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Abstract The review intends to give an overview on

developments, success, results of photosynthetic

research and on primary productivity of algae both

freshwater and marine with emphasis on more recent

discoveries. Methods and techniques are briefly out-

lined focusing on latest improvements. Light harvest-

ing and carbon acquisition are evaluated as a basis of

regional and global primary productivity and algal

growth. Thereafter, long-time series, remote sensing

and river production are exemplified and linked to the

potential effects of climate change. Lastly, the

synthesis seeks to put the life achievements of Colin

S. Reynolds into context of the subject review.

Keywords Production � Light harvesting � Growth �
Regional � Global

All flesh is grass
(Isaiah 40:6).

Introduction

The assessment of photosynthetic rates and ecosystem

production has a long tradition. Macfadyen (1948)

recapitulated the early history and defined production,

productivity and energy. Sakshaug et al. (1997)

summarized theories, definitions and interpretations

of photosynthetic parameters. A comprehensive

recount of the history of plankton productivity mea-

surements was compiled by Barber & Hilting (2002).

Based on ecological energetics introduced by

Lindemann (1942), the International Biological Pro-

gram (IBP) analysed the transfer efficiency between

trophic levels of ecosystems worldwide from 1964 to

1974 (Lith, 1975). Measurements of production at all

major trophic levels in land, freshwater and marine

ecosystems were an essential tool for the program

(Cooper, 1975; Le Cren & Lowe-McConnell, 1980,

Westlake et al., 1998) and the following 50 years

(Williams et al., 2019). What is now called ‘‘Big data’’

and certainly is part of ‘‘Big Science’’ (Weinberg,

1961, 1967, Aronova et al., 2010) was perhaps
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founded during the IBP decade which formed the basis

for the acceptance of long-term synoptic data collec-

tion often discriminated as ‘‘monitoring’’. Conse-

quently, the Long-Term Ecological Research Network

(LTER) was initiated in 1977. Various aspects of

production as well as standards for measuring primary

production were assembled by Fahey and Knapp

(2007) for a variety of ecosystems.

Ten years later in 1987, the Joint Global Ocean Flux

Study (JGOFS) explored the exchange of carbon

between the atmosphere, the ocean and the internal

cycling. The program ran through to 2003 and became

one of the early core projects of the International

Geosphere-Biosphere Programme (IGBP, 1987–2015)

dedicated to international research and climate

change. In addition, two spin-off long-term projects

were established in 1988 in the Atlantic and Pacific

sea. Geider et al. (2001) offer a broad forum discussion

on these developments and on biological factors and

physical limitations of primary production of the

planet.

The aim of the present review is to briefly

summarize the historic development of primary pro-

ductivity, highlight further progress and exemplify

new insights into algal photosynthesis. A second aim

is likewise to delineate the contributions Colin

Reynolds has made to the field within his large oeuvre

of publications. Since he amalgamated his expertise in

two book chapters on ‘Pelagic and Benthic Ecology’

fusing marine and freshwater science (Reynolds,

2012a, b) and has worked on rivers as well (Reynolds

& Descy, 1996) we decided to follow him at least

partly in this respects.

A brief outline of methods and techniques

Numerous studies have compared methods for the

estimation of primary production. To summarize the

outcome, different techniques provide varying pro-

ductivity rates, and no one produces ‘‘true’’ rates or

estimates the ‘‘real’’ production. Methodology of

production measurements, definition of major param-

eters and their common abbreviations are reviewed by

Dokulil (2019). Concepts of phytoplankton produc-

tivity, a glossary of terms and common methods with

an emphasis on fluorescence techniques are provided

by Dokulil (2020). More information on fluorescence

analysis can be gained from the reviews by Maxwell &

Johnson (2000), Murchie & Lawson (2013) and Kalaji

et al. (2017). Estimation of production from growth or

increase in biomass is outlined in Dokulil & Teubner

(2020).

Most estimates of planktonic primary productivity

originated in the past from in situ enclosures, mainly

glass bottles, suspended at in situ depths for a certain

period (e.g. Wetzel & Likens (1991). A detailed

history of the study of plankton productivity is

provided by Barber & Hilting (2002) and Berges &

Reynolds (2003), extensively discussing various

methods to measure primary productivity. Logistics

of marine research vessels necessitated a change in

methodology to ‘simulated in situ’ incubations on the

deck of the ship. The procedure to simulate irradiances

and temperature in deck incubations was also adopted

for cruises on the River Danube by Dokulil & Holst

(1990). The next logic step was to incubate samples

under controlled conditions. Laboratory incubations in

e.g. a photosynthetron were often used to evaluate

photosynthetic characteristics of single taxa (e.g.

Lengyel et al., 2015) or to develop algorithms to

calculate in situ rates from these potential estimates

(Kabas, 2004; Dokulil & Kabas, 2018). Simulated

in situ conditions in the laboratory can be used to

compare different biocoenoses, such as phytoplankton

and phytobenthos (Riedler et al., 1999).

A multitude of techniques were developed using

stable isotopes to routinely measure primary produc-

tion. The most prominent isotopes for that are 13C and
18O. Relatively uncomplicated is the 13C method in

which H13CO3 is added as a tracer, like in the 14C

radiotracer procedure. Measuring productivity with
18O is more laborious. Samples are usually enriched

with H2
18O over time. A brilliant overview has recently

been published by Glibert et al. (2019). Details on

isotope fractionation can be found in Fogel &

Cifuentes (1993). Large-scale comparison of different

methods was provided by Regaudie-de-Gioux et al.

(2014).

