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Upscaling primary production estimates: Regional and global scale
estimates of microphytobenthos production

Abstract

Large-scale assessment of microphytobenthic production is a desirable goal for
ecosystem modeling and prediction efforts. Several problems confound our ability to
extrapolate from published measures to regional and global scale estimates, however.
There are no adopted standards for measurement of microphytobenthic biomass and
production. Most measurements have been obtained in relatively shallow habitats in
temperate habitats, with few measurements from deeper, polar or tropical locations,
and large regions of the world lack any measurements. Variability in published
estimates of biomass and production, as well as estimates of photo-physiological
parameters, is uncomfortably large and limits utility of mean values of any of these.
Newer techniques for large scale estimation of biomass and production hold promise,
but require ground-truthing with robust in situ measurements. Ultimately, the diverse
nature of microphytobenthic assemblages themselves may account for much of the
observed variability, and require a more synthetic understanding of the ecology of
these organisms before we can generate large-scale estimates of their biomass and
production with confidence.

The importance of microphytobenthic production in shallow marine ecosystems,
including estuaries and coastal waters, has been well established by many studies
throughout the world (see reviews by Maclntyre et cd 1996; Miler et cd 1996;
Cahoon 1999; Underwood and Kromkamp 1999). Microphytobenthic production can
equal or exceed phytoplankton production, supports significant secondary produc-
tion, alters the properties of shallow sediments, and plays a key role in nutrient
cycling in these ecosystems. Extrapolation of microphytobenthic production esti-
mates from point or local scales to regional or even global scales of measurement has
obvious implications for ecosystem modeling and management. However, efforts to
do so lag behind similar efforts to extrapolate phytoplankton production on such large
scales, e.g., Uonghurst ef al. (1995).

The problem of estimating microphytobenthos production on regional and global
scales encompasses several challenging issues. Two papers have generated global esti-
mates of microphytobenthic production, one of approximately 0.34 Gt (= I09metric
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tons) C yr'l, based on an average productivity estimate of 50 g C m'2yr'l for the depth
interval 0-50 m (Charpy-Robaud and Soumia 1990), the other of approximately 0.5 Gt
C yr'l, based on regionally- and depth-weighted production estimates from approxi-
mately 108 studies (Cahoon 1999). Large-scale regional estimates, i.e., on the scale of
the Baltic Sea, have not been attempted. There have been efforts to estimate micro-
phytobenthic production in more restricted waters, such as individual estuaries (Thorn-
ton et al. 2002) or fjords (Glud ez al. 2002), but extension ofresults from these studies
to larger scales has not been attempted with much confidence. Virtually all individual
studies of microphytobenthic biomass and production have been limited in their scope
of time, space, or methodology, making extension of results to larger scales of time
and space problematic.

There are some interesting parallels with the problems of estimating phytoplank-
ton biomass and production at large scales, including the need for development of
standard or at least comparable measurement techniques, generation of large sets of
reliable and representative measurements, and adoption of methods for extracting
predictive physiological information from remotely sensible properties. However,
synoptic estimation of the biomass and productivity of the microphytobenthos at
large spatial scales of space or time presents significant additional complications
inherent in the organisms, their habitats, measurement techniques, and the logistic
constraints these necessarily impose.

The ecological characteristics of and differences between estuarine phytoplankton
and microphytobenthos have been reviewed thoroughly elsewhere (Maclntyre et al.
1996; Miller et al. 1996; Underwood and Kromkamp 1999) and do not require exten-
sive elaboration here. A brief summary of the relevant considerations must include
the effects of sediment substrates on microphytobenthos biomass and taxonomic
composition (Cahoon 1999; Cahoon et al. 1999), attenuation of light by both the
overlying water column and the sediment itself, considering also the changes in light
fields during the emersion/immersion cycle in the intertidal zone (Serddio and Cata-
rino 1999), patchiness of microphytobenthos at various spatial scales and in response
to different factors (Azovsky et al. 2000), and variability in physiological rates driven
by temperature, light, environmental stress, and behavioral responses (Barranguet e?
al. 1998; Underwood et al. 1999; Serddio and Catarino 2000). These factors compli-
cate efforts to model microphytobenthic primary productivity, although limited
attempts have been made with some success (Guarini et al. 2000a, b: Thornton ef al.
2002).

