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Interpreting the results of oceanic mesoscale enrichment experiments: Caveats and

lessons from limnology and coastal ecology

Since the first mesoscale iron enrichment experiment was
conducted in the equatorial Pacific (Martin et al. 1994),
there have been more than nine open-ocean experiments
investigating the ecological effects of iron or phosphorous
additions on planktonic communities (see de Baar et al.
2005; Thingstad et al. 2005). In these experiments, a large
area of the ocean is enriched with acidified iron sulfate or
phosphoric acid solution, and the inert tracer, sulfur
hexafluoride (SF6). Samples are collected at different
depths, inside and outside the enriched patch. The in-patch
stations are normally chosen on the basis of their high SF6

concentrations, whereas the out-patch stations, which are
sampled to monitor changes in the unperturbed waters (i.e.,
reference site), typically have background levels of SF6.
Many mesoscale enrichment experiments have reported
differences in the biological responses inside and outside
the patch, such as increases in chlorophyll a concentration
or primary production inside the patch (e.g., Martin et al.
1993; Boyd et al. 2004; Thingstad et al. 2005) and have
attributed these differences to the effects of the enrichment.
However, few studies have applied statistical analyses to
determine whether responses inside and outside the patch
are statistically significantly different, and none of the
many published mesoscale iron or phosphorous enrichment
experiments has discussed the limitations of the unrepli-
cated experimental design in determining whether re-
sponses inside and outside the patch can indeed be
unequivocally attributed to the effect of the enrichment.

Two papers published in this journal, Arrieta et al. (2004;
hereafter referred to as A2004) and Oliver et al. (2004;
hereafter referred to as O2004), used Mann–Whitney U-tests
and two-sample t-tests, respectively, to statistically compare
mean bacterial properties and processes inside and outside
the patch during in situ mesoscale iron-enrichment experi-
ments conducted in the Atlantic (A2004; EisenEx) and
Pacific (O2004; SOFeX) sectors of the Southern Ocean.
Although these studies make important contributions to our
understanding of microbial processes in polar and subpolar
high nutrient–low chlorophyll regions, the interpretations of
the statistical analyses applied to the data are flawed, and
therefore the conclusions made about the effects of iron on
heterotrophic microbial processes are not supported by the
data presented in these papers. The problems associated with
the analysis and interpretation of data from unreplicated
mesoscale enrichment experiments apply equally to the
assessment of phytoplankton and zooplankton responses,

and differences in physicochemical properties. However, this
comment focuses on the bacterial responses reported in
A2004 and O2004 because these papers, unlike those that
have reported responses of other ecosystem properties
without statistical analyses, have incorrectly applied and
interpreted inferential statistics to test for significant
differences between responses inside and outside the iron-
enriched patch. Here, we (1) discuss problems with the use,
presentation, and interpretation of the statistical analyses in
A2004 and O2004, and the possibility of confounding
treatment effects due to the lack of spatial replication of
experimental units; (2) present alternative analyses of the
existing data and consider other explanations for any
observed differences; and (3) recommend experimental
designs, many with their origins in limnology and coastal
ecology, appropriate for future ecosystem-scale perturbation
experiments (e.g., in situ mesoscale iron or phosphorous
addition experiments), where replication is not feasible.

A2004 and O2004 described the time course of changes in
bacterial and other biological and physical properties within
an iron-enriched patch and applied Mann–Whitney U-tests
and two-sample t-tests, respectively, to statistically compare
mean bacterial properties and processes inside and outside the
patch. Neither paper clearly stated which data were included
in the analyses or provided an a priori justification for the
selection of the data used in the analyses. For example, O2004
applied two-sample t-tests to data for three time periods (days
5–22, days 8–22, and days 12–22), and compared data from
inside the patch for each period with data from outside the
patch over the entire observation period (days 5–22). In
addition, neither paper clearly stated how the assumptions of
the statistical analyses, in particular the independence of
observations, were checked or validated. They also appeared
to combine data from samples collected on different days with
that of samples collected from different depths on the same
day, to provide replication for their analyses.

