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Identical aliquots (split samples) from lakes in the southeastern United States were 
analyzed in laboratories in the U.S. and Norway. A second set of split samples from 
lakes in the northeastern U.S. was analyzed in laboratories in the US. and Canada. 
Methods used by the laboratories were identical for most analytes. For 8 of 11 
analytes, there was a statistically significant difference between the results from 
Norway and the US. For 15 of 17 analytes, there was a statistically significant 
difference between the results from Canada and the US. Linear equations describing 
the relationship between results from the U.S. and Norway (or Canada) explained 
over 90”/, of the variance for most analytes. Notable discrepancies occurred for labile 
inorganic aluminum and acid-neutralizing capacity, two analytes critical to acid 
deposition studies. A linear model explained about 35% of the variance. for labile 
inorganic aluminum. Considerable laboratory bias was evident for acid-neutralizing 
capacity in both sets of split sample measurements. DiNerence in methodologies and 
holding times may account for these discrepancies. For any of the analytes, the 
practical significance of the differences is dependent on the objectives and constraints 
of each application. The effects of laboratory and methodology were statistically 
confounded. Standardizing analytical methods would assist the chemist in interpreting 
data from studies, notably those of lake acidification, in other nations. 

KEY WORDS: Acid deposition, analytical methods, international laboratory bias. 
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300 M. A. STAPANIAN, T. E. LEWIS AND D. C. HILLMAN 

INTRODUCTION 

Evidence of decreasing pH levels in freshwaters has been well 
documented in recent decades in southern S~andinavial-~ and 
Canada."' Extensive data bases for freshwater have been collected 
for the northeastern United States."" A systematic inventory" 
of the chemical status of representative surface water in the U.S. was 
conducted by the U.S. Environmental Protection Agency (EPA). The 
Eastern Lake Survey-Phase I (ELS), a survey of approximately 
1600 lakes in the eastern United States, was conducted as part of the 
National Surface Water Survey (NSWS)." One objective of the ELS 
was to provide data of known quality. This was accomplished, in 
part, by using standardized techniques for measuring water quality 
analytes.'2*13 The large number of samples collected during the ELS 
required that several independent laboratories conduct analyses for 
many of the chemical analytes. A rigorous quality assurance 
program14 was implemented to ensure that all of the variance for 
these analytes could be attributed to differences in the chemical 
composition of lake water rather than to sampling or analytical 
procedures. 

There are no standard international methodologies for analysis of 
water  sample^.'^ Perceived dflerences in water chemistry may be 
attributed to acidification processes, differences in methodologies or 
both. The objective of this study was to compare the results from 
identical aliquots analyzed by ELS contract laboratories with those 
analyzed by Canadian and Norwegian laboratories. One set of 
identical aliquots (split samples) was analyzed by a second ELS 
laboratory and by two Norwegian laboratories, and another set of 
split samples were analyzed by ELS and Canadian laboratories. 
Each laboratory used its own techniques. Statistical analyses 
included linear regressions and tests of significant differences. 

METHODS 

One hundred ten identical aliquots (split samples) from 97 lakes in 
the Southern Blue Ridge Mountains, North Carolina, were routed to 
the Norwegian Institute for Water Research (NIWA, Oslo, Norway) 
and Global Geochemical Corporation (Camoga Park, California) for 
analysis of 11 chemical analytes (Table 1). One hundred five split 
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samples from 93 lakes in the Adirondack region of New York 
were routed to the Water Quality Laboratory of Environment. 
Canada’s Centre for Inland Waters (Burlington, Ontario), the Labor- 
atory Services Branch of the Ontario Ministry of the Environment 
(Rexdale, Ontario) and Environmental Monitoring Services. Inc. 
(Thousand Oaks, California) for the analysis of 17 analytes (Table 1). 
The two Canadian laboratories tested for different analytes. Since 
both American laboratories were involved in the ELS, they shall be 
referred to as ELS laboratories in this paper. The collection, 
preservation, and preparation of the samples are described 
elsewhere16 in greater detail. 

