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Ocean acidification has been identified as a risk to marine ecosystems, and substantial scientific effort has been expended on investigating its effects,
mostly in laboratory manipulation experiments. However, performing these manipulations correctly can be logistically difficult, and correctly
designing experiments is complex, in part because of the rigorous requirements for manipulating and monitoring seawater carbonate chemistry.
To assess the use of appropriate experimental design in ocean acidification research, 465 studies published between 1993 and 2014 were surveyed,
focusing on the methods used to replicate experimental units. The proportion of studies that had interdependent or non-randomly interspersed
treatment replicates, or did not report sufficient methodological details was 95%. Furthermore, 21% of studies did not provide any details of
experimental design, 17% of studies otherwise segregated all the replicates for one treatment in one space, 15% of studies replicated CO2 treatments
in a way that made replicates more interdependent within treatments than between treatments, and 13% of studies did not report if replicates of all
treatments were randomly interspersed. As a consequence, the number of experimental units used per treatment in studies was low (mean ¼ 2.0).
In a comparable analysis, there was a significant decrease in the number of published studies that employed inappropriate chemical methods of
manipulating seawater (i.e. acid–base only additions) from 21 to 3%, following the release of the “Guide to best practices for ocean acidification
research and data reporting” in 2010; however, no such increase in the use of appropriate replication and experimental design was observed after
2010. We provide guidelines on how to design ocean acidification laboratory experiments that incorporate the rigorous requirements for monitor-
ing and measuring carbonate chemistry with a level of replication that increases the chances of accurate detection of biological responses to ocean
acidification.
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Introduction
Ocean acidification is a potential threat to marine ecosystems
through its effect on the physiology and ecology of many marine
species (e.g. Kroeker et al., 2013b). As the research effort being
invested into examining the effects of ocean acidification on
marine systems increases, publications on the topic are increasing
exponentially (Gattuso et al., 2012; Riebesell and Gattuso, 2015).
Experimental manipulations of CO2 concentrations in the field
are difficult, and the number of field studies are limited to a few
locales where high CO2 naturally occurs, or where large scale,

costly, and labour intensive experiments have been employed
(Barry et al., 2010; Gattuso et al., 2014). Consequently, the most

studies are conducted in the laboratory (see reviews by Wernberg

et al., 2012; Kroeker et al., 2013b), where CO2 concentrations can

potentially be controlled and reported accurately, and their effects

isolated from those of other environmental variables. A multidiscip-

linary field of research such as ocean acidification brings together

various research expertise including engineering sophisticated

systems to manipulate and monitor seawater carbonate chemistry,

building systems that can house organisms for long periods, and
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expertise in measuring the appropriate physiological/biogeochem-
ical/ecological responses to ocean acidification. Crucially, if the
field of ocean acidification is to progress, these manipulation experi-
ments need to be performed in such a way that clear conclusions can
be drawn from the results.

One of the major challenges for ocean acidification research is
that seawater carbonate chemistry must be manipulated correctly
in order for experimental treatments to approximately simulate
future high CO2 oceans. Outwardly, this seems rather simple: sea-
water pH is manipulated using CO2 gas or the chemically equivalent
method of HCl and dissolved inorganic carbon (DIC; usually in the
form of NaHCO3 or Na2CO3), in a way that mimics changes in the
future seawater, increasing in CO2 concentrations and declines in
pH. That is, total alkalinity (AT) remains constant and DIC increases
(Rost et al., 2008; Hurd et al., 2009; Gattuso et al., 2010).

Other logistical constraints, however, make ocean acidification
experiments more difficult than those in other related fields of bio-
logical research. Experimental tanks often need to be sealed because
CO2 can degas when exposed to the atmosphere, and the tanks
require sufficient rates of seawater flow-through because the meta-
bolic activity of organisms can modify seawater DIC and AT (Rost
et al., 2008). The constant addition of chemicals (i.e. CO2 or HCl/
DIC) into experimental tanks over long periods of time, without dir-
ectly exposing organisms to un-mixed chemicals and seawater, adds
another aspect of logistic difficulty to ocean acidification research
that is not present in many other manipulation experiments
(Hurd et al., 2009; Riebesell et al., 2010b). Appropriate methods
must also be employed to determine whether the seawater that
organisms are exposed to represents the desired treatments required
for ocean acidification research; at least two components of the
seawater carbonate system must also be measured (pH, AT, DIC,
or pCO2). If pH is used to parametrize the seawater carbonate
system, then it must be measured using spectrophotometers or elec-
trodes calibrated using TRIS buffers, not with electrodes calibrated
using NBS buffers (Dickson et al., 2007; Dickson, 2010). Also, to
eliminate or reduce the chance of experimental artefacts or pre-
existing gradients in other factors influencing treatments differently,
treatments within manipulation experiments must all contain ad-
equate numbers of randomly interspersed and independent treat-
ment replicates (Hurlbert, 1984; Hurlbert and White, 1993; Hurd
et al., 2009; Hurlbert, 2009; Wernberg et al., 2012). To complicate
matters, ocean acidification will not be occurring in isolation, as
other anthropogenic effects such as global warming and localized
altered salinity, nutrients (nitrogen, phosphorous), light regimes,
storm occurrence, and land-born pollutants will be occurring in
synergy (Feely et al., 2004; Boyd, 2011; Ciais et al., 2013). Factorial
designs where CO2 is manipulated in combination with other
factors therefore add further complexity and logistical challenges to
experimental designs (Havenhand et al., 2010; Wernberg et al., 2012).