When significant differences were found in the analyses,
A2004 and O2004 attributed them to effects of the iron
enrichment on the respective property. For example, on the
basis of reported significant differences (p , 0.05) in
bacterial abundance, production, and the abundance of
cells with high DNA content inside and outside the patch,
O2004 concluded that the addition of iron ‘‘significantly
enhanced phytoplankton and bacterial properties.’’ Simi-
larly, on the basis of reported significant differences (p ,
0.05) in bacterial production and cell-specific ectoenzy-
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matic activity inside and outside the iron-enriched patch,
A2004 concluded that bacterial activity was enhanced by
iron enrichment. However, in both studies, the analyses
used can only identify significant differences between
bacterial properties and processes inside and outside the
patch, and cannot distinguish whether differences were
caused by the effects of iron enrichment or whether the
bacteria were responding to some other factor, such as
differences in temperature, salinity, mixed layer depth,
nutrient availability, or grazer activity (Stewart-Oaten et al.
1986; Quinn and Keough 2002).

Mann–Whitney U- and t-tests assess treatment effects by
comparing the variation between treatment groups with the
variability between experimental units within each group.
However, the variability between experimental units within
each group can only be estimated if the treatment itself is
replicated, and if the replicate experimental units are
independent (Hurlbert 1984; Quinn and Keough 2002).
Replicate experimental units are independent in that the
outcome of a given replicate has no effect on the outcomes of
any other replicates (Carpenter 1990), so that the replicates
represent the total variability of the specified experimental
condition. It is not intrinsically wrong to use a Mann–
Whitney U- or two-sample t-test to test, for example, the null
hypothesis that there is no significant difference in bacterial
properties inside and outside an iron-enriched patch
(Cottenie and De Meester 2003; Oksanen 2004). However,
it is inappropriate to apply these statistical tests to data from
an unreplicated mesoscale in situ iron enrichment experi-
ment and to interpret low p values (i.e., p , 0.05) as evidence
that the addition of iron caused a significant change in
bacterial properties (Hurlbert 1984; Carpenter et al. 1998;
Hurlbert 2004). In addition, because successive samples
from a single experimental unit are highly associated and are
quite likely to be correlated (Legendre et al. 1985), the
potential for spurious treatment effects is very high. Thus, if
one experimental unit (e.g., the iron-enriched patch) is
repeatedly sampled through time, as is often done, and the
samples are treated as if they were independent replicates,
which they are not, the effects of the treatment (e.g., iron
enrichment) are confounded with the inherent differences
between the iron-enriched and unenriched waters (Hurlbert
1984; Eberhardt and Thomas 1991; Carpenter et al. 1998).

Interpretation of large-scale ecosystem manipulation
experiments, such as iron enrichments, can be divided into
two simple and interrelated questions: (1) did the system
change, and if so, (2) did the manipulation cause the
change? As discussed above, for unreplicated experiments,
only the first question can be addressed statistically. To
answer the second question, we must show that the
manipulation is the most plausible explanation for the
change (Carpenter 1993). To address these questions, we
reanalyzed the published bacterial data reported for
EisenEx (A2004) and SOFeX (O2004), and we explicitly
incorporated the time component into the statistical model
by using analyses of covariance (ANCOVA) to assess
whether temporal changes in bacterial variables were
significantly different inside and outside the iron-enriched
patch. However, because the experiments were unreplicated
and the observed values are not independent of each other,

we are still unable to unequivocally attribute significant
differences between locations to the effects of iron. Instead,
we must indirectly examine the question of casualty by
considering alternate explanations, as discussed below.

