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1. Introduccion

It is often desired prior to implementing
large scale regional geochemical surveys to
determine with a small field experiment the
effect of certain fixed treatments on the
relative magnitudes of the data varlability
across the reglon, on some local scales, and
in the laboratory. These fixed treatments might
be the use of different field operators, =soil
horizons, stream sediment materials, or lake
basins, Following these special, small scale,
orientation-type studies, the routine regicnal
surveys may then be better implemented, where
the main interest lies in the investigation
and analysis of the random effects due to the
spatial and laboratery variability,

This paper describes a new two-way mixed
analysis of variance (ANOVA) model, which
employs a structured unbalanced nested design
to meet the above objective as part of Canada's
National Geochemical Reconnaissance Program.
Implementation and interpretation of this model
to stream and lake sediment surveys are high-
lighted along with the features of a tailor-
made computer program, The outputs of this
program consist of: (1) the usual ANOVA table
entries - with focus on the {unbiased) estimates
of the variance components; (2) a summary of
the ecefficients of the expected mean squares
for all model terms; (3) a traditional set of
hypothesis tests calculated under conservative
conditions; and {4) a pooled ANOVA table -~
applicable when the interaction or nested
component {s) of variance can be considered
negligible. Further statistical areas of
research for this model are briefly addressed
in the coneluding section,

Considerable research and insight into the
properties and use of unbalanced "staggered"
nested designs has been published in the
statistical literature {e.g., see Bainbridge
[2]}, Leone et al. [23], Searle [27}, and
Anderson [1]), including its use in a 2-way
layout for completely random effects (Thitakomal
{32]). However, the two-way mixed model
application of this design 1s different from
the work above. In the geclogical field, the
usefulness of such a model was first hinted at
by Flinn [6] for balanced data. Nevertheless,
no further reference to this model application
occurred until the mid-1970's, when the U.S5.
Geological Survey began using two-stage applic-
ations of unbalanced staggered designs as
exemplified by McNeal [24]. 1In this case, a
simple 2Z-way mixed model with pooled replication
was analysed in parallel with an unbalanced
staggered nested model imvolving only random
effects. Although much information is obtained
from this approach, the direct handling and
analysis of the structured interaction-nested
effects of the more appropriate 2-way mixed
model 1s lost.

2. Statistical Model and Computational Method

As part of Canada's National Geochemical
Reconnaissance Program, a new, 2-way mixed
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ANOVA mixed model that incorporates an unbalanced
staggered nested design was developed. For
illustration purposes the statistical model is
expressed for a two-stage nested structure, as
given by Figure 1; that is,

= +
Rijkm =W AL B ey oy gt
(Ac)ik(j) + (Ad)im(jk)where X jkm FEPTESENCs

+ dm(jk) + (Ab)

an individual analysis; ¥ is the true overall
mean concentration of the element of interest;
A, represents the ith fixed (operator) effect;
bi’ ck, and dm represent the random {location)

effects where k is nested in j, and m within k;
and, (Ab)ij, (Ac)ik, (Ad)im represent the

various interaction effects between the fixed

and random factors. It is assumed that the

Ai's are constants, subject to the restriction

i Ai =0, 1i=1,2,,,, ,a; and that b,c,d, Ab,

Ac, Ad are all random variables, each normally

and independently distribu&ed yith zerg megn

and constant varlances: o, o 02 ag 02
. b? C’ d! gb) AC, Ad

respectively, with §(Ab)ij =0 for all j. All

covariances are assumed zero, except for U[(Ab)ij,
2

(Ab)i,j} = [—ll(a—l)}oAb, for 1 # 1", The sub-

script representation and limits can be seen from

the example layout of Figure 1, The above model

deseription follows that of Model IIT of

Hocking [20} , and of Searle [27; pp. 401-403},
For this model formulation, our prime interest

lies in the calculation of the components of

variance and their relative contributions to

the total variability. Secondly, it is of inter-

est to test the usual hypotheses: HOl: Ai =0,

i . = . » 2 = . . = .
for alé i HOZ' Ub 0; H03. Uc 0; HO&' 9 0;
HﬂS: oAb = 0; and HOB: Tpe = 0. Also, appropriate