The inappropriate assignment of experimental units can be a
problem in any form of research, and Hurlbert (1984) defines this
inappropriate assignment of experimental units for a given treat-
ment during statistical analyses as “pseudoreplication”. Hurlbert
defines the appropriate procedures for eliminating the risk of pseu-
doreplication by randomly interspersing replicates of different
treatments with each other, and by removing any interdependence
within replicates from the same treatment, i.e. experimental units
are randomly interspersed replicates of a treatment. These proce-
dures detailed by Hurlbert (1984) will not be repeated here in
detail, but solutions to common problems in ocean acidification
manipulation experiments will be mentioned in Discussion.

Hurlbert (2013a) also defines experimental units as: “the smallest
. . . unit of experimental material to which a single treatment (or
treatment combination) is assigned by the experimenter and is
dealt with independently . . . ”, and defines independent experimen-
tal units as being units assigned to the same treatment that will not be
subject to conditions that are more similar than conditions that are
imposed on units from another treatment, other than the treatment
under investigation (Cox, 1958; Kozlov and Hurlbert, 2006;
Hurlbert, 2013a). The experimental unit can be constrained by
two principles: (i) experimental units within one treatment must
not influence each other more than they influence experimental
units within another treatment and (ii) factors other than the treat-
ment in question (e.g. seawater source, light, etc.) must, on average,
be equal across all treatments (Hurlbert, 2013a). If these principles
are adhered to, it will greatly reduce the risk of non-treatment effects
differentially influencing one treatment and not others; these should
be the basic tenets of experimental design. Regardless of the degree
of precision that the treatment is applied and its effects measured, if
treatment effects are confused with the effects of other factors not
under investigation, then an accurate assessment of the effects of
the treatment cannot be made. Hurlbert and White (1993) further
define three types of pseudoreplication: (i) simple pseudoreplication,
where there is one experimental unit per treatment and multiple indi-
viduals in one experimental unit whose responses to the treatment are
measured (defined by Hurlbert, 2009 as the “evaluation unit”) and
treated as though they are independent experimental units; (ii) tem-
poral pseudoreplication, where multiple measurements are made
though time on the same experimental unit and treated as independ-
ent experimental units of a treatment; (iii) sacrificial pseudoreplica-
tion, where there are multiple experimental units per treatment and
multiple individuals within each experimental unit, but the indivi-
duals are treated as the experimental units during statistical analysis.
These three definitions demonstrate how a misinterpretation as
to what constitutes an experimental unit vs. an “evaluation unit”
could lead to inappropriate design and analysis.

The field of ocean acidification research is rapidly expanding,
and so far the scientific community has revealed information
crucial to understanding its future impacts at an impressive rate un-
precedented in many other fields of research (Riebesell and Gattuso,
2015). However, if the field is to progress, then we need to maximize
the information provided by each future study. The purpose of this
study is not to exhaustively detail how to correctly replicate experi-
ments of all types; these have already been fully explained previously
(Cox, 1958; Hurlbert, 1984; Mead, 1988). Nor is it our goal to under-
mine previously conducted research, which has significantly
advanced understanding of the potential effects of ocean acidifica-
tion on biological systems (Riebesell and Gattuso, 2015). The objec-
tives of this study is to highlight how well the basic principles for
the design and analysis of experiments are followed (e.g. Cox,
1958; Hurlbert, 1984; Mead, 1988; Hurd et al., 2009; Havenhand
et al., 2010; Wernberg et al., 2012), and to highlight how the mis-
treatment of experimental units (not just during statistical analysis)
hinders the ability to accurately predict the effects of ocean acidifi-
cation in certain circumstances. Importantly, it was our goal to
provide solutions to many commonly encountered problems in ex-
perimental design. The appropriate procedures to replicate experi-
mental units in ocean acidification manipulation experiments are
identified, and the prevalence of these appropriate methodological
approaches is quantified. As well as presenting potential pitfalls in
experimental design, a range of solutions to logistical limitations
that are imposed by different CO2-manipulation system designs
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are provided, to increase the inference that can be drawn from future
manipulation experiments.

