11 Ecological Aspects of Harmful Algal
In Situ Population Growth Rates

W. StoLTE and E. GARCES

11.1 Introduction

The in situ growth of phytoplankton populations, although apparently a sim-
ple process, is not consequently dealt with in phytoplankton population ecol-
ogy. In experimental phytoplankton research, population density is often
expressed as cell concentration, and growth is therefore expressed as the cell
division rate. In biological oceanography, chemical indicators like chloro-
phyll-a or other pigments are used to describe the phytoplankton population
density, and growth rates are consequently expressed as the rate of change of
these indicators. Since single phytoplankton cells double in biomass between
two subsequent divisions, and may vary in cellular composition, especially
pigment content, these measures of growth rate are not necessarily the same.
To measure in situ growth rate of individual harmful algal bloom (HAB)
species, bulk biomass parameters are usually not suitable, as other phyto-
plankton may also be present. Moreover, different methods have been applied
to assess the in situ growth rate of phytoplankton populations giving different
type of results. Therefore, a definition of terms is justified.

Assuming a homogeneous population with density N, the population
growth rate dN/dt is proportional to the population density, and the specific
or per-capita growth rate y (in d-!) is used to characterize the population
growth.

SN, Eq.(11.1)

In case the per-capita growth rate y is constant over time, the population
density will change exponentially according to:

N, = Ne" , Eq.(11.2)
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where N, and N, are the population densities at time ¢ and time 0, respectively.
At optimal availability of resources (light, nutrients) and at given physical cir-
cumstances (temperature, salinity) the per-capita growth rate is defined as
the maximum per-capita growth rate y,, ). Typically, this value is determined
from the washout rate in chemostat (Pirt 1975).

In this chapter, reported growth rates of HAB and non-HAB species mea-
sured in the field are analysed to better understand the ecology of certain
HAB groups.

11.2 Ecological Interpretation of In Situ Growth Rate
Measurements

Phytoplankton populations need to grow in order to compensate for loss fac-
tors such as sedimentation, grazing and lysis. The net per-capita changes in
population density (y,.,) can be expressed as

/’lnetzﬂgross_l_g_e-l-i Eq(113)

where p . is the per-capita population gross growth rate, [ is the lysis rate
(due to viruses, parasites, or autolysis), g is the per-capita grazing rate, e and i
are the per-capita export and import rates.

Phytoplankton show different strategies in order to minimize losses and
maximize resource utilization. Populations can be classified as either r- or K-
selected with respect to their growth strategy (MacArthur and Wilson 1967).
This theory has its base in the logistic growth equation, which predicts that
net growth approaches zero when population density approaches K or the
carrying capacity of the environment for that particular species

dN N
GV (1=, Eq.(11.4)
Nap~ Hoer r( K) q

where r is the value of y at infinitely low population density and can be inter-
preted as the maximum per-capita growth rate of the species at the prevailing
conditions (compare to g, rs)- The cause of this negative correlation
(Fig.11.1) is not specified by the logistic model, but may result from intraspe-
cific competition, grazing, etc. Although simple, the theory has been applied
successfully as a framework for better understanding of ecological processes.
For phytoplankton populations, succession during a growth season is from r-
selected phytoplankton species, which have optimized their fitness for condi-
tions with ample resources and low mortality rates, to more K-selected
species, which have optimized their fitness for conditions with low resource
availability and high risk of mortality (Margalef 1958; Sommer 1981). Typi-
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Fig. 11.1. Schematic representation of Eq. (11.4);
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cally, r-selected species have high maximum per-capita growth rates, poor
competitive abilities, and/or lack mechanisms to avoid grazing or sedimenta-
tion. Typical K-selected species have comparatively low maximum per-capita
growth rates, are good competitors, and have developed mechanisms to avoid
losses due to grazing and sedimentation. Moreover, differences in life-history
may play an important role. Unfortunately, data to evaluate the whole suite of
characteristics for phytoplankton are scarce or lacking. Besides, there are no
objective criteria to judge the “r-ness” or “K-ness” of a certain characteristic.
Alternatively, the observed in situ growth rates (y,,,) for individual species
should reflect the strategy of a species. “r-Strategists” should occur relatively
often at conditions that allow for high per-capita growth rates. Contrastingly,
K-strategists should occur relatively often under conditions that do not allow
for high growth rates (Fig. 11.1).

