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Abstract. Oxygen microprobes were used to estimate Com-fixation of H*4COs; whereas R is determined from the change
munity Respiration (R), Net Community Production (NCP) in oxygen concentration during incubations. However, this
and Gross Primary Production (GPP) in coastal seawateapproach requires the application of conversion coefficients
samples. Using this highly stable and reproducible techniquéhat vary as a function of several factors including, commu-
to measure oxygen change during alternating dark and lighhity composition, nutrient status and the chemical nature of
periods, we show that respiration in the light could accountthe organic carbon molecules (del Giorgio and Cole, 1998).
for up to 640% of respiration in the dark. The light enhancedThese problems can be circumvented by measuring GPP and
dark respiration can remain elevated for several hours folR using the same technique, for example the Winkler tech-
lowing a 12 h period of illumination. Not including jfht nigue, which measures changes in oxygen concentration dur-
into calculations of production leads to an underestimationing incubation in the light and dark. Thus, GPP is determined
of GPP, which can reach up to 650% in net heterotrophicfrom the sum of het community production (NCP, measured
systems. The production: respiration (P:R) ratio is in turnin the light bottle) and R (measured in the dark bottle). This
affected by the higher respiration rates and by the underassumes that R in the light is equivalent to that in the dark,
estimation of GPP. While the integration ofidg into the  an assumption which has already being shown to be prob-
calculation of P:R ratio does not change the metabolic balHematic (Grande et al., 1989b; Luz et al., 2002). Indeed,
ance of the system, it decreases the observed tendency, thitss well known that production and respiration are tightly
net autotrophic systems become less autotrophic and net hetoupled in aquatic systems (Paerl and Pinckney, 1996) lead-
erotrophic systems become less heterotrophic. As a conseng to a stimulation of respiration by photosynthesis (Epping
quence, we propose that efforts have to be focused on thand Jgrgensen, 1996). The coupling between autotrophs and
estimation and the integration ofiigg; into the determina-  heterotrophs is generally a function of grazing and the uti-
tion of GPP and R for a better understanding of the aquatidization of the DOM excreted by the autotrophs which fuels
carbon cycle. the respiration activity of the heterotrophs. The composition
of exudates and grazing rates can vary as a function of the
phytoplankton composition, which is dependent on nutrient
supply and other environmental factors. As a consequence,
even though this coupling may vary, it should be considered.

Fundamental to an understanding of the global carbon cycle The assumption Bht=Ruark is necessary, because the
is the determination of whether the oceans are net autotrophiB0St commonly used technique (dark/light bottle technique
or net heterotrophic (del Giorgio et al., 1997; Williams, 1998; combined with oxygen measurements by Wlnkler t|trat|9n)
del Giorgio and Duarte, 2002). In order to do this, the ratio 90€s not allow the determination of respiration occurring
between photosynthesis (P) and biological respiration (R) id" the light. Nevertheless, anecdotal evidence suggests that
calculated, with P:R 1 indicating net autotrophy and P:R ~ "espiration in the light can be higher than that in the dark
net heterotrophy. Gross Primary Production (GPP) of or-(Williams and del Giorgio, 2005), which would result in an

ganic carbon in aquatic systems is generally measured by thdnderestimation of GPP and R. Light enhanced dark res-
piration (LEDR) occurs separately from the Mehler reac-

Correspondence to: O. Pringault tion, which is not involved in the organic carbon metabolism
(olivier.pringault@noumea.ird.nc) (Raven and Beardall, 2005). LEDR has been documented in
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235 quence its ecological significance has largely been ignored.
Therefore, the aims of this work were 1) to estimate light
respiration in coastal waters, and 2) to determine the conse-
guences of Rynt=Rgark 0N the determination of P and P:R

ratios.