Samples analyzed for acid-neutralizing capacity ( ANC) and pH 
were held for less than one week after the time of sample prep- 
aration at the field laboratories. All other analytes were analyzed 
within two and four weeks of sample preparation. All of the 
chemical analytes except labile inorganic aluminum are reported to 
be stable beyond the maximum holding times specified for the 
present study.” Because of logistical constraints, ELS split samples 
for labile inorganic aluminum were held up to 16 hours prior to 
processing. Barnes” recommended that sample processing for labile 
inorganic aluminum analysis be conducted within several hours of 
collection. The processed samples can then be held for several weeks 
before they are analyzed. ELS samples for labile inorganic aluminum 
were held for a maximum of 7 days after they were processed. 

References for all methods used in this study, and the raw data are 
given elsewhere.I6 For some analytes, the laboratories used the same 
analytical methods (Table 1). Norwegian ANC determinations were 
performed using a fixed endpoint titration. Canadian and ELS 
values for ANC were calculated using Gran analysis. The concen- 
trations of Na and K were measured by flame atomic absorption 
spectroscopy in Norwegian and ELS laboratories, and by automated 
flame photometry in the Canadian laboratory. The Canadian and 
ELS laboratories used ion chromatography to determine concen- 
trations of SO:- and C1- while the Norwegian laboratory used 
automated colorimetry. The Canadian laboratory used inductively- 
coupled plasma emission spectroscopy to determine the concen- 
trations of Fe and Mn, while ELS laboratories used flame atomic 
absorption spectroscopy. 

Total A1 was measured by graphite furnace atomic absorption 
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WATER CHEMISTRY METHODS 303 

spectroscopy in ELS aliquots and by inductively-coupled plasma 
emission spectroscopy (ICPES) at the Canadian laboratory. The 
determination of labile inorganic aluminum in ELS aliquots was by 
complexation with 8-hydroxyquinoline and extraction with methyl- 
isobutylketone (MIBK).’** l 9  The Norwegian split samples were 
analyzed by an automated colorimetric technique involving the 
complexation of monomeric aluminum with pyrocatechol violet.”. 

Statistical analysis of the data included linear regressions and sign 
tests.” The objective of fitting a linear model to the data was to 
estimate the best linear equation representing the relationship 
between corresponding values from different laboratories. An 
assumption of linear regression is that one of the analytes (indepen- 
dent variable) has no associated measurement error. When compar- 
ing data from two laboratories, there is no reason to believe that one 
laboratory has measurement error and the other does not. Therefore, 
regression procedures were conducted with each laboratory desig- 
nated as the standard (i.e., independent variable). Under ideal 
conditions, both laboratories will report identical values for an 
analyte in every sample. Under such circumstances, the y -  
intercept =O and the slope = 1, regardless of which laboratory is 
designated as the standard. A more reasonable expectation is that 
the two coefficients would closely approximate these ideal values. In 
practical terms, the y-intercept estimates the amount of uniform bias 
between pairs of reported values for each analyte. The slope 
estimates the unit change in values from one analytical laboratory 
per unit change in the corresponding value from the laboratory 
designated as the standard. If the slope is significantly different from 
unity, then laboratory bias is concentration-dependent. 

For each regression procedure, the potential for influence by 
outlying observations was examined by successively fitting two linear 
models to each set of paired observations. The first model was based 
on all reported data. A second model was estimated using a subset 
of the reported data where outliers were discarded. The criterion for 
determining whether a pair was an outlier was defined23*24 as a 
studentized residual > 3.0. 

