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Abstract. The comment by Nicholson (2011a) questions A number of publications over the last 12 months have

the “consistency” of the “definition” of the “biological end- tried to establish which of these two reconstructions is more

member” used by Kaiser (2011a) in the calculation of oxygenaccurate. Nicholson draws on recently revised measurements

gross production. “Biological end-member” refers to the rel- of the relativel’0 /160 difference between VSMOW and

ative oxygen isotope ratio difference between photosynthetidir-O, (Y’8ysmow; Barkan and Luz, 2011), together with

oxygen and Air-Q (abbreviated’sp and18sp for 1’0 /160  new measurements of photosynthetic isotope fractionation,

and*80 /160, respectively). The comment claims that this to support his comment. However, our own measurements

leads to an overestimate of the discrepancy between previdisagree with these revisédsysmow values. If scaled for

ous studies and that the resulting gross production rates amifferences in8svsmow, they are actually in good agreement

“30 % too high”. with the original data (Barkan and Luz, 2005) and support
Nicholson recognises the improved accuracy of Kaiser'sKaiser’s “base caseg values. The statement that Kaiser’s

direct calculation (“dual-delta”) method compared to pre- g values are “30 % too high” can therefore not be accepted,

vious approximate approaches based!é@ excess{’A)  pending future work to reconcile differehfsysmow mea-

and its simplicity compared to previous iterative calculation surements.

methods. Although he correctly points out that differences in  Nicholson also suggests that approximated calculations

the normalised gross production rage @re largely due to  of gross production should be performed with a triple iso-

different input parameters used in Kaiser’s “base case” andope excess defined 454% = In(1+178)—x In(1+18s), with

previous studies, he does not acknowledge Kaiser’s observa: = g = In(1+1’¢r) / In(14+18sR). However, this only im-

tion that iterative and dual-delta calculation methods give ex-proves the approximation for certdifsp and*8sp values, for

actly the samg for the same input parameters (disregarding certain net to gross production ratiog)(and for certain ra-

kinetic isotope fractionation during air-sea exchange). Thetios of gross production to gross Airs@vasion g). In other

comment is based on misunderstandings with respect to theases, the approximated calculation based‘an’ =17 5—

“pase casel’sp and'®sp values. Since direct measurements « 185 with « = yr = 7er/*8er (Kaiser, 2011a) gives more

of 17sp and18sp do not exist or have been lost, Kaiser con- accurate results.

structed the “base case” in a way that was consistent and

compatible with literature data. Nicholson showed that an al-

ternative reconstruction 8f sp givesg values closer to pre-

vious studies. However, unlike Nicholson, we refrain from

interpreting either reconstruction as a benchmark for the ac-

curacy ofg.
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avoided with the dual-delta method. In this papén values
are reported in conjunction with the underlyih and18s
Kaiser (2011a) introduced an improved method to calculateyalues and the definition df A is indicated by the indices
aquatic gross production from oxygen triple isotope mea-introduced in Kaiser (2011a), to avoid any further confusion.
surements, dubbed the “dual-delta method”. This method |n Sect. 2, we discuss the merits of Nicholson’s comment
uses'’s and '8 measurements of dissolved; @elative to in view of different reconstructions of the isotopic compo-
Air-O; directly, rather than thé’O excess’A) and using  sition of photosynthetic @ In Sect. 3, we evaluate his sug-
an approximation (Luz and Barkan, 2000). The calculationgested approximated solution to the calculationgdfom
uses the following equation: oxygen triple isotope measurements.

1 Introduction

(417 eg) Db (1 418eg) S 45 (Vg — yde)
8= T75_175 185,185 (1)
11175 R—1;18; 2
Equation (1) is based on Eq. (48) in Kaiser (2011a), but _ _ _
takes into account that previous measurements of the kineti? his comment, Nicholson (2011a) questions the “consis-
isotope fractionation during £as exchange refer to evasion tency” of the “definition” of the isotopic composition of
from solution to gas phase (Kaiser, 2011b; Knox et al., 1992)the “biological end-member” (i.e., photosynthetic)On
The symbols have the following meaning: Kaiser 2011a). Specifically, he remarks that the triple iso-

¢ = P | (kesa): ratio of gross oxygen production to gross tope excess'{A) adopted for the base case is “too low”
Air-O5 invasion. and, therefore, alst’sp. He does not question the value of

175, 185: relative 170 / 160 and80 /160 differences be-  —22.835 %o assumed fdfsp.
tween dissolved @and Air-O,. The “definition” of the base cas¥sp or 185p values in