The vast areas of the oceans necessitated a much

higher spatial resolution of production estimates than

conventional research operations by ship cruises could

provide. Remote sensing from aircrafts and later from

satellites paved the way (e.g. Sathyendranath & Platt

1993) and boosted a legion of algorithms, models and

conversion factors (Behrenfeld & Falkowski, 1997b)

still in progress as instrumentation and refinements

evolve (Xu et al., 2016; Hampton et al., 2019). Remote
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sensing and satellite observations were also adopted

for inland waters (Bukata et al., 1995; Mishra et al.,

2017) particularly for large lakes (e.g. Deng et al.,

2017; Soomets et al., 2019).

Several different fluorescence techniques, briefly

described in Dokulil (2020), tried to circumvent both

the incubation and the associated timescale problem.

Active in situ fluorescence allows quantification of

productivity within seconds. A critical review with

additional information on methodology is provided by

Hughes et al. (2018a, b). The technique has been

applied to freshwater by Kaiblinger et al. (2005),

Kaiblinger & Dokulil (2006) and Kromkamp et al.

(2008). A multiwavelength version of the instrument

has been tested and applied in the Baltic Sea and

Australian waters (Houliez et al., 2017; Hughes,

2018a). Recently, a new approach developed a bio-

optical model of pelagic primary production based on

variable fluorescence which was tested during two

cruises in the Mediterranean Sea (Bonamano et al.,

2020). When compared to concurrent estimates of
14C-uptake, the new model came closer to radiocarbon

measurements than other models predict. Performance

in the open sea and inland lakes has yet to be tested.

An excellent overview and pairwise comparison of

techniques for marine production was presented by

Regaudie-de-Gioux et al. (2014) using oxygen evolu-

tion in light and dark (L/D) bottles, fast repetition rate

fluorescence (FRRF) and approaches based on tracer

additions (18O, 14C, and 13C). The results of measure-

ments by paired comparison of two different methods

respectively are shown as ratios (Fig. 1). The authors

conclude from many experiments that the 18O method

provides the most accurate measure of gross primary

production (GPP).

Advanced sensor techniques allow now to return to

the free water DO2 estimates as in the early years of

productivity measurements, particularly in streams

and rivers (Odum, 1956). Data collected by high

frequency measurements of diel O2 or CO2 changes

and over depth profiles, if necessary, can be used to

calculate primary production from free water gas

exchange (Staehr et al., 2010; Obrador et al., 2014;

Peeters et al., 2016). For further details consult Dokulil

(2020) and the references therein. A detailed practical

approach is included in Needoma et al. (2012).

For a comprehensive summary of respiration in

aquatic ecosystems refer to del Giorgio & Williams

(2005). Carbon isotope fractionation in plant respira-

tion is extensively discussed in Bathellier et al. (2017).

Light harvesting

The reviews by Larkum (2016) and Duanmu et al.

(2017) provide superb summaries on algal light

sensing, light harvesting and photo-acclimation as

well as a short outline on the evolution of photosyn-

thesis. Although evolution of eukaryote photosystems

occurred independently from cyanobacteria for very

long time, PSII and PSI reaction centres remain

similar. Accessory light-harvesting complexes

(LHCs) increase the absorption cross section of the

core antennae of PSII and PSI of eukaryotic pho-

totrophs. These LHCs exhibit a high degree of

variability. In addition to the LHCs, ‘algae have

evolved a plethora of photoprotective mechanisms to

1
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Fig. 1 Box whisker plot showing the variation of the primary

production ratios measured by two different methods concur-

rently. The boxes show the 25% and 75% quartiles, the median

as the central line, and the whiskers indicate maximum and

minimum ratio Modified from Regaudie-de-Gioux et al. (2014)
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prevent damage by excess light’ as stated by Larkum

(2016).

Photosynthetic species use light sensors to optimize

light capture and light energy conversion in response

to changing light conditions in the environment. Light

sensors are rather divers among photosynthetic

eukaryotes with Flavin-based receptors as the most

diversified class. For a detailed description and

discussion on signalling, photoreceptors and their

distribution consult Duanmu et al. (2017). See also

subchapter on light harvesting in Dokulil (2020).

Effects of light acclimation and pigment adaptation

on photosynthetic rates and efficiencies of phyto-

plankton indicate size related strategies as more

important than the taxonomic composition of the

assemblage. Adaptation to low light intensities occurs

as result of a high chlorophyll-a to b-carotene ratio in

small size fractions (\ 10 lm) that have a high

maximum light utilization coefficient (Teubner et al.,

2001).

Experimental characterization of Aphanizomenon

flos-aquae Ralfs ex Bornet & Flahault (Cyanobacte-

ria) from a bloom under ice indicated that photoad-

aptation to low light at temperatures of 2–5�C enabled

effective photosynthesis of the overwintering popula-

tion (Üveges et al., 2012).

Picocystis salinarum R.A. Lewin, a widespread

planktonic green alga in saline lakes of the world, has

been tested for its photosynthetic characteristic in

chemostat culture by Pálmai et al. (2020). Photosyn-

thetic activity remained low (0.097–1.233 mg C mg-1

Chl a h-1) within the experimental temperature

gradient (optimum at 31.9�C). This and all other

photosynthetic characteristics indicate a preference

for low light intensities by the taxon. Highest growth

rates were obtained when grown in high concentra-

tions of chloride and carbonate. The slow growth

observed, and the low photosynthetic activity cannot

explain the success of the species and must perhaps be

seen in the high conductivity tolerance.

