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AB ST R ACT 
We examined the effects of freezing, acidification, 

and acidification plus freezing on the concentrations 
of nitrate, phosphate, and silicate in seawater samples. 
We compared polyethylene and polystyrene contain- 
ers, and determined preservation effects after storage 
periods of 1, 3, 6, and 12 months. 

Because of the magnitudes of the concentration 
changes and their variability, none of the tested proce- 
dures was judged satisfactory for our purposes. Inter- 
pretation of results was complicated by strong interac- 
tions among treatments and between treatments and 
water sources. If nutrient preservation is necessary, 
the effects of preservation should be determined for 
the specific conditions of the study. 

RESUMEN 
Examinamos 10s efectos de la congelaci6n, la acidi- 

ficaci6n y acidificaci6n mhs congelaci6n sobre las 
concentraciones de nitratos, fosfatos y silicatos en 
muestras de agua marina. Comparamos recipientes de 
polietileno y poliestireno, y determinamos 10s efectos 
de la preservaci6n a1 cab0 de 1, 3, 6, y 12 meses de 
almacenamiento. 

Debido a las magnitudes y variabilidad de 10s cam- 
bios en la concentracion ninguno de 10s procedimien- 
tos examinados se consider6 satisfactorio para nues- 
tros prop6sitos. La interpretacibn de 10s resultados se 
vi6 complicada por las intricadas interacciones entre 
tratamientos y entre lugares de origen de las muestras. 
Si la preservacion de nutrientes es necesaria, sus efec- 
tos deben ser determinados para las condiciones espe- 
cificas de cada estudio. 

INTRODUCTION 
In 1982, when planning for the 1984 CalCOFI sur- 

veys began, the planning committee agreed about the 
importance of adding measurements of chlorophyll 
and primary production to the standard data set. We 
recognized, however, that these additions would not 
be financially feasible without some cutbacks in other 
areas. As one possible cost reduction, we considered 
eliminating the shipboard analyses of nutrients by 
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postponing analyses until the samples were returned to 
the facilities at Scripps Institution of Oceanography 
(SIO), thereby eliminating sea pay and overtime for 
the chemists. The feasibility of this move depended 
upon our ability to preserve the nutrient samples in a 
simple and effective manner for at least one month. 

In January 1983 we began a series of nutrient pres- 
ervation experiements within the central North Pacific 
and the California Current. We examined the effects 
of three different preservation procedures (freezing, 
acidification, and freezing plus acidification) on the 
concentration of three nutrients (nitrate, phosphate, 
and silicate) in two container types (polyethylene bot- 
tles and polystyrene tubes). We determined the preser- 
vation effects after storage for periods of 1, 3, 6 ,  and 
12 months. The effects of storage on nitrite were also 
determined. Because initial nitrite concentrations were 
always low, concentration changes were examined 
only in relation to concomitant changes in nitrate. 

We ran five separate experiments, using water sam- 
ples from different depths and different locations 
(Table I),  providing a variety of nutrient concentra- 
tions and, presumably, a variety of chemical and 
biological histories. All samples were oceanic; none 
were from upwelled or turbid waters. 

The effectiveness of various preservation strategies 
has been examined previously; reviews are given by 
Riley (1975) and Grasshoff (1976). The definition of 
‘‘effective procedure” undoubtedly varies from study 
to study depending on the degree of accuracy and/or 
precision required by the investigator. Freezing at 
- 10” to - 20°C has been demonstrated to success- 
fully preserve phosphate, nitrate, and silicate (Col- 
lier and Marvin 1953; Strickland and Parsons 
1968; Thayer 1970; Truesdale 1971; MacDonald and 
McLaughlin 1982); however, recommendations as to 
the necessity for prefiltration or quick-freezing vary. 
Numerous other workers have reported inferior results 
with frozen samples unless they are chemically stabi- 
lized (Murphy and Riley 1956; Gilmartin 1967; Jenk- 
ins 1968; Charpiot 1969). Depression of silicate levels 
in frozen samples caused by the polymerization of 
reactive silicate has been reported (Kobayashi 1967). 
This may be reversed by extended periods of thawing. 
Polymerization is not expected in samples of high 
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TABLE 1 
Origin of Samples Used in Study 