1780 188sat relativel’0 /160 and180 /160 differences ~ Sect. 5 of Kaiser (2011a) followed the approach of previ-
between dissolved £at air saturation and Air-© ous studies that used the measuré@ excess of @evolved

1755, 185p: relativel’0 / 160 and80 / 160 differences be-  in flask studies of7A"(0.521)= (249+ 15) ppm (Luz and
tween photosynthetic £and Air-Op. Barkan, 2000) and combined its numerical value with the in-

g, 8¢ kinetic 70 / 160 and80 / 160 fractionations ~ ferred 8sp value and an entirely differedfO excess def-
during O evasion from sea to air. inition, in this casel’A#(yr), where yr =0.5179. Even

yr =17 er /18¢g: ratio of respiratory!’0 /180 fractiona-  though the reconstructédsp value of —11.646 %0 must be
tion and*0 / 160 fractionation. considered hypothetical, it is consistent withsp values

s = c/csat— 1: relative supersaturation of dissolveg. O derived from actual literature data following two different

Prokopenko et al. (2011) developed virtually the sameapproaches: one based on the measured isotopic composi-
method, but did not include kinetic isotope fractionation dur- tion of VSMOW and oceanic waters with respect to Aig-O

ing O, gas transfer. This resulted in the simplified solution (Barkan and Luz, 2005; Luz and Barkan, 2010), combined
with the measured photosynthetic isotope fractionation by

the cyanobacterium straffynechocystisp. PCC 6803 (Hel-

Isotopic composition of photosynthetic Q (6p)

175_17653T _ 188_185531 ) . . .
1T YR 185 @) man et al., 2005); the other based on dark-light incubations
17sp-175 1855185 of the coralAcropora (with its symbiotic algae) in airtight

14+17s 14185

flasks (Luz and Barkan, 2000). The first approach was also
The comment by Nicholson (2011a) does not question thaused to derivé8sp = —22.835 %o .

validity of the dual-delta method. Unlike the approximated Nicholson suggests th&tA#(6g) should be used to recon-

calculation of Luz and Barkan (2000), it does not assumestruct!’sp, wherefg = In(1+17 er)/In(1+18er) = 0.5154

steady state for @concentrations and can, therefore, be ex-for 18¢r = —20%o. This assumes concentration steady state

pected to be more universally applicable. Only the assumpin Luz and Barkan's flask experiments and near-zero

tion of isotopic steady state is needed. In contrast to the clainsteady-staté®s values t85sg). The resulting!’sp value of

that the dual-delta method requirtsr and8¢g (Nichol-
son, 2011b), the above equations clearly show that ggig
required, which is better constrained tHder and*sg (Luz
and Barkan, 2005).

—11.588 %o (for'8sp = —22.835 %o ) gives gross production

rates that are about 30 % higher than for Kaiser’s “base case”.
To dispel any confusion about how the isotopic compo-

sition of photosynthetic @(including the triple isotope ex-

The comment paper and the reviews it has received (Luzcess) was calculated, we show the corresponding equations

2011; Prokopenko, 2011) demonstrate that the definition an@dnd results in the following subsections and include data that
use of triple isotope excess values can be very confusingwere previously omitted or not yet published. The resulting
even for experts in the field. The use of differéAn defi-  17sp and18sp values are shown in Table 3. We also update
nitions with different coefficients causes delays and misun-any values in Kaiser (2011a) and Nicholson (2011a) to re-
derstandings during scientific communication, which can beflect recent publications by Luz and Barkan displaying them
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with more decimals than previously; however, this does not For ep, a cyanobacterium strain that lacked the gene for

significantly change any results or conclusions.

2.1 Calculation of §p based on the isotopic composition
of source water ¢y) and the photosynthetic isotope
fractionation (ep)

The relative isotope ratio difference of photosynthetict®
Air-O3 (8p) can be calculated via

p=A+w)(l+ep) -1 (3

wheredy is the relative isotope ratio difference of source

water to Air-Q and ¢p is the photosynthetic isotope frac-
tionation. The corresponding triple isotope excess is
17A1F‘>= 1755 _ 11855
= 1750+ ep+ s ep
— k(185 + 18ep + 185, 18¢p)
=TAL+ (rp—1)%ep

- [K(l — v 8w — VPNA\J;V] Bep (4)

whereyp =17 ¢p/18¢p and

YA =In(1+18p) — 2In(1+85p)
=@+ 8w) +In(1+ ep) — A In(L+B8w)
—AIn(1+Y 5p)