In the common ‘‘static’’ incubations of light and

dark bottles, phytoplankton primary production may

be incorrectly estimated because exposure time may

be significantly longer than the response-time of

phytoplankton to changing light. Ferris & Christian

(1991) provide a critical review of experimental and

modelling results. The inconclusive findings from

both ‘reflect weaknesses in the simple formulations

used to describe photosynthesis in relation to

irradiance and the dynamic responses to changing

light’ as stated by Ferris & Christian (1991).

Carbon acquisition

An essential pre-requisite for photosynthesis is the

availability and acquisition of inorganic carbon. The

complex speciation and pH dependency of the inor-

ganic carbon system triggered a debate already early in

the 20th century whether only CO2 or also bicarbonate

can be used. The controversy was experimentally

resolved by Ruttner (1921, 1948, 1949) who con-

cluded that submersed macrophytes can use HCO3 in

addition to CO2. Ruttner established two types of

carbon uptake, the Elodea-type which can use HCO3

and the Fontinalis-type which cannot. Further devel-

opment with indirect and direct methods is docu-

mented in Allen & Spence (1981) who analysed

several species of microalgae and macrophytes. A

major contribution to the photosynthesis and usage of

carbon dioxide by Fontinalis antipyretica L. ex

Hedw., a species also used by Rutter (1948, 1949),

was provided by Maberly (1985a, b).

Carbon acquisition and associated algal evolution

has been reviewed by Raven et al. (2012), Beardall &

Raven (2016) and the ecological constraints have been

elegantly summarized by Maberly (2014), Maberly &

Gontero (2017), and Maberly &Madsen (2002) for

angiosperms.

For net assimilation of dissolved inorganic carbon

(DIC) to organic substance, all cyanobacteria and

eukaryotic microalgae rely on the enzyme ribulose-

1,5-bisphosphate carboxylase oxygenase (Rubisco)

and the Photosynthetic Carbon Reduction Cycle

(known as the Calvin Cycle). Rubisco is thus the core

carboxylation enzyme and is involved in over 99% of

primary production on the planet. All cyanobacteria

and dinoflagellates, and most other eukaryotic

microalgae, have biophysical CO2 concentrating

mechanisms (CCMs) with active transport across

membranes.

Aquatic autotrophs primarily need to maximize

CO2 uptake, exploit carbon reserves and avoid carbon

limitation. Both carbon dioxide limitation and stimu-

lation of productivity has been recently reconsidered

(Kragh & Sand-Jensen, 2018, Hamdan et al., 2018).

The speciation of DIC in inland waters contains

carbon dioxide, bicarbonate and carbonate linked by

123

80 Hydrobiologia (2021) 848:77–94



equilibria related to pH-increase. It must be noted here

that the rate of gas diffusion in water is exceedingly

different from the one in air. For CO2, for instance, the

rate is about 10,000 9 lower in water than in air. Rates

of O2 diffusion in water are similarly lower.

Influx and efflux of DIC is difficult to differentiate

in plant cells. Raven & Beardall (2016) present

schematic models of inorganic carbon transport in

cyanobacteria (see also Price et al., 2002) and

eukaryotic algae. The relative role of permeation and

movement is still controversial. There is some evi-

dence of active CO2 transport at the plasmalemma of

algae. All cyanobacterial and some algal CCMs also

have an active influx of HCO3
- at the plasmalemma

and can enter chloroplasts of some algae. Half or less

of the gross inorganic C entering in the CCM can leak

from the intracellular pool, sometimes as HCO3
-, but

usually as CO2. Significant leakage in many photoau-

totrophs with CCMs increases the energetic cost of net

inorganic carbon fixation.

In this context, the question arises how freshwater

biota will cope with rising atmospheric concentrations

(reviewed by Low-Décarie et al., 2014) and its partial

pressure (Hasler et al., 2016). The partial pressure of

CO2 (pCO2) varies across systems controlled by a

variety of factors. Rising CO2 levels due to climate

change will have direct and indirect effects on pCO2.

The pCO2 might increase photosynthesis of plankton

and macrophytes and alter community structure

(Hasler et al., 2016). A meta-analysis of 22 microalgal

studies by Brown et al. (2019) indicates substantial

alterations of water chemistry, nutrient acquisition,

photosynthesis, carbon uptake and growth (see Fig. 1

in Brown et al., 2019). Since these results are all based

on controlled experiments, long-term field measure-

ments in various types of freshwater ecosystems are

needed to increase predictability.

Finally, some cyanobacteria and eukaryotic

microalgae can take up dissolved organic matter by

osmochemoorganotrophy or combined with photo-

synthesis in osmomixotrophy. Some eukaryotic

microalgae obtain energy by phagochemoorganotro-

phy or, combined with photosynthesis, in

phagomixotrophy. Regardless of whether the organic

carbon needed for growth is obtained by photolithotro-

phy or (mixo)chemoorganotrophy, anaplerotic DIC

assimilation is needed to supply C skeletons for

synthesis of a range of cell components. Known as

‘dark fixation’ this is the only DICC assimilation

occurring in the dark (Beardall & Raven, 2016).

Moreover, aerobic anoxygenic phototrophic bacte-

ria (AAP) have been detected in several inland waters

(Mašı́n et al., 2008; Ferrera et al., 2017; Tian et al.,

2018). These organisms represent a functional group

belonging to Alpha- Beta- and Gammaproteobacteria,

are obligate aerobic and photoheterotrophic. AAP

bacteria harvest light by anoxygenic photosynthesis as

energy source using Bacteriochlorophyll but lack

carbon fixation and do not produce oxygen (Koblı́žek,

2015). Global impact of anoxygenic photosynthesis is

usually considered as negligible but might still be an

indispensable component of ecosystems (Hanada,

2016).