Experiment Date Depth of sample Initial concentration 
if (Jan. 1983) Location (m) pmol/l 

NO? POA S i 0 2  

I .  13 24'52.4" 156" 13.4'W 15 0.02 0.060 0.62 

2. 14 27" 16.9" 155" l6.3'W 995 44.32 3.020 131.04 

3. 18 27'57.7" I4 1 "38.6'W I40 1.50 0.155 3.90 

4. 22 28'49.4" 127" I4.4'W 180 1.86 0.320 4.60 

5. 26 33'11.3'N 118"22.8'W* 90 9.58 1.006 11.16 

*CalCOFI 90.37 

(oceanic) salinities (Burton et al. 1970), at least not 
for storage periods less than 5 months (MacDonald 
and McLaughlin 1982), and, at present, there is no 
accepted protocol for the length and means of thawing 
samples. 

An alternative preservation strategy is to reduce the 
pH of the sample sufficiently to preclude biological 
activity. Acidification of samples with hydrochloric 
acid has been reported to pyeserve silicate (Mullin and 
Riley 1955), and sulfuric acid has been used to pre- 
serve silicate (Grasshoff 1976) and phosphate (Char- 
piot 1969). Other workers have warned against the 
acidification of phosphate samples because of the hy- 
drolysis of labile organic phosphate (Jenkins 1968; 
Grasshoff 1976). At SI0 hydrochloric acid has been 
used to stabilize samples in several studies, particular- 
ly when nitrate is to be analyzed (J .  Gieskes, pers. 
comm.). The combination of acidification and freez- 
ing was recommended by Riley (1975), but no ex- 
perimental justification was presented. 

Although plastic containers are essential for pre- 
serving silicate (Mullin and Riley 1956), a number of 
workers have reported loss of phosphate from samples 
stored in polyethylene, especially soft polyethylene 
(Murphy and Riley 1956; Heron 1962; Hassenteufel et 
al. 1963). Other workers have stored samples for 
phosphate analysis in polyethylene containers without 
noticeable loss of phosphate (Charpiot 1969; Thayer 
1970), and samples are briefly held in polyethylene 
tubes during autoanalyzer use. Acidification of sam- 
ples should prevent the absorption of phosphate by 
polyethylene (A. Mantyla, pers. comm). 

The disparity of the conclusions in previous studies 
suggests that the results of specific studies may have 
limited general applicability (e.g., Gilmartin 1967; 
Thayer 1970), both because of differences in the 
biological and chemical systems being studied and 
because of differences in the needs of various work- 
ers. The present investigation was specific to the re- 

quirements of the CalCOFI program. Since we could 
not expect to analyze nutrients less than one month 
after collection, this was the shortest storage period 
considered. Also, preservation is cost-effective only if 
it does not greatly increase the cost of analysis ashore 
and if the shipboard treatment is rapid and does not 
require skilled chemists or special materials. This lat- 
ter requirement precluded many preservation proce- 
dures, such as those requiring filtration before preser- 
vation or quick-freezing in dry ice. 

METHODS 
Analytical procedures were those routinely used on 

CalCOFI surveys by the Physical and Chemical 
Oceanographic Data Facility (PACODF; Atlas et al. 
1971). Control samples consisted of four or five repli- 
cate subsamples drawn into standard autoanalyzer 
tubes that had been rinsed with 1N HCl and triple- 
rinsed with distilled water. Nutrient concentrations 
were determined with an Hitachi autoanalyzer within 
24 hours of collection. The same autoanalyzer was 
used for all subsequent analyses. 
Preservation Methods 

Frozen samples. We drew four replicate subsam- 
ples into each container type and placed them in a 
blast freezer at - 10°C within one hour of collection. 
Samples remained frozen until the night before anly- 
sis, when they were defrosted at room temperature. 
Acidified samples, We drew four replicate subsam- 

ples into each container type. To each subsample we 
added 0.1 ml of concentrated HC1, using an Eppen- 
dorf pipette. Samples were capped and stored at room 
temperature. Prior to determining nutrients, we 
checked the pH of the samples with Hydrion paper to 
ascertain that acid had been added, and then neutral- 
ized them with the addition of 60 mg of sodium 
carbonate, returning the pH to 7-8. Controlled neutra- 
lization is essential because the subsequent nitrate 
analysis is sensitive to pH values outside this range. 
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Acidified and frozen samples. We drew four repli- 
cate subsamples into each container type and acidified 
them before freezing. Prior to analysis, we thawed and 
neutralized samples as described above. 