230

225 2 Material and methods

In this study, we collected water in the South West lagoon
of New Caledonia in the vicinity of the city of Nouma.
Map of the study area and sampling location can be found
in Briand et al. (2004). Oxygen concentration was measured
using oxygen microsensors. We used the same protocol as
described by Briand et al. (2004). For the estimation of NP,
the incubators were exposed to a photon flux density (PFD)
of 1000.mol photons m?s~1, which represents the average
PFD observed in the first few meters of the water column in
the study area. The microprobes (Unisense, Denmark) are
designed with an exterior guard cathode (Revsbech, 1989),
which results in extremely low oxygen consumption by the
electrodes themselves (4.7-470~ ' umol O, h™1). Probes
have a response time shorter than 1 second and a precision of
0.05%. The precision of the oxygen microprobe (0.05%) is
equivalent to highly precise Winkler techniques described by
Sherr and Sherr (2003). However, as described in Briand et
al. (2004), this high precision is counterbalanced by the back-
ground noise, therefore we considered a difference ofld.5
5.0 5.1 5.2 5.3 5.4 5.5 as significant to measure NCP or R rates. This highly precise
Time (hours) and reproducible technigue permits the continuous measure-
ment of oxygen concentration during incubations (Briand et
Fig. 1. (a) Oxygen time course during incubation of water from al., 2004). By exposing the sample to dark and light cycles
the Southwest lagoon of New Caledonia. Sample was collected irf(Fig. 1), it is possible to estimate within the same sample,
Anse Vata on 30 June 2005. The concentration of chlorophyll dark respiration (Rark), NP and the effect of light on R de-
was 9ugL~1. Shaded boxes represent the dark periods and thaermined just after light exposure IGR). After switching
unshaded box represents the illumination perii).Oxygen time  off the light, oxygen concentration showed an exponential
course for the second period of darkness consecutive to light eXgecrease with time (Fig. 1). Therefore for the determination

posure and exponential decrease (solid line) fitted to the raw datamc Riight, We fitted an exponential decay to the raw data, and
Respiration (dotted line) was calculated from the first derivative of gnts '

) . respiration was then calculated from the first derivative of the
the fitted exponential decrease curve. . . oL . .
fitted equation. The value within the first few minutes con-
secutive to darkness was assumed to represent the best esti-

phytoplankton cultures (Grande et al., 1989a; Ekelund 2000mate .Of the respiration_that occurs in the light as previously

Heraud and Beardall 2002), in lakes (Luz et al., 2002), andbI e(s)(;rlbeecrzl] 2%:;:';?\,?0'?1 lelﬁgltii?.sin the Winkler method

in seawater can be 300 to 800% of dark respiration (Grande Y9 ption . g .

et al., 1989b). The close coupling between GPP and R hagre usually performed in replicates. In our study, the avail-
" o oupling : . - ability of the equipment to measure oxygen concentration

also been extensively studied in phototrophic benthic envi- Co ) .

ronments. The use of oxygen microsensors for the determiP revepted us from estlmatlngz(bonsumptpn systematically

nation of both processes permits a precise estimation of Iighkn repII(_:a_t_es._Howe\_/er, on several occasions, we checked re-

respiration (Epping and Jargensen, 1996; Epping aiidl K producibility in duplicate water samples. We observed that

200po' Wielangzné;lihl 2008) Inthi’st e,of 2?1vi?0nmént the time course of oxygen concentration is very similar in

) N ' ' yp . _two samples of the same station (Fig. 2) as described by

light respiration can represent up to 700% of dark respirap . 4 et al (2004)

tion (Wieland and Kihl, 2000). Yet, despite the increasing ' '

evidence demonstrating the importance of quantifying light

respiration, this phenomenon has been rarely examined in

oceanic environments (Grande et al., 1989b) and as a conse-
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Usually oxygen production (GPP) determined with the
light and dark bottle technique is calculated from the follow- &, 200

ing equation: g

GPP=NCP+ |Rgarkl 1) 196

with |Rqarkl representing the absolute value of R, also known

as community respiration, measured in the dark and NCP, the

net community production. With this approach it is assumed

that R measured in the dark is equivalent to that in the light.
In this study, GPP was computed from NCP anghRus-

ing the following equation:

192

Time (h)