Lack of standard methodology complicates comparisons among results from dif-
ferent studies of microphytobenthic biomass and production. About 50% of the
reported production estimates from estuarine and coastal habitats world-wide have
been derived from oxygen exchange measurements. Radiotracer techniques (14-C
uptake) have been used in approximately 40% of similar studies. The remainder
employed various other methods, including estimates of primary production from
relationships between light intensity and chlorophyll biomass (Fuji et al. 1991;
Maclntyre and Cullen 1996), C02 exchange measured by infrared gas analysis
(Wilkinson 1981; Schories and Mehlig 2000), and oxygen profiles measured by
microprobes (Glud ef al. 2002). More recently fluorescence-based measures, such
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as PAM fluorometry (Kromkamp et al. 1998; Barranguet and Kromkamp 2000;
Serdodio et al. 2001; Glud ef al. 2002; Serddio 2003) have been employed, although
considerable methodological problems remain to be resolved (Perkins ef al. 2002).
Some cross-comparisons of methods have found reasonable agreement (Revsbech
etal. 1981; Glud etal. 2002), but others have shown significant differences between
simultaneous measurements using different methods (Perkins et al. 2002).

Large-scale geographical coverage of microphytobenthic production measure-
ments is very patchy, with many potentially important areas of the world under-sam-
pled or not sampled at all (Cahoon, 1999; Table 1). Furthermore, the total number of
studies worldwide is strikingly small when one considers the numbers of measure-
ments of phytoplankton biomass and production in contrast, e.g., Longhurst et al.
1995; Agawin et al. (2000). Most studies have been conducted in Europe and North
America, for obvious reasons of funding, logistics, and local relevance. In contrast,
estuarine and coastal habitats in many portions of the world, particularly polar and
tropical regions, have been poorly studied. Large areas with few, if any, studies of
microphytobenthic production include the Russian and Canadian Arctic, the Indian
Ocean basin, most ofthe South and Central American coasts, and most of south and
east Asia. Consequently, although estimates of microphytobenthos biomass and pro-
duction in temperate zones may be relatively representative, our knowledge of these
parameters in polar and tropical zones is based on an uncomfortably small number of
studies in surprisingly few locations (Cahoon 1999 and more recent studies cited
here), making accurate global estimates difficult.

Microphytobenthos production and biomass estimates are most confidently estab-
lished in estuarine and other shallow (<20 m depth) habitats in temperate (30°-60° lati-
tude) waters. On the order of 66 published studies of microphytobenthos production and
biomass in such habitats yield average values of approximately 50-100 g C m'2yr'l and
80-130 mg chic/ m'2, respectively, with lower values from a smaller number of measure-
ments at greater depths. The problem of extrapolating even reasonably approximate
estimates of microphytobenthic production in estuaries is illustrated by examining the
data for European and North American studies. Using estimates from 26 published stud-
ies (cited in Cahoon 1999 or later references; Meyercordt ef al. 1999; Herman et al
2001) a mean value for annual estuarine production (as reported or as calculated in
Cahoon 1999) integrated over all depths reported was 97 g C m'2yr'l with a standard
deviation of 102 in European estuaries (including the Baltic and Mediterranean Seas).
Similarly, results from 34 studies in U.S. and Canadian estuaries yielded a mean esti-
mate of annual microphytobenthic production of 104 g C m'2yr'l, with a standard devi-
ation of 93 (Cahoon 1999). The substantial variability in these estimates from the most
well-studied regions of the world indicate important sources of variation. Fewer (~19)
and more spatially clustered studies in tropical (0°-30° latitude) waters yield generally
higher values, mean = 527 g C m'2yr'l with a standard deviation of 856, and biomass
values of 90-350 mg chlczm'2, with lower values at deeper depths. Even fewer studies
(~6) have been conducted in polar (60°-90° latitude) waters, yielding production esti-
mates lower than elsewhere, mean = 24 g C m'2yr'l with standard deviation of 20, but
relatively high biomass estimates (320-450 mg chic/ m'2), if sparse and probably unrep-
resentative. The paucity of microphytobenthos production and biomass data from large
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regions of the world, including areas where these are likely to be highly significant,
makes most regional and global estimates uncertain. Although additional studies similar
to those that have been published might usefully increase the confidence of these esti-
mates, improvement would be incremental and subject to the vagaries listed above.

