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Abstract. One of the major features of the coastal zone isPositive benthidNCP can occur over 33% of the global shelf
that part of its sea floor receives a significant amount of sunarea. The limitations of this approach, related to the spatial
light and can therefore sustain benthic primary productionresolution of the satellite data, the parameterization used to
by seagrasses, macroalgae, microphytobenthos and coralsonvert reflectance data to irradiance, the lack of global in-
However, the contribution of benthic communities to the pri- formation on the benthic nepheloid layer, and the relatively
mary production of the global coastal ocean is not known,limited biological information available, are discussed.

partly because the surface area where benthic primary pro-
duction can proceed is poorly quantified. Here, we use a
new analysis of satellite (SeaWiFS) data collected between
1998 and 2003 to estimate, for the first time at a nearly global:L

scale, the irradiance reaching the bottom of the coastal ocea% liaht is by far th . for el
The following cumulative functions provide the percentage unilg t'_s ytart € major energy source for € ectron trans-
port leading to marine primary production. One of the ma-

of the surface ) of the coastal zone receiving an irradiance ! . .
greater tharE, (in mol photons m2d-1): jor features of the coastal zone is that part of its sea floor
f :

receives a significant amount of sunlighckleson (2003
Shon—polar = 29.61-17.92 10g;o(E-)+0.72 logg(E-)+0.90 logho(E-) made a strong case that light in the shallow ocean should re-
ceive much more attention than it presently does.

One compelling reason to examine light in coastal envi-
Data on the constraint of light availability on the major fonments is that penetration of light to the sea floor sustains
benthic primary producers and net community productionPenthic primary production which contributes to total pri-
are reviewed. Some photosynthetic organisms can grownary product_lon. _AII benthic su_,lbstrates receiving enough
deeper than the nominal bottom limit of the coastal ocearfight 0 sustain primary production harbour photosynthetic
(200m). The minimum irradiance required varies from 0.4 0rganisms, both conspicuous such as seagrasses, algae and
to 5.1 mol photons m? d-* depending on the group consid- corals, and less conspicuous such as the microflora thriving
ered. The daily compensation irradiance of benthic commuin sandy and muddy bottoms. In some coastal ecosystems,
nities ranges from 0.24 to 4.4 mol photons#a~1. Data  Such as coral reefs and macrophyte-dominated ecosystems,
on benthic irradiance and light requirements are combined t¢enthic primary production contributes 90% or more to to-
estimate the surface area of the coastal ocean where (1) liglg! carbon fixation (e.gDelesalle et a).1993 Borum and
does not limit the distribution of primary producers and (2) Sand-Jenseri999. Benthic microalgae can also contribute
net community productiorNCP, the balance between gross Significantly to total primary production (e.g-ahoon et aj.

primary production and community respiration) is positive. 1993 Jahnke et 8l200Q McMinn et al, 2009. The role of
marine vegetation in the global marine carbon cycle has re-

Correspondence tal.-P. Gattuso cently been revised(uarte et al.2005. Burial in vegetated
(gattuso@obs-vilfr.fr) habitats contributes about half of the total carbon burial in
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490 J.-P. Gattuso et al.: Irradiance and primary production in the coastal ocean

the oceanDuarte et al.2005 and fuels a sizable portion of 2 Methods
respiration in adjacent coastal and offshore ecosystbftias (
delburg et al.2005. However, the contribution of benthic 2.1 Determination of the coastal zone
communities to the primary production of the global coastal
ocean is not known, in part because the surface area wher8urface areas and average depths were estimated from the
benthic primary production can proceed is poorly quantified. ETOPO2 global relief data set downloaded from the National
Estimating it requires the combination of knowledge on the Geophysical Data Centehttp://www.ngdc.noaa.gov/mgg/
light requirements of benthic primary producers with infor- fliers/01mgg04.htmland the Generic Mapping Tools (GMT;
mation on underwater light penetration. Wessel and Smitl1999. The ETOPO2 data set blends satel-
lite altimetry with ocean soundings and new land data to
Some regional estimates of the continental shelf area thaprovide a global elevation and bathymetry on’a2 grid.
contributes to benthic marine primary production are avail-Subsequent to the data processing reported in the present pa-
able. Cahoon et al(1993 used Secchi disk depths to esti- per, a registration error was reported for this data leirks
mate that 16% of the stations with depths of 200 m or lessand Smith 2006). This magnitude of this error not constant
receive more than 1% of the incident light and that an ad-everywhere over the Earth (W. H. F. Smith, personal com-
ditional 16% receive more than 0.1% of incident irradiance.munication). Its North-South component may be a function
Assuming that these data are evenly distributed and extendsf latitude whereas the East-West component may be a con-
ing them to the global coastal zone suggests that approxistant angle. The effect on the regional and global estimates
mately 30% of the continental shelf sea floor receives enouglpresented in the present study are small, but we acknowledge
light to support primary productiodéhnke2005. Thereis, that the incorrect registration of depths could affect estimates
however, no current estimate of the area of the continentaicross smaller areas. Pixels with a depth ranging from 0 to
shelf that contributes to marine primary production based or200 m were considered.
a large-scale analysis. Continental shelf regions were divided into three geo-
graphical zone: Arctic (latitudes greater than 8l), Antarc-
Ocean color satellite-borne sensors have the potential téic (latitudes lower than 60S), and the non-polar region
provide an estimate of light penetration in the water column(60° N to 60° S). About 4% of the surface of the Arctic and
through a relationship between the blue-to green reflectancéntarctic zones could not be used due to discrepancies be-
ratio, measured by satellites such as the Coastal Zone Coldween the ETOPO2 data set and the GMT coastline, and only
Scanner (CZCS) and the Sea-viewing Wide Field-of-view 0.8% for the non-polar region. The Arctic, Antarctic, and
Sensor (SeaWiFS), and attenuation in the water column esaon-polar regions represent, respectively, 24.1%, 1.8%, and
timated byKpag, the light attenuation coefficient of photo- 74.1% of the total coastal surface covered. Figlishows
synthetically available radiation (PAR). It is usually assumedthese three zones with the non-available pixels on the Sea-
that Kpar is related to the concentration of chlorophyll-a, it- WiFS composite image for the year 2000. Proximal coastal
self derived from reflectance values. This approach is nowpixels are defined as pixels comprising a portion of the coast-
routinely used in the open ocean (Case 1 waters) where phyine; all other coastal pixels are defined as distal.
toplankton is the main contributor to attenuation (but see
Claustre and Maritoren2003. The use of similar relation- 2.2 SeaWiFS data
ships is, however, not straightforward in the coastal ocean
where light attenuation by colored dissolved organic matterThere are several levels of SeaWiFS data, two of which
and suspended particles other than phytoplankton can be sigvere used in the present paper. Level-2 data are geophysi-
nificant (Case 2 waters). cal products such as the chlorophyll concentration or the dif-
fuse attenuation coefficient, geographically referenced, and
This paper has two objectives: quantify the light reach- provided on an orbit per orbit (or scene by scene) basis at
ing the sea bottom and assess the consequences for the dike spatial resolution of the satellite sensor. Level-3 data are
tribution of benthic photosynthetic organisms and coastalaverages of individual Level-2 data on a spatial grid (e.g.,
metabolism. A three-steps approach is used. First, the Sea 9km global grid) and over a given time period (e.g., a
WIFS data collected between 1998 and 2003 are analyzechonth). Monthly and annual SeaWiFS Level-3 global com-
to estimate the irradiance reaching the bottom of the coastgbosites were obtained from the NASA Goddard Space Flight
ocean. Second, data on the constraint of light availability onCenter DAAC, for the years 1998 to 2002. These data
the major benthic primary producers and on net communityare organized on a 2048096 equirectangular projection
production are compiled. Finally, the two data sets are comwith a constant latitude and longitude st&a(mpbell et al.
bined to derive estimates of the surface area where (1) light995. The resolution at the equator is approximately 9 km.
does not limit the distribution of primary producers and (2) Three SeaWiFS-derived quantities were used: the upper-
net community production (the balance between gross pridayer chlorophyll-a concentratiorC§ay) derived through the
mary production and community respiration) is positive. 0OC4V4 algorithm Q’Reilly et al, 1999, the normalized
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Fig. 1. The three geographical areas considered. Green and purple pixels are, respectively, pixels for which data are available or not on the
SeaWiFS composite image for the year 2000.

water-leaving radiance at 555 nat, w(555), and the photo-  accuracy ofCsy: in Case 1 waters is claimed to he30%

synthetically available radiation at the sea surface, PAR(0+)whereas its is unknown in Case 2 waters. It is therefore not
computed following-rouin et al(2003. A given bin ofthese  possible to estimate the accuracy of the chlorophyll product
Level-3 composites contains the arithmetic average of all in-in coastal areas and, in turn, the accuracy of the diffuse at-
dividual Level-2 1-km pixels that passed a series of exclusiorntenuation coefficient. We apply an a posteriori determination

criteria (Robinson et a).2003. of the water type based on the averagg; andnLw (555
(see below), which is not based on specific algorithms for
2.3 Case 1 versus Case 2 waters each water type (since no universal algorithm exists). This

determination nevertheless provides an indication of bins of
Itis beyond the scope of this paper to review the criteria uset ase 2 water because, on average, the individual pixels in the
to eliminate dubious data when generating a SeaWiFS Levelpins were predominantly of the Case 2 type. Waters with a
3 composite, except for discriminating the water type as ei-c, value lower than 0.2 mg i are considered to be Case 1
ther Case 1 or Case RIiprel and Prieur1977), as the latter (A Morel, personal communication). Whef is higher
type is well represented in coastal waters. The discriminathan 0.2 mgm?3, the identification of turbid Case 2 waters
tion between these two types is performed at the Level-2 ing performed as iMorel and Belanger(2006 by comparing
the SeaWIFS processing, yet it is not considered when geneghe water reflectance at 555 nmR(655) to the maximum
ating the Level-3 composites (B. Franz, personal communiyajye it should have in Case 1 wateig (555). Turbid
cation). Therefore, the average chlorophyll-a concentrationcase 2 waters are those for whig(555)> Riim (555. To

in a given bin of a Level-3 composite may have been com-perform this test, the normalized water-leaving radiance, i.e.,
puted over any proportion of Case 1 and Case 2 waters. The

www.biogeosciences.net/3/489/2006/ Biogeosciences, 354392006
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the SeaWiFS product, is converted imtaas follows Morel Several studies have produced formula for converting
and Gentilj 1996): Zsq (in m) to a light attenuation coefficieniKpar). The
early formulae follow the general equatioXipar=¢q/Zsa,
R(555 = nLw (559 x Qo(559 (1) where ¢ is an empirically determined constant.  For
Fo(359) x Mo Case 1 waters, the value @f was determined as 1.7

where Fy(555) is the extra-terrestrial irradiance at 555nm (Poole and Atkins1929 Idso and Gilbert 1974, but for
(185.33 W nT2nm™1; Thuillier et al, 2003, Qo (555) is the Case 2 waterg was determined to be around 1.&d]l,
chlorophyll-dependenp-factor, i.e., the ratio of the upward 1949. For this study, we used two formulae: (1) that of
irradiance to the upwelling radiancel¢rel et al, 2009, and ~ Holmes (1970, where Kpar=1.7/Z;q when Z,;<5m and

