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ABSTRACT: A natural planktonic community was incubated for 2 wk to study its response to different levels of pH, ranging from 8 to 9.5. A general increase in phytoplankton biomass was observed
over time in the pH 8 to 9 incubations. In the pH 9.5 incubation, the phytoplankton biomass
decreased close to detection limit during the first week; however, at the termination of the experiment, the initial biomass level was regained. In the pH 8 and 8.5 incubations, the diatoms Cerataulina
pelagica, Cylindrotheca closterium and Leptocylindrus minimus became numerous, whereas in the
pH 9 and 9.5 incubations, C. closterium solely made up the diatom biomass at the termination of the
experiment. Photosynthetic dinoflagellates of the genus Ceratium, which were initially abundant, did
not grow well in any of the incubations, probably due to the low nutrient concentrations. The protozooplankton biomass increased over time in the pH 8 to 9 incubations. In the pH 9.5 incubation, the
protozooplankton biomass decreased close to detection limit during the first 3 d of the experiment
and stayed at that level until the termination of the experiment. The biomass increase found in the
pH 8 to 9 incubations was due to an increase in the number of ciliates, because the heterotrophic
dinoflagellate number remained almost constant. Most protozooplankton species incubated at pH 9.5
died; however, the ciliate Myrionecta rubra survived at almost the same cell number as in the lower
pH incubations. Overall a species succession occurred among both phototrophic and heterotrophic
protists when pH approached 9. In the pH 9.5 incubation, the number of different protist taxa was
reduced from 34 at the start of the experiment to 10 at the termination of the experiment. In conclusion, our study indicates that elevated pH (> 9) in nature will affect the entire plankton community
mainly by reducing the species richness and by favouring algal blooms due to loss of grazing.
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closterium · Copepods
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Marine waters have traditionally been considered a
pH-stable environment with a pH value of 8 ± 0.5, due
to the high buffer capacity found here (e.g. Hinga
1992, 2002). This point of view is exemplified by a
quote from Barker (1935b) who wrote: ‘Dinoflagellates
are by no means as sensitive to small changes in pH as
expected for organisms accustomed to such constant
an environment as the ocean’. Consequently, effects of
high pH on marine planktonic protists are not well documented; especially studies of the effects of high pH on
heterotrophic protists are sparse. This is in contrast
to freshwater ecology where the influence of pH as a

forcing factor has been considered for decades. Models
for estimating lake pH on the basis of the pH optima of
the diatom species present in the lake even have been
made (ter Braak & van Dam 1989).
The view of the marine environment as constant with
respect to pH fluctuations has changed recently. This is
mainly due to the anthropogenic nutrient enrichment
of many coastal areas, causing phytoplankton blooms,
and thereby high pH values in places like bays,
lagoons, salt ponds and tidal pools (e.g. Droop 1959,
Santhanam 1994, Macedo et al. 2001). The bestinvestigated location in Denmark where high pH is
found is Mariager Fjord. During the last 10 yr, the average pH value during summers has been 8.8, but during
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calm sunny periods, pH values up to 9.75 have been
measured (Hansen 2002). However, equivalent values
have been recorded in marine pools and smaller increases in pH have been measured in the surface
waters of the North Sea, where during a Phaeocystis
bloom pH increased from 7.9 to 8.7 (Brussaard et al.
1996). The duration of elevated pH is quite variable; in
a Portuguese coastal lagoon, pH values above 8.5 are
found all year round, whereas in rock pools and sediments, the pH can increase to 10, but only lasts for days
or hours (Gnaiger et al. 1978, Macedo et al. 2001).
An increase in pH in the marine environment, as in
freshwater, is expected to cause a change in the planktonic protist composition. The most common marine
phytoplankton species found to co-occur with high pH
in nature are the dinoflagellates Heterocapsa triquetra, Prorocentrum minimum and P. micans, and the
diatom Skeletonema costatum (Macedo et al. 2001,
Hansen 2002). However, many different taxa of marine
phytoplankton are found to grow at high pH. Growth
experiments with monocultures in the laboratory have
shown that some cryptophytes, diatoms, dinoflagellates and prymnesiophyte species can grow at pH
above 9, and a few species even above pH 10 (Goldman et al. 1982, Nimer et al. 1994, Elzenga et al. 2000,
Schmidt & Hansen 2001, Hansen 2002).
The knowledge of how heterotrophic organisms
respond to high pH is very sparse. While nothing is
known about how copepods are affected by high pH,
we have some knowledge of the response of protozooplankton to high pH. Droop (1959) found that the
heterotrophic dinoflagellate Oxyrrhis marina is highly
pH-tolerant. (Pedersen & Hansen 2003, this issue)
studied the effect of high pH on 4 ciliates and 2 heterotrophic dinoflagellates in laboratory cultures, and
found that while some species are highly pH-tolerant,
others are quite sensitive to elevated pH and cannot
survive at pH exceeding 8.9.
Due to this very limited knowledge of the effects of
high pH on the marine plankton organisms, the aim of
this paper was to monitor the response of a natural
planktonic community (>15 µm) to different levels of
pH, thereby evaluating the effect of high pH on the
species succession and diversity of both phototrophic
and heterotrophic protists. Because nutrient limitation
may affect the succession of protists, this was also
taken into account.