Methods
To measure the prevalence of different designs in ocean acidification
manipulation experiments, we searched the database Scopus http://
www.scopus.com/ using the term “ocean acidification”. We cross
checked this search with the database used by Kroeker et al. (2013b)
and the ocean acidification blog http://news-oceanacidification-icc.
org/. Four hundred and sixty-five studies published between 1993
and February 2014 were examined, along with any others that came
across our desk thereafter (Supplementary Table SI). Sixty-two of
these studies were also analysed by Wernberg et al. (2012). Studies
were only analysed if they met specific criteria. That is, the studies
had to report: (i) the results of research containing the assessment
of biological responses to experimental manipulations of seawater
CO2; (ii) state that their results were directly applicable to predicting
the impacts of ocean acidification, increases in seawater CO2 concen-
trations predicted for the future, or another analogous term. Studies
that were investigating the impacts of carbon sequestration in the
seabed, and made no mention of future high CO2 seawater, ocean
acidification, etc., were excluded. (iii) They needed to be conducted
for longer than 24 h, in other words, we excluded short-term
“response-assays”. (iv) They had to be published in peer reviewed
journals to be included. We excluded field-based correlative surveys
due to the logistical limitations imposed on them by lack of availabil-
ity of multiple “treatment” sites in some locations, and because treat-
ments were not “manipulated” by the researchers usually. This is not
to say that we viewed these studies as less worthy than laboratory
studies.

After papers were identified that met the above criteria,
their experimental design in respect to replication was examined.
Specific designs were grouped as per the scheme outlined in
Figure 1 in Hurlbert (1984) which we have re-constructed in the
context of ocean acidification research (Figure 1), showing potential
aquaria or “experimental tank” arrays. Hulbert considers designs
whose letters start with an “A” are an appropriate design choice,
while those with “B” are an inappropriate choice. They are A-1 com-
pletely randomized, A-2 randomized block, A-3 systematic, B-1
simple segregation, B-2 clumped segregation, B-3 isolative segrega-
tion, B-4 randomized but with interdependent treatment replicates,
and B-5 no replication. In each study, the number of actual experi-
mental units per treatment was also recorded, rather than those
stated by the authors. In the context of ocean acidification research,
we provide the following examples for each of the B type designs
(Figure 1): (B-1) three different pCO2 treatments are used and
experimental tanks are lined up on a bench in order from lowest
to highest pCO2; (B-2) three different shaker tables are used next
to each other, and each table contains the replicates of only one treat-
ment; (B-3) three different experimental tanks are used, and each
experimental tank contains all the individuals of one treatment
only; (B-4) three different header tanks are used to supply seawater
for an entire experiment, and one header tank provides seawater
for all the replicates of one treatment only; (B-5) one individual
per treatment is placed in one tank, and only one tank is used for
each treatment of an experiment. In all these examples, pre-existing
gradients in other factors or chance events could obscure the effects
of the factor under investigation.

In our survey, we assumed that cylinders/containers of CO2 gas,
HCl, or a form of DIC is not likely to be a source of experimental
artefact. In other words, we considered that using one source of

chemicals to modify carbonate chemistry, and applying it to sea-
water in all elevated CO2 treatments would not result in a lack of in-
dependence, as we considered that the likelihood of a contaminant
such as a type of micro-organism (fungi, bacteria, diatoms, etc.)

Figure 1. Different designs of tank arrays, modified and re-drawn
from Hurlbert (1984) in the context of ocean acidification research.
Different coloured tanks correspond to different CO2 treatments. Design
types preceded with an A are acceptable, while those preceded by a B are
unacceptable ways to replicate experimental units of a treatment
according to Hulbert. (A-1) Completely randomized. (A-2) Randomized
block design. (A-3) Systematic. (B-1) Simple segregation. (B-2) Clumped
segregation. (B-3) Isolative segregation. (B-4) Randomized but all
replicates of one treatment interdependent with themselves more than
other treatments (e.g. one header tank of seawater per treatment). (B-5)
No replication. An example of replicates within treatments that are
interdependent are treatment replicates that all share a common header
tank that is not shared with replicates of other treatments large white
boxes denote tanks of seawater that do not contain the organisms that
are housed. Smaller boxes denote tanks that the organisms are housed in,
with different colours representing different pCO2 levels. n¼ number of
studies using this design type in ocean acidification research. See results
and methods for more details.
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contaminating that container and changing the treatment was ex-
tremely low compared with the likelihood of micro-organisms
living in tanks of seawater. This could be an issue, but was outside
of the bounds of our analysis, as it is difficult to expect studies to
report the number of containers of chemicals used.

The “Guide to Best Practices for Ocean Acidification Research
and Data Reporting” (Dickson, 2010; Gattuso et al., 2010;
Riebesell et al., 2010a) provided rationale and methods detailing
how to manipulate seawater carbonate chemistry in a way that
most accurately mimics the changes predicted for a future ocean,
and guidelines on the appropriate methods to characterize seawater
carbonate chemistry. To determine the impact of this publication on
the frequency of studies that used appropriate methods to manipu-
late and monitor seawater carbonate chemistry, we examined the
same 465 papers to determine if they altered seawater chemistry in
a way that simulates future ocean acidification (using methods
that should increase DIC and keep total alkalinity (AT) constant)
or not (methods resulting in constant DIC and decreased AT). In
other words, we examined whether HCl was used by itself to
reduce seawater pH without the addition of DIC. Two components
of the seawater carbonate system must be measured (pH, AT, DIC,
or pCO2) along with temperature and salinity to appropriately
measure seawater carbonate chemistry, and if pH is measured it
should be measured on the total scale: involving using TRIS buffers
to calibrate electrodes, or using spectrophotometric measurements
(see Dickson et al., 2007; Dickson, 2010 for complete guidelines).
We also recorded the number of papers that measured two or more
of seawater pHT, AT, DIC, or pCO2.