Fig. 3. Oxygen time course during incubation of water from South-
GPP=NCP}+ {Rlight| 2 west lagoon of New Caledonia. Shaded boxes represent the dark
periods and unshaded box represents the illumination period. Sam-
with NCP and|Rignt| being measured as described above pies were collected in N12 on 16 March 20@ and in M41 on 11
(Fig. 1). Hereafter, GRR/k represents the production when May 2006(b), concentration of chlorophyit was 0.75ug L1 (a)
Ryark is used in the calculation, as in the light and dark and 0.27.g L1 (b). See Table 1 for rate values.
bottle method, and GRf: when Rignt is used. Therefore

for the same water sample, we distinguish between GPH 1, |ight, and GPRnt by considering 12 h light. In order to
estimates of the traditional mgthod (GRR that_ assumes  agtimate the effects of the assuUMptiQRAR=Rdark On the es-
that Rignt=Rdark, from GPP estimates that take into account timation of P:R ratios, we also calculated daily rates from the
light respiration (GPRnt). Cons_eqqently, we estimated 'the hourly rates of GPRk and Riark considering 12 h of light
effects of Rgnt on the determination of P by comparing ang 24 h of darkness, respectively. This latter calculation is
GPRiark and GPlgn using the following equation: commonly used for the light and dark bottle method. For the

o _ (GPRight—GPPRiark) same water sample, we therefore distinguished_ between P:R
Underestimation of GPf&b)= GPP x 100 ratios calculated from Eq. (1), that do not take into account

dark R
3) Riight and those calculated fror_n Eq. (2) that do taI_<e |r_1to ac-
count Rignt. For all the experiments, the determination of

The P:R ratio which describes the trophic status of the sysRgark, NCP and Rynt was achieved within a maximum incu-
tem is calculated from daily rates of GPP and R. Daily ratesbation time of 8 h in order to decrease bottle effects, which
taking into account f: were calculated from hourly rates can result in changes in biomass and community structure as
using the sum of Ryr+Riight considering 12 h darkness and described by Gattuso et al. (2002).

www.biogeosciences.net/4/105/2007/ Biogeosciences, 4, 105-114, 2007
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Table 1. Respiration and production for different natural water samples. The light regime was as follows for all experiments: 2—3 h dark/2—
3h light/2—4 h dark. Processes are expresseehiol O, L~1h~1, Chlorophylla in ug L~1. To avoid a negative GRR (see Eq. 1), we
assume that fynt has to be at least equal to NCP. In this case, a precise estimatiogfiRnot possible, therefore G, was not
calculated.

Sample Chi  T°C NCP Rpak GPF, Right GPFﬁght Riight Underestimatiof
(% of Ryark) of GPP (%)

M41 11/05/2006 027 2£ -212 114 —098 212 n.d. 186 n.d.
M33 11/05/2006 067 2£ -112 041 -071 112 n.d. 273 n.d.
N12 16/03/2005 075 2€& -0.19 0.76 0.57 4.46 4.27 587 649
N12 30/03/2005 098 26€ -0.20 0.82 062 1.85 1.65 225 165
N12 09/06/2005 2 X -—240 099 —141 240 n.d. 242 n.d.
Anse Vata 10/05/2006 1.8 2& —0.10 0.46 0.36 1.43 1.33 310 268
Anse Vata 27/03/2006 3 26  0.28 0.0 0.78 1.39 1.67 279 114
Anse Vata 09/05/2006 3.3 28  0.85 0.65 1.50 2.10 2.95 323 97
Anse Vata 30/06/2005 9 22 477 0.85 562 5.41 10.18 636 81
Anse Vata 14/03/2006 10 26 18 1.80 19.80 3.06 21.06 170 6
Anse Vata 29/06/2005 13 22  9.49 0.42 991 2.08 11.57 495 17
Anse Vata 17/06/2005 45 22 23.13 1.14 2427 5.96 29.09 523 20

8 GPRy4rk represents the Production whegdg is used in the calculation (see Eq. 1).

GPRight represents the Production whepyR is used in the calculation (see Eq. 2).
¢ Underestimation of P whendgk is used to determine P instead QqfgR: (see Eq. 3).
n.d.: Not determined.