Primary productivity and growth

Primary production and growth are intimately con-

nected depending on each other or are two sides of the

same medal as discussed by Reynolds (1983a) in his

publication ‘production and dynamics of Fragilaria’.

Consequently, growth rates formed a focal point in

Colin’s research (Reynolds, 1972, 1983b, 1985). He

developed the concept of population increase subse-

quently further linking growth to physical variability

of the environment (Reynolds, 1989, 1996a). For

model building Reynolds & Irish (1997) recom-

mended to use maximum specific growth rates from

cultures as base. In the introduction to his assay on

‘interannual variability in phytoplankton production’

(Reynolds, 2002), he questioned the immanent con-

troversy between production and growth e.g. doubted

by Berman-Frank & Dubinsky (1999) and Dubinsky &

Berman-Frank (2001).

Information on phytoplankton growth and photo-

synthesis was comprehensively reviewed for clonal

cultures by Geider (1993) and Sakshaug (1993). The

maximum quantum efficiency of photosynthesis

appeared to be largely independent of irradiance.

Respiration and excretion rates and the variability in

the chlorophyll-a:carbon ratio cause uncoupling of

growth from gross photosynthesis.

Based on growth rates, Moigis & Gocke (2003)

developed a dilution method to estimate phytoplank-

ton primary production. A grazer impact study on

marine phytoplankton showed that estimates of pro-

duction from dilution experiments are reasonable
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proxies for 14C determined production (Calbet &

Landry, 2004). Simultaneous experiments with both

methods in three ocean regions correlated with an r2 of

0.76 (Fig. 2), for details see Laws et al. (2000).

Dilution experiments have also been carried out to

assess the dynamics of marine picophytoplankton

(Worden et al., 2004). It seems that the dilution

technique has not been tested in inland waters so far as

turned out from an extensive literature survey.

Long-time series of primary production

Very long-time series of primary production measure-

ments are not quite common. Such long-term obser-

vations can be used ‘inter alia’ to detect structural

changes, trends, shifts and as calibration sets for

remote sensing and model building.

Perhaps the longest continuous time series any-

where in the world is a 55-year sequence in the

Adriatic Sea (Kovač et al., 2018). Monthly measure-

ments in the photic zone began in 1962 and continue to

date. Most of the chlorophyll-specific C-uptake rates

(PB, mg C mg Chl-1 h-1) from the 185 cruises fell in

the range of 2–4 (median 3.7, mean 5.2 ± 4, see Fig. 2

in Kovač et al., 2018). During the 55-year period, five

distinct regimes were distinguished by the regime shift

detection method of Rodionov (2004). Regimes are

differentiated by either lower or higher average

production associated with changes in chlorophyll-a

concentration. Variation of average PB rates, how-

ever, were marginal. Results of the 55 observational

years were used to calibrate remotely sensed chloro-

phyll, to model depth profiles of production and to

improve production model calculations.

In freshwaters, long-term records of primary pro-

duction estimation derive from several lakes. Records

of annual primary production start in Lake Peipsi,

Estonia in 1970 and continue to 2005. Long-term

average production is 200 g C m -2 y-1 (Laugaste

et al., 2008). For Lake Võrtsjärv, Estonia carbon

uptake per year is reported since 1982 (Nõges et al.,

2004, 2011). The long-term annual primary produc-

tion of 208 ± 27 g C m-2 y-1 is close to the nutrient-

saturated production boundary for the latitude where

light limitation dominates. In Lake Kinneret, Israel

measurements persist for now 40 years starting in

1972 (Berman et al., 1995; Yacobi, 2006; Ostrovsky

et al., 2013). The most interesting fact in these

examples is that annual production does not show

any trend. Chlorophyll-a concentrations increased,

and chlorophyll-specific productivity declined since

1990 in all three lakes. These changes were related to

adaptation to reduced light availability.

Lakes Võrtsjärv and Peipsi also served to estimate

whole lake production Nõges et al.. (2010). Epiphyte

production in both lakes was very low in comparison

with that of phytoplankton and macrophytes 0.01,

5.04, and 6.97 g C m-2 day-1, respectively, in Lake

Võrtsjärv, and 0.02, 1.93, and 10.5 g C m-2 day-1,

respectively, in Lake Peipsi. Production of the littoral

area contributed 10% of the total summer primary

production of Lake Peipsi and 35.5% of the total

summer production of Lake Võrtsjärv (see also

Table 7 in Dokulil & Teubner, 2020).

Average annual production in the water column

was 97 g C m-2 year-1 for the period 1970 to 1982

indicating oligotrophic conditions in a time series in

Stechlinsee 1970 to present (Koschel et al., 2002).

After a nine-year break from 1983 to 1991, column

production of 123 g C m-2 year-1 for the 1990s signal

a slightly eutrophic status if 120 g C m-2 year-1 are

14C primary production [mg C m-3 d-1]
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log CP =  0.569 + 0.713 log PP
r² = 0.75, p < 0.001

Fig. 2 Relation of calculated (CP) to 14C-based estimates of

daily primary production (PP) from dilution experiments

conducted in three ocean regions (not differentiated here).