Container Types 
Polystyrene tubes. These were 16-ml, disposable, 

screw-capped test tubes. Because they are sterilized 
by the manufacturer, preliminary rinsing was not 
necessary. 

Polyethylene bottles. These were 50-ml bottles, 
which were rinsed with I N  HCI and triple-rinsed with 
distilled water before use. In experiment 5 ,  we substi- 
tuted 60-ml autoanalyzer tubes like those routinely 
used to collect and hold nutrient samples at sea. Be- 
cause we were depending upon materials at hand, we 
did not standardize the type of polyethylene used. In 
experiments 1 and 3 ,  bottles were soft polyethylene; in 
the others they were linear polyethylene. In retrospect, 
this lack of control was a mistake. 

Because we added a constant volume of acid to sam- 
ple containers of varying sizes, the resultant pH of the 
preserved sample varied. In all cases it was below 2. 

Simulated Catastrophes 
In addition to the treatments described above, we 

simulated two types of catastrophe and determined 
their effects after one month. For these, we stored 
samples in tubes, except in experiment 4, when we 
used bottles. 

No preservation. We stored samples at room tem- 
perature without acidification. 

Accidental thaw. We simulated the effects of a 
power failure by removing samples from the freezer 
and allowing them to thaw at room temperature over- 
night before refreezing. We were particularly in- 
terested to see whether acidification of frozen samples 
would buffer them against the effects of an acciden- 
tal thaw. 

Performance Criteria 
We used three criteria to evaluate the performance 

of the various preservation procedures. 
Quality of the autoanalyzer output. One unexpected 

consequence of sample preservation was an increase 
in the noise of the autoanalyzer output signal, which 
made it difficult to accurately determine the peak 
height. In some cases, particularly phosphate and ni- 
trite stored for 12 months, the noise was severe 
enough to completely prevent estimation of peak 
height, resulting in loss of data. In order to quantify 
this effect, we ranked the output traces for each sam- 
ple from one to three, with one signifying a normal 
trace, two a noisy trace that could still be read with 

some degree of certainty, and three a trace that could 
not be interpreted with any degree of assurance. 

Accuracy. We measured the accuracy of the preser- 
vation procedure as the absolute value of the deviation 
of the mean concentration of the four preserved repli- 
cates from the mean of the four or five replicates 
analyzed on board ship. 

Precision. We measured the precision of the four 
preserved samples by their variance. Change in preci- 
sion was evaluated by comparing the variance of the 
preserved replicates with the variance of the four or 
five replicates analyzed on board ship. 

Statistical Analysis 
The experimental design was originally intended for 

a single, multidimensional analysis of variance. Un- 
fortunately, the data showed significant heteroskedas- 
ticity, which could not be removed by simple data 
transformation. In addition, there were significant in- 
teraction terms, which complicated interpretation of 
the results. Ultimately, we reorganized the data into a 
series of two-way designs and analyzed with the 
Friedman nonparametric two-way analysis of variance 
(Tate and Clelland 1959; Conover 1971). Under the 
assumption of no significant differences between pri- 
mary effects (preservation method, container type, or 
preservation time) the test statistic, W, can be approxi- 
mated by 

m Ill 

W = observed SS (El?,) / maximum SS ( Z R , )  
I =  I I =  I 

where 

and 
1?1 

maximum SS ( Z R ; )  = (m?)  (n’ - n ) /  12 
i =  I 

where items are ranked 1 through n across the factor 
being tested, and m = the number of sets of ranks. 