Ry is a term which merges all reflection and refraction effects Kpar=1.44 whenZ,;>5 m; and (2) that ofVeinberg(1979,

at the air-sea interface (0.529). Sinckw is fully normal- ~ WhereKpar=2.6/(Z;q+2.5)—0.048.

ized Morel and Gentili 1996, its dependence on the view-  The Secchi-deriveKpar values were averaged for each
ing angle and the sun zenith angle are removed so that botBeaWiFS gridcell. For grid cells with at least 10 Secchi disk
0 andf® are taken for a nadir view and a sun at zenith (hencedepth observations and water depths less than 200 m, the av-

the “0” subscript). erage secchi-derivelpar values were compared to the av-
erage SeaWiFS-deriveklpar values (Fig2) for depths less
2.4 Benthic irradiance than 200 m. The SeaWiFS-deriv&@ar values were consis-

] ] o o tently less than those derived from the Secchi disk depths, al-
diance K p) describes the exponential propagation of spec-petter correlations with the SeaWiFS data. Correlations were

mines the amount of radiation reaching a given depth (

and whether light reaches the sea bottom:

—d[LN(Eq(%, Z))]
Kp = 47 (2) The minimum light requirementsyin) of the major groups

h | . ¢ the radiation i idered i of photosynthetic organisms were compiled from the liter-
The spectral composition of the radiation is not considered in,, .« The annual average irradiance at depth) {s not

this work and only its integral value between 400 and 700 NMy oy reported butkpag of the percent surface irradiance
is used (i.e., the photosynthetically available radiation, PAR).(%EO) often is. In such casesEmi, was estimated from

The mean attenuation coefficient for PARHaR) is there- KpaR OF %Eq using the average daily surface irradiance pro-

fore: vided by SeaWiFS. Irradiance data expressed in energy units
—d[LN(PAR(Z))] were converted to molar units using a conversion factor of

Kpar = @) 25x108 quanta st watt™ or 4.2umol photons m2s-1

dZ
l .
The average value dfpar over the euphotic zone was de- watt™* (Morel and Smith1974).

termined as described orel (1988:

2.6 Compilation of data

Kpar =0.121x CSO;:ZS 4) 3 Results

This relationship has been established for open ocean Case_llh
waters. However, the sole piece of information available in
a given bin is the monthly average chlorophyll-a concen-_ "™ ~ " ) . .
tragt]ion Csap. This averageymay ingclude rele?tiv):aly accurate avallabl'llty on the major primary producers aN@Pis pre-

chlorophyll-a concentrations determined in Case 1 Waters.sentecj in the o!lscus_slon_sectlon. i

and relatively inaccurate values determined in turbid Case 2 The Antarctic region is poorly covered by the SeaWiFS
waters, the proportion of each being unknown. The impactS€nsor due to limitations of the algorithms against sun-zenith

on the computation of the diffuse attenuation coefficient is2ngles, and to the presence of ice. Only 36% of the coastal
therefore unpredictable. zone is available in the annual images, and 26% are available

in the best monthly image (February 2003). As this region

2.5 Comparison wittKpar estimates derived from Secchi only represents 1.8% of the surface area of the world coastal
disk depths zone, it was not considered further in this analysis. Temporal

variations for the Arctic and non-polar regions are shown in
Secchi disk depthsZ;;) were extracted from the World Fig. 3. Other data are summarized in Tableend2. Appen-
Ocean DatabaseConkright et al. 1999. Z,, values are dices A and B provide the gridded data of the geographical
included in the secondary header information, and includedistribution of Case 1 and Case 2 waters as well as of benthic
observations taken from the early 1900s through the 1990s.irradiance, respectively.

is section is devoted to the analysis of the SeaWiFS data.
The compilation of literature data on the constraints of light

Biogeosciences, 3, 48943 2006 www.biogeosciences.net/3/489/2006/
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Table 1. Surface area and average depth of the various pixel clagsesl% is the level at which benthic irradiance equals 1% of surface
irradiance. Available pixels are those for whi€la, nLw (555 and PAR are available for analysis. Proximal coastal pixels are defined as

pixels comprising a portion of the coastline; all other coastal pixels are defined as distal.

Arctic

Non-polar

Monthly images
(June—October)
Min

Monthly images

Max Mean Min Max Mean
Available pixels/total number of pixels 0.20 0.60 0.39 0.68 0.90 0.81
Average depth available pixels (m) 74 87 80 67 71 69
Case 1 pixels/available pixels 0.58 0.72 0.66 0.46 0.65 0.55
Average depth Case 1 pixels (m) 86 99 93 80 86 83
Case 2 pixels/available pixels 0.28 0.42 0.34 035 054 0.45
Average depth Case 2 pixels 43 70 55 44 57 52
Pixels E;=1%/available pixels 0.20 0.29 025 035 041 0.37
Average depth pixel&,=1% (m) 14 18 16 21 24 22
Proximal pixels/available pixels 0.07 0.10 0.08 0.19 047 0.30
Average depth proximal pixels (m) 25 29 28 19 23 22
Distal pixels/available pixels 090 093 092 053 081 0.70
Average depth distal pixels (m) 70 77 73 43 74 63

Annual images
Min

Annual images

Max Mean Min Max Mean
Available pixels/total number of pixels 0.67 0.68 0.68 096 0.96 0.96
Average depth available pixels (m) 73.8 74.4 74 67.7 679 67.9
Case 1 pixels/available pixels 0.65 0.69 0.67 0.53 0.57 0.55
Average depth Case 1 pixels (m) 89.2 914 90.4 845 86.1 85.3
Case 2 pixels/available pixels 0.31 0.35 0.33 043 047 0.45
Average depth Case 2 pixels (m) 394 454 415 451 477 46.8
Pixels E;=1%/available pixels 027 030 028 035 036 0.36
Average depth pixel&,=1% (m) 145 161 152 195 199 19.7
Proximal pixels/available pixels 0.08 0.09 0.08 0.79 0.80 0.80
Average depth proximal pixels (m) 26.5 27.7 27.3 194 19.7 195
Distal pixels/available pixels 091 0.92 092 020 0.21 0.20
Average depth distal pixels (m) 749 75.8 75,5 335 345 33.6

Table 2. Surface area¥) and average depttZ{ of coastal waters of different optical characteristics.
Arctic Non-polar
SAPKkm2) S%) Z(m) S@APKkmA) S (%) Z(m)
Coastal zone 6.13 100 73.3 18.82 100 66
Monthly images
Case 1l 1.6 26.2 92.8 8.47 45 83
Case 2 0.81 13.2 54.6 6.76 35.9 52
Cases 1l and 2 2.41 39.4 80 15.23 80.9 69
Annual images
Case 1l 2.75 44.9 90.4 9.93 52.7 85
Case 2 1.39 22.6 41.5 8.19 43.5 47
Cases 1 and 2 4.14 67.5 74.1 18.11 96.2 68

www.biogeosciences.net/3/489/2006/
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3.1 Arctic region

057 RS Data availability vary greatly with season in the Arctic re-
A iR gion. In monthly images, the fraction of the coastal zone
0.4F available for analysis ranged from O in winter (November,
T December and January) to less than 0.10 in February, March,
= 03F April and May; these 7 months were therefore not further
< considered. The fraction of data available of the remaining
g 02F 5 months ranges from 0.20 to 0.60 and is about 0.68 on an-
3 . nual images (Table¥). From these data were calculated the
01 A fractions (of the available coastal zone) of: Case 1 waters
L e Al data (f1), Case 2 watersft), and the fraction of the coastal ocean
0-%:0 o o3 o5 o s where the bottom irradiance is more than 1% of the incident
' : : ' ' : surface irradianceffo). On averagef1=0.66 andf>=0.34
on both annual and mean monthly image%¢,=0.25 in
0.5 : monthly images and 0.28 in annual images, and 92% of the
: B - T missing pixels are distal. Of course, the variability is greater

0 4§ . P on monthly images but, on average, the results are similar in
S monthly and annual images.

-1

Secchi K,z (M)
o
n
T

3.2 Non-polar region

In non-polar regions, the fraction of the total coastal zone
: surface area available for analysis was 0.96 in the annually-

01F
Case 1 _averaged images, and varied from 0.68 to 0.90 in the monthly
‘ images. On average;=0.55 andf>=0.45 on both monthly
0.0 0.4 0.5 and annual images, anfi=0.37 (monthly) or 0.36 (an-
nual). Aside from the variability, the main difference be-
tween monthly and annual images is the proximal/distal ratio
0.5¢ of non-available pixels. The proximal/distal ratio is 0.30/0.70
04; C on monthly images and 0.80/0.20 on annual images. This
—~ is because distal pixels, which are mainly affected by cloud
E 03; cover on monthly images, are available on annual images
5 g (where missing distal pixels represent only 1% of the total
= surface).
3 0.2F
(0]
@ ok 3.3 Surface area as a function of incident light
0.0k ‘ ‘ ‘ Case 2 Let us define the cumulative functiad® given an irradiance
0.0 0.1 02 0.3 04 0.5 level on the sea flooE,, P is the percentage of the surface
SeaWiFS Ky, (M) of the coastal zone receiving an irradiance greater #ian

(in mol photons m2d-1). This percentage was calculated
Fig. 2. Kpar values derived from Secchi disk depth data us- for each of the monthly and annual images. The average an-
ing the formulation ofWeinberg (1976 versus Kpar derived nual function ¢,, the mean of the annual functions) was cal-
from SeaWiFS data. The 1:1 line is shown. Model Il regres- culated, as well as the average montRifunction for each
sions are: y=—0.023+1.43xx (N=3424 r=0.76) for all data,  month (12 for the non-polar region and 5 for the Arctic re-
y=0.022+-0.87xx (N=2126 r=0.51) for Case 1 waters, and gion, as explained in Sec8.1). For examplePjne is the
¥=0.002+1.68xx (N=467 r=0.73) for Case 2watersV isthe 305 of theP-functions calculated for all June images be-

number of data and |s_the Pearson correlation coefﬂment._ _The tween 1998 and 2003. Finally, the, function was con-
slopes of the geometric regression forced through the origin are tructed as the mean of the montiviunctions. In the Arc-
1.25, 1.05 and 1.7, respectively for all data, Case 1 waters an& u yfuncti )