and valid pocling of mean squares is desired,

A number of different techniques exist in the
statistical literature for estimating the
variance components in mixed models from unbal-
anced data; for example, see Henderson [18],
Hartley and Rao [15], Harvey [16), searle f27!,
Rao [25], and Speed and Hocking [30], See
Harville [17] and Searle [281 for recent sum-
maries of this area. Computational methods for
computing the expected mean squares for such
models are reviewed in Kennedy and Gentle [22].
Employing the popular method of equating mean
squares to thelr expected values, Henderson's
(1953} Method 3, and an approach suggested
in Goodnight and Speed [11], Binder [3] derived
unbiased estimators for the variance components
of the mixed effects model for the unbalanced
staggered nested design having any number of
levels of nesting and 2-way factor interactions.
This work extends the Bainbridge [2] and Leone
et al. [23] analyses of the umbalanced staggered
nested design to the 2-way mixed effects model.

Having accomplished the primary objective,
the unbiased estimation of the variance components,




attention was briefly given to the construction of
F-tests for the desired hypotheses stated above,.
Snee 29] reviews the construction of synthesized
F-tests for unbalanced completely nested designs.
In balanced data sitwations, Graybill and Wang
f13] discuss confidence interval estimation for
propertions of variability in two-factor nested
random models, and Cohen and Miller [4]discuss
appropriate F-test statistics for the 2-way mixed
model. See Hemmerle [19] for a recent treatment
of standard hypothesls tests for the fixed-effects
ANOVA model with unbalanced data invelving missing
cells. A simple, approximate approach to F-test-
ing was chosen for our immediate purposes, The
general F-test algorithm so employed is summarized
below:

FACTOR MS Ratio Testable Con—
(General Case) dition(s)
A {(fixed effect) A/Ab None (always testable)
b (main random 2 _ 2, =g’= g
effeet) b/ab T % T
¢ {1st nested 2_ _ 20
random effect) c/he Oy~ +em 0= 0
d (2nd nested 2 _ 2=
random effect}) d/Ad JeT v T Oy 0
t (last nested t/AL None (always testable)
random effect) 2 2
Ab (main inter~ AbfAt G, = ...=m 0, =0
Ac As
action effect) 9 2
Ac {1st nested Ac/At T .= ™ @, =
Ad As
interaction eff.) 9 2
Ad {2nd nested Ad/Ar Tpe™ 00T Tpes 0
interaction eff.)
As (t-1 nested As/At None (always testable)

interaction eff,)
At (last nested None -

interaction eff.)
The MS pooling procedure follows the four rules
listed next: (1) Beginning with the lowest inter-
action hypothesis test (on As), the error term
(At} is appropriately pooled when a Non-Signifi-
cant result occurs {following Storm [31], where
pooling is only carried out when the computed P
value is less than the critical value 2F at
the stated degrees of freedom);(2) Pooling conti-
nueg in this fashion 1f Non-Significant results
occur with the subsequent higher level interaction
hypothesis tests;(3) When the first Significant
result oceurs, the pooling procedure terminates;
(4) A similar pooling procedure is followed for
the nested effects, nested effects being pooled
from the last upwards when Non-Significant
hypothesis tests occur. Once a Significant
result occurs the pooling procedure terminates,

It is emphasized that this algorithm is only
an approximate F-test procedure. A cautionary
note on the use of these F-test results accomp-
anies each ANOVA table printout, Further re-
search is needed in exact F-test methods for
this model application.
3. Illustration and Application of Cemputer

Programs

A computer program incorporating the above
model and computational methodology was developed,
Tables 1 and 2 illustrate the outputs of this
program for a particular stream sediment survey,
which was conducted under the design configura-
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tion as shown in Figure 1, Note that the

"expected mean square coefficients” displayed
in Tables 1 and 2 have their own particular
factor ordering, that is: A, b, Ab, e, Ac, d,
Ad when starting from the upper left-hand corner.
Also, note that the "percent of total" column
excludes the fixed effect, and treats negative
variance components as zero contributions. The
remaining information is largely self-explanatory.