MATERIALS AND METHODS
Water samples were collected from the pycnocline
(water depth of 20 m) at a station located in the Øresund, Denmark, on August 25, 2000. The water (salinity
22 psu) was collected using a Niskin water sampler, im-

mediately filtered through a 160 µm filter to remove
large zooplankters and stored in a 25 l container. The
container was brought back to the laboratory and the
water was poured into 4 clear 2.8 l Nalgene® bottles
(#1 to 4). The pH was elevated from the original 7.95 to
8.0 (#1), 8.5 (#2), 9.0 (#3) and 9.5 (#4) by addition of 0.1
and 1 M NaOH. For pH measurements, a Sentron®
2001 pH meter with a Red Line electrode, sensitivity
0.01, and a 2 point calibration was used. To minimise
the shock effects of high pH, the pH was raised by levels of 0.5 units at 12 h intervals until the final value was
reached. The bottles were mounted on a plankton
wheel (1 rpm) and incubated for 14 d at 15 ± 1°C on a
16:8 h light:dark cycle at an irradiance of 50 µE m–2 s–1.
The first sampling was carried out after 24 h; subsequent samplings were done every second or third day
during the next 14 d.
At each sampling occasion, the temperature and pH
were monitored and the pH adjusted. A total water
volume of 300 ml was removed; the water was used for
nutrient (3 × 30 ml) and chlorophyll a analyses (chl a;
65 to 95 ml) as well as enumeration and identification
of protists and copepods (105 to 135 ml was fixed in
acidic Lugol’s iodine [final concentration 1%] and kept
in the dark and cold until examination). After sampling, the bottles were refilled with GF/C-filtered
seawater (taken at the same location and time as the
experimental water) and adjusted to the given pH,
within pH 0.01 of the given value, before they were
remounted on the plankton wheel.
Inorganic nutrients (NO3–, NO2–, NH4+, PO42 –, SiO4–)
were analysed at the National Environmental Research
Institute, Roskilde, Denmark (Grasshoff 1976). Chl a
was measured in triplicate by filtration of 20 to 30 ml
samples onto GF/C filters immediately after sampling.
Filters were then extracted in 96% ethanol in the
freezer overnight, and the next day centrifuged at
1000 × g for 5 min before the fluorescence of the
supernatant was measured with a Turner‚ TD-700
Laboratory Fluorometer.
Lugol-fixed samples for enumeration of protists
were, depending on cell concentrations, poured in
triplicates into 10 or 25 ml sedimentation chambers.
The dominant taxa (species or groups of species)
were identified and enumerated using an inverted
Olympus® microscope at a magnification of 100 to
400 ×, thereby focussing on protists >15 µm. Diatoms,
dinoflagellates and ciliates dominated the samples and
were identified using Dodge (1985), Hansen & Larsen
(1992), Tomas (1996) and Song et al. (1999). Diatoms
and dinoflagellates that have chloroplasts of their own
were grouped as ‘phytoplankton’. Ciliates and dinoflagellates that do not have their own chloroplasts
were grouped as ‘protozooplankton’, even though
some of them may contain functional chloroplasts.
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The dimensions of 10 cells of each taxa were measured and cell volumes were estimated from linear
dimensions using simple volumetric formulae. Cellular
carbon content was then calculated using the following
equations (Menden-Deuer & Lessard 2000) where V is
the cell volume:
Dinoflagellates: pg C cell–1 = 0.760 × V 0.819
Diatoms > 3000 µm3: pg C cell–1 = 0.288 × V 0.811
Other protists: pg C cell–1 = 0.216 × V 0.939
Although the water was pre-screened through a
plankton net (mesh size 160 µm), some developmental
stages of small copepods passed the filter. To evaluate
their grazing impact on the protist community, the
copepods were identified to species and developmental stage to estimate the clearance rate on potential
prey examined in this paper. Enumeration and identification of copepods in some of the Lugol-fixed samples was conducted using a dissection microscope. The
prosome length of each species was used for identification of the developmental stages. The maximum clearance was estimated for copepods using the equations
given in Hansen et al. 1997 and taking size into consideration.