For EisenEx, we used the mean values from the upper
40 m, presented in figs. 2 and 3 of A2004. For SOFeX, we
considered only data from the South Patch and used the
depth-integrated mixed layer values, divided by mixed layer
depth, as presented in figs. 1 and 2 of O2004. For our
reanalyses, we used mean (A2004) and depth-integrated
(O2004) values to avoid potential confounding influences
from samples that were collected at different depths on the
same day, and to allow direct comparison with the results
presented in each of the studies. Although not stated
explicitly in the manuscript, O2004 appear to have excluded
data collected from transect stations from their analyses,
despite presenting these data in their fig. 1; therefore, we did
not include these data in our ANCOVA. Although A2004
appear to have excluded all bacterial ectoenzyme activity
data before day 8 from their analyses, they provided no
a priori justification for the selective use of data from inside
the patch, and we therefore have included the entire data set
in our reanalyses. To satisfy the requirements for ANCOVA,
and to meet the assumptions concerning residuals, where
necessary, the data for each parameter were transformed (log
or square root) such that the data from inside and outside the
iron-enriched patch were normally distributed and showed
a linear relationship with time. For each variable, the same
transformation was applied to data from inside and outside
the iron-enriched patch (Quinn and Keough 2002). ‘‘Sam-
pling day’’ was the covariate and ‘‘patch’’ (i.e., inside vs.
outside the iron-enriched patch) was the fixed factor. A
significant interaction between sampling day and patch
shows that temporal changes in the variable were signifi-
cantly different inside and outside the patch. The absence of
a significant interaction means that the slopes of the
regression of the parameter versus time were the same inside
and outside the patch (Quinn and Keough 2002). All analyses
were conducted by SPSS 12.0.

The results of the ANCOVA, along with the results of
Mann–Whitney U- and two-sample t-tests reported in
A2004 and O2004, are shown in Table 1. In addition, where
appropriate, we performed Mann–Whitney U- or two-
sample t-tests on the same data analyzed by ANCOVA
from all the variables measured, including variables for
which no statistical results were presented in A2004 and
O2004. This latter comparison revealed that there were
several incongruities between the p values presented in
A2004 and O2004, and the p values that we obtained from
our analyses using the same statistical tests as the authors
(Mann–Whitney U- or two-sample t-test; Table 1). On the
basis of the results of Mann–Whitney U-tests, A2004
reported that there were a number of statistically significant
differences in bacterial properties (i.e., bulk and cell-specific
a- and b-glucosidase hydrolysis rates) inside and outside the
patch reported. However, our analyses of the data by Mann–
Whitney U-tests found that these relationships were not
statistically significant (Table 1). These incongruities may be
due to the A2004’s unexplained and selective exclusion of all
data from inside the patch before day 8.
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On the basis of ANCOVA, there were no significant
differences in the temporal changes inside compared with
outside the patch for any bacterial properties during EisenEx
(Table 1). This was in contrast to the results of Mann–
Whitney U-tests (A2004), which showed significantly higher
bulk and cell specific a- and b-glucosidase hydrolysis rates
inside than outside the patch. The results of our analyses
contrast markedly with those of A2004, and we suggest that
the reported significance of the trends in bacterial responses
reported in this paper should be viewed with caution.
ANCOVA results for bacterial properties during SOFeX
were generally similar to those reported by O2004 using two-
sample t-tests. Time-dependent changes in bacterial pro-
duction estimated from leucine (BPLeu; ANCOVA; F1,7 5
9.12, p 5 0.019) and thymidine (BPTdR; ANCOVA; F1,7 5
9.96, p 5 0.016) were significantly different inside and
outside the patch, whereas only BPLeu was significantly
different inside and outside the patch according to the results
of two sample t-tests reported by the authors (Table 1).

For the reasons explained above, we cannot unequivo-
cally attribute the differences in BPLeu and BPTdR to the
effects of iron. Instead, we must indirectly examine the
question of casualty by considering the following in turn:

(1) whether the magnitude of changes in bacterial
properties were ecologically meaningful; (2) whether the
changes observed were in the direction predicted by the
theory; and (3) whether it was likely that the addition of
iron, as opposed to other factors, caused the response
(Carpenter 1993). Although below we address these aspects
separately, their effects are closely interrelated.

First, the approximately threefold increase in bacterial
production observed inside the patch during SOFeX is
similar to the seasonal range in Antarctic waters (Rivkin
1991; Ducklow 1999). This increase in bacterial production
would lead to large changes in ecosystem processes as a result
of increased bacterial carbon demand and remineralization
of biogenic carbon produced in surface waters. Second, if
rates of bacterial production were resource limited (i.e.,
organic or mineral substrates), then we would predict that
the addition of these limiting substrates would increase
bacterial productivity, as was observed during SOFeX.