Chlorophyll a was measured on samples collected on GF/meeds to be greater than NCP in order to get a positive value
filters using the method of Jeffrey and Humphrey (1975).for GPP. Therefore, for this water samplggit was assumed
The filters were frozen-(20°C) until measurement which to be at least equal to 2.12nol O, L~ h~L. In all samples,
was always within 72 h and generally within 24 h. respiration was stimulated by light anggi: represented up

to 636% of Riark- Taking into account the in situ hourly rates
(Table 1), we calculated that on averaggR represented

3 Results 354% of Ryark- It is also interesting to note that the percent-
age of stimulation was not dependent upon &hbbncentra-
3.1 Determination of [t tion. The underestimation of GPP whepyR was not taken

o _ into account reached up to 649% in net heterotrophic con-
It is important to note that the continuous measurement ofditions (i.e., NCR0), whereas in net autotrophic conditions

oxygen concentration does not allow a direct determination\NCP-0) underestimation was less important despiignR
of respiration in the light itself. However, the fast responsevalues of 636% relative to g (Table 1).

of the oxygen microelectrode (less than 1s) means that we

can precisely measure the respiration rate immediately con3.2 Respiration in the light and P:R ratios

secutive to the onset of darkness as previously described by

Falkowski et al. (1985). We applied this procedure in dif- From the hourly rates we calculated daily rates (assuming
ferent water samples covering a range of chloropiyChl 12h dark and 12h light) of GPP and R in order to deter-
a) concentrations from 0.27ZgL~1 to 45ug L~ (Fig. 3). mine the P:R ratio. Results are presented in Table 2. The
Metabolic processes (hourly rates) determined for the dif-daily rates of R when Rt is taken into account are on aver-
ferent water samples are listed in Table 1. On some occaage more than twice the daily rates of R when it is assumed
sions, we observed that the value of NCP was more negthat Right=Rdark- All the experiments were performed under
ative than Rgark, as it is illustrated in Fig. 3b. According saturating light conditions and previous measurements con-
to Eq. (1), the derived GPP value is negative, which is the-ducted at the sampling sites have shown that phytoplankton
oretically impossible (Table 1). For example, for the wa- photosynthesis is subject to saturating irradiances during 80—
ter sample M41 (11/05/2006), NCP andaR values were  90% of the day. As a consequence we assume that the hourly
—2.12 and 1.14mol O, L1 h~1, respectively. According rates are representative of the prevailing conditions occurring
to Eq. (1), GGRa would equal—0.98umol O L=t h~1, in the 12 h of light. From measurements afgR in a phy-

For these particular cases;gh was not estimated from the toplankton culture under different light conditions (data not
0> changes consecutive to darkness. We consider fgat R  shown), we have estimated the error introduced by using a

Biogeosciences, 4, 105-114, 2007 www.bhiogeosciences.net/4/105/2007/
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Table 2. Respiration and production ratios for different natural water samples. Processes are expressadnL~1d=1. Hourly rates
are from Table 1. When NCP (hourly rates, Table 1) was more negative tharBsulting to a negative value for Gk (see Eq. 1), we
assumed that fgn; has to be at least equal to NCP in order to get a positive value for GPP. In this case a precise estimagignoh&t

possible, therefore GRght was not calculated.

Sample NCP  Rark GPFgark Riight GPFfi’ght PdarkRdark  Plight:Riight ~ Over- or Underestimation
of P:R (%f
M41 11/05/2006 -39.1 274 -11.8 39.1 n.d. —-0.43 n.d. n.d.
M33 11/05/2006 —18.4 9.8 -85 184 n.d. —0.87 n.d. n.d.
N12 16/03/2005 —-11.4 182 6.8 62.6 51.2 0.38 0.82 —118
N12 30/03/2005 —12.2 19.7 74 320 19.8 0.38 0.62 —63
N12 09/06/2005 —40.7 23.8 —-16.9 40.7 n.d. n.d. n.d. n.d.
Anse Vata 10/05/2006 —6.7 11.0 43 226 15.9 0.39 0.70 —80
Anse Vata 27/03/2006 —-2.6 12.0 94 227 20.1 0.78 0.88 —-13
Anse Vata 09/05/2006 24 156 18.0 33.0 354 1.15 1.07 7
Anse Vata 30/06/2005 470 204 67.4 75.1 122.1 3.31 1.63 51
Anse Vata 14/03/2006  194.4  43.2 237.6 583 252.7 5.50 4.33 21
Anse Vata 29/06/2005 108.8 10.1 118.9 30.0 138.8 11.80 4.63 61
Anse Vata 17/06/2005 263.9 27.4 291.2 85.2 349.1 10.64 4.10 62