For large values of m or n ,  the chi-square approxima- 
tion was used: 

x’,-~ = m(n-1) (W) 
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We retained outlying values in the analyses and, 
unless otherwise noted, used only complete experi- 
ments. 

For example, in the case where the effect of storage 
time on nitrate concentration is being tested (n  = 5 ,  
m = 17), the appropriate sum of squares has com- 
ponents caused by storage time within samples frozen 
in tubes, within samples frozen in bottles, within 
samples acidified in tubes, etc. Thus the total sum of 
squares may be decomposed to examine the effect of 
storage time on samples stored in bottles, regardless of 
preservation method, or the effect of time on frozen 
samples regardless of container type. Or the effect of 
storage time on samples frozen in tubes may be com- 
pared with the effect on samples acidified in tubes. In 
this way, the components of the primary analysis may 
be examined for interaction effects, which cannot be 
tested directly. The calculated “probability” values 
associated with ANOVAs performed on subsidiary 
units have uncertain statistical meaning, but they indi- 
cate the relative strength of the primary effect within 
the various subunits. In addition, since accuracy and 
precision are independent measures of performance, 
they can be combined into a single measure for each 
nutrient, and the statistics for all nutrients may be 
combined to give an overall estimate of the relative 
success of the three preservation methods. 

We are concerned with three factors: preservation 
procedure (freezing, acidification, and acidification 
plus freezing), container type (polystyrene tubes and 
polyethylene bottles), and storage time (1, 3 , 6 ,  and 12 
months). To reduce the effects of multiple testing, 
effects of the preservation procedure, which we con- 
sider our major concern, were tested for significance 
at P = .05. The effects of container type were consid- 
ered to be significant at P = .025, and the effects of 
storage time at P = .01. 

When we obtained a significant ANOVA between 
three or more factors, we tested differences between 
specific levels of the primary factor by means of an a 
posteriori test (Nemenyi 1963), carried out at P = 
.05. Results are indicated by the pattern of underlining 
in Tables 2-4. For instance, in Table 2, the accuracies 
of the nitrate determinations changed significant- 
ly with time of storage according to the Friedman 
ANOVA (P  < .01). The four storage times are listed 
from left to right in order of decreasing accuracy. The 
results of the Nemenyi analysis indicate that samples 
stored for 1 month are significantly more accurate than 
samples stored for 6 and 12 months, but are not 
significantly different from samples stored for 3 
months; samples stored for 3 months are significantly 
more accurate than samples stored for 12 months, but 
are not different from samples stored for 1 or 6 

months; samples stored for 6 months are not signifi- 
cantly more accurate than samples stored for 12 
months. These relationships are indicated by a series 
of three overlapping underlines. 

We examined the effects of the simulated catas- 
trophes with a Friedman two-way ANOVA in which 
the six levels of the primary factor were the three 
preservation procedures, together with the three catas- 
trophes: samples stored without preservation; samples 
frozen, thawed, and refrozen; and samples acidified 
and frozen, thawed, and refrozen. Secondary factors 
were the initial conditions of the five experiments. 

RESULTS 
The experimental results are summarized in Tables 

2 to 4. The complete data set is available on request 
from the senior author. 

Nitrate and Nitrite (Table 2) 
There was no detectable increase in the noise of the 

nitrate signal caused by preservation. However, in- 
creased signal noise did result in loss of nitrite data, 
and consequently in nitrate data, especially in acidi- 
fied samples stored for 12 months. 

For nitrate there was a significant difference be- 
tween preservation procedures only among the sam- 
ples stored in autoanalyzer tubes in experiment 5 ,  
where there was a strong tendency (P  < .01, accuracy 
and precision combined) for acidified samples to be 
best and frozen samples worst. When this subset was 
removed from the analysis, there was a tendency for 
frozen samples to be superior (P  < . l o ,  accuracy and 
precision combined). 

For all procedures and all containers, there was a 
significant increase in the concentration of nitrate with 
time, accompanied by a loss of accuracy and decrease 
in precision. 

