristical analyses

Patterns of species richness and abundance of indi-
vidual taxs were estimated and tested using univariate
techniques for analyses of categorical and continuous
predictor variables, t.e., analysis of variance and mul-
tiple regression respectively (using SuperANOVA;
Abacus Systems, Berkeley. California, USA). Asacon-
sequence of the sampling design, the linear model for
analysis of categorical predictor variables ANOVA
(hereafter referred to as the categorical model) was

Vg = m T A+ B+ AR+ ey

where ¥ is the value at the &th location with level j
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and { of factors Exposure and Arca respectively, i is
the overall population mean, A; is the effect of the ith
level within factor A, E; is the effect of the jth level
within factor E, AF; is the effect of the effect of the
{jth combination of A and £, and ¢;; is the unexplained
deviation associated with each value of Y. The cormre-
sponding linear model for analysis of the quantitative
predictors (hereafter referred to as the continuous mod-
el} of the analyses was

Yi = .BU + B.’)XED + BM\\'XH\.'[\V + B.‘Jr}aI\VXAf)X}M\\’ + g

where X, and X, are the distances and mean signif-
icant wave heights at location 7, B, is the population
intercept, 3, is the slope for ¥ on the distances, $w
is the slope for ¥ on mean significant wave heights,
and Bp.mw 18 the slope for ¥ on the product of distance
and mean significant wave heights. Prior to all analyses,
measures of diversity and abundance were transformed
as In{Y} and In(¥Y + 1), respectively.

Both types of models had ideatical number of de-
grees of frecdom, enabling direct comparison between
the models with respect to the proportion of variance
explained (R?) for individual response variables (herc
R? denotes coefficient of multiple determination while
r? is used for coeffictent of simple determination [Neter
ct al. 1990]). Detailed interpretation of results of AN-
OVA followed standard procedures as described in Un-
derwood (1997). Despite error in the measurement of
X and Y variables, regressions were done using ordinary
least-squares (OLS) procedures (model I regression).
This was justified (instead of model I regression) be-
cause the error associated with meastrement of X was
small {o}/X < 0.1) in comparison to that of ¥ {o3/¥ >
1) {e.g.. Legendre and Legendre 1998, Quinn and
Keough 2002). The interpretation of multiple regres-
sions did not involve any procedures for inclusion or
exclysion of predictor variables (e.g.. stepwise selec-
tion or criteria for selection of best model). Rather, the
main purpose of these analyses was to test the fit of
the whole model and compare it to that of the full
categorical model. Nevertheless, coefficients of the re-
gression model (Bs) were also estimated and tested for
statistical significance {using 7 tests). This was done to
allow assessment of the importance of individual var-
tables and to 1llustrate the potential use of these co-
efficients in empirical, predictive models. While the
latter 15 unaffected by issues o do with correlation
among predictor variables, inferences about the sig-
nificance of individual variables need to be made with
caution {Mac Nally 2000, 2002). To assess such prob-
lems, tolerance was calculated for the different pre-
dictor variables. As a rule of thumb, a valve of tolerance
>0.1 are considered to be unproblematic (Quinn and
Keough 2002). Furthermore, the importance of indi-
vidual predictor variables was assessed using hierar-
chical partitioning (Chevan and Sutherland 1991, Mac
Nally 2000, 2002). This allows partitioning of the con-
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tributions of individual predictor variables to the over-
all correlation (R2}.

REsuLTS
FParterns of plaster dissolution

Analyscs of the patterns of plaster dissolution using
categorical and continuous models revealed significant
spatial patierns (Fig. 2). The proportion of explained
variance by the calcgorical ANOVA model was 77%,
while the corresponding value for the continuous model
was 93%. The categorical model showed that the rate
of dissoiuvtion was significantly higher in the outer area
compared to the inner. Although the estimated mean
rates were higher at the exposed compared to sheltered
locations in the inner and outer parts of the archipelago
{Fig. 2a), effects of exposure were not significant. The
bivariate quantitative relationships between position,
D. mean significant wave height, In(MW), and their
mteraction. D X In(MW), with the rate of dissolution
were remarkably strong (/2 = 0.83, 0.70. and 0.85 re-
spectively: Fig. 2b and ¢). Not surprisingly, there werc
significant correlations among ail predictors in the
model. Tolerances for D, In{MW)}, and D X In{MW)
were 0.015, 0.22, and 0.02, respectively. This indicates
significant collineurity and interpretation of individual
coefficients may therefore be difficult.