The r2 statistic was used as a general assessment of the adequacy 
of the linear model. The magnitude of r2 represents the fraction of 
total variance in the data explained by a model. The value of rz is 
generally increased by removing pairs of values which have student- 
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304 M. A. STAPANIAN, T. E. LEWIS AND D. C. HILLMAN 

ized residuals >3.0 However, lower values of t2 may result for the 
second analysis when (1) the t2 value exceeds about 0.99 and (2) the 
data removed lie at the extremes of a data set having considerable 
variance. With a simple linear model, it is difficult to explain more 
than 99% of the variance in data sets involving water chemistry 
analyses. When the t2 value approaches unity, the slope of the line 
with one laboratory’s values as the standard approaches the recipro- 
cal of the slope of the line with the other laboratory’s values as the 
standard. 

Standard sign tests22 were also performed for each variable on 
both Norwegian-ELS pairs and Canadian-ELS pairs. The purpose 
of this analysis was to determine whether one laboratory had 
significantly different values overall for a given variable. For each 
variable, we tested the null hypothesis that the mean ELS value= the 
mean Norway value and the mean ELS value = the mean Canadian 
value. Unlike linear regression, the sign test tests for systematic 
differences without the assumption of any underlying functional 
relationships and with no attempt at characterizing a functional 
relationship. 

RESULTS 

ELS-Norwegian comparisons 

The results of two regressions for each analyte are given in Table 2. 
In the first regression, ELS values are the standard (independent 
variable). In the second regression, values from the Norwegian 
Institute for Water Research (NIWR) are the standard. The slopes 
and intercepts reported represent the model yielding the higher r2 
value when (1) all pairs of observations were used or (2) obser- 
vations having studentized residuals > 3.0 were removed. A mini- 
mum of zero pairs and a maximum of 5 pairs were removed for any 
analysis (Table 2). 

Linear models explained >90% of the variance for 10 of the 11 
analytes (Table 2). Nine analytes had values of t2>0.95, regardless 
of which laboratory was used as the standard. For labile inorganic 
(extractable) aluminum, the linear model explained only 36.1 percent 
of the variance when ELS was the standard laboratory, and 29.1 
percent of the variance when NIWR was the standard laboratory. 
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The estimated slope was significantly different from the ideal value 
of one for Ca, SO:-, conductance, Na, and Mg regardless of which 
laboratory was the standard. Therefore, laboratory bias was 
concentration-dependent for these analytes. The estimated slope was 
significantly different from one for extractable aluminum when ELS 
was the standard laboratory, and for C1-, NO;, and pH when 
NIWR was the standard laboratory. Only acid-neutralizing capacity 
and K had slopes equal to one regardless of which laboratory was 
the standard. 

The estimated y-intercept was significantly different from the ideal 
value of zero for all analytes, regardless of which laboratory was the 
standard, except for Mg, and pH. For Mg, the y-intercept was not 
significantly different from zero. For pH, the y-intercept was signifi- 
cantly different from zero when NIWR was the standard laboratory. 

In general, linear models explained a high percentage of total 
variance. However, none of the models had both the slope and y- 
intercept that were not significantly different from their ideal values. 
A uniform bias (slope not significantly different from 1, y- 
intercept = 0) was observed for acid-neutralizing capacity and K, 
regardless of which laboratory was designated as the standard. For 
the remaining analytes, the bias was concentration-dependent or 
uniform, (Y-intercept =O, slope was not significantly different from 
one) depending upon which laboratory was designated as the 
standard. 

Overall, values from ELS were higher than from NIWR for 
extractable aluminum, C1-, acid-neutralizing capacity, K, and pH 
(sign test Table 2). Values from NIWR were higher than those from 
ELS for Cay conductance, and Mg. The values from the two 
laboratories were not significantly different for SO:-, Na, and NO;. 