There were also significant changes of nitrite over 
time (P  < .05). However, no general trend of increase 
or decrease with time could be detected. There was no 
evidence of correlation between concentrations of ni- 
trite and nitrate, either within or between experiments. 
Thus, changes in nitrate concentration could not be 
explained solely as reduction to or oxidation of nitrite. 

Phosphate (Table 3) 
For all samples, there was a significant increase in 

the noise of the phosphate autoanalyzer signal over 
time. The signal quality of samples run on board ship 
or stored for only one month was significantly better 
than that of samples stored for longer periods of time. 
The increase in noise with time was strongest in sam- 
ples acidified or acidified and frozen and stored in 
tubes. Regardless of storage time, signals from frozen 
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TABLE 2 
Summary of Nitrate Changes in Stored Seawater Samples 

Performance 
Factor Criterion ANOVA Drobabilitv Best Worst 

Preservation method 

F: frozen 

A: acidified 

Container type 

T: tube 

B: bottle 

Storage time in months 

C: control 

P 

a +  P 

>.20 

<.20 

>.20 

>.20 

F A A + F  

F A+F A 

F A A + F  

F A + F  A 

4 > .20 B T  

a 

P 

>.20 

>.20 

T B  

B T  

a + P  > .20 T B  

4 

C 

a 

D 

= . I O  1 2 1 3 C 6  

<.01* C 1 3 6 12 (increase) 

-- 1 3 6 1 2  <.01* 

<.05 C 1 3 1 2 6  

- 

q: quality of the autoanalyzer signal 
a: accuracy of the preserved samples 
p: precision of the preserved samples 
c: nitrate concentration in the preserved samples 
Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests, 
performed only when ANOVA results are significant (*). 

samples had significantly less noise than did samples 
that were acidified and frozen, whereas signals from 
acidified samples were intermediate. There was no 
effect of container type. 

The chemists who did the analyses believe that 
much of the problem can be attributed to the release of 
carbon dioxide in the sample when it is neutralized 
prior to analysis. Such bubbles are known to interfere 
with the proper operation of the autoanalyzer. The 
problem is more severe with phosphate because of the 
small diameter of the phosphate tube and because, 
unlike the other nutrients, the sample is not diluted 
with distilled water during analysis. However, if sig- 
nal deterioration results solely from the production of 
bubbles, we would expect it to be independent of 

storage time, but dependent upon the volume of the 
sample (since the absolute amounts of acid and base 
added were the same for all volumes). Neither was the 
case in our samples, suggesting that other factors may 
be involved. 

The precision of the phosphate determination is 
affected by the accuracy with which the autoanalyzer 
traces can be read. However, in most cases, changes 
in precision were greater than could be explained by 
uncertainty in the signal alone. 

The preservation procedure affected neither the 
accuracy nor the precision of phosphate determina- 
tions, except for samples stored in tubes, where the 
procedure did influence precision ( P  < .05). Frozen 
samples were more precise than samples acidified and 
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TABLE 3 
Summary of Phosphate Changes in Stored Seawater Samples 

Performance 
Factor Criterion ANOVA probability Best Worst 

Preservation method <.02* F A A + F  - 

F: frozen a >.20 F A + F  A 

A: acidified P >.20 F A A + F  

a + P  >.20 F A A + F  

Container type 

T: tube 

B: bottle 

Storage time in months 

C: control 

4 

a 

P 

a + P  

>.20 

= .05 

<. 10 

<.01* 

B T  

T B  

T B  

T B  

<.01* C 1 3 1 2 6  

< .025 C 3 1 6 (increase) 

<.01* 1 6 3  - -  

q: quality of the autoanalyzer signal 
a: accuracy of the preserved samples 
p: precision of the preserved samples 
c: phosphate concentration in the preserved samples 
Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests, 
performed only when ANOVA results are significant (*). 

frozen; precision of acidified samples was intermedi- 
ate. This effect was not evident among samples stored 
in bottles and may in part reflect the deterioration of 
the autoanalyzer signal resulting from neutralization 
of the acid in the smaller-volume tubes. 

When both accuracy and precision were considered 
together, pooling all storage procedures, the perform- 
ance of tubes was significantly better than that of 
bottles. However, this effect was greatest in samples 
that were either frozen or acidified; samples that had 
been acidified and frozen showed no difference be- 
tween container types. 