Calculated primary production was obtained by multiplying

phytoplankton growth rates times mean phytoplankton concen-

tration expressed in terms of carbon. Carbon conversion was

obtained from volumetric estimates of the phytoplanktonic

community and established carbon to biovolume conversions

Modified and re-plotted as log–log after Calbet & Landry (2004)
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accepted as boundary for dimictic temperate lowland

lakes (Dokulil, 2014a). The 1990s were a period

characterized by year-to-year changes in phytoplank-

ton composition, primary production, and specific

photosynthetic activity (Padisak et al., 1997), perhaps

representing an ecosystem in a primitive stage of

persistent re-establishment’ sensu Reynolds (1997).

In an urban lake in Vienna, average annual column

chlorophyll-specific production declined from 13 mg

C mg Chl-a-1 during the eutrophic years 1993–1995

to about 6 mg C mg Chl-a-1 almost 20 years later due

to rehabilitation of the system following restoration

(Dokulil & Kabas, 2018). The system switched from

phytoplankton to macrophyte dominated in 2004.

Consequently, the quotient of phytoplankton to

macrophyte carbon calculated in tons for the whole

lake declined from 2489 to 0.8 (see Table 10.4 in

Dokulil & Kabas, 2018).

Miller (2013) compared changes in productivity of

Arctic tundra ponds over 40 years estimated via

historic and modern methods. Average chlorophyll-a

concentrations exceeded the 1970–1973 values

(0.2–1.5 lg Chl-a L-1) in July and August ranging

from 1.3 to 2.2 lg Chl-a L-1. Carbon uptake rates by

phytoplankton were marginally greater in June

2011/2012 when compared to the 1970/1973 data.

Rates in both periods varied considerably over the

growing season from 0.8 to 6.3 mg C L-1 h-1 peaking

in June. Rising temperatures, increased nutrient con-

centrations and permafrost thaw are driving factors for

the observed changes. Moreover, free water metabo-

lism of oxygen indicated ponds to be net autotrophic.

Remote sensing

The spatio-temporal primary production of Lake

Taihu, China, was mapped using the Moderate Res-

olution Imaging Spectroradiometer (MODIS) and a

vertically generalized production model (Deng et al.,

2017). Model result correlated significantly with

in situ measurements (R2 = 0.753, P\ 0.001,

n = 63). The average annual mean daily primary

production of Lake Taihu was 1094 ± 720 mg C m-2

d-1 for the 11-year period 2003 to 2013. Long-term

primary production maps estimated from the MODIS

data demonstrated marked temporal and spatial vari-

ations. Production in bays was consistently higher than

in the open water of Taihu caused by higher

chlorophyll-a levels as a result of higher nutrient

concentrations in-shore. Spatial variations were also

affected by wind in this large, eutrophic, and shallow

lake.

Combining a model with remote sensing data,

Rousseaux & Gregg (2014) evaluated the contribution

of four phytoplankton groups to the annual total

primary production in the ocean for the period

1998–2011. Diatoms contributed the most with about

50% (equivalent of 20 PgC�y-1). Coccolithophores

and chlorophytes contributed * 20% each (* 7

PgC�y-1) while cyanobacterial added around 10%

(* 4 PgC�y-1). Greatest interannual variability

occurred in the Equatorial Pacific associated with

climate variability as indicated by significant correla-

tion (p\ 0.05) between the Multivariate El Niño

Index and the group-specific primary production of all

groups except coccolithophores. In the Atlantic,

climate variability was significantly correlated to the

primary production of two groups out of four, namely

diatoms and cyanobacteria in the North Central

Atlantic, and chlorophytes plus coccolithophores in

the North Atlantic, as indicated by the NAO Index.

Dörnhöfer & Oppelt (2016) summarized recent

advances in remote sensing indicators to study various

aspects of inland waters. Primary production is only

circumstantially mentioned via related parameters

such as transparency. Nevertheless, the review is

worth reading since it provides a review of available

sensors, methods and algorithms, as well as lists of

studies in the field.

Productivity of rivers

Primary production in flowing waters is commonly

evaluated as community production in streams from

diurnal open water oxygen curves (Cox, 2003; Web-

ster et al., 2005; Uehlinger, 2006). Estimates of

plankton production in large rivers are not as common

as assessments in lakes. Several ecologists have

argued that the characteristics of many large rivers,

deep and turbid, prevent phytoplankton to be of any

significant importance. In contrast, Reynolds

(1994a, b) investigated river plankton intensively both

theoretical (1988, 1996b) and practical (Reynolds &

Glaister, 1989, 1993). A few investigations shall

illustrate the present status. Production in tropical
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stream and rivers is summarized by Davies et al.

(2008).

Daily integrated production measured in the main-

stem along a 1700-km stretch of the Congo River, DR

Kongo, Africa varied between 64.3 and 434.1 mg C

m-2 day-1 in falling water conditions and between

51.5 and 247.6 mg C m-2 day-1 when water was high

(Descy et al., 2017). Phytoplankton biomass in the

Congo River was likely restricted by hydrological

factors. Results from this study indicate that phyto-

plankton growth in the main channel of the Congo

River can occur due to hydrological processes main-

taining phytoplankton biomass even during high

water. This contrasts with other tropical river systems

where connectivity with the floodplain, the presence of

natural lakes and man-made reservoirs play a promi-

nent role in the recruitment of phytoplankton to the

main river.

During a longitudinal survey of the River Danube

from km 2510 downstream to the delta (Dokulil,

2014b) instantaneous FRRF signals were obtained and

converted to daily integral oxygen production (Fig. 3).