Parterns of species richness

The proportion of the total variance in species rich-
ness, richness of algac, and animals explained by the
conlinvous model were all statistically significant (Ta-
ble 2}. Berween 67% and 80% of the variation in the
different measures of richness was accounted for in the
regression models, while models based on categories
explained ouly 23-46% (Fig. 3). Initial apalysis of the
coefficients estimated by the continuous model indi-
cated that there was decreasing total, algal, and anima!l
richness with increasing distance, i.e., further into the
archipelago. while there were positive relationships
with mean significant wave height (Table 3). The in-
terpretation of these patterns was complex because of
a substantial contribution of the interactive term for the
total number of species and the number of algal species
(Table 3). Categorical anglyses showed significant pat-
terns only for richness of animals (ie., Py, < 0.05 n
Table 2). There were smaller numbers of animal taxa
in the outer exposed locations compared to the shel-
tered (Fig. 3}. Otherwise, few patterns were revealed
by the categorical models.

Comparison of explained variance

Differences in the proportion of variance explained
between continuous and categorical models were less
evident for abundances of individual taxa compared to
the different aspects of species richness (Table 2). In
fact, the number of taxa for which the fit of the con-
tinuous model was better was only 16 out of 41
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FiG. 2. (a) Rates of plaster dissolution {(mean + | sE), by categorics of locations. (b.c} Regression of mean dissolution
rates al individual locations {(b) on In(mean significant wave height) and (¢) on distance from outer islands.

{<240%). In general, there was a positive relationship
between the proportion of variance explained by the
continuous and categorical models (Fig. 4). Both types
of models explained a significant proportion of the var-
iability for 13 taxa (e, R* > 0.466 and 2 < 0.03).
All taxa for which a significant proportion of variability
was explained by the categorical model, were also de-
tected by the continuous model. Additionally, signifi-
cant proportions of variability were explained by the
continuous model for three more taxa, compared to the
categorical.

Fatterns of individual taxa using
categorical analvses

Significant outcomes were obtained for 16 algal or
animal taxa using categorical analyses (Table 2). Of
the observed patterns. nine instances were examples of
interactive cffects, one was a consistent effect of Ex-
posure, and six were examples of consistent differences
between the inner and outer areas (Table 2).

The interactive effects can be divided into two dif-
ferent types. First, there were species, for example Cor-
allina officinalis and Acrosiphonia sp., which appeared
only in exposed locations in the outer area (Fig. 5).
This type of interactive effect indicates that the sam-
pled area is in the periphery of the environmental range
of thesc particular specics. Second, there were some
algae (e.g., Fucus serratus and Chondrus crispus) and
animals (¢.g., Dyvnamena pumilla and Litrorina fabalis)

that were more abundant at exposed locations in the
inner area, while in the ouier area they were more abun-
dant at sheltered locations (Fig. 5). Such patterns clear-
ly illustrate the relativity of the term “Exposure’ used
in the categorical formulation.

Only for onc species, Fucus vesiculosus, was the
percent cover significantly affected by exposure sim-
ilarly way in both inner and outer paris of the archi-
pelago (Fig. 5). In contrast. the cover of many species
of algae and ths abundance of one species of animal
were consistently different between inner and outer ar-
eas, irrespective of whether the locations were cate-
sorized as sheltered or exposed (Table 2. Examples of
such species were Hildenbrandia rubra, Ascophyllum
nodosum, and the anthozoan Sagariogeron vidarus
(Fig. 3).