Statistical analysis
We analysed whether or not there was a difference pre- and post-2010
(the year of the publication of The Guide to Best Practices in
Ocean Acidification and Data Reporting) between the proportion
of studies that possibly used inappropriate methods: (i) to manipu-
late seawater carbonate chemistry; (ii) to measure two or more of
pHT, AT, DIC, or pCO2; and (iii) to design/analyse experimental
units. This was done using a z-test to examine differences between
two proportions.

Definitions of tank types
In ocean acidification experiments, different containers (referred to
here as tanks) have different purposes, and for clarity we assign
names to each tank type. All manipulation experiments must have
at least one of these tanks types, but not all laboratory manipulation
experiments will use all types, and designs could incorporate tanks
that have dual purposes. They are as follows: (i) storage tank: loca-
tion where seawater is stored before being altered to create CO2

treatments. (ii) Mixing tank: location where chemicals and seawater
are mixed together to create CO2 treatments before contact with the
study species. (iii) Header tank: location where seawater is stored
after mixing with chemicals, but before exposure to organisms.
(iv) Experimental tank: the putative experimental unit, location
where organisms are housed in the treatment seawater. Note that
these “tanks” may not all be traditional aquaria, but can be any
type of container that stores seawater for any length of time, and
that in some designs storage “tanks” could technically be the ocean
or pipes leading to tanks.

Results
The use of interdependent or non-randomly interspersed treatment
replicates in experimental designs (i.e. B designs) was more

common (173 studies) than the use of independent, randomly inter-
spersed replicates of treatments (i.e. A designs, 28 studies) among
ocean acidification manipulation studies (Figure 2). Note that 20
B-designed studies used random or nested factors in their analysis
to attempt to deal with this type of data, and those without other
design problems were therefore classified as A designs. A further
17 B studies initially also used this approach and dropped the
random effect when it was not significant. The most common
design type was B-3 (isolative segregation—Figure 1). Most
studies that used designs that were classified as B type designs did
so by using one of the following methods: (i) Multiple individuals
were housed within one experimental tank but each individual
was treated as an experimental unit (i.e. B-3 if only one tank per
treatment existed); in this case, the tank itself is the experimental
unit, giving n ¼ 1 in this example. Often the subsampling of indivi-
duals from one replicate container was not mentioned, but then the
degrees of freedom in the statistical analysis were higher than the
number of experimental units per treatment (i.e. experimental
tanks), which occurred in nine studies where the design and
sampling procedures could not otherwise attribute it to another
type of design. (ii) Utilizing one header tank per treatment, then
having the header tank periodically or continuously deliver seawater
to multiple experimental tanks, with no acknowledgment by
the authors that the experimental tanks are interdependent (68
studies; design B-4). Note: it was deemed appropriate if all experi-
mental units of all treatments are supplied with seawater from one
header tank at the beginning of the experiment only. (iii) All repli-
cates of one treatment were grown in one room or water bath, while
the other treatments were housed in different room or water bath
(B-3). There was no difference between the proportion of studies
using appropriate designs before or after 2010 (94.3% in 2010 and
before, 93.7% after 2010; z ¼ 20.25, P ¼ 0.79).

Around half (57%) of the studies did not present sufficient
details on the design type to determine the precise design, and
34% of all studies total did not provide sufficient details to deter-
mine whether it was an “A” type or “B” type design. Using the
limited information that was provided in these studies, it was deter-
mined that 28% of studies were either B-3 or B-4 designs (isolative
segregation or interdependent replicates), while 24% were A-1 to
B-2 designs. In the remainder of cases, insufficient information
was provided to narrow down the design to any definitive type. For
those studies, often there was no mention of replicate numbers,

Figure 2. Proportion of studies that possibly use inappropriate
methods to manipulate seawater CO2 concentrations, to measure the
carbonate chemistry of seawater, or to design their experiments/
miss-assign the experimental unit during statistical analysis. See details
in Introduction for descriptions/references to appropriate vs.
inappropriate methods.

Experimental design in acidification research 575

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/73/3/572/2458712 by Stanford U
niversity Libraries user on 06 February 2022



different tank type numbers, nor how the carbonate chemistry was
modified—beyond mentioning the chemicals used—nor how sea-
water was introduced to the experimental organisms. In many
instances the degrees of freedom were not provided, and in some
cases it is impossible to derive the statistical differences that were
reported by the authors when the true number of experimental
units per treatment was so low (i.e. when n ≤ 2). In other words, indi-
viduals were treated as treatment replicates rather than the experi-
mental units being used as treatment replicates.