Case 2 waters. Note that correlations are not shown for Iocation%IC region, theP, and 7, functions are different because an-

where waters varied seasonally between Case 1 and Case 2 in tfi/al images in this region, where data are not available dur-
SeaWiFS calculations. ing 7 months, are strongly biased. In the non-polar region,

the P, and P,, functions provide similar percent surface ar-
eas (a relative error of less than 10% between the minimum

Biogeosciences, 3, 48943 2006 www.biogeosciences.net/3/489/2006/
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Fig. 3. Monthly and annual changes in the surface area of the SeaWiFS pixels available (i.e. fo€udgiati w (555 and PAR are available

for analysis), Case 1 and Case 2 pixels, and of the geographical zone where irradiance is higher than 1% of surface irragiamtieg

Arctic and non-polar regions. The percent contribution of the proximal and distal pixels to the total number of pixels not available is also
shown. Proximal coastal pixels are defined as pixels comprising a portion of the coastline; all other coastal pixels are defined as distal.

and maximum values, and a relative error of less than 4% bethe major benthic primary producers, is used to estimate the

tween P, and P, for E,<10mol photons m?d-1). P, is surface area of the coastal ocean where benthic primary pro-

therefore used for the rest of this study. Figdrehows the  duction can proceed. These areas are broken down as polar
P, functions. The surface area receiving a certain irradiancevs. non-polar, and Case 1 vs. Case 2.

threshold is larger for Case 2 than for Case 1 waters because

the former are shallower than the later (e.g. 52 vs. 83 minthet.1 Distribution of benthic irradiance and assumptions in-
non-polar region; Tabl&). volved

Pixels not available for analysis have three origins: (1) data
4 Discussion acquisition was not performed because the area was not cov-

ered by SeaWiFS (high latitude), (2) data were collected but
Coastal and offshore waters have been classified into severaubsequently eliminated either due to high reflectance from
types according to their optical characteristics (elgrloy adjacent land or to high turbidity, and (3) cloud cover pre-
1977 Morel and Prieur 1977 Pelevin and Rutkovskaya vented acquisition of useful data. These three sources vary,
1977). Several local and regional distributions of these watersome of them considerably, with season. This is consis-
types are available but their large scale geographical distributent with many observations that specific geographical loca-
tions are unknown. This study is the first attempt to describetions on the continental shelf belong to different optical water
the distribution of two water types in the coastal ocean, withtypes depending on the seasétwierslev and Aaru®002).
optical characteristics dominated (Case 2) or not (Case 1However, only 12% of the surface area of the coastal ocean
by allochthonous CDOM and suspended solids. In this secis missing on annual images and it is mostly represented by
tion, the validity of the assumptions involved in the method distal pixels (with an average depth of 73 m), most of which
used and the resulting uncertainties are analyzed. The gegrobably do not experience light penetration to the bottom.
graphical distributions of Case 1 and Case 2 waters are the®nly 3% of the missing proximal pixels (average depth of
discussed, the irradiance reaching the bottom of the coastél2 m) can potentially receive irradiance at the bottom. An-
ocean estimated, and, together with the light requirement obther possible drawback of using annual images is that some
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Fig. 4. Cumulative surface area of the sea flo8) (eceiving irradiance above a prescribed threshalg.(Data are expressed in percent of

the surface area for which information is available (6 126 726 and 18 821 1340kspectively for the Arctic and non-polar regions). For
example, in the non-polar region, about 20% of the surface area overlain by Case 1 waters receives at least 1 mol photdnsTine
shaded zone depicts the range all montAiunctions for case 1 and case 2 waters. The solid lines correspond to the annual functions
calculated as the average of the monthly functiaRg)( Note that data for the Arctic are based on the five months of the year when light
levels were within the detection limits of the SeaWiFS sensor; i.e., only summer months were included (s&4)Sé&at this region, to
convert the daily irradiance value (mol photoné?njfl) to an annual irradiance value (mol photoné%yfl), one must multiply the daily

value by(5/12)x365d y‘l. The polynomial equations of the lines shown are:

Arctic Case 1:5=10.13-9.15 logyo(E;)+2.12 logfo(E;)+0.31 logo(E2);

Arctic Case 2:5=27.56-22.26 logo(E;)+0.25 logy(E;)+1.48 logiy(E;);

Arctic Case 1 and Case 3=15.99-1356 logj(E:)+1.49 l0g,(E-)+0.70 logy(E-);
non-polar Case 1§=21.07—14.64 log;o(E;)+1.97 Iogzqo(EZ)+0.83 Io@O(EZ);
non-polar Case 2§=40.29—22.03 log;o(E;)—0.86 IoﬁO(EZ)+O.97 Iog'fo(EZ);
non-polar Case 1 and Case:29.61-17.92 logyo(E;)+0.72 10 (E;)+0.90 logy(E:).

areas have only been sampled a few times over the period furface area that can support photosynthesis), but the limita-
one year. This introduces a bias in areas where light penetion must be taken into account when extrapolating the data
tration varies with season, particularly in high-latitude envi- to a full year (that is, significant photosynthesis only occurs
ronments. In the Arctic, for example, light levels could only on the Arctic shelf for five months). Parameters other than
be calculated for the five summer months, and we calculatediay length change seasonally, such as river discharge, wave
the annual average light penetration based only on those fivheight and resulting sediment resuspension, and water col-
months. This provides a more realistic value of light at the umn stratification (R. Jahnke, personal communication).
surface and its depth of penetration (including the dark win- The overall comparison of the SeaWiFS chlorophyll data
ter months would have grossly underestimated the percentith field measurements is quite remarkable withr&rof
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0.76 Gregg and Casey2004. When data are split into meaninglessL({iining and Dring1979. The distribution of
open ocean and coastal waters (using the 200 m depth comphotosynthetic organisms and the metabolic performances of
tour), the correlation is significantly lower in the coastal photosynthetic communities are controlled by absolute irra-
ocean than in the open ocear? (of 0.60 vs. 0.72). Ac- diance levels, or compensation irradiance (see below). Per-
cording toGregg and Casef2004), there are more than ten cent of surface irradiance does not translate into absolute ir-
impediments to retrieval of accurate water column chloro-radiance because the surface irradiance itself varies consider-
phyll from ocean color remote sensing. Among them, theably with latitude and cloud cover (e.gc|oser et al.1993.
presence of allochthonous chromophoric dissolved organi®anse(2004) recently advocated the use of absolute rather
matter (CDOM) and suspended sediments mostly apply tdhan percent of incident irradiance for phytoplankton com-
coastal waters. The regional analyses that they carried oununities, pointing out that the 1%-depth for moonlight is
show that the standard SeaWiFS algorithm overestimates thabout the same as the 1%-depth for sunlight. The analysis
chlorophyll concentration in coastal region. We have esti-that follows is therefore based on absolute rather than rela-
mated that 38% of the ratios SeaWiFS:in situ chlorophyll aretive irradiance.
below 1 while 62% are above 1. In addition the the water-
column impediments listed b@regg and Casef2004, sed- 4.2 Distribution of major primary producers and net
iment resuspension near the sea floor can greatly reduce ben- ~ €cosystem metabolism
thic irradiance (R. Jahnke, personal communication). It was
not taken into account in the present study but more benthid" this section, we compile data on the constraint of light
irradiance data would be needed to assess its importance giailability on the major benthic primary producers and on
a global scale. net community production. Then, the data are combined with
The nearly global scope of the present analysis does ndihe irradiance data derived in Se8tlto produce estimates
capture the large spatial and temporal variability of the IightOf the surface area where (1) light does not limit the distribu-
field in the coastal ocean. For example, changes in the opticdion of primary producers and (2) net community production
properties of the water column occur within scales of a few (the balance between gross primary production and commu-
100 m and daily irradiance can change by up to one order oflity respiration) is positive.
magnitude or more in a coastal turbid environmeithony
et al.(20049) identified four key factors which affect tempora

changes of irradiance: (1) the seasonal pattern of daily sur-Benthic rimarv producers. including prokarvotes. plants
face irradiance, (2) cloudiness, (3) light transmission in the P y P ' 9p y P '

water column which depends on turbidity and (4) tides. and animals living in symbiosis with algae (e.g., zooxanthel-

According to the criteria used, more than half (55%) of the late corals), rely on irradiance to proceed with photosynthe-

coastal ocean has optical characteristics of Case 1 waters (Tsls' The dependence of benthic primary production on irra-

ble 2), and are hence relatively unaffected by allochthonous iance can be defined by three distinct compensation irradi-

CDOM and suspended solids. Another unexpected outcomé "%

of this study is that Case 2 waters are not preferentially dis- _ compensation irradiance for photosynthedis dhot):
tributed close to shore. A large fraction (43%) of areas dis-  This is the irradiance at which net photosynthesis is 0
tant from shore are affected by allochthonous CDOM and (the rates of gross photosynthesis and autotrophic res-
suspended solids, probably corresponding to river plumes piration are equal). Instantaneols phot is typically
and relatively shallow areas influenced by sediment resus-  jnferred from experimental photosynthesis-irradiance
pension or upwelling. curves in laboratory of field incubations over time spans
The euphotic zone typically exhibits an excess of gross  of |ess than 24 h, sometimes over seconds. The daily
primary production over community respiration, hence net E. phot is defined for a period of 24 h and is the daily

community production is positive. Its lower limit is often ar- irradiance below which daily net photosynthesis is 0. It
bitrarily set at 1% of surface irradiance. According to our is not often reported in the literature.

analysis (Tablel), 25 and 37% of the Arctic and non-polar
coastal zone receive more than this level (34% for these two — Compensation irradiance for growttf(growt; sensu

| 4.2.1 Metrics of light requirements

regions combinedNelson et al(1999 reported that bottom Markager and Sand-Jenset®94): This is the irradi-

irradiance is often 4 to 8% of surface irradiance over much ance at which gross primary production balances the
of the South Atlantic Bight, and exceeds 10% of surface ir- carbon losses (respiration, herbivory, exudation of dis-
radiance on occasiodahnke et al(2000 estimated that the solved organic carbon, and reproduction) for a partic-

area-weighted annual average light flux to the sea floor of ular organism. E. growth is inferred from long-term
the Southeastern US continental shelf is 5.4% of the surface  growth-irradiance experimentdMérkager and Sand-
irradiance (or 1.8 mol photonsTAd—1). Jensen1994 or, empirically as the irradiance at the
Expressing light requirements for benthic primary produc- depth limit of the distribution of benthic primary pro-
tion in percent of surface irradiance, however, is biologically ducers (e.g. Appendix 1 ibuarte 1991). For benthic
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organisms,E. gronth also integrates the light require-

_ 100 A R ments over long periods of time, effectively smoothing
i out seasonal changes in irradiance. Here one assumes
£ 7 Communty that light attenuation with depth is the only factor limit-

g zz 1 ing the vertical distribution, although other factors limit
R the colonization depths of benthic primary producers
% -20 - (e.g., terracing, thermocline, competition, etc.).