@ GPRy4rk represents the Production whepdg is used in the calculation (see Eq. 1).
GPRight represents the Production whefyh is used in the calculation (see Eq. 2).
¢ Over or underestimation of P:R ratio whepg; is not taken into account.
Negative values indicate an underestimation whereas positive values indicate an overestimation.
n.d.: Not determined

fixed PFD instead of a variable PFD for the calculation of onset of darkness was three fold greater thgpRAfter

daily rates of Rgnt and GPP. The resultant error is of the or- four hours of darkness, respiration decreased exponentially
der of 10%. Since our method takes into accousghRwe to reach Rark (Fig. 4¢). Figure 4b shows the variations of
can calculate the error introduced in the P:R ratio estimatioroxygen concentration as a function of time for a seawater
when Right is not taken into account in the estimation of GPP sample exposed for 12 h in the light and 12 h in the dark. In
and in the determination of the daily rates of R. Under netorder to estimate dark respiration, the sample was initially
heterotrophic conditions (i.e. NGH), P:R ratios were un- exposed to darkness for two hours. After 12 h of light, oxy-
derestimated. For example for the station N12 (16/03/2005)gen decreased exponentially in the dark. Respiration calcu-
we calculated a P:R ratio of 0.82, indicating that the systemlated from the first derivative of the exponential decay fit-
is net heterotrophic. With the assumption that R in the light isted to the oxygen concentration also decreased exponentially
equivalent to that in the dark, the P:R ratio would be equal to(Fig. 4d). Just after darkness,ids: represented 800% of
0.38, which represents an underestimation of 116% relativeRyark, and the initial Rak value was reached after 10 h of

to the value estimated when it is assumed thgh®RRgark darkness. Thus, while the stimulation of R by light can be
((0.38-0.82)/0.38 100). On the other hand, under net au- observable for several hours after the onset of darkness, we
totrophic conditions (NCRO), P:R ratios are overestimated propose that the determination ojigs should be done im-
when we assume thajif=Rdark. FOr example, for the sta- mediately after the onset of darkness in order to have a sig-
tion Anse Vata (30/06/2005), we calculated a P:R ratio ofnificant change in oxygen concentration (i.e. @QM).

rlé?ig S/ESIIS Sza gg\lljv:lvg’;ﬁe \?Vi‘?;';n ;g;zgg:zdaaﬁ’ E\;eRresti— Obviously, the incubation procedure does not accurately
mation of 51% ((3.31-1.63)/3.31100). mimic in situ conditions as changes in biomass and com-

munity structure are likely to occur during this 26 h incu-
bation (Gattuso et al., 2002; Briand et al., 2004). How-
3.3 Time of light exposure andiight ever, we can calculate daily rates of R by integrating the
exponential decrease of R during the dark period consec-
Depending on the time exposed to lightigRR can remain  utive to light exposure, and adding this value t@R as-
higher than Rark for up to several hours after the onset of suming that Ryn¢ is constant during the illumination period.
darkness. Figure 4a shows the variations gfjRas a func-  This leads to an Ry value of 77umol O, L~1 for 12 h and
tion of time after two hours of light exposure. In this sam- an Rignt value of 18Qumol O, L1 for 12h. Consequently,
ple, Right measured immediately (within 5 minutes) after the daily respiration is equal to 25#mol O, I=1d~1. This value

www.biogeosciences.net/4/105/2007/ Biogeosciences, 4, 105-114, 2007
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Fig. 4. (a) and(b) Oxygen time course during incubation of water from Southwest lagoon of New Caledonia. Shaded boxes represent the
dark periods and unshaded box represents the illumination pei@pend (d) Exponential decrease (solid lines) fitted to the raw data of
oxygen concentration in the dark period consecutive to light exposure. Respiration (dotted lines) was calculated from the first derivative of
the fitted exponential decrease curve. The horizontal line represents the igiirl For (a) and (c), sample was collected in Anse Vata on 9