Among the 30% of studies (i.e. 180) where we could determine if
treatment replicates were interspersed randomly or not, 36 studies
employed a randomized design, whereas 130 were non-random
and 13 employed no replication of treatments. We could not deter-
mine whether replicates of all treatments were randomly inter-
spersed in 280 studies; this represented the sole problem in 13%
of all studies examined.

Across all studies the number of true experimental units that were
used per treatment was extremely low (mean ¼ 2.00, s.e. ¼ 0.12).
A disparity between the numbers of actual and stated experimental
units per treatment was often caused by studies in which individual
organisms within the same tank were treated as independent repli-
cates of that treatment, or where one room was used per treatment.

The proportion of studies that used recommended methods
to simulate the carbonate chemistry of a future ocean (91%) was
higher than the number of studies that used inappropriate
methods (9%). The use of recommended chemical manipulations
increased significantly over time, with a sharp increase after 2010
(97% correct after 2010, 78% in 2010 and earlier; Figure 2; z ¼
6.5, P , 0.01). The measurement of at least two of pHT, AT, DIC,
or pCO2 occurred in 39% of all studies, and there was an increase
in this proportion after 2010 (29% pre-2010, 45% post-2010:
Figure 2; z ¼ 3.27, P , 0.01).

Discussion
This analysis identified that the most laboratory manipulation
experiments in ocean acidification research used either an inappro-
priate experimental design and/or data analysis, or did not report
these details effectively. Many studies did not report important
methods, such as how treatments were created and the number of
replicates of each treatment. The tendency for the use of inappropri-
ate experimental design also undermines our confidence in accur-
ately predicting the effects of ocean acidification on the biological
responses of marine organisms. There are two contrasting philoso-
phies of interpreting the validity of results with inappropriate design
and analysis problems. These are that (i) any research adds to the
body of literature, increasing our ability to predict the future
effects of ocean acidification. (ii) No value can be taken from such
studies, as potential artefacts could alter results, and there is no
way of ruling such artefacts out often. As per Hulbert’s statement
in the seminal paper (1984), “despite errors of design or statics”
these papers “nevertheless contain useful information”. However,
in cases where there is no way to distinguish the effects of potential
experimental artefacts or gradients in other factors from the effects
of the prescribed treatments (i.e. treatments are completely con-
founded with time, space, or another factor: i.e. one experimental
unit per treatment) then caution should be applied in making
conclusions from results. For studies where treatments are not com-
pletely confounded (i.e. there is more than one true experimental
unit per treatment), but inappropriate analysis has occurred, any
statistical significance of the results that are displayed (or estimates
of effects sizes or something similar) could still overestimate the true

effect size or level of significance. For some studies, re-analysis of the
data using the correct statistical framework would facilitate a more
accurate assessment of the exact magnitude of biological responses
to ocean acidification. However, in some cases, there is no way to
distinguish the effects of potential experimental artefacts, gradients
in other factors, nor variation in time and space, from the effects of
the prescribed treatments. Re-analysis of some of the current litera-
ture, potentially using the existing database on ocean acidification
research (Nisumaa et al., 2010), would greatly aid in assessing the
real biological responses of ocean acidification on marine life and
the extent to which ocean acidification research could be biased
by non-significant trends.

Confusion regarding what constitutes an experimental unit is
evident in ocean acidification research. This is demonstrated by a
large proportion of studies that either treated the responses of indi-
viduals (i.e. the evaluation unit defined by Hurlbert and White,
1993; Hurlbert, 2009 in terms of statistical analysis) to treatments
as experimental units, when multiple individuals were in each
tank, or used tank designs where all experimental tanks of one treat-
ment are more interconnected to each other than experimental
tanks of other treatments (181 studies total). We consider that
this information has not been adequately presented in the context
of ocean acidification research previously, which lies at the core of
the problem. Therefore, a series of potential solutions is presented
to the problems highlighted above for ocean acidification research
in the following section.

Advice for performing manipulation experiments: before
the ocean acidification manipulation system is designed
In experimental systems that are designed to test the effects of ocean
acidification on biological responses of any organism (from bacteria
to fish), a number of independent experimental units are needed. It
is best practice to have as many independent experimental units as
possible to safeguard against confusing non-treatment effects with
treatment effects. Not every experimental tank used needs its own
storage, mixing, and header tank, as on average all experimental
units in one treatment must be equally exposed to the same condi-
tions as all experimental units in another treatment, barring the
actual treatment under examination (Hurlbert, 2013a). However,
not every experimental tank needs to be completely independent
from each other, i.e. every tank does not need an independent
source of seawater running from the sea through to individual
storage tanks, then to individual mixing tanks, then to individual
header tanks, then to the experimental tank. That is why it is
equally valid to (i) mix the seawater of each individual experimental
unit in one mixing tank per unit (Figure 3a and b), (ii) manipulate
the seawater of all experimental units of multiple treatments in one
mixing tank (Figure 3c and d), or (iii) mix the seawater for every
treatment in multiple mixing tanks (Figure 3e) (i.e. in a randomized
block design) as long as this can be taken into account during the
statistical analysis (Hurlbert, 1984). The last example (Figure 3e)
is a block design whereby an equal number of experimental units
from each treatment (but not all experimental units within the ex-
periment) would have their conditions manipulated in the same
mixing tank, ensuring no interdependence replicates of the same
treatment between blocks (Figures 1 and 3e). The same principals
apply to seawater stored for each treatment, where it is equally
valid to use individual storage tanks for each experimental unit
(Figure 3b), to store seawater for every experimental unit in one
storage tank (Figure 3c and d), or equal numbers of experimental
units of every treatment in a block design (Figure 3e). However, it
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is not valid to mix the seawater of all of one treatment’s experimental
units in one mixing tank and all of another treatment’s experimental
units in another mixing tank, and nor is it valid to segregate seawater
of all of one treatment from another in one tank during the mixing
or storage procedure (i.e. Figure 1, B-4).