Column production remained below 1 g O2 m-2

day-1 in the upper reach until river km 1500 and

increased thereafter rapidly up to 12.6 g O2 m-2 day-1

at river km 1262 (Fig. 3B). Similarly, the low

chlorophyll-a concentration of the upper reach

increased between river km 1481 and 1132 reaching

its maximum of 18.3 mg Chl-a m-3 at km 1200

downstream of the River Tisa confluent (Fig. 3A). The

following rapid decline of both chlorophyll and

production, previously ascribed to zooplankton graz-

ing, has now be assigned by more detailed analysis to

sedimentation and loss rates by dilution due to

discharge from large tributaries (Dokulil, 2015,

Fig. 4 and associated text). Chlorophyll concentra-

tions increased again for the lower 800 river km

towards the delta but are not reflected in production or

PB rates because of strongly increasing turbidity

intercepting photosynthetic light (Dokulil, 2015).

Chlorophyll-specific production (PB) varied consid-

erably between stations (Fig. 3C). Rates were in the

range of 2–25 g O2 g Chl-a-1 h-1. Highest rates

occurred in the impounded section Gabcikovo (River

km 1842) and Iron Gate II (river km 865). Potamo-

plankton and primary production proliferate in the

middle section of the River Danube where environ-

mental conditions are optimal for planktonic growth.

Dynamics of phytoplankton primary production

were followed in the Rybinsk reservoir, Upper Volga,

Fig. 3 Longitudinal

transect of the Danube from

stream km 2500 to the delta

obtained from FRRF-

measurements during JDS2

in August/September 2007.

A Concentration of

chlorophyll-a (Chl-a) from

delayed fluorescence (DF).

B Daily integrated column

production (RRPP) as g O2

m-2 d-1 calculated from

fast repetition rate

fluorescence (FRRF).

C Hourly maximum

chlorophyll-specific

productivity (PB) calculated

from A and B Samples were

taken in the middle of the

river at all stations. Data

were redrawn from Dokulil

& Kaiblinger (2008) and

modified from Dokulil

(2014b)
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Russia during the years 2005 to 2014 (Kopylov et al.,

2019). Production increased significantly during these

years (Table 1) particularly in 2010 when water

temperatures rose to 27.9�C (Fig. 4). Besides various

environmental factors, the authors claim that produc-

tion was related to the index of the North Atlantic

Oscillation.

River systems play an important role in the carbon

transport between terrestrial ecosystems, the atmo-

sphere and the ocean affecting the global carbon cycle.

When rivers are regulated, carbon processing is altered

along the river continuum. Engel et al. (2019)

examined the phytoplankton along a 74 km river

stretch of the River Saar, Germany to analyse the

effect of cascading impoundments (six navigation

dams) on riverine metabolism. GPP was calculated

from continuous measurements of dissolved oxygen.

For the first 26.5 km of the river, production rose 3.5-

fold (difference 0.45 g C m-3 d-1) while chlorophyll-

a increased over the entire stretch by 2.9 (8.7 lg L-1).

Cascading impoundments potentially promote river-

GPP and hence C-uptake can become important in

dammed rivers.

Sellers & Bukaveckas (2003) based their analysis

of a regulated section of the Ohio River on mass

balance assessment. Development of phytoplankton

biomass was constraint by light availability and transit

time. NPP per day was negative during high discharge,

varied between 100 mg C m-3 d-1 and near zero at

moderate discharge, and between 300 mg C m-3 d-1

and negative NPP at low discharge. Observations were

generally in good agreement with model predictions.

Regional productivity of lakes

The huge number of studies on lake production

worldwide makes it virtually impossible to summarize

results exhaustively. The intention here is to present a

few regional-specific examples of primary productiv-

ity estimates using advanced techniques or obtaining

results for certain assemblages. The wide range of

regional production estimates from lakes worldwide is

then summarized on a geographical basis.

Fluorescence techniques enable the estimation of

photosynthetic efficiency of specific phytoplankton

assemblages in situ. Using a Phyto-PAM analyser, Li

et al. (2014, 2016) and Sheng et al. (2014) measured

variable to maximum fluorescence (Fv/Fm), a proxy of

potential photosynthesis in Lake Taihu and Lake

Qiandao, China (Table 2). Low Fv/Fm ratio of

diatom-dinoflagellate assemblage in spring suggest

high efficiency at low light intensity. Highest quantum

yield occurred in Chlorophytes in spring and autumn

while significant photosynthetic activity of diatoms

was observed in winter. These results highlight the

need for more algal group-specific in situ studies as

well as the importance of observations during winter.

Floodplain lakes are controlled by their hydrolog-

ical connectivity determining through flooding and

Fig. 4 Average depth-integrated daily primary production

(RPP g C m-2 d-1) for six stations in the Rybinsk Reservoir,

River Wolga, Russia in the years 2009 and 2010 Modified from

Kopylov et al. (2019)

Table 1 Annual gross primary production per m3 (GPP) and

column production per m2 (RP) both per day in Rybinsk

Reservoir, Volga for 2005 to 2014

Year GPP mg C m-3 d-1 RP mg C m-2 d-1

Min–max Mean ± SD Min–max Mean ± SD

2005 13–955 225 ± 38 59–2005 588 ± 100

2006 1–832 192 ± 28 4–2095 564 ± 52

2007 2–736 256 ± 46 5–2205 808 ± 160

2008 2–559 122 ± 10 11–1762 408 ± 122

2009 1–763 207 ± 51 4–1911 554 ± 118

2010 9–1667 360 ± 97 10–5249 859 ± 242

2011 49–2056 495 ± 95 93–3058 936 ± 170

2012 14–1475 419 ± 84 45–2789 883 ± 84

2013 14–2208 485 ± 61 24–3246 834 ± 88

2014 14–1093 397 ± 44 24–2834 803 ± 102

Indicated is the range minimum to maximum and mean plus

standard deviation (SD). From Kopylov et al. (2019)
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water level changes macrophyte or plankton domi-

nance (Dokulil et al., 2006). Singh et al. (2018)

provide an example from two floodplain lakes of north

Bihar, India. Estimates of photosynthetic productivity

by phytoplankton were based on conventional oxygen

L/D -bottle technique. Production was rather similar in

both lakes, but community respiration was remarkably

high due to eutrophication by sewage input (Table 3).