—40

; oo o0 oo — Compensation irradiance for community metabolism
(Ec comm): This is the irradiance at which gross com-
munity primary production@PP) balances respiratory
carbon lossesR) for the entire community. Instanta-
NeouskE. comm IS typically inferred from experimental
photosynthesis-irradiance curves over time spans of less
than 24 h. The dail¥, comm is derived from concurrent

Instantaneous benthic irradiance (umol m™ s™)

15 B Organism

1.0 H
Community

0.5

Net production (arbitrary units)

] _ ] \\; measurements of daily irradiance and daily net commu-
= nity production NCP) at different depths. The use of
o 5 10 15 2 shading experiments on communities at a single depth

(e.g.Gacia et al. 2005 are useful in investigations of

Time of the day (h)

LlC communiy | short-term (a few weeks) photoacclimation but do not
4 provide useful information on metabolic performances
ol | 1 as a function of depth because they do not account for

depth-related changes in the community composition.
Additionally, such experiments must be relatively long
(up to a few months) in order to ascertain that the com-
munity is acclimated to the new light field.

Organism

Daily E, (continuous line; mol m2 d‘l)

Instantaneous E ., (dashed line; mol m™2 d™)

0 10 20 30 40 50

These three compensation irradiances have different mean-
ing, availability, and usefulness in the context of this paper.
Fig. 5. Arbitrary P—E curve @), diel change of net pri- Ecphot iS by far the most often reported measure of com-
mary (insets) and community productioB)(and changes in  pensation irradiance whil&. comm is the least often mea-
daily E. as a function of daily irradianceC) for photosyn-  sured, being limited to a few experiments carried out mostly
thetic organisms and communities. The primary production of on shallow water communitie, phot iS an important phys-
an organism was calculated using the hyperbolic tangent functiono|ogical trait, but does not have a direct translation into the
npp=gppmaxx tanh(Ez/ Ex)+rq Whereinpp is the rate of net pri-  gistribution and long-term production of benthic organisms.
mary production.gppmax i the maximum rate of gross primary ¢ 555r6yimatest, growth Only when measurements are ob-
proQuctuon (Set. at 100.)E.Z. Is the benthic '”ad'ance.E" IS the ir- tained from individuals collected close to the depth limit of
radiance at which the initial slope of thie—E curve intersects the . . . . .

a particular species or acclimated at an irradiance close to

horizontal asymptote (set at x@nol photons m2s~1) andr, is o
the rate of dark respiration of the autotrophs (set26). £, and  that found at the depth limitMarkager and Sand-Jensen

E;, are inumol photons m2s~1. The diel change in irradiance 1993-. These gonditions are not frgquently Mei, growth
was modeled using a sine curve and using a photoperiod of 12 #0r which there is a reasonable empirical basis, is the relevant

dark and 12h light. The rate of net community production was parameter for estimating the areal extent of benthic primary
calculated assuming that the rates of dark respiration of the hetproducers (the area receiving irradianceB, growtn). Ben-
erotrophs and autotrophs are equalwas therefore simply added  thic communities growing at irradiances close A growth
to thenpp of the organism. In this generic example, the instan- gre unlikely to exhibit a positivéCP. This is because,
taneousE, phot (i-e. for the organism) andc comm (i.e. for the  \ypich is often sizeable relative 8PP, should excee@GPP
community) are, respectively, 101 and 240l photons m2s~1 at E. growth, rendering deep photosynthesizing communities
(panels A and B). In panel (C), dailjc (continuous lines) is twice  paterotrophic with respect to carbon (i.e., dependent on in-
the instantaneouB, (dashed line) and the shaded area indicates theputS of organic carbon from adjacent systents)eomm rep-
range of dailyE. for communities. This area is enclosed within resents the threshold irradiance above which benthic com-

an upper line which assumes no photoacclimation and a lower line it totronhi d tribute t t ducti
which assumes a photoacclimation parallel to the one reported foNUNIUES are autotrophic and can contribute to net production

individual organisms. The thick blue line shows the range of daily ©f 0rganic carbon in coastal ecosystems. Note that net pri-
compensation irradiance. Irradiancezimol photons m2d—1is ~ mary production of the autotrophs can be significant below
calculated using the relationship 0.0482rradiance (inumol pho-  this threshold, even though the community is heterotrophic.
tons nT2s~1) assuming a photoperiod of 12h dark and 12h light. ~ We will focus on E. gowth and E.comm as the
ecologically- and biogeochemically-relevant irradiance

Daily benthic irradiance (E, in mol m? d’l)
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thresholds for benthic communities. These thresholdsSpecial consideration for polar regions
respectively delineate the deepest extent of benthic primary
producers and the depth over which benthic communitiesPolar regions are the most difficult to address due to scant
act as net sources of organic carbon to coastal ecosystemigiformation on benthic irradiance along the Antarctic coast
Figure 5 illustrates the relationship betweef. phot and (see Sect3), vertical distribution of primary producers, and
E. comm and their changes with irradiance. Three importantacclimation processes other than photoacclimation. Estimat-
observations are apparent in this figure. First, instantaneouig light penetration on a large spatial scale is difficult at
E:comm should be higher than instantaneou. phot high latitudes because of the poor coverage by SeaWiFS
(Figs.5a and c). It should also occur later in the morning (Sect.4.1) and the considerable seasonal change in light ab-
and earlier in the afternoon (Fi§b) because communities Ssorption by ice and snow covers, and sub-ice platelets. How-
include heterotrophs as well as autotrophs, which increasesver, there are local estimates of light penetration. For ex-
respiration relative to primary production and thus raisesample,Robinson et al(1999 reported that approximately
the compensation irradiance. Second, instantan&puygot 0.05% of the irradiance incident on the sea ice (about 2m
of organisms generally decreases with decreasing benthithick) surface at noon or 0.2 to Quénol photons m?s-1
irradiance due to photoacclimation: low-light adapted reaches the sea floor at 23m depth in McMurdo Sound,
specimens therefore have less light requirements tharntarctica. Borum et al.(2002 provided estimates of the
high-light adapted specimens (F&g). Third, the slope of cumulated annual benthic irradiance in a high-arctic fjord of
the relationshipE, versusk, is lower for communities than NE Greenland covered by ice for about 10 months a year:
for organisms because the ratio of autotrophs to heterotroph&34, 96 and 40 mol photonsThyear* at 10, 15 and 20 m
decreases with decreasing irradiance. depth, respectivelySchwarz et al(2003 estimated that an-
nual irradiance at Cape Evans {38 S) ranges from 111.6
For ecosystems such as coral reefs, the precise photoas 17.7 mol photons m? year 1, respectively at 10 and 30 m
climation function is unknown becausg. comm data are  depth. It must also be noted that coastal waters can be clear
reported as instantaneous values obtained on shallow-watemder the ice; &par value of 0.09 m! was reported in the
communities whereas, as outlined above, daily values aRoss SeaSchwarz et a).2003.
depths are required to estimate the surface area of the coastalThe cumulated annual irradiance at depth probably con-
ocean which receives enough light to contribute to net pri-trols the depth distribution of photosynthetic organisms. The
mary production. The photoacclimation function can be seasonal depth of light penetration exhibits dramatic seasonal
bracketed by an upper bound which assumes no photoacclehanges at high latitudes: the total insolation in summer may
mation and a lower bound which assumes that photoacclimaactually exceed that of lower latitudes (because of longer day
tion of communities is similar to that observed in the main length) but, due to higher zenith angles, more of the light is
photosynthetic organism of the community. The true func-reflected off the surface rather than penetrating the air-sea in-
tion lies in the light blue area shown in Figc). terface. Some organisms may require some daily minimum
irradiance to survive; that is, their bottom limit of distribu-
tion is limited by winter time irradiance. Others are known
to suspend growth during winter darkness, aided by the re-
duced carbon expenditure as reflected in lower rates of respi-
ration in colder waters. At 20 m, the depth limit for the alga
Laminaria saccharinan an Arctic Greenland fjord, annual
irradiance is 40 mol photons T or about 0.7% of surface
The maximum depth of distribution of primary producers, irradiance Borum et al, 2002. The net carbon balance is
which represents an estimate Bf growth, ranges from 90 to  negative during most of the ice covered period but the sum-
285m corresponding to 11 to 0.0005% of incident surfacemer primary production is large enough to maintain a posi-
irradiance (Tabl&). These depths demonstrate the outstand-tive annual carbon balanc&PP R=1.2). Despite extended
ing photoadaptative capabilities of some primary producergeriods of extreme light limitation, and because of strong
but are not very useful for estimating their global depth dis- photoacclimation processes, the light requirement at this site
tribution. Logically, benthic primary producers occur most is only slightly lower than that of other cold-water laminari-
deeply in exceptionally clear waters, in accordance with theales (e.g.,Luning and Dring1979. This suggests that light
negative relationship between the depth limit and water transtimitation for this group of macroalgae, and possibly others,
parency (e.gDuartg 1991, for seagrasses). Moreover, ben- should therefore be considered on an yearly basis.
thic primary producers occur in very low abundance at these Saprotrophy, the ability to assimilate dissolved organic
depths, where their contribution to primary production is substrates, is another acclimation process that can support
negligible. The light requirements of the major benthic pri- normally photosynthetic organisms during periods of low ir-
mary producers are reviewed below, but we first address theadiance. Antarctic benthic diatoms, for example, can be
special case of organisms living in polar regions. saprotrophic. This ability could also support heterotrophic

4.2.2 Review of the light requirements of benthic primary
producers
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Table 3. Deepest known benthic primary producers. Note that data for microalgae may be the result of downslope transport, although this
possibility was ruled out bahoon(1986.