RESULTS
pH and inorganic nutrients
The pH of natural seawater samples was adjusted to
pH 8, 8.5, 9 and 9.5 respectively, and kept stable by
adjustments at each sampling occasion (Fig. 1). The
incubations with pH levels between 8 and 9 showed a
maximum reduction of 0.1 pH units between sampling
days. In the pH 9.5 treatment, however, a reduction
of 0.2 pH units occurred between samplings, with
1 exception at Day 7, where the reduction was 0.5 pH
units. The nutrient concentrations of NH4+, NO3–,
NO2– and PO42 – (Fig. 2) remained at the initial level in
the pH 8 to 9 incubations, with a slight decrease
towards the end of the experiment. However, while
the pH 9.5 incubation experienced an increase in
inorganic nutrients from the start of the experiment to
the end, an exception was found for PO42 –, which
decreased to the detection limit after Day 3. The concentration of SiO4– in the pH 8 and 8.5 incubations
remained at a concentration of 2 to 6 µM throughout
the duration of the experiment (Fig. 2). In the pH 9
incubation, the SiO4– concentration increased to a
maximum of 12.5 µM at Day 7, whereafter it
decreased to reach 9 µM at Day 14. In the pH 9.5
incubation, the SiO4– kept increasing throughout the
experiment to reach a maximum concentration of
31 µM at Day 14.

Fig. 1. pH fluctuations in the experimental bottles during the
2 wk incubations. (y) pH 8.0; (j) pH 8.5; (S) pH 9.0; (m) pH
9.5. pH was adjusted at each sampling date to keep the
pH constant

The planktonic community
Phytoplankton
The phytoplankton community was quantified in
bulk using both chl a measurements and direct cell
counts. The initial chl a concentration was 2.4 µg l–1 in
all treatments (Fig. 3A). In the pH 8 to 9 incubations,
the chl a concentration increased 2- to 3-fold during
the first 10 d. During the next 4 d, the chl a concentration stabilised in the pH 8 and 8.5 incubations, whereas
the pH 9 incubation experienced a further 3-fold
increase. In the pH 9.5 incubation, the chl a concentration declined more than 90% from Day 0 to 7. However, at the termination of the experiment, the initial
chl a concentration was almost regained.
The phytoplankton biomass (estimated from direct
counts) was initially 53 µg C l–1 (Fig. 3B). A general
increase in biomass was observed in the pH 8 and
8.5 incubations, increasing 3- and 14-fold, respectively. In the pH 9 incubation, no increase was observed during the first week; however, during the last
week, the biomass increased to reach the same level as
found in the pH 8.5 incubation. Unlike the other incubations, a significant decrease was observed in the
pH 9.5 incubation during the first week. However, during the following week an increase to almost the initial
biomass occurred.
The focus of the phytoplankton group was on
diatoms and dinoflagellates because they were the
most dominant classes in the present experiment
(Fig. 3C,D). At the start of the incubations, the dinoflagellates dominated the phytoplankton community.
However, during the 2 wk incubation, the relative
importance of diatoms increased at all pH levels and
they became dominant. At pH 8 and 8.5, the diatoms
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Fig. 2. Fluctuations in nutrient
concentrations measured during
the 2 wk experimental period.
(A) NH4+, (B) SiO4–, (C) NO3– +
NO2–, (D) PO42 –. (y) pH 8.0; (j) pH
8.5; (S) pH 9.0; (m) pH 9.5.
Symbols represent means of triplicates ± SE