Flood water and level changes determined phyto-

plankton biomass versus macrophyte development.

Michelutti et al. (2005) used a novel technique,

reflectance spectroscopy, to infer historical trends in

lacustrine primary production from lake sediment

chlorophyll-a concentration from six arctic lakes on

Baffin Island, Canada. Concentrations of sediment

chlorophyll and derivatives dramatically increased

within the upper-most 4 cm of the cores deposited

during the 20th century parallel to other proxies of

aquatic production. Increasing aquatic production

seems to be triggered by climate warming as these

lakes enter into new biological regimes.

The oxygen flux method was applied by Attard

et al. (2014) to measure rates of benthic primary

production habitats in a Greenland fjord. The shallow

sites produced up to 43.6 mmol O2 m-2 d-1 during

spring and summer which were therefore on average

autotrophic. During winter and spring these sites were

heterotrophic or near to metabolic equilibrium. Gross

primary production occurred all year-round respond-

ing seasonally to changing light levels by keeping

photosynthetic efficiency high. The annual average

rate was 11.5 mol O2 m-2 y-1 which is approximately

1.4 times greater than the column integrated GPP of

the fjord. These results point to the significance

benthic photosynthesis can have in ecosystems.

Since lakes are not uniformly distributed around the

globe, regional freshwater primary production largely

depends on climatic zone, latitude and altitude (Lewis,

1996). Further components are the availability of

dissolved organic carbon (DOC) summarized by

Sobek et al. (2007) and the trophic level of the

waterbody (Dokulil, 2014a), among others. Gradients

of ecosystem components across latitude represent a

high degree of complexity described with information

theory by Fernández et al. (2017). The simulation

analysis considered a wide variety of variables

including GPP in four lake regions: arctic, northern

highland, northern lowland, and the tropics. Results

indicate that temporal variables significantly influence

seasonality within the gradient. These latitudinal

gradients can be similar or may deviate from gradients

in elevation.

To visualize and evaluate potential gradients of

lake GPP versus latitude and elevation, data from 140

Table 2 Ranges of variable to maximal fluorescence (Fv/Fm)

for Cyanobacteria, Microcystis, Chlorophytes and a diatom-

dinoflagellate assemblage in Tai Hu for spring and autumn (Li

et al., 2014, 2016) and for diatoms in Qiandao Hu, a dendritic

reservoir in winter (Sheng et al. 2014)

Taihu Spring Autumn Winter

Cyanobacteria 0.35–0.49 0.34–0.53 n.m.

Microcystis 0.28–0.55 0.28–0.45 n.m.

Chlorophytes 0.34–0.68 0.55–0.68 n.m.

Diatoms/Dinos 0.09–0.56 0.28–0.61 n.m.

Qiandao Lake

Diatoms n.m. n.m. 0.48–0.63

n.m. not measured

Table 3 Range and mean with standard deviation (SD) of

gross primary production (GPP), net primary production (NPP)

and community respiration (CR) as gC m-2 day-1; ratio

NPP:GPP and R as % of GPP for two floodplain lakes (Chaurs)

in North Bihar (from Singh et al., 2018)

Parameters Tarawe chaur Gamharia chaur

Range Mean ± SD Range Mean ± SD

GPP 1.85–4.99 2.87 ± 1.11 1.32–3.96 2.40 ± 0.78

NPP 1.04–3.38 1.85 ± 0.84 0.73–2.62 1.38 ± 0.54

CR 0.49–1.82 1.07 ± 0.33 0.59–1.48 1.01 ± 0.28

NPP:GPP 0.51–0.76 0.64 ± 0.08 0.50–0.66 0.57 ± 0.04

CR as % of GPP 24.18–49.23 34.46 ± 8.05 33.9–49.53 42.79 ± 4.40
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lakes from the southern and northern hemisphere have

been assembled in Fig. 5 in three-dimensional form

(Fig. 5A) and as projection into the latitude-altitude

space (Fig. 5B) to facilitate interpretation. The basic

data and their references are attached as Table A in the

Annex. Data are classified into trophic categories

according to annual average column production using

tables summarized in Dokulil (2014a). Productivity

north and south of 60� latitude is in general low and

hence lakes are oligotrophic. The same is true for

altitudes above 2000 m and latitudes between 20� and

60�. At elevations lower than 1000 m lake production

is highly variable and can therefore attain any trophic

level. Closer to the equator (\ 25� N or S) production

rates generally increase and, consequently, the number

of eutrophic and particularly hypertrophic lakes dra-

matically rises at all altitudes. Lakes with production

rates qualifying them into meso- to hypertrophic status

occur even around 3000 meters altitude. However,

some lakes remain low in productivity even near the

equator. This largely reflects lake characteristics not

included here, such as surface area, depth, mixing

regime or nutrient status (e.g. Staehr et al., 2012). The

pattern emerging in Fig. 5A, B however, agrees with

Lewis (2011) that incident irradiance has a pro-

nounced effect on potential primary production in

lakes at different latitudes and that both light and

nutrients are important as Staehr et al. (2016)

concluded. This view was extended to predict how

pelagic production in lakes will respond to global

changes in the environment (Häder et al., 2014; Kelly

et al., 2018).