In this chapter, we aim to integrate the current knowledge on phytoplank-
ton in situ growth rates in order to find patterns that may classify different
harmful phytoplankton groups as relative r- or K-strategists. This should lead
to simple, testable hypotheses concerning the occurrence and timing of
HAB:s.

Data on field measurements of phytoplankton population growth rates are
relatively rare, especially from HAB species. Moreover, different growth and
loss-processes are determined depending on the used method (Table 11.1).
Traditional methods that require incubation of whole samples and micro-
scope counting of individual species (Methods 1 and 2, Table 11.1) may
include the effects of phytoplankton lysis and losses due to grazers present in
the incubation bottle. Incubation methods with chemical detection may have
the same drawback (Methods 3,4, 5, 6, Table 11.1). Isolation of individual cells
by hand-picking in combination with “C uptake measurements have been
applied to measure specific carbon uptake and growth rate independent of
lysis and/or grazing (Method 3, Table 11.1; Granéli et al. 1997). Recently, more
advanced methods have been applied to identify the growth rate of individual
species in the field, such as cell cycle methods (Method 8, Table 11.1) that do
not require incubation at all. This method relies on the fact that representative
samples are taken from the same field population under a period of 1-2 days.
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Table 11.1. Overview of the ecological interpretation of different in situ growth rate
methods. Numbers in first column are referred to in Table 11.2

Method description Ecological References
interpretation
(see Eq.11.3)
1 Dialysis incubation (by Haross = 1 - & Prakash et al. 1973; Maestrini
measuring change in cell, and Kossut 1981
particle or chlorophyll
concentration or alterna-
tive biomass index)
2 Diffusion incubation (by  piy05 - 1-&° Furnas 1982a; Vargo 1984;

measuring change in cell,
particle or chlorophyll
concentration or alterna-
tive biomass index)

3 14C-carbon uptake = rates
of carbon and/or chloro-
phyll accumulation

4 Nutrient assimilation

5 ATP synthesis

6 Protein synthesis and
turnover

7 Pigment specific activity
= Pigment labelling

8 Cell cycle method or cyto-

logical index or mitotic
index or biochemical cell
cycle markers

9 In vivo fluorescence ratios
10 Thymidine or germanium
11 Dilution technique

:ugross( -1- ga)

/’lgross -1- g

:Mgross -1- g
/’lgross -1- g

I

:ugross -

:Mgross
or PGRP

”g[OSS or PGRb

or PGR?
1

l’lgross

/’lgross -
and

g

Ferrier-Pages 2001; Tang
2003

Eppley et al. 1970; Granéli et
al. 1997

Furnas 1982b; Nelson and
Smith 1986

Sheldon and Sutcliffe 1978

DiTullio and Laws 1983

Redalje and Laws 1981; Goer-
icke and Welschmeyer 1993

Swift and Durbin 1972;
Smayda 1975; Carpenter and
Chang 1988; Chang and Car-
penter 1991; Garcés et al.
1998a; 1999; Garcés and
Masé 2001, and references
therein

Heath 1988
Rivkin and Voytek 1986

Landry et al. 1995; Garcés et
al. 2005, and refs therein
agrazing is taken into account
only from grazers that are
included in the incubation
bottle (often only microzoo-
plankton)

@ Grazing is taken into account only from grazers that are include in the incubation
bottle (ofen only microzooplankton)

b PGR = potential growth rate
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The application of flow-cytometric DNA-cycle detection for individual
species is an especially powerful method to measure gross growth rates in the
field. However, in this case it is assumed that populations can be recognized by
flow-cytometric detection methods.

Depending on the method, a value between net and gross growth rate is
determined (summarized in Table 11.1). Since the effect of cell lysis and graz-
ing can be large, often in the same order of magnitude as growth, gross and
net growth rates may differ substantially. However, differences in growth rates
between methods in our analysis were not significant (Kruskal-Wallis test).