Patterns of individual taxa using conrinuous analvses

Further analyses were done on taxa for which sig-
nificant proportions of variability were explained by
the continuous models. Regression coefficients using
the complete mode! were calculated for each predictor
and response variable (Table 3). Of the 14 taxa analyzed
this way, six taxa had Byw.p ¥ 0, nine had By 3 0,
and six had B, # 0. Although the taxa showing sig-
nificant interactions {Bw.p} were slightly fewer, they
were generally the same as those in the categorical
analyses. This indicates that, for individual taxa, the
two types of analyses often tended to detect similar
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TagLE 2. Proportion of explained varizance (7°) and statistical significance (P) for continuous and categorical models fit o
species richness and abundance of individual taxa.
Variable -A—— P et -’T:m&m.u £, Py P e
Total no. species 0.80 0.60 0.23 0.17 G.94 .27
Np. algal species 0.71 0.00 0.3: 0.06 043 0.50
No. apimal species .67 Q.00 0.46 .32 008 0.04
Algac
Coralling officinalis 0.80 Q.00 093 Q.00 0.00 0.00
Acrosiphoria spp. 0.74 0.00 .97 0.00 6.00 (.00
Praotomonostroma andularun: 0.63 .00 0.81 0.00 0.00 G.00
Rhodomela confervoides 047 0.10 .65 (L02 0.02 0.02
Fucus serrarus 0.73 0.00 0.60 0.52 0.07 0.00
Chondrus crispus 0.73 0.00 0.47 (.84 0.77 0.01
Fucug vexicalosus 0.61 0.07 (145 0.09 0.03 0.64
Hildenbrandia rubra 0.82 .00 0.77 .00 0.07 0.07
Ascophyilum nodosum 0.96 0.0t 0.70 0.00 081 0.27
Afmfeltiu plicata 0.58 .00 (.46 0.01 0.83 0.36
Palvsiphonia siricia 0.56 (.09 0.56 0.0] 0.1¢ (.10
Cladophora rupestris 0.29 0.33 .31 0.05 (1L.56 0.56
Scytasiphon lementaria 026 0.19 .59 0.06 012 044
Luminaria yaccharina .20 0.15 0.43 .11 0.11 0.t}
Pilavelta littaralis G.24 0.27 0.15 0.19 0.82 0.82
faminaria digitata 0.07 0.80 0.20 0.34 0.34 .34
Sphacelaria cirrosa 034 Q.04 020 .34 0.34 34
Chaorda tomentosg 0.13 0.47 .20 0.34 .34 0.34
Polvsiphonia fucoides 013 0.47 0.20 0.34 0.34 (.34
Cergniium rodulosim 0.06 0.33 0.20 0.34 0.34 0.34
Enteromorpha sp. .08 0.62 0.20 0.34 .34 0.34
UHva sp. 0.08 0.62 0.20 0.34 0.24 {34
Fuarcelfaria lunbricalis .26 o.M (.09 .44 .88 .49
Dumontia contorta 0.41 0.01 0.08 .61 0.48 0.65
Spongonema spfEtachista sp. 0.07 0.33 0.15 .84 0.84 ¢.19
Phymatolithon sp. 142 0.00 0.28 (.83 Q.28 .09
Cusiocloniwm purpurenm 0.37 0.01 014 1.00 .18 1.00
Animals
Dyramena pumitia 0.73 0.00 .80 002 .02 0.00
Littoring [intorea .81 .00 0.39 (.00 0.00 .00
Litoring fahalis .47 0.060 041 0.33 {15 .03
Sargartiogeton viduatus 0.29 0.06 0.32 0.04 0.92 0.4 ¥
Halichondria punicea .29 0M 0.30 0.07 .44 .94
Semibalanuy balanoides 0.45 612 0.34 0.14 a1z 0.37 .
Littaring saxarilis 014 017 0.22 0.23 .23 0.66
Hinia ritida it 4.36 0.20 .34 0.34 (.34
Nudibranciia sp. 0.11 036 0.20 .34 0.34 0.34
Psarumechinus miliaris 040 .00 G.20 0.34 0.34 {334
Metricdinn senife .20 0.09 0.20 0.34 0.34 0.34
Bryozoa sp. (3.20 0.09 0.20 0.34 0.34 (r.34
Tectura sp. 6.20 0.09 (.20 0.34 0.34 0.34
ObelialLaomeda 0.38 Q.05 0.08 0.65 0.60 0.48
Myrilus edulis 010 0.41 (.03 0.95 (.69 .04