Production at the global scale

World-wide many vertical profiles of daily integrated

photosynthetic rates have been acquired from many

freshwater ecosystems and regions of the sea. These

profiles vary by 4–5 orders of magnitude between

stations, but their variability can be accounted for by

chlorophyll concentration, photoperiod and optical

depth as Behrenfeld & Falkowski (1997a) demon-

strated with 1000 randomly selected profiles from the

ocean (reproduced in Falkowski & Raven, 2007 as

Fig. 9.6). Normalized to chlorophyll-specific hourly

production versus optical depth, daily production

ranging from 0.1 to over 1000 mg C m-3 d-1 was

thus reduced to 0.1 to 30 mg C m-3 h-1. Similarly,

one hundred profiles from inland lakes covering about

the same range as the ocean profiles normalize to

(0.1)1–20 mg C m-3 h-1 (Dokulil et al., 2005 Abb.8,

reproduced in Dokulil, 2020).

The global distribution of net production seems

somewhat paradoxical because the seemingly high

tropical productivity on land has no counterpart in

tropical marine productivity, at least not for the open

sea. Instead, greatest ocean production occurs at high

latitude, particularly in the northern hemisphere

declining towards the equator. Huston & Wolverton

(2009) resolved this paradox by the unexpected

conclusion from their meta-analysis that ecological

relevant terrestrial productivity is highest at temperate

latitudes.

Global net primary productivity per unit area was

currently estimated by Lewis (2011) for lakes as 260 g

C m-2 y-1 (GPP 360 g C m-2 y-1, respiration 100 g C

m-2 y-1). The global totals add up to 1.3 Pg C y-1

GPP and 0.3 Pg C y-1 algal respiration, leaving about

1 Pg y-1 net production derived from lakes. An

estimated 1% of all global net photosynthesis is due to

lake production. NPP per unit area is depicted for

several global components in Fig. 6. With some

1200 g C m-2 y-1, wetlands are 3 9 more productive

than terrestrial vegetation per unit area and almost 10x

greater than NPP in marine environments which in

turn is substantial smaller than Lake net production per

area.

The above estimate for annual net production for

lakes of 1 Pg y-1 nicely fits to the perhaps more

detailed analysis of the carbon cycle by Cole et al.

(2007). Cole and his co-authors conservatively esti-

mated that inland waters receive about 1.9 Pg y-1 from

terrestrial sources. Approximately 0.2 Pg are buried in

aquatic sediments while at least 0.8 Pg are returned to

the atmosphere by gas exchange and the remaining 0.9

Pg y-1 are exported to the sea. That means that

roughly half of the carbon entering inland waters is

finally transported from land to the oceans. Freshwater

systems although small in area can have profound

effects on regional carbon balance.

Global net primary production integrated over

terrestrial and oceanic components yielded 104.9

petagrams carbon per year according to Field et al.

(1998). Total NPP is unevenly distributed from north

to south with a maximum near the equator, essentially

due to terrestrial production and a second high

between 30� and 60� N. Two seasonal maxima appear
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Fig. 5 Annual average

column gross primary

production (RRP g C m-2

y-1) versus latitude and

altitude for 140 lakes from

the northern and southern

hemisphere (not

differentiated on the x axis).

Annual average daily GPP

was multiplied by 365 when

necessary. The trophic status

is indicated in four

production categories for

each case (see Dokulil,

2014a). A. as 3D graph, B as

2D using latitude and

altitude. The complete data

are listed in Table A in the

Annex
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in ocean NPP at 60� to 40� N and at about 40� S (see

Fig. 2 in Field et al., 1998, or Fig. 11 in Dokulil,

2020).

A report on the world’s coastal phytoplankton

primary production synthesizing 1148 values, largely

based on 14C measurements, from estuaries, bays,

lagoons, fjords and inland seas covering latitudes from

80�N to 40�S was compiled by Cloern et al. (2014).

The median value for annual phytoplankton primary

production was 185 g C m-2 y-1 and the mean 252 g

C m-2 y-1 in 131 ecosystems widely ranging from 105

to 1890 g C m-2 y-1. Production varied 10-fold

within ecosystems and fivefold interannually.

Resumé

When we embarked to this endeavour, our expectation

was that the hype of primary productivity studies in

marine and freshwaters lays in the past. A quick survey

crystalized that even after about 100 years of theoret-

ical and practical efforts to estimate aquatic primary

production, many challenges and open questions

remain which are reflected in an almost overwhelming

number of publications in the field. In addition, new

problems and their interactions such as climate

warming (Williamson et al., 2019), toxic algal blooms

(Wurtsbaugh et al., 2019) or microplastic (Yokota

et al., 2017) among many others need further concepts,

experiments and methodological improvements link-

ing research with practice.

The combination of fundamental research and

practical application has always been imperative for

Colin Reynolds. Perhaps his most undervalued

publication, ‘Vegetation processes in the pelagic: A

model for ecosystem theory’ (Reynolds, 1997), evi-

dently synthesizes the logic structure of his theories,

achievements, and conclusions. In this book chap-

ters III and IV review all details of photosynthesis,

primary production and growth known at that time

while chapter IX summarizes lessons and applications.

To quote from Colin’s tailpiece: ‘If we understood

our own ecology better, we might become more

responsible citizens of the Earth and become the

architects of a planetary rehabilitation.’

You cannot add anything to that statement.
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Natrium-bzw. Kaliumbikarbonat. Österreichische
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