Fig. 3. Phytoplankton concentrations in the 4 incubations
during the 2 wk experimental
period. (A) Chlorophyll a,
(B) phytoplankton biomass
(µg C l–1), (C) diatom biomass,
(D) phototrophic dinoflagellate biomass. (y) pH 8.0;
(j) pH 8.5; (S) pH 9.0; (m) pH
9.5. Symbols represent means
of triplicates ± SE
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grew throughout the duration of the experiment,
whereas the dinoflagellates only grew for the first 3 d.
At higher pH, the biomass of both diatoms and dinoflagellates either remained constant or declined during
the first week of the incubation, and only growth of
diatoms was observed during the second week of the
incubations.
The succession among the species within the studied
phytoplankton groups varied according to the pH level
(Figs. 4 & 5). The 2 lowest pH incubations, pH 8 and
8.5, experienced almost no succession among species.
Here, all the identified species were present throughout the experimental period.
In the pH 9.5 incubation, a pronounced succession of
species occurred during the incubation period. At the
end of the experiment, Cylindrotheca closterium was
the only species among the diatoms that thrived. Its
growth rate at pH 9.5 was similar to the growth rates
obtained in the lower pH incubations (Fig. 4, Table 1).
Among the dinoflagellates, Prorocentrum micans, P.
minimum and Heterocapsa triquetra all survived at
pH 9.5, whereas the initial dominant species, Ceratium
furca, C. fusus and C. tripos, died out (Fig. 5).
In the pH 9 incubation, the succession of species was
less pronounced, and only a few species died out. It
was interesting to note however that some species
apparently grew faster in the pH 9 incubation compared to in the incubations at lower pH (Figs. 4 & 5).

Protozooplankton
At the start of the experiment, the protozooplankton
biomass was 20 µg C l–1 in all incubations (Fig. 6A). In
the pH 8, 8.5 and 9 incubations, a general increase in
biomass was found over time. An 8-fold increase in
biomass was observed at the termination of the experiment in the pH 8 and 9 incubations, whereas only a
3-fold increase in biomass was found in the pH 8.5
incubation. In the pH 9.5 incubation, the biomass
decreased about 5-fold during the first 3 d and stayed
at that level until the termination of the experiment.
The increase in biomass in the pH 8, 8.5 and 9 incubations was mainly caused by ciliates, because the
heterotrophic dinoflagellates were found to be relatively constant throughout the experiment. In the
pH 9.5 incubation, both ciliates and heterotrophic
dinoflagellates declined in biomass throughout the
duration of the experiment (Fig. 6B,C).
The succession among the species within the studied
protozooplankton groups varied according to the pH
level (Figs. 7 & 8). The 2 lowest pH incubations, pH 8
and 8.5, experienced almost no succession among
species. Here, all the identified species were present
throughout the experimental period. In the pH 9.5

Fig. 4. Cell concentration of some selected diatoms in the 4 incubations during the 2 wk experimental period. (A) Cylindrotheca closterium, (B) Cerataulina pelagica, (C) Leptocylindrus minimus. (y) pH 8.0; (j) pH 8.5; (S) pH 9.0; (m) pH 9.5.
Symbols represent means of triplicates ± SE

incubation, some species died out, whereas the remaining species were alive at the termination of the
experiment. However, unlike in the case of the phytoplankton, none of the protozooplankton species took
over.
In the pH 9 incubation, the succession of species was
less pronounced, and only a few species died out
(Figs. 7 & 8). It was interesting to note however that
some ciliate species apparently grew faster in the pH 9
incubation compared to in the incubations at lower pH.

24

Mar Ecol Prog Ser 260: 19–31, 2003

Fig. 5. Cell concentrations of selected phototrophic dinoflagellates in the 4 incubations during the 2 wk experimental period.
(A) Prorocentrum micans, (B) P. minimum, (C) Heterocapsa triquetra, (D) Ceratium tripos, (E) Ceratium furca, (F) C. fusus.
(y) pH 8.0; (j) pH 8.5; (S) pH 9.0; (m) pH 9.5. Symbols represent means of triplicates ± SE

Copepods
In terms of numbers, the copepod community in the
incubations consisted mainly of small Oithona spp.
and only a few much larger copepods of the genera
Pseudo-/Paracalanus spp. were found in the sample
volumes studied. At the initiation of the experiment, a
concentration of 84 copepods per litre were found,
including all developmental stages. In the pH 8 incubation, the number of copepods increased slightly
during the experimental period, whereas a slight
decrease was found at pH 8.5. No copepods were
found in the pH 9 and 9.5 incubations after Days 5
and 0, respectively (data not shown). Thus, the aver-