Npres: The proportion of variance explained by continuous and categorical models are 72, g and Faegmioat TESPECTIVELYS
P oaern Pan Peoand P are values of statistical sigmficance Tor the full regression model and tor sources of varation “Aren.”
“Exposure,” and ‘“Area X Exposure,” respectively,

interactive patterns. It appears, however, that the in-
dependent contribution of the interaction to the cor-
relation in hierarchical partitioning, was generally less
important than those of the main effects (Table 3).
The effects of distance {B,) were less frequent (six
taxza) than those of the corresponding facior, Area, in
the categorical analyses. Except for Fucus serratus and
" Chondrus crispus, the taxa showin g significant patierns
were consisient among the twe analyses. Furthermore,
the independent contribution of distance to the overall
correlttion was the most impertant only for two spe-
cies, Hildenbrandia rubra and Ascophyilum nodosum.

In contrast, the independent contribution of exposure
measured as mean significant wave height to the overall
correlation was generally the most important (1 of 14
taxa). For many taxa, its contribution was twice as large
as those provided by the two other predictor variables.
The importance of the effects of exposure was further
underlined by the fact that a larger number of taxa
showed significant effects of exposure (i.e., Buyw & O)
than in the preceding. categorical analyses.
Discussion

The airm of this study was to assess differences in
the way ecological patterns and processes nre perceived
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TanLe 3. Coefficienis {8). significance (). and hierarchical partitioning, of the independent contributions to the total 82 of
individual predictor variubles in significunt continuous models (shown in Table 2).

{ndependent
contribution
Coefficients MW =
Vill’iﬂble B[I B!) P.D B.\l“’ P:\!'\\" 331\\')\!) P:\I\\’N.f) D Mw I)
Total richness 1.17 —-0.5%9 400 1.28 0.00 0.46 400 0.24  0.19 036
Algul richness L0 —046 002 1.49 000 51 600 023 013 034
Animal richness —.32  -0.7% 000 0.58 0.21 026 0.06 007 048 011
Corallina officinalis 462  —L87 (.02 1.3 200 —052 002 L1&8 043 0.19
Acrosiphonia spp. 927 —2.51 0.17 264 000 —073 07 014 04d 017
Protomonostromea nndululin: 4.25 ~1.31 0.22 20 001 —0.37 Q.23 12 036 015
Rhodomela confervoidey 4.67 0.69 075 138 (015 013 0.83 008  0.28 012
Fucus serrarus —10.48 846 000 —3.26 0.0 304 000 015 035 .23
Cheondras crispies —6.76 693 000 =340 0.00 227 000 0.8 0306 025
Frcus vesiculosus =179 =197 {39 -—1.18 027 —059 0.3% 012 030 019
Hildenbrandia ribra —1.34 326 0.0t —-1.02  0.05 {1L63 0.08 035 O.18 (.20
Ascoplviium nodosum —6.09 6.23 006 -2.00 014 14! 014 0.24 13 0.9
Almfeliia plicata —(p08 248 G4 148 0.04 106 0.04 a2 01 026
Pofvsiphonia stricta 5.33 .19 0.93 138 012 0.67 (.91 010 030 (.15
Dvnamene pumiffe ~10.53 3.63 000 —467  0.00 265 009 016 .39 017
Littorina littorea —5.32 597  0.00 =376 0.00 .78 G.00 0.17 046 (LIS
Litorine fubualis -3.70 2.37 .29 —2.59 0.01 i.1l 010 L1 024 (.13