To motivate and describe the application of
this model and the interpretations underlying
the resulting ANOVA calculations, two small
detatled studies carried out in Canada during
1978 and 1979 will be highlighted. Both studies
sought to investigate those aspects of stream
sediment geochemical variability in the Yukon
and lake sediment geochemical variability in
northern Saskatchewan deemed important to
subsequent large scale, regional geochemical
exploration surveys, Fach study involved unbal-
anced staggered nested designs in a two-way
mixed effects model framework,

i) Example }: Stream Sediment Survey

In stream sediment geochemical reconnaissance
surveys fine silt is collected in the field for
subsequent laboratory analysis, Often it is

difficult to collect the ideal fine active siltt

sample material from the flowing part of the
stream, and it has been proposed that the silt
trapped in moss at the water's edge may be a
suitable alternative sample material (see Good-
fellow et al, [10]}). It is recognized that local
and analytical variability exists in stream
sediment surveys, and the differences due to
operators collecting the twe sample types should
be viewed in terms of the local variability,
For logisitic reasons, 10m and 100m were the
scales of local variability studied (see Garrett
[7]1); the resulting nested structure is shown
in Figure 1, Prior to data analysis an investi-
gation was made of data normality and homogeneity
of variance under different transforms; the
conclusion of this work was that a logarithmic
transform best helped fulfill the requirements
of the ANOVA method. The two-way mixed ANOVA
model was used to determine if the fixed
operator/sample material effects observed at
randomly selected sampling locations were
significant, The ANOVA results are summarized
in Table 3; of the 10 elements studied, only
twe showed significant fixed operator/sample
effects, The geochemical explanation is that
the loosely held Zn or Fe in the stream sedi~
ments extractable with EDTA solutionm 1Is also
extractable by the weak acids present in the
moss. Mosses are known to be Zn accumulators
in the natural environment. The results for 5
elements are displayed in a means piot in
Figure 2, 1In addition to the significant
operator/sample fixed effect for Zn-EDTA a sig-
nificant interaction effect for U-EDTA occurred.
This interaction i1s not at the location level
but at the highest nested level of 100m. The
significant interaction reflects an inhomogeneity
in the data at the 100m spatial level for U-EDTA.
Clearly, sampling locations 3 and 4 behave
differently from locations 1 and 2, a tendency
to this situation is also revealed from Zn-EDTA.
No geochemical explanation for this can be
offered at this time, but it outlines an area
of study which could be pursued in the future.
ii) Example 2: Lake Sediment Survey




In geochemical reconnaissance lake sediment
surveys, lakes with a single central deep basin
are usually sampled, as this is the preferved
lake type (see Coker et al. [5]). However, some-
times larger multi-basin lakes are all that
are available in the local environment. Prime
interest was to study the variability between
two basin types within single lakes, the basins
which would have been routinely sampled and the
basins which would have been left unsampled, over
several sampling (lake) locations, in terms of
analytical, sample (20m) and site (300m) vari-
ability {see Hornbrook and Lund [21]}. To deter-
mine if the sampler could inadvertently intro-
duce bias into a survey by selecting one parti-
cular basin from a multi-basin lake, 18 randomly
chosen, multi-basin lakes were sampled using a
three-level unbalanced staggered nested design.
Within each lake basin, two sites were visited;
at one of these sites, two samples were collected
with one of these samples analyzed in duplicate.
The design is illustrated by Figure 3; two
levek ot nesting wan wxd. In an initial invest-
igation of the data, 3 sampling locations were
rejected as anomalous in nature due to the
presence of atypical lake environments, which
fncluded major differences in geology and the
presence of mineralization., The data for the
15 acceptable sampling locations were reviewed
with consideration to normality and homogeneity
of variance, and appropriate transforms were
employed in the subsequent ANOVA,

The ANOVA results are summarized in Table 4,
where it may be seen that for all 7 elements
studied, the fixed basin effect f{s non-signifi-
cant; that 1is, in the context of geochemical
reconnaissance surveys it is immaterial which
basin is sampled. It is worthwhile to note in
Table 4 that approximately 45-65%Z of the vari-
ability for each element lies between lakes,
and in general, far less than 8% of the syste-
matic nested variability lies within single
lake basins. This fact 1s gratifying as it
demonstrates the extreme homogeneity of the
centre-lake basin sample material and emphasizes
that most of the variability in these lake
systems lies between the lakes which are the
basic sampling units in reconnaissance surveys.
The interaction terms are of interest; in parti-
cular, note that the highest portion of the
interaction variability is at the between sites
in lake basins level, with U being the only
exception. This indicates that site level
variability is Inconsistent as to whether site
1 or site 2 in a basin has a higher metal
content from basin to basin in single lakes,
This 1s both the expected and desirable location
for the variability. If geochemically meaningful
amounts of variability occurred at the site,
sample or analytical nested levels, then it
would indicate significant differences where none
should be expected due to the randomization
procedures introduced in the experimental design.
In that sense the variability described by the
interaction effects is akin to the lower levels
of variability determined in a one-way nested
design study., For further details see Hornbrook
and Lund [21].