Table 1. Cylindrotheca closterium. Growth rate (d–1) for the
incubations pH 8.0, 8.5, 9.0 and 9.5
pH
Days 0 to 7
8.0
8.5
9.0
9.5

0.54 ± 0.07
0.62 ± 0.09
0.65 ± 0.07
0.48 ± 0.06

Growth rate (d–1)
Days 7 to 14
0.53 ± 0.05
0.56 ± 0.003
0.97 ± 0.04
0.93 ± 0.04

Days 0 to 14
0.54 ± 0.05
0.56 ± 0.04
0.81 ± 0.02
0.70 ± 0.05

age length and total calculated biomass increased
over time only in the pH 8 and 8.5 incubations (Figs. 9
& 10).
The calculated maximum clearance for the pH 8 and
8.5 incubations revealed that about 6% of the water
was cleared daily at the start of the experiment. Considerable variation in calculated clearance was found
and no consistent increase was observed during the
experiment, probably due to the small sample sizes
used. However, taking all data on clearance from the
pH 8 and 8.5 incubations into consideration, the maximum and the average rate corresponded to a removal
of 38 and 10% of the prey populations per day,
respectively (Table 2).

DISCUSSION
How did elevated pH affect the phytoplankton
community?
The phytoplankton communities incubated at pH 9
and 9.5 clearly developed differently from those
incubated at pH 8 and 8.5, with the most pronounced
differences found at pH 9.5 (Fig. 3). In the pH 9.5 incu-
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bation, a 75% decline in total phytoplankton biomass
occurred during the first week. However, the effect
was only transient, because the phytoplankton biomass increased again during the second week of incubation to 2/3 of the initial phytoplankton biomass. The
reason for this reduction in biomass was that some species declined in numbers or totally disappeared (Figs. 4
& 5). This resulted in a decline in the total number of
algal taxa from 21 at the start of the experiment to a
total of only 5 at the termination of the experiment,
with only 1 species making up for 70% of the algal
biomass (Figs. 3,, 4 & 11).
How do these results compare with laboratory data
on single species? In a recent review, Hansen (2002)
found that in laboratory cultures, only 7 out of a total of
35 phytoplankton species were able to grow at pH
exceeding 9.5. Among species that had the capability
of growing at high pH were the dinoflagellates Prorocentrum minimum and P. micans, which also were
some of the ones growing in the pH 9.5 incubation in
the present experiment. Likewise, some of the species
which during the incubation period disappeared or
decreased in numbers in the pH 9 and 9.5 incubations
have been reported to be unable to grow at this high
pH. This is for instance the case for Ceratium tripos
and C. lineatum, which are known for their sensitivity
to high pH, being unable to grow at pH 8.4 and 8.7,
respectively. The diatom Cylindrotheca closterium was
the only species found to obtain a high growth rate in
the pH 9.5 incubation (Fig. 4, Table 1). This diatom is
known as a highly pH-tolerant species, which is able to
sustain maximum growth up to pH 9.2 in laboratory
cultures (Barker 1935a, Grant et al. 1967, Humphrey &
Subba Rao 1967). Thus, in conclusion, there is good
accordance between the observations made in the present study and the literature found on laboratory experiments concerning pH tolerances of phytoplankton.

How did elevated pH affect the heterotrophic
community?
Elevated pH had a marked effect on both the protozooplankton and the copepod community. In the pH 9
and 9.5 incubations, the development in terms of both
biomass and species composition differed from the
lower pH incubations. Many protozooplankton survived
and even grew in the pH 9 incubation, whereas only a
few species survived the 2 wk exposure to pH 9.5
(Figs. 6 & 9). None of the copepod species was found to
survive in the pH 9 and 9.5 incubations for more than
5 and 1 d, respectively, indicating that copepods are
more sensitive to high pH than protozooplankton.
Our knowledge of how elevated pH affects the
growth and survival of marine protozooplankton and