Notes: Variables are MW (Infmean significant wave height}). £ (distance from outer location [km1). and MW X D (interaction
term). Coeflicients that are significantly different from zero and are the largest independent contribution for cach species are
shown in boid.
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depending on whether ecological models are formu-
Tated and tested within a categorical or coatinuous
framework. This was done by a series of analyses of
data on relationships between diversity and abundance
of rocky-shore assemblages and 1wo contrasting defi-
nitions of wave exposure. Clearly, the two approaches
for analysis differ slightly in purpose and philosephical
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basis. Nevertheless, choosing whether to design ex-
peruments and observations for factorial or regression
analyses is essential before testing predictions derived
from any ecological model {e.g., Underwoaod 1997, Le-
gendre and Legendre 1998, Quinn and Keough 2002),
Chances are that differences among approaches limit
the progress of science because they (1) lead to dif-
ferences in interpretation of resuits within a particular
study and (2} confound consistency of patterns among
studies and thereby prevent the identification of general
patterns.

Comparisons of results from ANOVA and regression
analyses in this study suggest that some aspects of pat-
terns may be consistent, while others may differ be-
tween the two types of approaches. The most striking
difference in conclusions between the two types of
analyses was thai observed for species richness. The
variability in total, algal, and faunal richness was ex-
plained substantially more successfully by the contin-
ugus than by the categorical models, For example, the
regression model explained 80% of the variability in
total species richness, while only 20% was explained
by the ANOVA_ In contrast, the two types of analyses
generally tended to detect significant spatial patierns

5 . N
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of variability for the same taxa and proportions of ex-
plained variability for individual taxa were generally
similar. Examination of the relative importance of dif-
ferent predictors were, however, quite different. Cat-
cgorical analyses suggested that consistent differences
hetween the inner and outer paris or interactive pat-
terns, lL.e., differential effects of exposure between the
inner and outer areas, were more imporiant than simple
effects of Exposure. Continuous regression analvses
and hierarchical partitioning, however, suggested that
patterns associated with exposure, defined as mean sig-
nificant wave height, were largest and most frequent.
Thus. for individual species, it appears that the power
to detect significant patterns and the proportion vari-
ance explained is similar for both types of analyses,
but the naiure and interpretation of these patterns may
be quite ditferent.

The fact that the choice between categorical or con-
tinuous models for analyses appears to have a sub-
stantial impact on how we interpre: the resulis of a
study is frustrating. Not only does 1t mecan that this
choice affects our immediate views on the importance
of different ecological processes. but if these resulis
are used as the basis for further experimentation in a
coherent research program, its consequences may be
even greater. For example, based on the prevalence of
interactive variability in the categorical analyses ob-
served here. it would be perfectly logical for a re-
searcher to propose the hypothesis that the effects of
an experimental mapipulation decreasing wave expo-
sure af an exposed location will be very different in
the inner compared to the outer parts of the archipelago.
In contrast, because of the dominating influence of the
mean significant wave height concluded from contin-
uous analyses, another researcher might propose the
hypothesis that there will be no difference in the effects
of the same manipulation between the inner and outer
areas. Thus, the choice of method for statistical analysis
might to a large degree affect the emphasis and for-
mulation of new hypotheses within the research pro-
gram, even though both approaches are perfectly valid
and carefully executed. To judge which of these par-
ticular hypotheses would be most likely supporied is
impossible from these data. It might. however, be sug-
gested that whenever possible, tdentification of con-
trasting resulls by performing both types of analyses,
could be useful for increasing our confidence in the
observed patierns or for deriving multiple working hy-
potheses {(e.g., Platt 1964, Chamberlin 1965, Under-
wood 1997,