ELS-Canadian comparisons 

The results of two regressions for each analyte are given in Table 3. 
The ELS laboratory was designated as the standard in the first 
regression, and the Canadian laboratory was the standard in the 
second regression. Like the ELSNIWR comparisons, the slopes and 
intercepts in Table 3 represent the models yielding the higher r2 
when (1) all pairs of observations were used or (2) observations 
having studentized residuals >3.0 were removed. A minimum of 
zero and a maximum of four pairs were removed for any analysis. 
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Linear models explained >90% of the variance for 11 of the 17 
analytes regardless of which laboratory was designated the standard. 
Ten analytes had values of r2 > 0.95 regardless of which laboratory 
was the standard. The values of r2 for SO:-, CI-, and pH were 
either slightly less than 0.90 for both analyses, or slightly greater 
than 0.90 for one analysis and slightly less than 0.90 for the other. 
The value of r2 changed slightly for CI-, Fe, Mn, and pH depending 
on which laboratory was designated the standard (Table 3). Linear 
models explained only 41.7 percent of the variance for total phos- 
phorus, less than 66 percent of the variance for Fe and less than 85 
percent for Mn (Table 3). 

The estimated slope was significantly different from unity for total 
aluminum, dissolved organic carbon, total fluoride, Na, Mg, K, 
SiO,, Fe, Mn, and pH regardless of which laboratory was designated 
as the standard. Therefore, laboratory bias was concentration- 
dependent for these analytes. When a Canadian laboratory was 
designated as the standard, the estimated slope was significantly 
different from unity for SO:- and total phosphorus. When the ELS 
laboratory was designated as the standard, the estimated slope was 
significantly different from unity for C1-. The estimated slopes were 
not significantly different from unity, regardless of which laboratory 
was the standard, for Ca, C0,-equilibrated dissolved inorganic 
carbon (DICE), acid-neutralizing capacity and conductance. 

The estimated y-intercept was significantly different from the ideal 
value of zero for Ca, total aluminum, DICE, total fluoride, acid- 
neutralizing capacity, Na, Mg, K, and SiO, regardless of which 
laboratory was designated as the standard. The estimated y-intercept 
was not significantly different from zero, regardless of which labora- 
tory was designated as the standard, for dissolved organic carbon, 
conductance and Mn. When the ELS laboratory was designated as 
the standard, the estimated y-intercept was significantly different 
from zero for CL-, Fe, and Mn. When the Canadian laboratory was 
designated as the standard, the estimated y-intercept was signifi- 
cantly different from zero for SO:- and total phosphorus. 

Because neither the slope nor the y-intercept was significantly 
different from the ideal, there was no bias for conductance regardless 
of which laboratory was designated as the standard. For the 
remaining analytes, there was either a uniform bias or a bias that 
was concentration-dependent, depending upon which laboratory was 
designated as the standard. 
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Overall, values from ELS were higher than than from the 
Canadian laboratories for total aluminum, SO:-, dissolved organic 
carbon, C1-, total phosphorus, acid-neutralizing capacity, Na, Mg, 
K, Si02, and pH (sign tests Table 3). Values from the Canadian 
laboratories were greater than those from the ELS laboratory for 
Ca, DICE, Fe, and Mn. The values for the ELS and Canadian 
laboratories were not significantly different for total fluoride and 
conductance. 

DISCUSSSION 

Based on strict interpretation of the statistical analyses, there were 
significant differences between the ELS and Norwegian results and 
between the ELS and Canadian results. Laboratory bias was either 
uniform or concentration-dependent for nearly all analytes. However, 
data were highly comparable for most analytes, since r2 exceeded 
0.95 for 19 out of 28 comparisons. The sign test evaluates whether 
there is or is not a significant difference between corresponding 
observations in two sets of samples. As such, the question addressed 
is “are they the same overall?” There is no quantification of 
underlying relationships. In contrast, the evaluation of linear models 
tests the equivalence of the results from each laboratory and 
estimates the linear model that characterizes the relationship 
between laboratories. 