Fig. 6. Concentrations of protozooplankton in the 4 incubations during the 2 wk experimental period. (A) Total protozooplankton biomass, (B) ciliate biomass, (C) heterotrophic
dinoflagellates biomass. (y) pH 8.0; (j) pH 8.5; (S) pH 9.0;
(m) pH 9.5. Symbols represent means of triplicates ± SE

copepods is limited to a couple of laboratory studies on
heterotrophic dinoflagellates and ciliates (Droop 1959,
Pedersen & Hansen 2003). In these studies, it was
found that the heterotrophic dinoflagellate Oxyrrhis
marina and the prostomatid ciliate Balanion comatum
both were able to grow quite fast at a pH above 9.5,
whereas the dinoflagellates Gyrodinium dominans and
the ciliates Rimostrombidium caudatum, R. veniliae
and Favella ehrenbergii had pH growth limits ranging
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from 8.8 to 9.3. When these organisms were exposed to
higher pH, they died out. Thus, the data we obtained
from the incubation of field samples are not in conflict
with the laboratory results and they point to the fact
that elevated pH may cause species succession among
heterotrophic organisms. The fact that we did not find
any protozooplankton or copepod species that could
respond to the increase in algal biomass in the pH 9.5
incubation suggests that high pH may result in a
reduction of the total grazing pressure on the natural
phytoplankton community.

Nutrient limitation and grazing effects
The growth of the large-celled phototrophic dinoflagellates (e.g. Ceratium spp.) stopped after 3 d of
incubation in the pH 8 and 8.5 experiments, whereas
small-celled phototrophic dinoflagellates and diatoms
were able to grow throughout the experiment (Fig. 5).
Thus, these large dinoflagellates were either subjected to a heavy grazing pressure or became nutrientlimited. Substantial grazing by the dominating copepods (cyclopoids) and ciliates on Ceratium spp. seems
unlikely, simply because they cannot handle them
(Hansen et al. 1994, Nielsen & Kiørboe 1994). In the
present study, the only potential grazers on the Ceratium spp. were the heterotrophic dinoflagellates,

especially the Protoperidinium spp. (Hansen 1991,
Buskey 1997, Naustvoll 2000), but their growth also
stopped in the pH 8 and 8.5 experiments after 3 d of
incubation, indicating a very limited grazing pressure
(Fig. 8).
The initial concentrations of inorganic nitrogen and
phosphorus in the water in the present experiments
were quite low, but close to Redfield’s ratio of N:P 16:1.
At the end of the experiments, this ratio had changed
towards a ratio of 5:1 in the pH 8 to 9 incubations, suggesting an inorganic nitrogen limitation. It is well
known that smaller cells have lower half-saturation
constants for nutrient uptake of inorganic nitrogen
than large cells (e.g. Hein et al. 1995). This indicates
that the most likely explanation for the lack of growth
of Ceratium spp. was nutrient limitation, and that
this apparently also affected their predators (see Lynn
et al. 2000).
The pH 9.5 incubation differed in respect to inorganic
nutrient concentration from the other incubations
(Fig. 2). At the end of the experiment, the NH4+ concentration had increased 2- to 3-fold, whereas the phosphate concentration had decreased to almost detection
level. The reason for the rapid increase in NH4+ is
undoubtedly due to a quick remineralisation of dead
organisms, whereas the decrease in inorganic phosphorus is due to the much lower solubility of inorganic
phosphorus at very high pH (Otsuki & Wetzel 1972,

Fig. 7. Cell concentrations of selected
ciliates in the 4 incubations during the
2 wk experimental period. (A) Strombidium/Strobilidium spp. < 25 µm,
(B) Strombidium/Strobilidium spp.
> 50 µm, (C) Strombidium/Strobilidium spp. 25 to 50 µm, (D) Mesodinium pulex, (E) Myrionecta rubra.
(y) pH 8.0; (j) pH 8.5; (S) pH 9.0;
(m) pH 9.5. Symbols represent means
of triplicates ± SE
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Kümmel 1981). This resulted in a potential phosphorus
limitation of the phototrophic organisms, which may
have affected the species composition. However, it is
noteworthy that the growth rate of Cylindrotheca
closterium was similar or even higher in the pH 9.5 incubation compared to the rates found in lower pH incubations (Table 1). In fact, the highest growth rate of this
diatom was found in the second week in the pH 9.5

Fig. 8. Cell concentrations of selected heterotrophic dinoflagellates in the 4 incubations during the 2 wk experimental period. (A) Protoperidinium divergens, (B) P. pellucidum,
(C) Katodinium glaucum. (y) pH 8.0; (j) pH 8.5; (S) pH 9.0;
(m) pH 9.5. Symbols represent means of triplicates ± SE