The simplest way to manipulate seawater carbonate chemistry to
create experimental units that are as independent from each other as
they are from other treatment replicated involves at least two differ-
ent systems of tanks. Several possible methods exist (Figure 3). For
each example, a published CO2-manipulation/housing system that
can easily be replicated is referred to. Each of these designs either
already fulfil these criteria or are so close to that they could be
easily modified to do so by adding one tank or randomly interspers-
ing tanks. The simplest method is to have one mixing tank for each
experimental unit/experimental tank (i.e. multiple mixing tanks),
so that chemicals are added at the beginning of the experiment
from a mixing tank (Figure 3a). Alternatively, this mixing tank
can be removed and chemicals added directly to the seawater
before cultured organisms are added, or pre-mixed CO2 at the ap-
propriate level could be added in a way that does not interfere
with the study organism. This design is appropriate for experiments
that are short term in nature, wherein the organisms do not biologic-
ally modify seawater carbonate chemistry significantly over the
duration of the experiment (e.g. as in Byrne et al., 2009), or where
their biological modification does not affect the study’s hypotheses
(Schulz et al., 2013).

The second simplest method is to add one storage or header tank
per experimental tank to the design (Figure 3b). This is appropriate
for longer experiments that could incorporate flow-through sea-
water and controlled CO2 conditions (e.g. Munday et al., 2009;
Russell et al., 2009). Three more complex methods involve more
complicated designs. A third method is to manipulate a source of
seawater in one mixing tank for all the experimental units of all treat-
ments (i.e. one mixing tank total) then, after manipulation, the
seawater is transferred into separate experimental tanks for each
experimental unit, or it is transferred into one header tank then
subsequently down into the culture tank in a three-tiered system
(Figure 3c). In this example, mixing takes place for one experimental
unit at a time, not all of one treatment at a time, and it is important
that the mixing order of treatments is randomly interspersed. This is
appropriate for an experimental system that delivers seawater semi-
continuously using an automated computer-controlled set-up to
deliver seawater to the header tanks after measurement and modifi-
cation (McGraw et al., 2010; Cornwall et al., 2013), such as when a
spectrophotometer is used to measure pH and control pH, limiting
the number of measurement devices. Another example is if seawater
is manually mixed in one tank for all treatments (i.e. one tank total)
then transferred into header or experimental tanks. Another modi-
fication of this practice is if seawater entering the CO2-manipulation
system is not chemically appropriate for use as controls (i.e. pH is
too low or high) and chemicals need to be added before then
going to another storage or mixing tank. The fourth design is
similar to Figure 3c, where only one storage tank is used, but each
culture tank has its own mixing tank (Figure 3d). This design could
be used where CO2 gas is programmed to flow-through the mixing
tank at a set rate, or continuously using pre-mixed gases (Findlay
et al., 2008; Fangue et al., 2010). The last and most complex design
is a block design where one mixing tank manipulates the seawater
for one experimental unit for all treatments, although data collected

Figure 3. Five tank array types that could be used in ocean acidification
research to create treatments with independent experimental units.
White tanks indicate space where seawater could be stored other than
in experimental tanks. Different coloured experimental tanks
correspond to different CO2 treatments. Half black and white boxes
indicate sources of chemicals. See the text for a discussion.
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using this approach needs to incorporate a blocking factor in the ana-
lysis (Figure 3e). This fifth design is appropriate if faster flow rates of
seawater are used than the design of Figure 3c could permit, for
example if multiple spectrophotometers are used in conjunction
with a computer-controlled system to measure and control incoming
seawater pH. In all these examples, the experimental tank may contain
multiple individuals, and analyses can be done using either a simple
ANOVA applied to tank means or with a nested ANOVA applied to
values for the responses of individual organisms. The decision to
include multiple or single individuals in one tank depends on the hy-
potheses of the study, logistic constraints, and ecological realism.