Third, differences in the temporal patterns of bacterial
production inside compared with outside the patch could
be due to factors unrelated to the addition of iron, such as
differential environmental forcing inside and outside the
patch. To specifically address this, we used ANCOVA to

Table 1. Results of statistical analyses testing for significant differences in the temporal changes in the abundance of cells with high
DNA content (HDNA), total bacterial abundance (BA), production estimated from thymidine (BPTdR) and leucine (BPLeu)
incorporation rates, specific growth rate estimated from the incorporation of thymidine (SGRTdR) and leucine (SGRLeu), bulk and
cell specific activity of bacterial ectoenzymes of a- and b-glucosidase, and aminopeptidase, temperature, and salinity inside and outside
the iron-enriched patches during EisenEx and SOFeX. For EisenEx, ANCOVA and Mann–Whitney U-tests were conducted using the
mean values from the upper 40 m (A2004). For SOFeX, ANCOVA and two-sample t-tests were conducted using the depth integrated
mixed layer values, divided by mixed layer depth (O2004) (see text for details). Where available, p values from Mann–Whitney U- and
two-sample t-tests reported in EisenEx (A2004) and SOFeX (O2004) and from our reanalysis of the data (HR) are presented. An asterisk
(*) indicates where significant differences (a 5 0.05) inside and outside the iron-enriched patch were observed. The sample sizes inside
(nin) and outside (nout) the patch are shown. Dashes indicate where the authors did not report p values. Blank cells indicate that
measurements were not taken.

Parameter

EisenEx SOFeX

nin nout

ANCOVA
Mann–Whitney

U

nin nout

ANCOVA Two-sample t-test

HR A2004 HR HR O2004 HR

F statistic p p p F statistic p p p

HDNA 7 4 F1,7 5 1.66 0.239 .0.05 0.417
BA 7 4 F1,7 5 4.52 0.071 — 0.257 7 4 F1,7 5 1.42 0.272 .0.05 0.336
BPTdR 8 4 F1,8 5 0.04 0.845 .0.05 0.062 7 4 F1,7 5 9.96 0.016* .0.05 0.115
BPLeu 8 4 F1,8 5 0.02 0.893 .0.05 0.497 7 4 F1,7 5 9.12 0.019* 0.028* 0.015*
SGRTdR 7 4 F1,7 5 1.15 0.320 — 0.089 7 4 F1,7 5 1.55 0.253 — 0.422
SGRLeu 7 4 F1,7 5 1.97 0.204 — 1.000 7 4 F1,7 5 1.30 0.292 — 0.016
Bulk a-glucosidase{ 8 5 F1,9 , 0.01 0.987 ,0.05* 0.105 7 4
Bulk b-glucosidase{ 8 5 F1,9 5 0.71 0.421 ,0.05* 0.067 7 4
Bulk

aminopeptidase{
8 5 F1,9 5 1.99 0.192 — 0.005* 7 4

Cell-specific a-
glucosidase{

6 4 F1,6 5 0.21 0.666 ,0.05* 0.394 7 4

Cell-specific b-
glucosidase{

6 4 F1,6 , 0.01 0.948 ,0.05* 0.394 7 4

Cell-specific
aminopeptidase{

6 4 F1,6 5 0.71 0.430 .0.05 0.517 7 4

Temperature 9 5 F1,7 5 0.24 0.637 — 0.162 7 4 F1,5 5 0.17 0.694 — 0.172
Salinity 9 5 F1,10 5 12.76 0.005* — 0.096 7 4 F1,5 5 1.32 0.302 — 0.806

{A2004 excluded data before day 8 from Mann–Whitney U-tests (nin 5 5).
{A2004 excluded data before day 8 from Mann–Whitney U-tests (nin 5 3).
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determine whether there were significant differences in the
temporal changes in selected physical factors (i.e., temper-
ature and salinity) inside and outside the iron-enriched
patches. Mean mixed layer temperature and salinity values
were compiled for days when bacterial variables were
measured. For EisenEx, we obtained data from the
Publishing Network for Geoscientific & Environmental
Data (http://www.pangea.de/). ANCOVA identified a sig-
nificant difference in the temporal change in salinity (F1,10