The statistical analysis of length of storage time on 
accuracy and precision did not include the samples 
stored for 12 months because of the small number of 

these samples available. In all experiments, there was 
a tendency for the phosphate concentration to increase 
with time of storage, accompanied by a significant 
loss of accuracy and precision. Since this occurred 
both in frozen and in acidified samples, it did not 
appear to be solely related to the acidification of the 
sample and the resultant breakdown of organic mate- 
rial. Moreover, since the concentration increased in 
both container types, there was no evidence of dif- 
ferential adsorption of phosphate by the plastics, as 
has been suggested by previous workers (Murphy and 
Riley 1956; Heron 1962; Hassenteufel et al. 1963). 

In general, these data indicate that the best phos- 
phate results may be obtained from samples frozen in 
polystyrene tubes and analyzed within one month. 
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TABLE 4 
Summary of Silicate Changes in Stored Seawater Samples 

Performance 
Factor Criterion ANOVA probability Best Worst 

Preservation method 9 >.20 A + F  A--F 

F: frozen a >.20 A + F  A F 

A: acidified P >.20 A + F  F A 

a + P  >.20 A + F  F A 

Container type 

T: tube 

B: bottle 

Storage time in months 

C: control 

q >.20 T B  

a = .01* T B  

P <.05 T B  

a + P  <.01* T B  

9 >.20 1 3 1 2 6 C  

C > .20 C 1 3 12 6 (decrease) 

a <.01* C 1 3 1 2 6  

P < .01* - C 1 3 6 1 2  

q: quality of the autoanalyzer signal 
a: accuracy of the preserved samples 
p: precision of the preserved samples 
c: silicate concentration in the preserved samples 
Treatments are listed according to performance, left to right from best to worst. Underlining indicates the results of a posteriori tests, 
performed only when ANOVA results are significant (*). Dash indicates ties. 

Silicate (Table 4) 
Both accuracy and precision of samples stored in 

polystyrene tubes were greater than those of samples 
stored in polyethylene bottles. 

In all experiments, there was a significant loss of 
accuracy with increased storage time, related to a 
tendency for the concentration of silicate to decrease. 
This tendency was strongest for samples acidified and 
frozen in tubes ( P  < . O S ) .  A similar decrease with 
time was not evident in samples stored in bottles. 
Within tubes and bottles there was a significant de- 
crease in precision over time, with the major period of 
decrease occurring during the first month of storage. 

Interaction Effects 
Numerous interaction effects were apparent in the 

results of this experiment. The more easily interpret- 
able have been pointed out. In addition, there fre- 
quently appeared to be interactions between the stor- 
age procedure or the container type and the initial 
concentration of the nutrient. For instance, in the case 
of phosphate frozen in tubes (Figure l) ,  after one 
month there was a significant decrease in concentra- 
tion in experiment 1, where the initial phosphate con- 
centration was low (Mann Whitney U test, P < .01). 
However, in experiment 2, where initial concentration 
was high, there was a significant increase in concen- 
tration ( P  < .01). 

The effect of time on the nutrient concentration of 
stored samples was confounded with any differences 
in the day-to-day standardization and operation of the 
autoanalyzer. This latter source of variability is not 
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expected to have any temporal trend. However, it is 
not appropriate to blame operator error for any 
variability that does not exhibit a linear trend with 
time. The frozen samples generally showed highest 
concentrations of all nutrients after 6 months of stor- 
age. This pattern was not apparent in samples that had 
been acidified or acidified and frozen. Although all 
6-month samples were analyzed by the same chemists, 
frozen samples were run the day before the others. We 
initially suspected that the high concentrations in the 
frozen samples were due to operator variability rather 
than true temporal changes. However, we are unable 
to postulate a source of operator error of such magni- 
tude. In fact, the graphs for nitrate and phosphate from 
experiment 2, after 6 months, were off scale for the 
only time during the entire experiment. 

The numerous interaction effects, especially those 
involving initial nutrient concentration or time of stor- 
age, make precise predictions about preservation of 
future samples risky. 