Fig. 9. Biomass of copepods (Oithona and Pseudo-/Paracalanus) in the 4 incubations during the 2 wk experimental
period. (A) pH 8.0, (B) pH 8.5, (C) pH 9.0, (D) pH 9.5
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Fig. 10. Average size of the copepod Oithona in the 4 incubations during the 2 wk experimental period. (A) pH 8.0,
(B) pH 8.5. Symbols represent means ± SE

incubation, where the phosphorus limitation should
also have been the strongest (Fig. 2).
The silicate concentration was constant in the pH 8
and 8.5 incubations throughout the duration of the experiment, and thus silicate does not seem to be limiting
in these incubations (Fig. 2B). Dramatic increases in
silicate concentration were however observed in the
pH 9 and 9.5 incubations mainly during the first 3 d of
the experiment. The largest increase in silicate concentration was found in the pH 9.5 incubation, which
reached a concentration of ~30 µM silicate at the termination of the incubation. This concentration is ~3 times
higher than the maximum concentration of silicate typ-

ically found in the spring before the diatom bloom has
started (Richardson & Christoffersen 1991). The largest
pH adjustments were done in the pH 9 and 9.5 incubations, both at the initiation and during the experiment.
It is therefore likely that we have added silicate along
with the addition of NaOH, because the NaOH solution
was stored in glass bottles and it is well known that
silicate is highly soluble at high pH. The silicate concentration in the pH 9.5 incubation was, however, still
much lower than what typically is added to ordinary
algal growth media, like the f/2 medium (final concentration 100 to 200 µM; Guillard 1972). Thus, it does not
seem likely that these high silicate concentrations
should have had any negative impact on the algal
species composition in the pH 9 and 9.5 incubations.
The pH-tolerant species (Prorocentrum micans, P.
minimum, Heterocapsa triquetra and Cylindrotheca
closterium) did better in terms of growth in the pH 9
incubation compared to the lower pH incubations
(Figs. 4A & 5A,B,C). This is in contrast to laboratory
studies, which indicate that the growth rates of these
species are reduced at pH 9 compared to at pH 8
(Schmidt & Hansen 2001, Hansen 2002). Thus, the reason for the better growth of these species in the pH 9
could instead be reduced grazing.
Among the potential grazers, only ciliates and copepods occur in such numbers that they potentially may
play a role as grazers on the 4 pH-tolerant species. Significant predation due to the ciliates can however be
ruled out. First, none of them can ingest the long
diatom Cylindrotheca closterium, and only the large
(> 50 µm) ciliates can ingest dinoflagellates as large
as Heterocapsa triquetra and Prorocentrum minimum
(e.g. Hansen et al. 1994). Second, the number of the

Table 2. Estimated copepod clearance in percent of the total
water volume per day for the incubations pH 8.0, 8.5, 9.0
and 9.5
pH

8.0
8.5
9.0
9.5

Water volume cleared by the copepod community
Day 0
Day 5
Day 10
Day 12
5.8
5.8
5.8
5.8

1.2
9.6
0.5
0.0

6.1
13.0
0.0
0.0

37.9
2.3
0.0
0.0

Fig. 11. Number of taxa (species or size groups) found at
Day 14 in concentrations > 0.1 cells ml–1
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large ciliates was actually highest in the pH 9 incubation, compared to the incubations at lower pH, and
thus the grazing loss due to these ciliates should have
been the largest in the pH 9 incubation (Fig. 7).
The dominant copepods (cyclopids) found in the
incubations have the potential to feed on all the pHtolerant phytoplankton (Hansen et al. 1994, Nielsen &
Kiørboe 1994). Therefore, a significant grazing impact
by the copepods on these algal populations may have
occurred in the pH 8 and 8.5 incubations. Our estimates suggest that the copepods may have been able
to remove about 10% of the standing phytoplankton
stock per day (Table 2). Thus, the loss of grazing by
copepods in the pH 9 incubation is a likely explanation
for the observed better net growth of the pH-dominant
phytoplankton, but the remineralisation of dying pHsensitive phytoplankton has probably also contributed.
Copepods including cyclopoids can also easily feed
on ciliates (Stoecker & Capuzzo 1990, Nielsen &
Sabatini 1996, Nakamura & Turner 1997), and thus it
is highly likely that the better net growth of ciliates
at pH 9 can be explained, at least partly, by copepod
grazing on the ciliates in the pH 8 and 8.5 incubations
(Table 2). However, we did not count the small-sized
protists (<10 µm), which are the preferred prey for
most planktonic ciliates (Jonsson 1986, Fenchel 1987).
Thus, the better growth of ciliates in the pH 9 incubation could also have been due to either increased
prey concentration or to a shift in prey species
composition.