The range of habitats in which microphytobenthic biomass and production have
been studied is also very biased. Approximately half of all studies have been conducted
in the intertidal zone (Table 1), all but a very few of these in relatively sheltered estua-
rine ecosystems. The substrates most frequently described in these studies were muddy,
and characterized by epipelic forms, in contrast to the microphytobenthic assemblages
found on sandier substrates, e.g., Guarini ef al. (2000a, b). Very few studies have exam-
ined microphytobenthos biomass and production in truly exposed habitats (Steele and
Baird 1968; Souza and David 1996). As noted above, the intertidal zone imposes sig-
nificantly different physical constraints on microphytobenthos than subtidal habitats,
including enhanced risk of displacement, stronger variation in exposure to light, tem-
perature, and salinity extremes during immersion/emersion cycles, and enhanced expo-
sure to ultraviolet radiation. Therefore it is important to consider the differences in the
species composition and physiological responses that may characterize the intertidal
and subtidal microphytobenthos in deriving broader scale estimates of biomass and
production, e.g., Thornton et al. (2002).

Most studies of microphytophytobenthic production have spanned relatively small
depth ranges. Only 18 studies have measured production at depth ranges exceeding
5m, and of these only 9 have spanned a range >5 m including the intertidal zone
(References in Cahoon 1999; Kiihl et al. 2001; Glud et al. 2002). Some of these show
interesting and potentially useful relationships between depth and production, e.g.,
Plante-Cuny (1978), Sundbick (1986), Charpy-Robaud (1988), but they are scattered
across global regions and habitat types. Failure to establish sufficiently robust depth
relationships for microphytobenthic production limits the reliability of depth-inte-
grated and, therefore, spatially integrated production estimates. However, depth may
not be an appropriate proxy for light flux, complicating extrapolation of P-E relation-
ships in shallow waters into deeper waters. Inherent variability in microphytobenthos
and their controlling factors, including patchiness, light fields, substrates, community
types, and physiological responses, further complicate extrapolation of production
measurements and derived models.

Knowledge ofthe basic photosynthetic physiology of microphytobenthos can pro-
vide powerful tools for estimating production with knowledge of basic parameters,
i.e., light intensity, biomass (chlorophyll a), and temperature, although microphytob-
enthos present a more complicated situation than phytoplankton. Some empirical
relationships have been described in the literature, e.g., Santos et al. (1997), Thorn-
ton et al. (2002). However, review of published studies ranging from empirical field
studies to modeling studies reveals large variations in estimates of basic photosyn-
thetic parameters of microphytobenthos (Table 2). Mean values from individual pub-
lished studies of the saturating light intensity, Ek, range over 3 orders of magnitude,
with the lowest values derived from studies of microphytobenthos in polar regions
(Palmisano et al. 1985; Rivkin and Putt 1987; Kiihl ef al. 2001). Estimates of the
maximum, biomass-normalized photosynthetic rate, PmaX also span approximately
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Table 1. Spatial distribution of intertidal and subtidal studies
measuring microphytobenthic production by all methods as of
2003. Data are numbers of published studies, from Cahoon
(1999) and more recent References cited here.

Basin

Sub-basin Subtidal Intertidal
Atlantic Ocean 14 31

Gulf of Mexico/Caribbean 8 2

Mediterranean 4

Black Sea - -

Baltic Sea 3 -
Antarctic Ocean 2 -
Arctic Ocean 4

Russian Arctic

Canadian Arctic - -
Indian Ocean 2 1

Persian Gulf - -

Pacific Ocean 7 7
Bering Sea . .
East Asia - 2
Gulf of California 3 -
SE Asia-Australia 1 1
New Zealand 1

three orders of magnitude, with some evidence of variation between radiotracer-
derived estimates and those derived from dissolved oxygen exchange (DOE) meth-
ods (Wolfstein and Hartig 1998). Estimates ofthe slope ofthe production-irradiance
relationship, a, vary by much less, just somewhat more than one order of magnitude.
Finally, estimates of biomass-normalized production, P B essentially all field meas-
urements, vary by perhaps as much as two orders of magnitude. Much ofthe varia-
tion among the values of these several parameters must inevitably result from the
different methodologies and artifacts involved in the respective studies, including dif-
ferent techniques for measuring production, chlorophyll a, and light intensity. Some
of'the variation obviously arises from the differing times and locations at which stud-
ies were conducted; some ofthe ranges of values in Table 2 reflect these differences
within individual studies. However, substantive differences among the basic photo-
synthetic physiological characteristics of microphytobenthos themselves cannot be
ruled out. Thus, there is no firm basis for using arbitrarily chosen values of these
physiological parameters to upscale estimates of microphytobenthic production from
one habitat or season to larger scales of space and time. Such efforts must still rely
on empirical measurements to offer much confidence.
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Table 2. Values of microphytobenthic photosynthetic parameters reported in published literature: Ek
(saturating light intensity, «mol photons nr2 s'l), PAnax (maximum, biomass-normalized photosynthetic
rate, mg C mg chia'lh'l), a (slope of P-E relationship, mg C mg chia'lh'l (»inoi photons nr2s'l)'l), PB
(biomass-normalized photosynthetic rate, mg C mg chia'lh'l).