May 2006. The concentration of chlorophylwas 3.3ug L=L. For (b) and (d) sample was collected in Anse Vata on 30 March 2006. The
concentration of chlorophyit was 20.g L1,

is much greater than the daily R of G&nolO,L~*d 1 cal- 4 Discussion
culated from the initial dark value assuming thagi=Rgark-

Similarly, we can Calculate GPP and then determine thq:rom Oxygen monitoring in phytop'ankton Cu'tures W|th an
P:R ratio, taking into accountfx and the daily rates oxygen macroprobe, Falkowski et al. (1985) have shown that
of GPP and R. When |gnt was taken into account, GPP |ight respiration can be still measured a few minutes after
was equal to 458molO;L~*d™?, leading to a P:R ra- the onset of darkness, and this was confirmed by Weger et
tio of 1.76. This has to be compared with a GPP valuey|. (1989), using the technique 8O isotopic fractionation.
of 290umolO,L~*d™! and a PR ratio of 5.47, when |n our study we used the same approach as described by
Riight=Rdark is assumed. This represents an underestimatioralkowski et al. (1985) to estimateg; in natural field wa-
for GPP of 56% and an overestimation for P:R ratio of 68%. ter SampleS. The range of hour'y rates Q&IR'S of the same
The long tailing off of Rt cannot be ignored in respira- order of magnitude as those measured in natural field water
tion measurements. It is obvious that initial sampling time is samples using the stabgO technique (Grande et al., 1989a;
extremely important as respiration measurements conducteduz et al., 2002). With this latter technique, respiration in the
on samples previously exposed to sunlight would have dight can be directly measured, and it has been shown that in
higher R than those collected at sunrise. natural lake communities, jght can be up to 5 fold Rk