4, Conclusions

The two-way mixed ANOVA model is extremely
relevant to detalled studies in geochemistry,
and other natural sciences, The natural sciences
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provide abundant examples of random effects models,
often nested, where one wishes to extrapolate the
results of an analysis to a wider universe. How-
ever, fixed effects are not uncommon in pre-
liminary orientation and detailed surveys. As
with all experimental design the worker is

often brought to his knees by the costs of
employing balanced designs. In previous geo-
chemical studies the two-way nested problem has
been approached in steps (e.g., McNeal [24], and
Hornbrook and Lund {21]), using separate two-way
replicated and one-way unbalanced nested analyses,
The two-way mixed ANOVA model employing a stag-
gered nesting offers both an elegant, and useful,
practical tool, Importantly, the structuring

of the replicaticn yields extremely useful
additional information on the location of
variability in the design, and under seme circum-
stances allows mean squares to be pooled to
provide more powerful tests of significance for
the variance components.

Mueh theoretical research can still be done
with this model, particularly with respect to
more accurate F-testing over higher levels of
nesting. In the simpler, completely nested
unbalanced model a number of specific areas of
study, including F-testing and confidence interval
procedures, have been outlined in Goss and
Garrett [12}; when those areas of concern are
combined with the approach and references given
in this paper, it is clear that much work lies
ahead, Finally, much insight and understanding
of the model's properties would be gained if
computational comparisons and/for efficiency
studies were carried out among competing variance
estimation methods {(e.g., ANOVA, maximum like-
lihood, MINQUE, ete.).

The computer program is still under develop-
ment. It is planned to generalize the code to
handle up to 9 levels of unbalanced, staggered
nesting in a framework of up to 9 fixed treat-
menks and 99 random effects for the 2-way mixed
ANOVA model. Appropriate hypothesis testing
and peoling will be carried out automatically,
The ccde and examples will likely be published
in Computers and Geosciences as done with
previous work by Garrett and Goss [8].
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TABLE 1: ANOVA TABLE FOR ZN-EDTA STREAM
SEDIMENT SURVEY
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TABLE 3: SITCIARY OF ANOVA FINDINGS FOR STREAM
SEDIMENT SIMYEY

ANALYSES OF VARTANCE

Percentage Varidnge -=emmmucass—mocamaeas
Operator assmrrunen Hested EFIoCts nmemacenmn
Effect Locationz

==~=e=- Interaction Effechs mrmuw—-

100m Sites  10m Sites Locations 100m Sttes  10m Sites
NS 874+ 0.0 0.0 0.0 0.0 12.6
- 6.2 0.8 0.0 8.8 0.0 .2
NS 8,9 0.0 1.1 0.0 5.6 .2
45 13.0° 0.0 0.0 0.0 5.0+ 5.9
NS 3.7 16.23 0.0 2.0 4.0 80.0
NS 8.0 2.9 0.0 3.5 0.0 9.6
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TABLE 4: SIMMARY OF ANOVA TINDINGS FOR LAKE
SEDIMENT SURVEY

ANALYSES OF VARIANCE

mesrommavssscsmsessanannn PErCONtage Variange eeeeesecosmmmnnascsseonen
wasmnmmnmeee Nested £ffeCts me-n Teuconeo Interaction Effects —meeeaee

Effect Lakes  Sites Samples Analyses Lakes  Sites Samples  Amalyses
61.59 61 0.0 1.7 12.39  8.5°  5.8% 5.9
56.69 0.0 0.0 0.0 £.69 31,60 84w 0.8
59.70 0.0 1.2 0.0 6.50 22.90 5.0% 4.7
66.4¢ 0.0 0.0 0.0 7.00 153w 3.7 7.6
£0.60 0.0 0.0 8.1 2.1° 190 7.4 10.8
48.7¢ 0.06 1.6 0.0 12.50 35.20 1,70 0.2
45.3¢ 0.0 0.3 .o.o 4.80 43,00 1odwew 0.1

NS

NS Basin Effect not significant
¢ Variance Comporent not testable
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