Cne important aim of benthic ccology 1s to integrate
existing, empirical and theoretical sources of informa-
tion into general models of dominating processes in
natural systems. To be able to assess whether effects
of disturbances arc consistent among different physi-
cochemical environments {(e.g., temperature, salinity,
and depths) and at different intensities of biological
interactions (c.g., competition for space or naotrients,
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predation, grazing, and recruitment) using formal
methods for meta-analysis {e.g., Gurevitch and Hedges
1999, Oscnberg et al. 1999), it is imperative that the
level of disturbances can be guantified and compared
in common wvnits. These analyses show that frequent
usc of relative measures of wave exposure may lead ©
failure to detect existing patterns and thus prevent de-
velopment of general models of how wave exposure
affect benthic assemblages. The prevalence of inter-
active cffects resulting from the catcgorical analyses,
i.e., the differences in effects of exposure belween inner
and cuter areas, demonstrate clearly that differences in
levels of disturbance may lead to failure to establish
general patterns among different studies on the im-
pertance of wave exposure {¢.g., Palumbi 1984, Denny
1995).

The classtfication of varnables into mathematical
types (categorical vs. continuous, qualitative vs. quan-
titative, absolute vs. relative, etc.; see Legendre and
Legendre 1998) is fundamental in ecological science.
Decisions about how to operationalize components of
a theory to allow tests of its hypotheses must be made
in all types of swdies of environmental factors {e.g.,
moisture, soil and sediment grain size, temperature and
altitude) and in studies of effects of fundamental biotic
interactions such as predation. competition and graz-
ing. The need for quantitative descriptions and explicit
analysis of experimental treatments is obvicus in ma-
nipulative studies. In mensurative studies. however,
levels of important factors cannot be controlled and
sometimes they are difficuli or expensive 1o measure.
As 2 response to such problems, levels of different
factors arc often defined in terms of broad classes and
analyses are done using categorical analytical frame-
works. In other instances, classification into categories
is dome regularly even where quantitative data are
available (e.g., Wentworth scale in work on sediments
and various versions of habitat classification schemes).
This is presumably done in order 10 teduce complexity
of analysis and interpretation of results. While there
may be valid reasons for such simplification, the anal-
yses presented here indicate that failure to define pre-
dictors continuously may reduce explanatory power
within studies and present substantial obstacles Tor the
development of general theories by integrating resulis
from many studics.

Difficuliies in generalizing and synthesizing results
from different studies also arise because differences in
the way hypotheses arc formulated lead to differences
in the way that data are analyzed. Within this study,
conclusions about the generality and importance of
wave exposure differed between regression and AN-
OVA. Clearly, these two approaches are not mutually
exclusive and it would have heen possible to use more
elaborate and complex versions of linear models than
those evaluated here, 10 make patterns more obvious
and 1o reduce residual variation. For example, analyses
using categorical predictors could have involved spe-
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cific contrasts or included additional covariables to im-
prove statistical power, while analyses of continuous
predictors could have involved polynomial expansions
{c.g., Rosenthal and Rosnow 1985, Legendre and Le-
gendre 1998, Quinn and Keough 2002). This was, how-
cver, not attempted here because it would have made
comparisons among approaches less straightforward
and detracted focus from general issues by emphasizing
those to do with characteristics of this particularly sys-
tem. Nevertheless, the differences between the results
of the two methods for analysis highlight how the
choice of technique may influence the outcome of a
single experiment and ultimately general models of ex-
posure.

Aparl from potential problems with operationaliza-
tion and inconsistencies among techniques for analysis,
any failure to make accurate. general predictions about
effects of different types of environmental factors may
obviously also be caused by an actual lack of consistent
effects. Evidence of how effects of ecological processes
are modified by other known or unknown processes are
abundant in general as well ag in marine ecological
literature (e.g., Dayton 1984, Underwood 1985, Woot-
ton 1994, Morin 1995, Leonard 2000). Identification
of regularities and generally applicable laws in this
complexity represents one of the greatest and most fun-
damental chailenges in ecological science (e.g.. Peters
1991, Lawton 1999, Colyvan and Ginzburg 2003,
Hansson 2003). Unambiguous definitions of central
concepts, formulation of logical hypotheses, and ap-
propriate procedures for statistical testing are essential
components in this context.
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