Simulated Catastrophes 
When the three simulated catastrophes were consid- 

ered and compared with the three preservation proce- 
dures for both nitrate and phosphate, there were sig- 
nificant differences between treatments ( P  < .05). 
The primary outliers were related to the absence of 
treatment, which caused phosphate concentrations to 
decrease in all samples, and nitrate concentrations to in- 
crease in samples with very high or low initial concen- 
trations but to decrease in samples with intermediate 
concentrations. There were no significant differences 
in precision. There was no evidence of treatment 
effect on either accuracy or precision of silicate deter- 
minations; silicate preserved as well in untreated sam- 
ples as in preserved samples. 

0 
0 0  

I 000 

L 
0 0 

Figure 1. Interaction between initial 
concentration of phosphate and 
the change in concentration after 
freezing for one month in polysty- 
rene tubes. Experiments 1, 3, 5, 
and 2, from left to right. 

3.0 

We could detect no decrease in accuracy or preci- 
sion resulting from an accidental overnight thawing. 
Thus there is no evidence that adding acid before 
samples are frozen protects them from deterioration 
during a thaw. 

CONCLUSIONS 
When the data from all nutrients are weighted 

equally and combined, the most accurate and precise 
storage procedure is freezing; acidification, without 
freezing is the least satisfactory. The differences, 
however, are not significant ( P  < .25). Storage of 
samples in polystyrene tubes gave significantly better 
results than storage in polyethylene bottles (P< .01). 

With respect to this latter result, we cannot distin- 
guish between the effect of the smaller volume and the 
polystyrene material. From a technical standpoint, 16 
ml represents an absolute minimum needed for the 
autoanalyzer. A second analysis, should the need 
arise, is not possible, and any loss of sample may 
preclude adequate rinsing. While the smaller volume 
may have advantages in terms of rapid freezing and 
thawing, the tubes were also superior to the bottles 
when samples were acidified. Thus, circumstantial 
evidence suggests that the difference between the per- 
formances of tubes and bottles was due primarily to 
the container material. A better container may be a 
50-ml polystyrene bottle. More research into this is 
warranted. 

The purpose of this study was not only to identify 
the best preservation procedure, but to determine 
whether any would be an adequate substitute for ship- 
board analyses. The error introduced by preservation 
was small relative to the range of values found within 
the California Current, and data from preserved sam- 
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ples would be adequate for mapping major horizontal 
and vertical distributions. However, general distribu- 
tions within the California Current have been de- 
scribed in the past, and it is now the details and 
anomalies that are receiving most attention. Unfortu- 
nately, the relatively large error at the lowest values 
(e.g., after one month > 2 100% for nitrate, > ? 33% 
for phosphate, and > + 200% for silicate) would com- 
plicate the use of these data for investigations into the 
relationships between the depth or slope of the nutri- 
cline and the biomass or productivity of the euphotic 
layer (e.g., Eppley et al. 1978, 1979; King and Devol 
1979; Hayward and McGowan 1985). Moreover, the 
error introduced at higher concentrations, although 
relatively small, is equivalent to the variance observed 
at 300 m at a single station over a 28-year period, and 
this error would hinder calculations such as long-term 
anomalies of mass transport (e.g., Haury and Shulen- 
berger 1982). Thus, because the magnitude of the 
error introduced by any of the storage procedures 
tested was sufficient to preclude many of the uses 
which we anticipated for the data, we concluded that 
nutrient storage during the 1984 CalCOFI surveys 
could not be justified. 

When our results are considered in the context of 
previous studies of this sort, the only conclusion is the 
impossibility of valid generalization. The results of 
different nutrient storage procedures appear to depend 
strongly upon the type of water being sampled and 
upon specific details of the analytical techniques em- 
ployed. Preservation of nutrient samples should be 
considered a strategy of last resort. However, any 
program that depends upon preservation of water sam- 
ples for future nutrient analysis must independently 
determine the error expected to be introduced by the 
specific procedures selected. The question of whether 
the additional analytical error is acceptable can then be 
addressed. 
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