5 12.76, p 5 0.005), but not temperature, suggesting that
there were potentially different water column structures
inside and outside the patch (Table 1). For SOFeX, data
were extracted from Bishop et al. (2004). ANCOVA
showed no significant differences in the temporal changes
in temperature and salinity inside and outside the patch
(Table 1). Therefore, the increase in bacterial production
inside the iron-enriched patch during SOFeX was probably
due to factors other differences in water column structure
between the two water masses. Although it is attractive to
conclude that differences in bacterial production inside and
outside the patch were directly or indirectly due to the
availability of iron, this is an inferred conclusion and not
made based on statistical analyses of the treatment effects.
Moreover, because insufficient data are available for
dissolved organic carbon or nitrogen, we are unable to
statistically distinguish between potential organic and
mineral limitation of bacterial production in this system.

An appropriately replicated experiment allows the causal
relationship between treatment and effect to be identified
and tested by classical inferential statistics and should be
used whenever possible. However, when designing ecosys-
tem-scale experiments, researchers are often forced to
compromise and sacrifice replication, spatial extent, and/
or duration in order to conduct experiments at scales that
are appropriate for the process being studied (Schindler
1998). Large-scale experiments are necessary to assess
ecosystem responses to perturbations, such as iron (Watson
et al. 1992) or phosphorous enrichment (Thingstad et al.
2005), and replication of experimental units with randomly
assigned treatments is not always possible (Stewart-Oaten
et al. 1992; Carpenter et al. 1998). When replication is not
feasible, future mesoscale enrichment experiments should
use sampling designs and statistical methods, many with
their origins in limnology and coastal ecology, that allow
treatment effects to be assessed. These include time-series
analyses, such as transfer functions (Carpenter 1993),
intervention analysis (Eberhardt and Thomas 1991),
randomized intervention analysis (Carpenter 1993), and
variants of the before-after–control-impact (BACI) design
(Bence et al. 1996; Underwood 1996). For example, in
a before-after–control-impact-pairs design (BACIP), sam-
ples are collected simultaneously on several dates before
and after the perturbation (e.g., the addition of iron to
a patch of water) at both the impact site and a nearby
control site. The samples are paired in that they are
sampled simultaneously (as nearly as possible), and
replication comes from collecting paired samples at
a number of times (dates) both before and after the
perturbation. The difference between the impact and
control sites before the perturbation is taken as an estimate

of the difference between the two sites in the period after
the perturbation if it had not occurred (Stewart-Oaten et al.
1992). Furthermore, if the perturbation itself cannot be
replicated, spatial replication can be achieved by including
multiple control locations in the experimental design
(Underwood 1996). Unfortunately, methods for assessing
the effects of unreplicated perturbations are less well
known to, or appreciated by, oceanographers, and as
a result, many large-scale enrichment experiments, such as
in situ mesoscale iron (summarized by Boyd 2002; de Baar
et al. 2005) and phosphorus (Thingstad et al. 2005)
additions, have been conducted with inadequate attention
to appropriate experimental design or analysis.

Where inferential statistics are applied to data from
nonreplicated experiments, such as in A2004 and O2004, it
is crucial to recognize that significant differences between
treatment groups cannot be unequivocally attributed to the
effect of the treatment. The authors of such papers must do
the following: (1) clearly describe the sampling regime and
the statistical analyses applied to the data, including
justifications of the statistical analyses used and details of
how the assumptions of the tests were validated, and provide
an a priori justification for the exclusion of data from the
analyses; (2) explicitly discuss the limitations of the
experimental design, clearly state the null hypotheses being
tested (i.e., H0: there is no significant difference between
locations, rather than H0: there is no significant treatment
effect), and carefully consider alternative explanations; and
(3) recognize that in the absence of proper randomization,
replication, and interspersion of experimental units, extrap-
olating their results to a wider population of systems is
tenuous. By ignoring the large body of literature on
ecosystem-scale experiments conducted by our colleagues in
limnology and coastal ecology, the oceanographic commu-
nity has been handicapped in the design, execution, and
interpretation of mesoscale nutrient enrichment experiments.

Michelle S. Hale1

Richard B. Rivkin
Ocean Sciences Centre
Memorial University of Newfoundland
St. John’s, Newfoundland and Labrador
Canada
A1C 5S7
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