Biogeosciences, 4, 105-114, 2007 www.hiogeosciences.net/4/105/2007/
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(Luz et al., 2002). These results are similar to those of oursions we observed NCP rates more negative thap Rates
study where on averageifa: represented more than 350% during net heterotrophic conditions (Table 1, Fig. 3b). Ac-
of Ryark.  Using the same isotopic fractionation technique, cording to Eq. (1), this results in negative values for GPP,
Grande et al. (1989b) have shown that in the North Pacificwhich is theoretically impossible. Similar phenomena have
Gyre, Right can be up to 8 times greater thagak This been observed in the ALOHA station in the Central Pacific
strong stimulation of respiration in the light leads to an un- by Williams et al. (2004), where negative values of GPP
derestimation of GPP of more than 135% when it is assumedvere reported in deep waters under net heterotrophic con-
that Right=Rdark (Grande et al., 1989b). A similar range for ditions. In our study (Table 1), we consider thaiR needs
the underestimation of GPP was obtained in our study (se¢o be at least equal to NCP in order to get a positive value
Table 1). Respiration in the light has also been estimated ifor GPP. For example, for the sample collected in M41 on
phytoplankton cultures using both techniques (Grande et al.11 May 2006 (Fig. 3b) this results in;f that is 186%
1989a; Ekelund, 2000; Heraud and Beardall, 2002). Studyhigher than RBak. This value should be considered as con-
ing several naturally abundant marine phytoplankton speciesservative as the percentage of stimulation is probably higher
Grande et al. (1989a) have shown thgjfrwas often greater (GPP>0). Even if a precise estimation ofii&: cannot be
than Ryark with values up to 10 fold more tharyRkin some  achieved in this case, the strong decrease observed just af-
cases. ter light exposure (Fig. 3b) clearly indicates that respiration
Consequently, despite increasing evidence thalis not  was strongly stimulated by the onset of illumination thus sug-
equal to Rgnt, the ecological consequences of the assump-gesting a tight coupling between respiration and production.
tion Right=Rdark continue to be ignored, probably because The oxygen changes presented in Fig. 3b result in a physi-
light respiration in natural field samples has been observewlogically impossible negative value for GPP when assum-
only using isotopic fractionation (e.g. Luz et al., 2002). The ing Right=Rdark- This has been observed under several occa-
main drawback of this method is that it is technically de- sions for net heterotrophic waters (see Table 1). Obviously,
manding and requires measuring oxygen isotopes and estrespiration measured in this study represents the community
mating fractionation factors for a number of processes retespiration, i.e. sum of phytoplankton respiration and het-
lated to biological oxygen consumption and production aserotrophic respiration. Therefore, both components of this
well as abiotic exchanges of oxygen (Luz et al., 2002). Incommunity respiration might be stimulated by light, includ-
this study, we showed that respiration in the light can being the Mehler reaction for photosynthetic phytoplankton as
quantified in natural field seawater samples using a simplewell as the stimulation of bacterial respiration by freshly pro-
reproducible and accurate methodology that allows the preduced photosynthetic products. Tight coupling between both
cise estimation of respiration in coastal waters under a widemicrobial compartments has been largely documented (Ep-
range of Chlk: concentrations from oligotrophic to eutrophic ping and Jgrgensen, 1996; Paerl and Pinckney, 1996) and the
conditions (Briand et al., 2004). The continuous measure-stimulation of bacterial production under light conditions has
ment of oxygen during incubations shows that changes irbeen observed in pelagic systems (Church et al., 2004). In
0xygen concentration are not always linear with time (Briand benthic environments the addition of limiting compounds for
et al., 2004), especially during the change of light conditionsphotosynthetic production resulted in a concomitant stimula-
(Figs. 1 and 3). In order to precisely estimate activities dur-tion of respiration, indicating that heterotrophs are strongly
ing this transient state characterizing the change from light tadependent upon phototrophs for carbon supply (Ludwig et
dark, we used a modeling approach, by fitting an exponentiahl., 2006).
decay to the raw data. In benthic phototrophic environments, The stimulation of R in the light affects the determination
continuous measurements of oxygen from light to dark orof the P:R ratio. As we have shown, an error in the determi-
dark to light allow the precise determination of production nation of R leads to an error in the calculation of GPP. During
or respiration (Revsbech and Jgrgensen, 1983, 1986). Theet heterotrophy, we find P:R ratios that are higher than those
modeling of these transient states has been developed to begstimated when gyt is not taken into account (Table 2).
ter estimate the dynamics of respiration or production ratedn contrast, under net autotrophic conditions, P:R ratios are
(Lassen et al., 1998; Epping et al., 1999). lower than those estimated using only;RR. Moreover, as the
The degree of underestimation of GPP is highest under nesystem becomes increasingly autotrophic or heterotrophic,
heterotrophic conditions, with values reaching up to 650%the difference between both P:R estimations becomes more
(Table 1). The underestimation is less pronounced under nenarked. Of course, the integration ofigs: into the calcu-
autotrophic conditions with values of 6 to 20%. This is in- lation of P:R ratio would not change the metabolic balance
tuitive as under net heterotrophy, R is the dominant processpf the system (as indicated by NP), however it will decrease
whereas during periods of net autotrophy, GPP is the domthe observed tendency, in other words, net autotrophic sys-
inant process. Thus, the error introduced in the calculatiortems become less autotrophic and net heterotrophic systems
of GPP when Iyt is not taken into account has a greater become less heterotophic.
impact during periods of net heterotrophy than it has during Clearly, our average hourly value ofig: cannot be con-
periods of net autotrophy. In our field study, on some occa-sidered representative of all pelagic systems, however it is
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14 realistic balance between GPP and R and its estimation is
. . less inexact due to the fact that it takes into accoupgh{R
121 : However, although NCP is a good estimate of whether or
: i i not a system is in metabolic balance, it provides no infor-
10 : mation about the degree of trophy of the system. Therefore,
o * despite the uncertainties regarding GPP and R estimations,
ol ¢ numerous studies on the carbon cycle have compared GPP
x 1 and R rates on a global scale to define the trophic status of
O 6l & pelagic systems (see the review of Duarte and Agusti, 1998).
A Here, P:R ratios are calculated to estimate the percentage
04l @ : of net heterotrophy or net autotrophy (sensu chapter of the
: mass balance calculation in Robinson and Williams, 2005).
0.2 d’ For example, using the light and dark bottle technique ap-
o plied in experimental mesocosms containing €ldoncen-
00 R 1 1 1 1 1 1 trations that are close to those we observed in our field exper-