Reference Et B a P
Steele & Baird 1968 - - - 0.14-1.78
Admiraal & Peletier 1980 - 0.1-13 - -
Elargrave etal. 1983 - 0.1-7 - -
Rasmussen et al. 1983 160-360 - 0.013-0.028 0.16-0.57
Colijn and de Jonge 1984 - 0.43-0.49 - -
Pahnisano etal. 1985 11 0.21 0.022
Mills & Wilkinson 1986 300->750 3.74 - -
Rivkin & Putt 1987 6 - 0.08-0.10 0.53-0.60
Blanchard & Montagna 1992 108-215 2.98-20.0 0.01-0.16 -
Brotas & Catarino 1995 - - 0.0021 -
Maclntyre & Cullen 1995 - - 0.035-0.08 -1-12
Barranguet ef al. 1998 150-450 3-12.7 0.008-0.042 -
Kromkamp et al. 1998 450-1200 - - -
Wolfstein & Eiartig 1998 56-297 0.66-1.5914C 0.011-0.057 -

1.70-4.10DCE

Uthicke & Klumpp 1998 482-975 - - -
Meyercordt & Meyer-Reil 1999 27-367 4.04-54.2 0.017-0.339 -
Meyercordt et al. 1999 26-240 4.8-17.0 0.026-0.188 0.5-8.80
Barranguet & Kromkamp 2000 200-400 2-18 0.015-0.035 -
Goto et al. 2000 110 0.95 0.008540.4-0.8
Guarini et al. 20005 460 11.2 0.024 -
Miles & Sundbick 2000 - - - 0.26-0.52
Kiihl et al. 2001 4.6-6.9 - - -
Perkins ef al. 2001 750 0.20 - -
Glud et al. 2002 33 - - -
Guarini et al. 2002 16-30 2.3-4.7 0.033-0.165
Perkins et al. 2002 160-420 - 0.021-0.028 -

A significant and growing number ofrecent studies have examined new approaches
to estimation of microphytobenthos distribution, biomass, and production. Optical
sensor technologies offer potentially powerful methods to make rapid or even synop-
tic, large-scale observations of microphytobenthos through reflectance and fluores-
cence methods. Paterson et al. (1998) reported on the use of newer airborne and
satellite mounted sensors to quantify microphytobenthic parameters in intertidal hab-
itats. Roelfsema ef al. (2002) have described use of Landsat imagery to map benthic
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microalgae in the shallow subtidal zone of a tropical reef ecosystem. Radiation sen-
sors also offer the ability to determine depth, incident PAR, and temperature, other
key parameters likely to control production. New approaches, such as use of second-
derivative analysis of hyperspectral reflectance data (Stephens ef al. 2003) and new
algorithms for estimating bottom depth from reflectance data (Stumpf et al 2003)
may help resolve several obvious limitations of remote sensing methods. However,
several significant sources ofvariation and resolution problems remain to be resolved,
including effects of the microtopography of the bottom (Carder et al. 2003), con-
founding ofreflectance signals by fluorescence (Mazei and Fuchs 2003) and extracel-
lular polymeric secretions (Decho ef al. 2003), and the inherent optical properties of
the overlying water column (Boss and Zaneveld 2003). Finally, the inherent varia-
bility of microphytobenthos must be constrained and, perhaps most important, appro-
priate ground-truthing techniques must be developed and applied before useful and
confident estimates of regional and global scale microphytobenthos production can
be derived.

One final perspective must be offered about the philosophy of our approach to the
study of microphytobenthos in estuaries and other habitats. Although we tacitly rec-
ognize the ecological, physiological, and taxonomic diversity implied in our use of
the concept of microphytobenthos as communities of organisms, our methods fre-
quently do not scale appropriately. Those studies that have focused on organism-scale
factors and processes have often revealed patterns of variability that confound
attempts to generalize to larger scales without incurring broad confidence limits. It is
useful to consider the analogy of attempting to quantify the basic properties of the
great diversity of terrestrial plant communities. Given the likelihood that microphy-
tobenthos communities are similarly diverse at regional and global scales, the uncer-
tainties in characterizing their biomass and productivity based on limited numbers of
measurements in a relatively small number of arguably unrepresentative locations
using different techniques that generate highly variable estimates of basic physiolog-
ical parameters in response to inherently variable environmental factors are not sur-
prising at all.
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