Possible effects of elevated pH on natural ecosystems
Our results demonstrate that the exposure of a natural plankton community to high pH for extended
periods of time (several days to weeks) will result in a
significant decrease in species richness of both phototrophic and heterotrophic organisms. At present, we
can say only little about how short-term (hours) pH
changes may affect species composition of marine
planktonic ecosystems. At pH below 8.5, short-term
pH changes will not have any effects. However, the
exposure to very high pH (9 to 9.5) may kill some protozooplankton and copepod species within 24 h (present study, Pedersen & Hansen 2003).
In our experiments, Cylindrotheca closterium became the dominant phytoplankton species. However,
in nature, it is rarely diatoms but more often dinoflagellates which tend to dominate during periods of
high pH (Yoo 1991, Hinga 1992, Macedo et al. 2001,
Olesen 2001, Hansen 2002). An explanation for the different succession pattern found in nature and in the
present experiments could be that most dinoflagellate
blooms occur during calm sunny weather conditions
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(Taylor & Pollingher 1987). Under such conditions,
diatoms will sink out as a consequence of their lack
of motility. In our experiments, however, the algal
population was kept suspended allowing the growth
of diatoms.
Our results also indicate that the copepod community and a great deal of the protozooplankton community are killed when pH approaches 9, suggesting at
least a temporal release of grazing pressure on the
phytoplankton. Thus, a release of grazing pressure on
the phytoplankton will potentially allow them to grow
even denser, thereby further increasing the pH. A
consequence of such a scenario is that ecosystems
experiencing periods with elevated pH may potentially
experience algal blooms for extended periods of time.
The effects of elevated pH on the planktonic community in nature will, however, very much depend on the
duration of the exposure to high pH and the extent to
which plankton species can be reintroduced. Thus, enclosed water bodies, which for extended periods are
subjected to elevated pH, will have low species richness of both phototrophic and heterotrophic organisms.
The reason for this is simply that the pH in such a system either is high throughout the year or that the system cannot regain lost species in periods when the pH
is within the normal range of 8 to 8.2. Data from natural
systems of this kind are virtually non-existent. However, a survey made in a Portuguese eutrophic lagoon
on phytoplankton exemplifies that such systems do
exist. This lagoon has a pH above 8.8 all year round
and a very low phytoplankton species richness. The
almost constant mono-specific blooms that occur in
this area are due to either diatoms, e.g. Cylindrotheca
closterium, or more often the dinoflagellate Prorocentrum minimum (Macedo et al. 2001). Thus, enclosed
ecosystems characterized by permanently high pH
seem to be similar to other extreme environments like
saline lakes and acidic mining lakes, which are ecosystems that also are characterised by reduced species
richness (Kalff & Watson 1986, Williams et al. 1990,
Packroff 2000, Pedrozo et al. 2001, Kalff 2002).
In coastal areas like bays and fjords, which also may
experience elevated pH for extended periods, the species richness of the plankton communities will only
temporarily be affected. As soon as the surface water is
mixed with water from adjacent areas or the water column is mixed due to storms, the system will shift back
to higher species richness. An example of such a system is Mariager Fjord, Denmark, which is a eutrophic
semi-enclosed system. This fjord experiences elevated
pH from May to August every year with the maximum
pH often exceeding 9. During these periods, the fjord is
characterised by very dense almost mono-specific
blooms. The blooms consist of either the dinoflagellates Heterocapsa triquetra and Prorocentrum mini-
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mum, the diatom Skeletonema costatum or the cleptoplastidic ciliate Myrionecta rubra (Fenchel et al. 1995).
During the rest of the year, the phytoplankton community is much more diverse.
In conclusion, the present experiments with the
exposure of a planktonic community to a fixed pH
show that an increase in pH kills pH-sensitive organisms and causes a decrease in the species richness of
both phototrophic and heterotrophic organisms. Our
results indicate that the response of an ecosystem to an
elevated pH very much depends upon the duration of
the exposure. Our results also suggest that copepods
are quite sensitive to elevated pH compared to protozooplankton. In their absence, phytoplankton is only
subjected to grazing from the other protists. This will
favour phytoplankton species that have developed
grazing-resistant mechanisms such as toxin production, poor food quality or shape.
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