0 2 4 6 8 10 12 14 iments, Duarte and Agusti (2005) have estimated the thresh-
3 1 old value for GPP, which separates net heterotrophic from
GPP (mmol O, m™d") net autotrophic communities in Southern Ocean. Assum-
ing Right=Rdark, they calculated a threshold value for P of
Fig. 5 Relationship between P:R ratio and Prqduction for the de_—2_2 mmol G m-3dg-1 (Fig. 5). If Rignt is integrated into the
;ermlnatlon of thehthreshold va_ll_ue ofOP separattljn? netdhztemtdoﬁh'%alcuIation (Rght=3.54x Ryark), We estimate that the thresh-
rom net autotrop IC communltles. pen symbols an otte |ne0|d for GPP is 6.5 mmol @m_g d_l. Community respira-
data from Duarte and Agusti (2005). Closed symbols data from_; . .
tion and production can also be compared to other estimates

Duarte and Agusti corrected withifht=3.54x Rgark. The lines rep- f b ducti ilizati h b ial d
resent the fitted initial linear slope of the relationship. Dotted line: 9 carbon production or utilization such as bacterial produc-

Duarte and Agusti (2005): P:R=0.4P+0.08,R2=0.75, p<0.05.  tion or 14C primary production to determine the interrela-
Solid line: Duarte and Agusti (2005) corrected: P:R=09-0.53,  tions between the different metabolic pathways involved in
R2=0.77,p<0.05. The vertical lines represent the threshold valuethe carbon cycle on a global scale (e.g. Del Giorgio et al.,
of P for a P:R=1. 1997). In such cases, the uncertainties regarding the estima-
tion of P and R will also affect the comparison of production

and/or respiration with other estimates of carbon production
an interesting exercise to use it to estimate the potential erand utilization.

ror in the calculations of GPP (Egs. 1 and 2), the calcula-

tions of daily R, and hence the P:R ratio, whejyiR=Rdark

is assumed. We performed this exercise with literature data

collected in coastal waters exhibiting similar levels of ghl 5 Conclusions

concentration as those measured in this study. From our field

experiments we calculated that hourly rates gfnRrepre-  Respiration represents a major area of ignorance in our un-

sent on average 354% ofyk. We used this average value derstanding of the global carbon cycle (see the preface of Del

to test the underestimation of GPP of coastal ecosystems iGjorgio and Williams, 2005). The majority of studies of res-

the literature according to Eq. (3). piration in aquatic ecosystems have employed the Winkler
For example, Smith and Kemp (2001) have estimated thatechnique (Williams and del Giorgio, 2005) despite the fact

Chesapeake Bay is net autotrophic in spring, summer and fatihat this method cannot measure respiration in the light. As a

with median P:R ratios of 3.33, 1.94, and 2.82, respectively.consequence, this methodological problem has been circum-

If we use our averagejight of 354% Ryark, We estimate for  vented by assumingigh=Rdark Since its first application in

the same periods P:R ratios of 2.05 (spring), 1.42 (summer)seawater by Gran in 1917 to measure oxygen flux, the Win-

and 1.82 (fall), which represents an overestimation of P:Rkler technique has become the reference technique for oxy-

ratios in the literature of 38%, 27%, and 35%, respectively.gen measurements even though alternative methods are now

Furthermore, Caffrey (2004) has reported that most US estuavailable that allow for the determination ofidg:. In our

aries are net heterotrophic, for example in Rookery Bay, thestudy, we show that i3nt should not be ignored for the de-

annual average P:R ratio is equal to 0.34. However, when weermination of GPP nor for the estimation of the daily rate of

take into account fgnt, calculated as 354%dg we finda R, atleast in coastal environments. In order to better estimate

P:R ratio of 0.70, pointing to an underestimation of 106 %. the contribution of pelagic systems to the global carbon cycle
The use of P:R ratios to estimate whether a system is negfforts have to be made to take into account the tight coupling

autotrophic or net heterotrophic is problematic since the esbetween production and respiration and its consequences in

timation of GPP and R is uncertain. NCP represents a mor¢he estimation of both processes.
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