Seagrasses Macroalgae Microalgae Corals
Reference Den Hartog(1970 Littleretal.(1985 Cahoon(198§ Maragos and Joki€lL986
Deepest record (m) 90 268 285 165
% surface irradiance 11 0.0005 0.1 0.02
E¢ growth (Mol photons 2 d-1 5 0.0002 0.04 0.009 (a)

(a) Kpar from Agegian and Abbotf1985

growth of microphythobenthic algae during the aphotic polarBacteria and Archaea

winter (Rivkin and Putt1988.
Photosynthetic Bacteria and Archaea are very diverse, both

The depth limits of Antarctic macroalgae have been com-taxonomically and functionally as they utilize the three
piled byKloser et al(1993. Benthic photosynthesis occurs known types of photosynthesik4rl, 2009. Oxygenic pho-
despite very low light levels due to periods of darkness of uptgsynthesis generates oxygen as a by-product whereas aero-
to four months, and cloud, ice and snow covers. Corallineyjc anoxygenic and anaerobic anoxygenic photosynthesis do
algae have low light requirements, can sustain prolonged penot. Their importance is likely minor in terms of global ben-
riods of darkness, and seem to be well distributed at highpic primary production. The very poor knowledge on the
latitudes Gchwarz et &).2003. Brown algae have light re-  gepth distribution and light requirements of Bacteria and Ar-
quirements as low as 31 mol photonstiyear * (Wiencke,  chaea prevents any attempt to delineate the extent of their ge-
1990, in Schwarz et a).2003. ographic distribution. It is, however, worth noting that some

of them have developed extremely efficient mechanisms to
acclimatize to light levels as low as 0.0005% of surface ir-
Surface area pOtentially available for benthic primary Pro- radiance (Or OOOﬁmo| photons m2 S_l; Overmann et aJ.

ducers 1992.
Seagrasses
Here we combine estimates of the irradiance reaching the
bottom of the coastal ocean derived in S&:8 with esti- Seagrasses are flowering plants that grow on various soft sub-

mates ofE . growth t0 provide the maximum extent of the area Strata along the shores of all continents, except Antarctica, up
of distribution of different benthic organisms. The limita- to 75 N. They colonize areas with suitable sediments down
tions related to the use of SeaWiFS data to estimate the irto 10.8% of surface irradianc®gartg 1991) and the deepest
radiance reaching the sea floor are described in Qett. depth of colonization is 90 m in the Dry Tortugas (TaBle
There are also biological and sedimentological sources oPen Hartog 1970. Duarte(199]) reviewed literature data
uncertainty. The method of estimating benthic irradiance ason seagrass depth distribution and light attenuation and de-
sumes that there is no shading from other erect organisms ndgived the following relationship between the maximum colo-
epibionts. The effects of backscaterring within the sedimenthization depth Z., in m) and the light attenuation coefficient
which can result in a 50% increase of the light exposure of(Kpar, in m~1):

some microphytobenthic communitidsi(hl and Jgrgensen _

1992, are also neglected. Finally, tidal effects were ignored,LN(ZC) = 0.26—= 107> LN(KpaR) ®)
which in areas subject to large tidal amplitude, can induceA few additional data were added to Duarte’s compilation.
hourly, daily and seasonal variations in light penetration by The data onZostera marinaproduced byNielsen et al.
altering the height of the water column and turbidity (e.g., (2002 were not used because the geographical location of
Dring and Liining 1994). Data on both the maximum depth the stations was not provided. However, the distribution of
of occurrence of species and the irradiance at this depth werthis species in Danish waters is very well covered in our data
compiled from the literature to determine the surface areaset (available in Appendix C) from the 20 stations reported
where benthic primary producers are not light limited. Often by Nielsen et al(1989. The maximum depth of distribution
the benthic irradiance was not reported but either the attenuef seagrasses ranges from 0.7 to 50 m, with a median value of
ation coefficient or the percent light penetration was (some-4.4 m. The minimum light requirement varies widely across
times in another paper); in this case, the benthic irradiancespecies (range of median: 0.06 to 14.1 mol photon$ d?;

was estimated by combining this value with the surface PARTable4). The overall median of the minimum light require-
value from SeaWiFsS. ment is 5.1 mol photons ¥ d~1. About 19% and 38% of
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Table 4. Minimum light requirements (mol photonsTAd—1) of seagrasses. The complete data set is available in Appendix C.

Species Number of data Range Mean Median
Cymodocea nodosa 2 0.1-0.1 0.1 0.1
Halophila decipiens 1 - 3.8 3.8
Halophila engelmannii 1 - 10.2 10.2
Halophila stipulacea 1 - 0.2 0.2
Heterozostera tasmanica 9 0.7-8.2 2.9 1.7
Posidonia angustifolia 2 2.4-10.1 6.2 6.2
Posidonia coriacea 1 - 3.2 3.2
Posidonia oceanica 2 0.1-2.8 1.4 1.4
Posidonia ostenfeldii 1 - 10.1 10.1
Posidonia sinuosa 1 - 10.1 101
Ruppiasp. 1 - 3.3 3.3
Syringodium filiforme 3 0.2-8.3 53 7.5
Thalassia testudinum 15 0.2-14.1 8.6 8.5
Thalassodendron ciliatum 3 1-4.4 2.2 1.3
Zostera marina 45 1.2-12.6 6.0 54
All 88 0.06-14.1 5.8 5.1

Table 5. Percent surface area where irradiance does not limit the distribution of photosynthetic organisms. Data are expressed relative to the
surface area for which information is available: 18821140 and 6 126 7§6rle$pectively for the non-polar and Arctic regions. Data are
not reported in the Arctic region for seagrasses nor for reef corals where these groups are not present.

Non-polar region Arctic region

Organism Casel Case2 Casesland2 Casel Case2 Casesland2
Seagrasses 19 38 28 - - -
Macroalgae

— Filamentous and slightly corticated filamentous 32 55 42 17 43 26

— Corticated foliose, corticated and foliose 37 61 47 21 49 30

— Leathery and articulated calcareous 43 67 54 26 55 36

— Crustose 60 72 66 48 57 51
Microphytobenthos 27 49 37 14 36 22
Scleractinian corals 33 56 43 - - -

the surface area respectively covered by Case 1 and Case 2Although the scope of the present paper is global, data
waters in non-polar regions receive at least this irradianceon light penetration and requirements are useful at the re-
level (Tableb). Globally, seagrasses are not light-limited in gional scale too. A good case study is the distribution
only 28% of the non-polar region (Bx10° km?). This sur-  of seagrasses in Australia. It also provides an opportu-
face area is about 9 times larger than the estimated potemity for validation purposes and to highlight that parame-
tial area covered by seagrasse of 0.5.®{10° km? (Duarte ters other than irradiance also control the distribution of ben-
and Chiscanp1999 Green and Shor2003, which were  thic organisms. The Commonwealth Scientific and Indus-
also based on considerations of the potential suitable habitatrial Research Organisation (CSIRO) compiled data on the
and 35 times larger than the documented seagrass extensiaiistribution of seagrasses along the Australian coastline in
(about 015x 10° km?; Green and Shor2003. The estimate 1996 fttp://www.marine.csiro.au/nddg/ndebarch.Browse
produced here represents an upper limit which needs be co€itation?txtSession=246 The potential distribution of sea-
rected for the area occupied by other benthic communitiegrasses in this region, estimated as the area where the ben-
(coral reefs and macroalgae) and unsuitable substrate, suthos receives more than 5.1 mol photons4d—1, is much

as rock or highly mobile sediments. Yet, it suggests that predarger than the distribution estimated by CSIRO (Fig. A

vious estimates of the seagrass extension in the coastal zom&rge patch, also captured in the present study, is reported by
were too conservative and that the actual area may be muc@SIRO in the Torres Strait. The discrepancy is largest along
larger than hitherto believed. the northern and northeastern coasts and can be explained
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Table 6. Minimum light requirements (mol photonsTAd—1) of the major macroalgal functional groups definedStgneck(1988 and
Steneck and Dethi€l994). The complete data set is available in Appendix D.

Functional group Number of data Range Mean 1stdecile Median
Filamentous (group 2) 7 0.1082-2.63 1.40 0.12 1'5?.63
Slightly corticated filamentous (group 2.5) 5 0.9289-2.63 1.95 1.18 2.03
Corticated foliose (group 3.5) 29 0.0483-2.49 0.87 0.11 O'%E?SS
Corticated (group 4) 29 0.0317-2.63 0.93 0.1 0.81
Foliose (group 3) 4 0.0842-0.25 0.13 0.09 0'1%.28
Leathery (group 5) 22 0.0277-1.53 0.50 0.06 0.31
Articulated calcareous (group 6) 16 0.011-2.92 0.65 0.04 0.19
Crustose (group 7) 28 0.0001-5.0 0.42 0.001 0.02 o0.01
Undefined 22 0.0019-4.42 1.16 0.37 0.44 0.44
All 162 0.0001-5.0 0.81 0.019 0.31 -

by three reasons. First, several parameters beside irradianogast of Maine Yadas and Stenecl988. Exceptions to
limit the distribution of seagrasses (e.§hort 1987. For  this rule are due to the control of other factors, such as graz-
example, wind-driven physical disturbances limit the distri- ing pressure or morphological variation such as the thick-
bution of seagrasses along the central Queensland st ( ness of the thallusfdas and Steneck988. Markager and
ruthers et al.2002. Second, the spatial coverage of field Sand-Jense(l992 concluded that there i&n upper zone
surveys in such a large region is inevitably patchy, with theof mainly leathery algae with depth limits of about 0.5% S,
result that the real distribution is underestimat&dkKman, an intermediate zone of foliose and delicate algae with depth
1997). For example, the northern Australian shore is an aredimits at about 0.1% SI, and a lower zone of encrusting algae
for which virtually no information is availableKirkman, extending down to about 0.01% S[3I: surface irradiance).
1997. Third, the benthic environment may be already occu-Crustose coralline algae are the deepest-occuring macroalgae
pied by other communities, such as coral reefs, a possibilitffound to date (see Tabl®, and can also routinely survive
that our approach cannot resolve. Hence, the disagreemeidng periods of low irradiance (e.g., up to 17 months under
betwen our estimates and those of CSIRO may reflect the difice at maximum irradiances below 0.07% of surface irradi-
ference between documented (i.e. CSIRO) and realised areance;Schwarz et a).2005.

with our estimates which represent the upper limit of the ex- The compilation oMarkager and Sand-Jens@994 was

tent of seagrasses. updated using additional and recently published data (Ap-
pendix D). The review of the algal depth maxima\@das
Macroalgae and StenecK1988 is very thorough but could not be used

because it does not provide, except for their own study site,
Macroalgae are plants which have a very broad latitudinalinformation on the attenuation coefficient or percent light
distribution, from 77.9S (e.g.,Miller and Pearsegl199]) to penetration. Only data pertaining to adults were compiled;
82°N (Lund, 1951, inBorum et al, 2002, and grow on juveniles sometimes have different light requirements than
both hard- and soft-bottoms. Two mechanisms have bee@dults, and light can limit the growth and distribution of some
described to explain their depth distribution. The first hy- species such a#lacrocystis pyriferge.g.,Dean and Jacob-
pothesis is that the depth distributions of the different groupssen 1984. The species were classified using the functional
of macroalgae are related to their light harvesting capabil-groups based of morphological attributes define®tsneck
ities, which in turn are a function of the spectral compo- and Dethier(1994. We are aware of concerns expressed
sition of light and the composition of their photosynthetic with the use of groupings based on morpholoBgdilla and
pigments. For example, red algae generally live deeper thaillen, 2000, but such groups have been shown to be mean-
green and brown algae. This hypothesis is supported by obingful in investigations of the effect of light on macrophytes
servations from many locations throughout the world (e.g.(Markager and Sand-Jens€1994.
Larkum et al, 1967 Spalding et al.2003 but many excep- The maximum depth of macroalgal distribution ranges
tions have have also been described. For example, red algdeom 6.4 to 268 m, with a median value of 55m. The mini-
are distributed throughout the vertical range of algae on thanum light requirement varies considerably (0.0001 to 5mol
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Fig. 6. Changes in instantaneous and ddilyas a function of daily irradiance for photosynthetic organisms and commumitisgagrasses
(symbols 1 to 6, respectivelfprew, 1978 Pirc, 1986 Dennison and Albertel 986 Titlyanov et al, 1995 Ruiz and Romerp2001; Olesen
et al, 2002 and seagrass communities (symbols 1 to 3, respectizefemeijer et al.1993 Herzka and Duntorl997 Martin et al, 2005.