The measurement of an individual population’s growth rate in the field is
only possible when individual species can be analysed. Usually, microscopic
or flow-cytometric techniques are used for quantification (Methods 1,2,8 and
11, Table 11.1) or physical separation of cells before analysis (e.g. Method 3,
but in principle applicable for other methods too). Detection of biochemical
markers such as pigments (e.g. Method 7, but also applicable with Methods 1,
2 and 11) are taxon-specific rather than species-specific (Mackey et al. 1996),
and are influenced by the variability of cellular pigment content (Stolte et al.
2000). In our analysis, we have only used data obtained from individual pop-
ulations.

11.3 In Situ Growth Rates; Variation Among Taxonomic
Groups

In total, 178 entries from six taxonomical classes are listed in Table 11.2,
including harmful and non-harmful species. Due to the different methods
that were applied to measure the in situ growth rates, values vary between net-
and gross-values (compare Table 11.1). Because the different methods repre-
sent different concepts (Table 11.1), no statistical significance-tests were
applied. Still, there are some interesting trends worth further investigation.
When ranking phytoplankton after their observed in situ growth rates, the
highest values were recorded for cryptophytes, chrysophytes and diatoms
(Fig. 11.2), groups that are rarely involved in harmful events. However, prym-
nesiophytes, which frequently cause harmful blooms, also show high in situ
growth rates. Conversely, cyanobacteria and dinoflagellate in situ growth
rates are clearly lower (Fig. 11.2).It may therefore be hypothesized that among
HAB-forming classes, prymnesiophytes are more r-selected, and dinoflagel-
lates are more K-selected species. For cyanobacteria, only non-HAB coccoid
species are represented, and no filamentous forms, which are responsible for
HABs in brackish and fresh water.
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Table 11.2. Reported in situ per-capita growth rates (y) for different taxonomic groups,
and possible harmful effects

Species p Harmful Reference
effect”

Cyanobacteria

Prochlorococcus sp.® 1.21,0.50,0.50,0.67,0.54, - a
0.58,0.72

Prochlorococcus sp.? 0.75,0.54, 0.80,0.70, 0.64, - a
0.56,0.84

Synechococcus sp.2 0.42 - b

Bacillariophyceae (centrales)

Bacteriastrum spp.? 1.52 - b
Cerataulina pelagica? 1.32,0.42 - b
Cerataulina pelagica® 0.20 - c
Cerataulina pelagica'! 0.70 - c
Chaetoceros curvisetum? 2.22 - b
Chaetoceros peruvianum? 0.76 - b
Chaetoceros subtilis® 0.28 - b
Chaetoceros sp. solitary? 0.35 - b
Chaetoceros sp. chained? 0.42 - b
Chaetoceros spp.? 2.08 - b
Chaetoceros sp.? 0.30,0.30 - c
Chaetoceros sp.!! 0.30,0.10 - [
Cyclotella caspia’ 2.90 - c
Cyclotella caspia'! 2.50 - c
Cyclotella striata® 0.60 - c
Cyclotella striata'! 1.70 - c
Hemiaulus spp.2 0.55 - b
Leptocylindrus danicus? 1.11,0.97 - b
Leptocylindrus minimus? 1.04 - b
Rhizosolenia alata? 0.14 - b
Rhizosolenia delicatula® 0.69 - b
Rhizosolenia fragilissima? 0.83,0.28 - b
Rhizosolenia setigera? 0.35 - b
Rhizosolenia stolterfothii? 0.35 - b
Rhizosolenia styliformis? 0.14 - b
Skeletonema costatum? 1.94,0.49 - b
Skeletonema costatum? 1.00, 0.50, 0.30 - c
Skeletonema costatum'! 1.60, 1.00, 0.50 - c
Thalassiosira rotula® 0.40,0.20 - c
Thalassiosira rotula'! 0.50,0.20 - c
Thalassiosira sp.? 1.11 - b
Thalassiosira sp.,,small“? 0.97 - b

Bacillariophyceae (pennates)

Asterionella glacialis® 0.90 -
Nitzschia closterium? 1.04 -
Nitzschia closterium ,,medium‘? 1.52 -
Nitzschia closterium ,,medium*? 0.35 -

oo o o
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Table 11.2. (Continued)