In this study, the effects of laboratory and method are statistically 
confounded. In the ELS-NIWR comparisons different analytical 
methods were used for ANC, NO;, and labile inorganic aluminum. 
In the ELS-Canadian comparisons, different analytical methods were 
used for Fe, Na, Mn, K, and total aluminum. Although differences 
between the laboratories occurred for all of these analytes, it is 
impossible to eliminate differences in analytical methodology as the 
source of the difference. We suggest detailed studies of differences 
resulting from these methods. Standardizing analytical methods 
would assist the chemist in interpreting data from acid deposition 
studies in other nations. 

While it is clear that there were statistically significant differences 
between split sample data for most analytes, interpretation of the 
results for application must consider practical significance. As an 
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example, for Na in the ELS-NIWA data, the slope estimate when 
the ELS laboratory was designated as the standard was 1.091, and 
the y-intercept was -0.1 30. While these estimates were significantly 
different statistically from the ideal values of 1 .O and 0.0, respectively, 
there is some doubt about the practical significance of the differ- 
ences. The mean observed ELS value for Na was 3.03 mg L- ' which 
corresponds to a Norwegian value of 3.13 mg L-'. The practical 
significance of such a difference will be largely dependent upon the 
objectives and constraints of each particular application. Thus, the 
results of this investigation can only serve as a guide to general 
comparability and the magnitude of expected differences. 

Two of the most critical analyte~'~-~'  used in assessing the 
acidification of natural waters are ANC and Al. A brief discussion of 
these analytes is therefore in order. 

Two chemical mechanisms could conceivably decrease ANC in 
Norwegian and Canadian split samples, and this would result in a 
negative y-intercept. One mechanism is the addition of strong acid to 
the sample, and the other is the precipitation of CaCO,. Samples 
were not preserved with acid prior to shipment. Therefore, the 
introduction of a strong acid can be ruled out. A lack of 
C0,-fixation, due to a cessation of photosynthetic activity, could 
cause the precipitation of CaCO,. ANC was determined by a 
different method in the ELS laboratory than in the Norwegian 
laboratory. This difference may also account for the observed 
negative y-intercept for ANC in Table 2. For samples with low 
ANC, the fixed-endpoint titration has been reported to consistently 
underestimate this variable when compared to Gran analysis.28329 

Comparability of total Al concentrations between ELS and 
Canadian values was quite good. This can be expected since both 
aliquots were pretreated in similar manner and were analyzed on 
comparable instruments. The slightly negative intercept is probably 
due to the inability of ICP emission spectroscopy to detect extremely 
low levels of A1 (2&50pg L- '). 

The comparison between the 8-hydroxyquinoline extractable Al 
(ELS) and the pyrocatechol violet reactive A1 (Norwegian) is most 
interesting. Both methods are reported to estimate the monomeric 
fraction of the total Al in water samples with comparable 
precisi~n.'~ However, the fraction of the variance explained by a 
linear equation between ELS extractable and Norwegian reactive Al 
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is demonstrably poor (Table 2). The slope is also significantly less 
than one. Holding time undoubtedly plays a major role with respect 
to Al speciation. Norwegian splits were held for up to two weeks 
prior to pyrocatechol violet analysis. During this time, the formation 
of Al(OH), may have occurred. This removes A1 monomers and 
dimers from the reaction scheme and yields lower values for these 
species. If C 0 2  had been lost, the pH would have increased, and A1 
would have precipitated3' as AI(OH)3. A shift from inorganic 
monomeric A1 to strongly bound organic complexes may also have 
occurred in samples with elevated dissolved organic carbon levels.21 

CONCLUSIONS 

For most analytes there were statistically significant differences 
between ELS and Norway or Canada split sample data. The 
practical significance of these differences will depend upon both the 
nature of the variable and the application in question. Consideration 
of all possible applications is beyond the scope of this investigation. 
For ANC and Al, two analytes critical to acidic deposition studies, 
methodologies, holding times, and concentrations may account for 
the observed differences. The effects of laboratory and analytical 
method were statistically confounded in this study. We suggest 
detailed intralaboratory studies of different methods. Standardizing 
analytical methods would assist the chemist in interpreting data from 
acid deposition studies in other nations. 
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