B: macroalgae (symbols 1 to 10, respectivéberard 1988 Chisholm and Jauberi997 Gomez et al. 1997 Roberts et a).2002 Borum
etal, 2002 Chisholm 2003 Schwarz et aJ2003 Fairhead and Cheshir2004 Martin et al, 2005 and macroalgal communities (symbols 1
to 5, respectivelyCarpenter1985 Klumpp and McKinnon1989 1992 Cheshire et a]1996. C: microphytobenthic communities (symbols
1 to 4, respectivelyHerndl et al, 1989 Erftemeijer et al.1993 Boucher et a].1998 Uthicke and Klumpp1998 Glud et al, 2002. D:
scleractinian corals and alcyonarians (symbols 1 to 5, respectiielytey and Portefl976 Chalker and Dunlapl983 Gattuso and Jaubert
1985 Porter 1985 Masuda et a).1992 Fabricius and Klumppl995 and coral reefs (symbols 1 to 5, respectivigrnes and Devereux
1984 Barnes 1988 Gattuso et a).1996 Hata et al.2002 Kayanne et a).2005. The data highlighted by dashed circles in panel (C) were
omitted from the regression analysis. The complete data set is available in Appendix F.

photons m2d—1; Table6). The median (the mean cannot than in macroalgae (1.07 vs. 0.88). The maximum depth of
be used because several groups exhibit a very skewed digccurrence therefore decreases less sharply as a function of
tribution) light limits of the functional groups range from the increase in light attenuation in macroalgae than in sea-
0.02mol photons m?d~1 for crustose algae to 1.95mol grasses, indicating that seagrasses are less tolerant to a de-
photons nT2d~1 for slightly corticated filamentous algae. cline in water transparency.
This is in agreement with the fact that the deepest known In the non-po|ar regions, about 32 to 60% and 55 to
macrophyte is a crustose coralline alg#t(er et al, 1985. 729 of the surface areas respectively covered by Case 1
Overall, these light requirements are much lower than thoseind Case 2 waters receive an irradiance level suitable for
reported for seagrasses. Only a few species of seagrassgfacroalgal colonization (Tab®. The large range is due to
(Cymodocea nodosand Halophila stipulace have light  the wide range of light requirement of the various macroal-
requirements lower than most of the macroalgal functionalgal groups. Globally, macroalgal distribution is not light-
groups (Tabled and6). The functional groups were pooled |imited in 42 to 66% of the non-polar region. About 26
into four categories according to their median light require-to 519 of the Arctic coastal zone would receive enough
ments (Table). light to harbor macroalgae. The potential extent of the geo-
There is a relatively strong relationship?£0.70) be-  graphical extension of macroalgae, calculated using the first
tween Kpar and the maximum depth of occurrence of al- decile of the minimum light requirements of the major func-
gae (Fig.8), with similar a slope at low and high latitudes tional groups (0.0019 mol photonsthd—1; Table6), is 10.9
(data not shown). A similar relationship was reported for sea-and 2.4<10° km? in the non-polar and Arctic regions, re-
grasses byuarte(1991, see above) but with a higher slope spectively. These estimates, which do not take into account
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Fig. 8. Relationship between the colonization depth of marine al-
gae . in m) and the light attenuation coefficient of the overly-
ing water column Kpag, in m—1). Definition of functional groups
(Steneck and Dethiet994): 2, filamentous; 2.5, slightly corticated
filamentous algae; 3, foliose; 3.5: corticated foliose; 4, corticated,;
5, leathery; 6, articulated calcareous; 7, crustose. The undefined
group comprises species which could not be attributed to one of
the groups above. Data are available in Appendix D. The regres-
sion is: LN(Z.)=1.81-0.884x LN (KpaR), r2=0.71, N=149,
P<2.2x10716,

Microphytobenthos

Microphytobenthos comprises the microscopic algae living
in soft-bottoms. However, it is not possible to distinguish un-
equivocally between living benthic microalgae and recently
settled phytoplankton. Apparently functional chlorophyll-

a” was found at depths up to 285 m and transport seemed un-
likely (Cahoon 1986. If confirmed, this observation would

be a new depth record for viable plants in the sea. Accord-
ing to Cahoon(1999, benthic microalgae may often extend
deeper than 40 m and decline in abundance with increasing
depth in non-polar regions. He also reported that microalgae
can sustain growth at irradiances well below average irradi-

21 .
Fig. 7. Top panel: Portion of the Australian coastal zone where 21C€S 0f 5 to 1mol photons m“s™* and 1% surface inci-
irradiance does not limit the distribution of seagrasses (benthic irradent radiation. There is, to our knowledge, no data on the in

diance>5.1 mol photons m2 d—1). Bottom panel: Distribution of

situ light requirements or maximum depth of distribution of

seagrasses along the Australian coastline estimated from field suspecific microphytobenthic organisms. Hence, it is not possi-

veys (CSIRO, personal communication).

ble to derive a minimum light requirement, as we have done
with other groups of photosynthetic organisms, and provide
an estimate of the surface area of the coastal ocean where
light does not limit the distribution of microphytobenthos.
The minimum irradiance at which community metabolism
has been detected (0.4 motdd—1; Table7) can be used as

a very conservative minimum light requirement. About 27%

substrate suitability nor limiting factors other than light, sug- and 49% of the surface area, respectively covered by Case 1

gest that the estimate G@harpy-Roubaud and Sourr{tt090
of a global surface cover ob610° km? is underestimated.

Biogeosciences, 3, 48913 2006

and Case 2 waters in non-polar regions receive at least this
irradiance level (Tabl&). The corresponding estimates in
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Table 7. Parameters used to derive the daily compensation irradiance of the major photosynthetic coastal ecosystems. The regressior
parameters arex, daily benthic irradianceH; in mol photons m2d=1) andy, instantaneous compensation irradiance of communities

(Ec comm in mol photons m2s~1), except for coral reefs wheneis the compensation irradiance of coral organisisghot in percent

of the highest value found in the data compiled). The minimbimis the median of the minimum light requirements for seagrasses,
macroalgae and corals whereas it corresponds, for microphytobenthos, to the lowest benthic irradiance at which community metabolism has
been reportedE, comm is the instantaneous or daily compensation irradiance at the minifum

System Regressiof.commVs. E; Minimum E, Instantaneou®’: comm. Daily E; comm
(mol photons m2d=1)  (umol photons m2s~1)  (mol photons m2d~1)

Seagrass beds y=5.4574+-4.448x x 51 28.1 2.4

Algal beds y=18+1.356xx 0.31 18.4 1.6

Microphytobenthos y=1.35+3.57xx 0.4 2.8 0.24

Coral reefs y=19.6+20.81x LN (x) 1.41 50.8 4.4

the Arctic region are 14% and 36%. Globally, extension of location is about 43 mol m?d—1, and assuming very clear
microphytobenthos is not light-limited in 33% of the global water (Kpar=0.04 mi"1), then average daily PAR at 60 m is

coastal ocean (86x10° km?). about 3.9 molm?2d—1, about half the value estimated as nec-
essary for net positive coral reef Cag@roduction.
Corals and coral reefs According to our data compilation (Appendix F), the av-

o _ erage benthic irradiance at the maximum depth of coral col-
Zooxanthellate scleractinian corals and alcyonarians argnization is 1.2-1.7 mol 2 d-1 (+ standard error of the

invertebrates harbouring photosynthetic microalgae insidemean;N=30) and the median is 0.35 moltad—Lt. In the
their cells. They are, together with coralline macroalgae, thenon-polar region, an estimated 33% and 56% of the surface
major contributors to the edification of coral reefs. Their 5105 covered by Case 1 and Case 2 waters, respectively, re-
horizontal range of distribution is primarily controlled by gjve at least this irradiance level (TaBle
the 16C isotherm (minimum winter temperature). Reef-  temperature is also a major control of the distribution of
building corals require some minimum light level, despite ¢o) reefs as they do not occur where the average minimum
their ability to feed heterotrophically, and their depth distri- \yeekly temperature is below 16 (Kleypas et al. 1999.
bution is pr|ma_r|Iy_I|m|_ted by PAR. . Using the Ol.v2 weekly temperature daiefynolds et a.