Species v Harmful Reference
effect”
Nitzschia closterium ,large*? 0.90 - b
Nitzschia curta® 0.21 - b
Nitzschia fraudulenta? 0.49 ASP b
Nitzschia lineola? 1.25 - b
Nitzschia pungens? 0.55 ASP b
Nitzschia pungens? 0.20,0.50 ASP c
Nitzschia pungens'! 0.70 ASP c
Thalassionema (Thalassiosira) 0.90 - b
nitzschioides?
Thalassionema (Thalassiosira) 0.97 - b
frauenfeldii?
Thalassiothrix spp.? 0.62 - b
Unknown pennate species? 0.90 - b
Cryptophyceae
Rhodomonas lacustris? 3.00, 0.70, 0.40, 0.30 - C
Rhodomonas lacustris'! 2.70,1.60,0.20,0.30 - c
Rhodomonas sp? 1.80,0.60, 0.40 - c
Rhodomonas sp'! 1.20,0.30, 0.60 - c
Dinophyceae
Alexandrium catenella! 0.22,0.24 PSP d
Alexandrium minutum? 0.76,0.97 PSP e
Alexandrium tamarense? 0.23 PSP f
Alexandrium taylori'! 0.67,0.24, 0.30, 0.04, HBNT d
0.64,0.17
Ceratium arietinums? 0.09 - b
Ceratium candelabrum? 0.09 - b
Ceratium contrarium? 0.15 - b
Ceratium declinatum?® 0.12 - b
Ceratium furca’ 0.28,0.60 HBNT g
Ceratium horridum? 0.08 - b
Ceratium lineatum? 0.48,0.81 HBNT g
Ceratium macroceros® 0.08 - b
Ceratium massilience® 0.15 - b
Ceratium pulchellum® 0.19 - b
Ceratium symmetricum 0.14 - b
(summetricum)?
Ceratium tripos® 0.17 HBNT g
Dinophysis acuminata® 0.22,0.12 DSP h
Dinophysis acuminata’ 0.59,0.49 DSP g
Dinophysis acuta® 0.11 DSP h
Dinophysis acuta’ 0.41,0.35 DSP g
Dinophysis caudata® 0.19 DSP h
Dinophysis norvegica’ 0.63,0.29,0.18 DSP g
Dinophysis norvegica® 0.17,0.13,0.21,0.40 DSP i
Dinophysis tripos® 0.21 DSP h
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Species v Harmful Reference
effect”
Gymnodinium spp.? 0.30,0.30 - c
Gymnodinium spp.!! 0.10,0.10 - c
Gymnodiniacea ,,medium‘? 0.07 - b
Gymnodiniacea ,,small*? 0.21 - b
Heterocapsa triquetra® 0.10,0.21,0.17,0.05,0.03, - j
0.02,0.03,0.04, 0.05, 0.04,
0.11,0.06, 0.02, 0.02
Karlodinium sp.® 0.94, 0.60, 0.59, 0.50, 0.39, FK k
Katodinium rotundatum? 2.60,1.00, 0.80 - c
Katodinium rotundatum?! 2.40,0.50,0.10 - c
Prorocentrum minimum? 0.21 UNK b
Prorocentrum triestinum? 0.14 - b
Chrysophyceae
Ochromonas minima? 1.00, 1.20, 1.10 - [
Ochromonas minima'! 0.90, 0.20, 0.60 - c
Prymnesiophyceae
Chrysochromulina spp.? 0.90,0.80 FK c
Chrysochromulina spp.!! 1.00, 1.00 FK c
Phaeocystis globosa single® 0.68,0.49 HBNT 1
Phaeocystis globosa colony® 0.73,0.76,0.93 HBNT 1

Numbers behind species names refer to methods in Table 11.1

2 (Liu et al. 1998);

b (Furnas 1990);

¢ (Fahnenstiel et al. 1995);
d (Garcés et al. 2005);

e (Garces et al. 1998b);

f (Ichimi et al. 2001);

8 (Granéli et al. 1997);
b (Reguera et al. 1996);
i (Gisselson et al.2002);
i (Litaker et al. 2002);

k (Garcés et al. 1999);

' (Veldhuis et al. 2005)

* HBNT high biomass but no toxins detected, FK fish killing bloom, ASP amnesic shell-
fish poisoning, PSP paralytic shellfish poisoning, DSP diarrhetic shellfish poisoning,
UNK unknown toxin, “~” not known to be harmful
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Fig. 11.2. Average in situ per capita growth rates (d-!) with standard deviations for each
phytoplankton class in descending order. The number of observations is stated above
each column

11.4 Are Harmful Algal Species r- or K-Strategists?

Harmful algal species have on average lower reported in situ growth rates
than non-HAB species (Fig. 11.3). This result is in agreement with the hypoth-
esis that harmful algae are relatively K-adapted species, capable of reducing
their losses due to grazing, either by being toxic or via other mechanisms.
However, the diversity of HAB-species is great, hampering the possibility to
draw conclusions on a possible general strategy for all HAB species.