In addition to independent replication, there must also be a large
enough number of experimental units for sufficient statistical power
to accurately detect differences of interest between treatments, and
these replicate experimental units must be randomly interspersed
when appropriate. The magnitude of the biological response to
OA treatments will be species-specific, and within a species the mea-
sured response metrics (e.g. growth, photosynthesis, respiration, or
calcification rates) will vary among individuals, independent of any
measurement error. It is beyond the scope of this review to recom-
mend the use of statistics that employ hypothesis testing vs. other
types of statistical approaches (for an excellent discussion, see
Ellison et al., 2014) nor to recommend the exact number of experi-
mental units needed for every study; but regardless, the number of
experimental units used per treatment should be .2.5, which was
the mean in 2014.

Randomization is relatively simple to achieve, given that treat-
ments must all equally on average experience the same conditions
other than the treatment ascribed to them, and there are three
choices according to Hurlbert (1984): completely randomized
(A-1), randomized block (A-2), and systematic (A-3; which is not
technically random but still pragmatically achieves an acceptable
design). Regression style designs examining biological responses to
large numbers of CO2 treatments could reduce the need for a larger
number of experimental units per treatment relative to traditional
factorial analysis. Regression style analyses still, however, require a
enough experimental units per treatment so that the variation due
to differences among individual experimental units is lower than
that required to observe any effects of CO2 treatments. Regression
designs also require randomization of treatments. To have spatial
or temporal segregation will confound the effects of treatment and lo-
cation/time. To use an extreme example for the sake of clarity, con-
sider an experiment in which the experimental tanks are placed on
a bench, with CO2 treatments placed from left to right: 200, 400,
600, 800, 1000 ppm pCO2. In this example, it is impossible to use sta-
tistics to differentiate the effects of bench location from the effects of
CO2 treatment. To correctly replicate in this experiment, the experi-
mental tanks would be placed in a random order on the bench.

After the CO2-manipulation system is designed
as B-1 to B-4
In an experimental system where tanks from one treatment are
either spatially segregated or are more interdependent with each
other than with replicates of other treatments, the easiest way to
control for artefacts is to repeat the experiment many times.
Thereafter, the effect of tank identity can be incorporated as a
random factor. This approach is difficult if there is only one experi-
mental or header tank per treatment, as the effects of time will be
difficult to separate from the effects of tank unless a large number
of experimental runs are conducted. In some instances, these pro-
blems can be overcome during statistical analysis if the treatments

are not completely confounded, i.e. if there are multiple header
tanks per treatment and not just one, as was the case in 20 studies
examined. Also, multiple experimental tanks per header tank could
be employed if there are three or more independent header tanks
per treatment, but only as long as header tank is treated as the experi-
mental unit. Likewise, multiple individuals could be housed in the
same experimental tank using the same principles, where tank is
still treated as the experimental unit. This could be a desirable
design where variation in individual responses to a treatment is
known to be high, but logistical restraints prevent the use of more
tanks.

After the experiment is conducted
An experimental culture system can be designed correctly but
still result in an inappropriate manipulation experiment when: (i)
measurements are interdependent through time (i.e. multiple mea-
surements on one experimental unit over time are treated as inde-
pendent measurements) and (ii) multiple measurements are made
on the same experimental unit and are treated as independent mea-
surements at the same time point. Similarly, treating the responses
of multiple individuals within one experimental unit as multiple
experimental units is inappropriate (classed as sacrificial pseudore-
plication by Hurlbert, 1984; Hurlbert and White, 1993).

Conversely, an inappropriate design can be employed, but vari-
ation from non-treatment effects can be controlled for somewhat
by treating these as random factors in the statistical analysis, not treat-
ing all experimental units at different time points as independent
experimental units (classed as temporal pseudoreplication by
Hurlbert, 1984; Hurlbert and White, 1993). Running an analysis
that determines whether there is an effect of time or space (such as
tank identity) on responses then removing this factor from the ana-
lysis if there is no effect is also inappropriate according to Hurlbert
(1984), i.e. sacrificial pseudoreplication (Hurlbert, 1984; Hurlbert
and White, 1993). For time or tank identity, we recommend that
they could be incorporated in the analysis as a random factor, not a
fixedfactor, to incorporatesome source ofvariance fromtankidentity
or time, rather than to increase the degrees of freedom. Another ap-
proach is to determine what the mean change in a measured param-
eter is over time, and treat that mean as the experimental unit, or to
take the mean of the evaluation unit’s response over all repeated mea-
sures. Alternatively, repeated measures within one experimental unit
can be removed by randomly removing data points until only one
measurement per experimental unit remains.

During the review process
Fifty-seven per cent of studies examined did not report in the methods
sufficient detail to assess the experimental design used. Details, such
as the layout and numbers of tanks, are very important in allowing
scientists to compare results of different studies and Table 1 provides
a checklist of essential details that need to be reported in published
ocean acidificationstudies withrespect to replicationand randomiza-
tion. It is useful for publications to include a diagram of the experi-
mental set-up, at least the first time an experimental facility is
described (e.g. see Figure 1 in Asnaghi et al., 2013).