The depth distributions of corals, coral communities and2003, we find that 15x 106 km? of the non-polar coastal
coral reefs are confused by the ongoing discussion of whatgne has an average minimum temperature 6£18nd re-

defines a coral community versus a coral reef. Most defini-cejyes at least 1.41 mol photons #d~1 and hence may be
tions of coral reefs imply a net positive Cag@ccumulation,  gyitable for coral colonization.

and do not consider the depth at which gross primary pro-

duction GPP) exceeds carbon losses. However, it is likely 4.2.3 Surface area where net community production is pos-
that a coral community still contributes to net primary pro- itive

duction, even if it does not produce an excess of calcium

carbonate. Using depths where net calcification equals zertn this section, information on the behaviors Bf phot and
thus provides a conservative estimateMfcomm. For ex- E. comm as a function of benthic irradianc&y) is compiled
ample, the most widely quoted figure for the depth limit for the major photosynthetic organisms and ecosystems.

to coral reef development is 30 to 40 m (e.Gtigg and Considerable differences have been reported inftheZ

Epp 1989, which in typical Case 1 waters with Epar of curves parameters of seagrasses. The main factors control-
0.04m 1, equates to a maximum irradiance of about 400 toling E. phot are: season, depth, sulphide levels, temperature
600umol m~2s~1. A model that estimated coral reef distri- and concentration of nutrient$d€mminga 1999. Large
bution as a function of PAR found that the global reef distri- changes were reported f@dostera marinawith values of
bution was best simulated with a maximum PAR of 250 to 1 and 17umolm—2s~1, respectively in winter and summer
300umolm=—2s-1 (or 7 to 8molm2d-1; Kleypas 1997.  (Dennison1987). A compilation of literature data suggests
However, this reflects light control on reef formation (net that E. phot does not vary greatly across species and depth
CaCQ production), and not necessarily organic carbon pro-and ranges from 9 to 26molm—2s~1 in eight species of
duction. The recently discovered deep-water coral commuseagrasses collected at depths ranging from 0.5 to Xaam-(
nity at Pulley Ridge off the west coast of Florida (24.80 nison 1987 Masini et al, 1995. Olesen et al(2002 found
83.70 W), occurs in waters 58 to 75m deefn(rett et al.  thatE. phot varies significantly with depth i@ymodocea no-
2005. Provided that the SeaWiFS average daily PAR at thisdosabut not inPosidonia oceanicé&ut did not provide the
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Table 8. Percent surface area where benthic irradiance is higher that the daily community compensation irradian€d.(NBfR are not
reported in the Arctic region for seagrasses communities nor for coral reefs where these groups are not present.

Total surface area

(108 km?)

Non-polar region Arctic region

Community Casel Case2 Casesland2 Casel Case2 Casesland?2
Seagrass beds 16 32 23 - - - 4.32
Macroalgal communities 18 36 26 8 23 13 5.71
Microphytobenthic communities 31 53 41 17 41 25 9.19
Coral reefs 8-13  14-26 11-19 - - - -

actual data. E. phot also varies considerably depending on on the light attenuation (e.gJohansson and Snogi002).
which part of the plant is investigatedemminga and Duarte  E. phot Of macroalgae (including epilithic algae) also does
(2000 reported values 5 times higher for entire plants thannot always decrease as a function of decreasing benthic ir-
for isolated leaf segments amitew (1979 reported values radiance. It is sometimes relatively constant or slightly in-
ranging from 1 to 17%mol m~2s1 for leaf segments. creases (see inset in Figb). In contrast to other coastal
E. phot Of seagrasses leaf segments do not always decreageosystems, some. comm data are available for macroal-
as a function of decreasing benthic irradiance and can evegal communities at different, values (Fig6b). These data
increase slightly with depth (see inset in Fé@). However,  exhibit a statistically significant regression:
in contrast to other coastal ecosystems, sd&ng,mm data
are available for seagrass communities at diffeféntalues
(Fig. 6a), with a statistically significant regression:

Ec comm=17.8+1.356xdepth N=22, r°=0.69, P<0.001

The compilation of data provided in Appendix D indicates
that the grand median value of the minimum light require-
ment of macroalgae is 0.31 mol photons$a—1. At this
The data compilation (Sect.2.2 indicates that the me- value of benthic irradianceE, comm is 18.4umolm2s1
dian value of the minimum light requirement of seagrasseor 1.6 mol photons m?d=1 (Table 7). The sea bottom of
is 5.1 mol photons m?d~1. Extending the regression line about 26% and 13% (89x10° and 081x10° km?) of the
suggests that at this, value,E. comm is 28.1umolm—2s~1 surface areas covered by Cases 1 and 2 waters, respectively in
or 1.2mol photons m? d~1 (Table7). The sea bottom of the non-polar and Arctic coastal regions, receive at least this
about 16% and 32% of the surface area respectively covirradiance level (Tabl8). Therefore theNCP of macroalgal
ered by Case 1 and Case 2 waters in non-polar regions resommunities can be positive in 23%.8x 10° km?) of the
ceive at least this irradiance level (Tal8g Globally, net  global coastal ocean. These results indicate, together with the
community production of seagrass beds can be positive irestimates of potential irradiance to support seagrass above,
about 23% (819x 10° km?) of the coastal non-polar region. that the area occupied by marine macrophytes is likely to
This estimate is almost 10 times larger than the estimatedbe much larger, by a factor of 3 to 4 fold, than previously
potential seagrass extent of 0.5 to 98F km? and the doc-  estimated and that, consequently, the importante of benthic
umented QL5x 10° km? occupied by seagrassdé3uarte and  autotrophs on the oceanic carbon budget [ufarte et al.
Chiscang 1999 Green and Shar003. This suggests that 2005 has been underestimated.
the seagrass extent is much larger than previously consid- A comprehensive review of the contribution of benthic
ered, as previous estimates were based on rather rough asiicroalgae in neritic ecosystems pointed out that relatively
sumptions, compared to the rigorous and global assessmefgw studies provide compensation irradiance or compensa-
of underwater irradiance levels in the coastal ocean providediion depth of benthic microalga€éhoon 1999. We found
for the first time, here. none for individual species in situ but measurements of com-
Macroalgae are important contributors to coastal primarymunity metabolism have been measured over a wide range of
production Gattuso et al. 1999, including in polar re- benthic irradiance (Figsc). The lowest irradiance at which
gions despite the low annual primary production. For exam-gross primary production was measured is 010l pho-
ple, net primary production dfaminaria saccharinawhich tons nT2s~1 (Palmisano et al., 1985, iBahoon 1999. In
comprises only 5 to 10% of the macroalgal biomass, canour data compilation, the instantanedtis;omm ranges from
reach 0.1mol C m?yr—! as compared to a pelagic value 0.6 to 139.5:mol photons m?s-1 (Appendix F). The eu-

Ec comm=D5.46+4.45xdepth N=5, r°=0.92, P=0.01

of 0.8 mol C m?2yr-1 (Rysgaard et al.1999. There are
quite numerous examples of decreasing macroaigahot

photic zone may extend 2 to 2.5 mm deep into the sediment
(Jahnke et al.2000 and E; comm Values, which are based

with increasing depth but few studies provide information on irradiance measurements above the sediment surface, are

Biogeosciences, 3, 48913 2006
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thus overestimated. The instantane@Jsomm declinesasa Measurements of instantanediscomm have only been per-

function of depth according to the following relationship: ~ formed on reef flats shallower than 2m, hence at relatively
high E, (Fig. 6d). The mean instantaneous. comm Of

E.=1.35+357xdepthr?=0.61, N=17, P=0.002 184umol photons m2s~1 or a daily E. comm 0f 16 mol

_ , , o hotons m2d~1 (Fig. 6d). Adjusting this value to account
Based on this relationship and on the lowest irradiance aFor photo-acclimation of reef communitie&, comm ranges
which a positiveNCPhas been reported (Tabig about 41%

) _ from 4.4 to 16 mol photons nf d—1 (respectively, with max-
(7.67x 10° km?) of the non-polar region (31 and 53% o778 imum or no photoacclimation; see Sedt2.]). In waters
and 1005x 10° km? in Case 1 and 2 waters, respectively) re-

) , " . ~ of typical reef clarity Kpar=0.06 m1) and surface PAR
ceives enough light to support a positive mlcrophytobent|c(40 mol photons m2d-1), this irradiance corresponds to a

NCP, and, in the Arctic region, 17 and 41% of the surface depth of 15 to 37m. Thus, although coral reef structures

area respectively covered by Case 1 and Case 2 waters r&te known to extend down to 100 m depth, and corals and
ceive at least this iradiance level (Tl Cahoon(1999 -5 nmynities even deeper, the maximum depth where NPP
estimated that gross primary producfuon (_)f mmrophytoben-remains positive is significantly shallower. This is consis-
thos occurs down to 0.1% of surface irradiance or a depth Otet ith ghservations of the depth limitations of robust reef

6§ to 100m. We estimate, using the ETOPO2 data set, th rowth. For example, a threshold for reef building exists
this depth range represents 39 to 22% of the coastal ocea t about 50 m depth in the Au'au Channel (Hawaii) despite

Richards et al2006 data interpolated from their Fig. 6) col- 5 jent distribution of the main reef building coral species

lected an impressive data set in the South Atlantic Bight anthiCh extends to about 80 to 100 rGrigg, 2006. Based
provided the following relationship between microphytoben- on this analysis, 11~19% (2:8 10° km?) éf the non-polar

thic net community prOdPCt'OH\(CP in mmcz)l (flnfzd ) shelves receive sufficient light to support a positive NPP for
and benthic irradiance; in mol photons m<d—): coral reefs.
NCP= —7.64+ 2091 x E. Temperature is also a major control of the distribution of

' coral reefs as they do not occur where the average minimum

Hence,E. comm at this site is 0.37 mol photonsTAd~%, a  weekly temperature is below 16 (Kleypas et al. 1999.
value that is almost identical to the value found in our dataCombining benthic irradiance with the Ol.v2 weekly temper-
compilation (0.4 mol photons ¥ d~1). No negativeNCP  ature dataReynolds et a).2002), we find that 12 10° km?

data is reported, butahnke et al(2000 reported an aver- Of the coastal zone has an average minimum temperature
age community respiration of 34.75mmol CAd-1forthe  ©Of 16°C and receives at least 4.4 mol photons?d~* and
same area.Glud et al.(2002 has shown that net primary hence exhibit a positive carbon balance. This is an upper
production is saturated at irradiances close to the highest irralimit to the global extension of coral reefs. Regional and
diance measured in situ. Assuming that primary production9|0ba| values of the coral reef areas have been estimated
is saturated at a value close to the highEstinvestigated  €ither using a depth threshold of 30 to 183 m (Saith

by Richards et a|(2006 4 mol photons m2 d_l) and hence 1978 Rohmann et 312005 or maps of the actual distribu-
that the maximum gross primary production is 120.82 mmoltion of coral reefs §palding and Grenfell1997 Spalding

C m2d-1, the following P— E curve is derived: et al, 2001). Our data suggests that some of the estimates
which range from 112 10° to 3930x 10° km? (Spalding and
NCP = 12082 x (1 — e—f—g},) _ 3475 Grenfel| 1997) are greatly overestimated.