It is unlikely that all phytoplankton that are harmful from a human per-
spective have a general growth strategy. However, it is likely that growth
strategies correspond to the type of harmful effect, or more specifically, the
mechanism or toxin that is responsible for the harmful effect. The data were
therefore analysed according to the type of harmful effect that the particular
species may cause.

The highest observed in situ growth rates are reported for high-biomass
non-toxic (HBNT) species (Fig. 11.4), and fish-killing (FK) species (both on
average 0.59 d!). Species that are not known for any harmful effect have sim-
ilar growth rates to HBNT and FK species (Fig. 11.4). Dinoflagellates respon-
sible for diarrhetic shellfish poisoning (DSP) have the lowest in situ growth
rates (0.3 d!). Based on in situ growth rates, DSP-causing species Dinophysis
spp. could be considered to be relatively K-selected species. Indeed, Dinoph-
ysis spp. are recognized for their relatively low growth rates (Smayda and
Reynolds 2001) and poor edibility (Carlsson et al. 1995). Moreover, they often
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Fig. 11.4. Observed in situ per capita growth rates (d-!) with standard deviations for
harmful algae grouped per harmful effect

occur in high numbers at the pycnocline (Gisselson et al. 2002), an environ-
ment that is either stable in the case of tropical waters, or at least predictable
in seasonally stratified temperate seas. In general, phytoplankton communi-
ties in stable and predictable environments would be growing close to their
carrying capacity (MacArthur and Wilson 1967), and one would expect K-
selective species to comprise an important part of those communities.

The dinoflagellates that cause paralytic shellfish poisoning (PSP), display-
ing intermediate values, do not seem to be clearly r- or K-selected based on in
situ growth rates. This is not in conflict with the earlier classification of these
types of dinoflagellates as species of intermediately nutrient-enriched waters
(Smayda and Reynolds 2001).
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11.5 Conclusions

With the current set of data, we provide support for the hypothesis that HBNT
and FK blooms are r-selected, and will dominate in areas and during periods
of ample nutrients and a low risk of losses due to grazing and sedimentation.
These types of blooms can therefore be considered as indicators for eutroph-
ication of the marine environment. Both types could also contribute to signif-
icant disturbances of marine coastal environments, either through hypoxia in
bottom waters or through the effects of their toxins, contributing to an unsta-
ble environment even more suitable for r-selected species (MacArthur and
Wilson 1967). This positive feedback mechanism might lead to shifts in
ecosystem properties upon establishment of such HABs. This may be an addi-
tional explanation for recurring high-biomass and fish-killing blooms in
eutrophicated areas.

We also provide support that DSP- and to a lesser extent PSP-causing
species are more K-selected, and probably more resistant to grazing than
other species (e.g. Teegarden 1999). Competition for nutrients by these groups
is either avoided by using alternative nutrient sources, such as phagotrophy in
case of Dinophysis spp., or is by choosing habitats with intermediate nutrient
concentrations, such as coastal fronts in the case of some PSP-causing dinofla-
gellates (Smayda and Reynolds 2001). Life-history events that are hard to clas-
sify as either r- or K-selected traits such as cyst formation, swimming behav-
iour and sexual reproduction most probably contribute to the success of these
species.

Compared to earlier efforts to classify phytoplankton, in particular harm-
ful algal species, into a theoretical ecological framework (Margalef 1958;
Smayda and Reynolds 2001), the current approach is simple. However, assum-
ing that any growth strategy finally is reflected by the observed growth rate,
some preliminary conclusions could be made with respect to different groups
of HAB species. We provide additional support for a diversity of strategies
within HAB-forming phytoplankton. An increasing problem of HAB occur-
rence in many coastal waters may therefore have different causes, and a vari-
ety of mitigation or prevention measurements must be applied if HAB preva-
lence is to be reduced.
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