Some studies did not report degrees of freedom adequately. If
the degrees of freedom reported are larger than the total number
of experimental units, then samples have been pooled in an inappro-
priate way. This could lead to reduced P-values (Hurlbert, 2013b).
This could result in inaccurate findings, and because published
experiments are rarely repeated, such spurious or inaccurate
results and the conclusions drawn might direct future research
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erroneously. An accumulation of spurious results may counteract
the ability to accurately predict the effects of ocean acidification
or to detect any true trends in its potential impacts.

When assessing whether a study has used appropriate methods,
it would be pragmatic to determine what was the likelihood that
non-treatment effects could confound treatment effects, rather than
grouping studies into “pseudoreplicated” vs. “non-pseudoreplicated”
categories.Also, studiesemploying inappropriate statistical and design
frameworks may still have important messages to convey. If inappro-
priate methods were inadvertently used, such that replicates of a treat-
ment are not independent, then data can be reanalysed as described
above. However, if this is not possible (i.e. if the resulting degrees of
freedom are too small) then no discussion of differences should be
made, and only trends can be described with strong caveats men-
tioned. It is equally important that studies are not miss-categorized
by reviewers as using inappropriate methods; by applying the princi-
ples discussed here, and in the papers referenced herein, this could be
easier for reviewers to achieve.

Conclusions
This study highlights the need for increased attention to the design,
performance, analysis, and reporting of experimental procedures
used during ocean acidification manipulation experiments. It is en-
couraging that most studies follow the “Guide to Best Practices for
Ocean Acidification Research and Data Reporting (Gattuso et al.,
2010)” for manipulating seawater carbonate chemistry, and that
this is also improving for measurements of seawater carbonate
chemistry; we recommend the same rigour in the use of experimen-
tal units in experimental design is followed to avoid artefacts related
to inappropriate replication and randomization. Ocean acidifica-
tion is a relatively new research field, and if stricter guidelines are
followed in future research, then greater inferences can be taken
from studies, enhancing our ability to accurately predict how
changes in ocean carbonate chemistry will affect species and ecosys-
tems in the future. This paper deals specifically with designing ma-
nipulation experiments that minimize the effects of chance events or
pre-existing gradients in other factors. However, other methodo-
logical considerations also need to be taken into account in ocean
acidification research to improve the information that can be
taken from such studies. Future research would also be improved
if the duration of experiments increased, or if they incorporated
gradual increases in CO2 rather than rapid exposure (Kamenos
et al., 2013; Munday et al., 2013; Munguia and Alenius, 2013;

Gaylord et al., 2015). Future studies should also focus on improving
the environmental realism employed in laboratory experiments, for
example by attempting to simulate environmentally realistic water
motion, and diel cycles in light and pH (when appropriate).
Ideally, this added realism would not be sacrificed in an attempt
to increase the numbers of experimental units, which further high-
lights the complexities faced by future ocean acidification research.

A large number of studies have found that ocean acidification will
likely negatively impact the calcification or growth of calcifying
invertebrates, coccolithophores, calcifying macroalgae, and corals
(Riebesell et al., 2000; Gazeau et al., 2007; Anthony et al., 2008;
Wood et al., 2008; Byrne et al., 2010), and influence the behavioural
traits of invertebrates and fish (Munday et al., 2009; Appelhans et al.,
2012; Nilsson et al., 2012). Subsequent shifts in ecosystem structure
and function are likely to occur due to the direct biological effects on
many ecologically important species (Hall-Spencer et al., 2008;
Fabricius et al., 2011; Kroeker et al., 2013a). Yet, meta-analyses
and reviews of published studies reveal that the effects of ocean acid-
ification are variable, sometimes contrary to the expected outcome,
and that they are species and context dependent, interacting with
changes in other environmental stressors in both synergistic and
additive ways (Fabry et al., 2008; Pörtner, 2008; Hofmann et al.,
2010; Kroeker et al., 2013b). Predicting accurate effects of ocean
acidification on marine organisms will need new meta-analyses
that can accurately re-analyse published results. Examining the
extent to which the inappropriate assignment of experimental
units has influenced our current knowledge base, and other poten-
tial sources of biases (such as the use of HCl without DIC additions),
will involve meta-analyses that incorporate the true variance in
responses of species to ocean acidification from all previously pub-
lished studies. Completing that task then maintaining standards in
the publication of ocean acidification research will enable stronger
and more accurate predictions regarding the state of our future
marine ecosystems. Without the maintenance of standards in
ocean acidification research, there is a risk of collecting an ever in-
creasing number of uninterpretable results (Moran, 2014) and mis-
interpreting likely future outcomes. However, caution must be
applied when classifying research as having used inappropriate
methods when details are incomplete (as in 34% of studies here),
as they could be equally as sound as those with complete methods
(Munday et al., 2014). We strongly recommend that future research
report sufficient details so that their methods are clear and repeat-
able. Our ability to more accurately predict the magnitude and
context of the effects of ocean acidification rely on continuing to
improve best practices in both experimental design, and the meas-
urement and manipulation of seawater carbonate chemistry.

Supplementary material
Supplementary Material is available at ICESJMS online.
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