Combining Eq. 6) and the global distribution of benthic ir-

radiance enables to derive upper limits of the global net andd Conclusion and perspectives

gross primary production of microphytobenthos af:210%2

and 35x10mol C yr. The NCP upper limit is close This is the first study to provide a global perspective of the
to the NCP estimates reported bgharpy-Roubaud and distribution of light in the coastal ocean, the light limitation

Sournia(199q 2.8x10*3mol C yr-1) and Cahoon(1999 of the distribution of benthic photosynthetic organisms and
4.2x10%3mol C yr1). metabolic performances of benthic photosynthetic ecosys-

than 100 m, due to a combination of photo-acclimation, in-there are several limitations (see Séct) related to the spa-
creased heterotrophy, and other adaptations (BbRhoto-  tial resolution of the satellite data, the parameterization used
many corals. The data compiled in Appendix F (shown in formation on the benthic nepheloid layer, and the relatively
the inset of Fig6d), demonstrate a significant relationship limited biological information available.

betweenEc (expressed as percent of the |arg@§landE2: Better accuracy of satellite data will soon be avail-
able thanks to newer sensors with increased number of
E.=19.6+2081xLN(E,); r>=0.58, n=48, P<0.001 spectral bands, such as the Moderate Resolution Imaging
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Spectroradiometer (MODIS), consideration of the light di- ~jenkinsc/dbseabed/dbseabed.htngrovides the best op-
rection and polarization, and improved parameterization ofportunity for this kind of analysis, and although its geo-
Kpar using more extensive field data. Semi-analytical algo-graphic coverage is increasing rapidly, it currently covers less
rithms used to derive the concentration of chlorophyll from than 1% of the coastal ocean (C. Jenkins, personal commu-
ocean color (e.gMaritorena et al.2002 perform betterthan  nication). Jahnke et al(2000 concluded that benthic gross
the empirical relationships used here when multiple factorsprimary production can occur over 84% of the surface area of
control ocean color, such as in Case 2 waters. However, thethe Southeastern U.S. continental shilélson et al(1999
tend to fail in highly turbid watersHu et al, 2004. Re-  estimated that benthic primary production may occur over 80
gional models perform much better (eByicaud et al.2002 to 90% of the shelf width of the South Atlantic Bight. Our re-
but cannot be extended to the global scale. One possible ofsults indicate that positive benthic net community production
tion, presently beyond reach, would be to develop a globakan occur over 33% of the global shelf area (UsliGomm
typology of the optical characteristics of the ocean and applyof microphythobenthic communities; Tabig
regional models in each of the regions identified. The temporal scale was not addressed in this study despite
Estimate of the global distribution of benthic irradiance its obvious importance. At time scale smaller than one year,
would greatly benefit from a better understanding of pro-changes in irradiance and other parameters such as temper-
cesses in the benthic boundary layer (R. Jahnke, personalture and concentrations of nutrients control control com-
communication). Suspended particles very near the sea floafhunity metabolism. At longer time scales, sediment deliv-
are not captured by remote sensing nor by measurements efy is affected by human activities in opposite directions.
the Secchi disk depth. Yet, they may significantly reduceThe loading of terrestrial sediment to aquatic environments
light fluxes at the bottom. Irradiance data collected at the se#das increased in many areas as a result of logging and land
floor would provide ground truth of estimates derived using use changesMilliman and Meade1983. Increased anthro-
remote sensing data. pogenic sediment retention on laW@rosmarty et al(2003
There are relatively few investigations of the depth limit of also occurs but is more geographically localized. A statisti-
photosynthetic organisms mostly due to limitations of diving cally significant shallowing of the average depth of Case 2
and the high cost of exploring by submarine and remotelywaters was found, without any increase of their surface area
operated vehicles. It is likely that the maximum depth of (data not shown). This trend may be related to sediment re-
colonization will increase as the exploration effort will con- tention but certainly needs to be confirmed with a study dura-
tinue. However, this not likely to change our conclusions ontion longer that 5 years. The uncertainties of the benthic irra-

community metabolism. diance are such that year-to-year differences in light penetra-
The daily compensation irradiance of benthic communi-tion are dubious. Temporal changes in light penetration are
ties ranges from 0.24 to 4.4 mol photons a1 (Table7), nevertheless of potential considerable importance because of

within the range reported for phytoplankton populations in possible changes in turbidity and coverage of macrophytes
the field and in culture (respectively 0.1 to 1.7 and 0.06by periphyton as a result of eutrophication (eSijberstein
to 1.8mol photons m?d~1; reviewed byMarra 2004). et al, 1986. Both could cause a dramatic decline in the ex-
PlanktonicE, comm must be much higher because these es-tent of macrophytes. Polar regions will also be likely affected
timates do not take into account respiration of planktonicdue to the increased delivery of turbid meltwater that is ex-
heterotrophs. The relatively small difference 8 comm pected Borum et al, 2002. Several reports suggest that the
between planktonic and benthic communities indicates thatmaximum depth of colonization of macrophytes has declined
photoacclimation mechanisms of benthic photoautotrophs isn past decades. For example, the deepest specimens of the
more effective than in planktonic photoautotrophs. LargealgaFucus vesiculosust one location of the coast of Finland
benthic primary producers are fixed at a given depth, offer-were found at 8—10 m depth in the 1930s and at 5m depth in
ing greater opportunities for photoaclimatation than for phy- 1994 Back and Ruuskane®00Q and references therein).
toplankton, which may be mixed vertically and thereby ex-
periencing a changing light field, precluding efficient pho-
toaclimatation. Benthic microalgae may migrate within the Appendix A
sediment to optimize their photosynthesis.

The horizontal distribution of marine benthic primary Distribution of Case 1 and Case 2 waters
producers is controlled by numerous processes but the
vertical (depth) distribution is mostly controlled by light, Data are provided as a zipped text fildttp://www.
the scraping effect of pack-ice and the quality of the biogeosciences.net/3/489/2006/bg-3-489-2006-supplement.
substrate. Unfortunately, the effects of substrate qualzip: bg-2006-0034-spl) with fields separated by a space
ity on the global distribution of benthic primary produc- character. The columns are: longitude and latitude in
ers is currently hindered by the lack of a comprehen-decimal degree, depth (m; as negative values) and the water
sive database on substrate types. The most advancdgipe. The later is the average of the monthly water types
database available, dbSEABEDBttp://instaar.colorado.edu/ and therefore ranges from 1 (Case 1 waters every month)
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to 2 (Case 2 waters every month). Only 5 months (June toAppendix E
October) are considered North ofgq.
Maximum depth of colonization of scleractinian corals
and optical data
Appendix B
Data are provided as a text filatfp://www.biogeosciences.
Distribution of benthic irradiance net/3/489/2006/bg-3-489-2006-supplement.zifg-2006-
0034-sp5) with fields separated by commas (CSV). The
Data are provided as a zipped text filéattp://www. columns are: species name, location of the study site (longi-
biogeosciences.net/3/489/2006/bg-3-489-2006-supplementude and latitude in decimal degree), depth (kpar (ML),
zip: bg-2006-0034-sp2) with fields separated by a spacesurface irradiance (mol photonsthd=1), benthic irradiance
character. The columns are: longitude and latitude in(mol photons m?d—1) and the reference. Benthic irradiance
decimal degree, depth (m; as negative values) and benthiis the value reported by the authors or was calculated using
irradiance (mol photons nfd—1). Benthic irradiance is an SeaWiFS PAR and either the light attenuation coefficient or
average value based on &par monthly data available for the percent light transmission.
each pixel (5 monthly data North of 68l to 12 monthly

data in most of the region from 6@ to 60 N).
Appendix F

Appendix C Benthic and compensation irradiances in photosyn-
thetic organisms and communities

Maximum depth of colonization of seagrasses and ) ] ) )

optical data Data are provided as a text filatfp://www.biogeosciences.
net/3/489/2006/bg-3-489-2006-supplement.zifg-2006-

Data are provided as a text filbt{p://iww.biogeosciences. 0034-sp6) with fields separated by commas (CSV). The
net/3/489/2006/bg-3-489-2006-supplement.zighg-2006-  columns are: species name or community (when applica-
0034-sp3) with fields separated by commas (CSV). Theble), benthlplrrgdlance (mol photonsd—?, instantaneous
columns are: species name, location of the study site (lonfompensation irradiancg.mol photons m?s™*) and the
gitude and latitude in decimal degree), depth (m), light atten-réference. This compilation is as thorough as possible but
uation coefficient Kpag), surface irradiance (mol photons S probably not exhausuve.. The gompensanon irradiance is
m~2d-1), benthic irradiance (mol photonsTAd~1), ben- only reported whep benthu; irradiance was repqr?ed by the
thic irradiance (percent of surface irradiance), and the referuthors or when either the light attenuation coefficient or the
ence . Benthic irradiance is the value reported by the authorBrcent light transmission was available. The surface irra-
or was calculated using SeaWiFS PAR and either the lightdiance was derived from SeaWiFS PAR when no value was
attenuation coefficient or the percent light transmission. The'@Ported by the authors.

blank line separates the data originally compiledDyarte .

(1997) from those compiled for this paper. AcI_<nowIedger_nentsTh|s research was supported by the European
Union (EU) in the framework of the EUROTROPH project
(contract #EVK3-CT-2000-00040), and through a CNRS/CSIC
cooperative agreement. It is a contribution to the Networks of Ex-

Appendix D cellence MARBEF and EUROCEANS, and the Integrated Project
CARBOOCEAN (contract #511176 (GOCE)). B. Steneck provided

Maximum depth of colonization of macroalgae and invaluable assistance for assigning algal species into functional

optical data groups and kindly corrected spelling mistakes in Appendix D.

We gratefully thank W. W. Gregg and N. W. Casey for supplying
Data are provided as a text filat{p://www.biogeosciences. the data shown in Fig2, M. Abe, J. Borum and F. Gohin for
net/3/489/2006/bg-3-489-2006-supplement.zifhg-2006- contributing data sets, W. H. F. Smith for sending information on
0034-sp4) with fields separated by commas (CSV). Thethe r_egistration_ error of the ETOPO2 datz_i set, and C. Jenkins for
columns are: species name, functional group according t(prowdlng considerable data and information on dbSEABED. The

Steneck and Dethigf1994), location of the study site (lon- SeaWiFS Level-3 data have been obtained through the Goddard

gitude and latitude in decimal degree), depth (m), percent ir_Dlstrlbuted Active Archive Center (GES-DAAC) at the NASA

. o . Goddard Space Flight Center, which is duly acknowledged. The
radiance, benthic irradiance (mol photons4d—1, surface P g y 9

. . M-l seagrass distribution around the Australian coastline was prepared
irradiance (mol photons mtd™") and the reference. Ben- p p kirkman (CSIRO Division of Fisheries) from a review of

thic irradianc_e is the value reported b_y the aut_hors or Wasyublished and unpublished sources, and updated by I. Hahmdorf
calculated using SeaWiFS PAR and either the light attenua¢Bureau of Rural Sciences). J.-P. Gattuso gratefully acknowledges

tion coefficient or the percent light transmission. NCAR and CNRS for sabbatical support. The constructive
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