=1T5A% + (0P — 1) In(L+"%ep) (5)

wheredp = In(1+7ep)/ In(1 +18 ¢p).
Note that the respiratory isotope fractionatigndoes not
enter into these equationsg is only needed if the isotopic

composition of Q in steady state between photosynthesis

photorespiration$ynechocystisp. PCC 6803) was consid-
ered with 18¢p = (0.5+0.5) %0 and 6p = 0.5354+ 0.0020
(Helman et al., 2005; Kaiser, 2011a). The uncertaintfos
was chosen to reflect the range of photosynthetic isotope
fractionation in other systems (Guy et al., 1993). This gave
1855 = (—22.835+ 0.5) %o, 178p = (—11.676+ 0.26) %o,
17A;(O.5179 = (150+13)ppm; with the 8w up-
date referred to above, 185p=(—22.832+ 0.5) %o,
1755 = (—11.671:0.26) %o,17A1(0.5179 = (153+6) ppm;
with the actual 8ep=(0.467+0.17)% (Table 2),
185p = (—22.8644+ 0.17) %o,  178p = (—11.689+ 0.09) %o,
17AJ,§,(O.5179) = (152+6)ppm (Table 3, row 5a). The
propagated error int’A is smaller than fort’sp because
the uncertainties int’sp and 8sp are correlated in a
mass-dependent way.

Eisenstadt et al. (2010) reported &fp and 6p values
for four additional phytoplankton speciebtannochlorop-
sis oculata(a eustigmatophyte)Phaeodactylum tricornu-
tum (a diatom),Emiliania huxleyi(a coccolithophore) and
Chlamydomonas reinhardtija green alga). Thé%p val-
ues are significantly higher than f&ynechocystisp. PCC
6803 and range from (2.8500.05)%. for N. oculata
to (7.04+0.10) %o for C. reinhardtii (Table 2). The6p
values are lower than foSynechocystisp. PCC 6803
and range from 0.51980.0001 for C. reinhardtii to
0.5253+ 0.0004 forN. oculataandE. huxleyi The resulting
1741(0.5179 values range from (178 4) ppm forN. ocu-
lata to (2144 5) ppm forE. huxleyi(Table 3, rows 5b—5e).
These hight®p values contradict the notion that water un-
dergoes little isotopic fractionation during photosynthetic O
production, based on measurements (Guy et al., 1993; Hel-
man et al., 2005) and theoretical considerations (Tcherkez
and Farquhar, 2007). They might be explained by cell-
internal @ consumption. However, discrepancies also ap-
pear between th€p value of 0.62 %o reported fd®. tricor-

and respirationds) was requiredss can be calculated using nutumby Guy et al. (1993) and the value of (4.42®.01) %o

Eq. (31) in Kaiser (2011a). For comparison with Sect. 2.2
the correspondingsp values for a net to gross production
ratio of f = 0 are also shown in Table 3; see also Eq. (6)

below.

Kaiser (2011a) choséw to correspond to the iso-
topic composition of seawatet® was set equal to
185ysmow = (—23.323+ 0.02) %o (Barkan and Luz, 2005).
75w was calculated as’sw = (1+ Sysmow)e > PP
1= (1— 11936 %o)e °PPM_1=(-11.941+0.01) %0 (Luz

‘reported by Eisenstadt et al. (2010), although in both cases

essentially the same experimental setup (helium-sparging of
cell cultures) was used. Eisenstadt et al.’s attribution of this
difference to improved methods for the measurement of the
relative isotope ratio difference between the evolveda@d

the source water is not in line with the small difference in
measurements of the “Dole effect” (i.e., th&0 /10 dif-
ference between Air-@and VSMOW) by the same research
group (Barkan and Luz, 2005), compared to independent es-

and Barkan, 2010). Barkan and Luz (2011) reportedimaes of (23.8-0.1)% (Coplen et al., 2002; Kroopnick

more decimals and these values need to be corrected
185y = —23.320 %0 and "8y = —11.936 %o (Table 1, row 3;
Table 3, row 5). Other measurements &f,smow were dis-

regarded because they were less precise (Table 1, rows 1 a

2) or did not differ in terms of th&’O excess (Table 1, row 4),
which is critical for the magnitude qf; see Sect. 2.4 below
for the impact of new’sysmow measurements listed in Ta-
ble 1, rows 5 and 6.

www.biogeosciences.net/9/2921/2012/

©nd Craig, 1972) and (24.360.06) %0 (Kaiser, 2008). De-
spite these inconsistencies, we will consider the measure-
ments of Eisenstadt et al. (2010) here to work duvalues;

%‘iiu approach that was also taken by Luz and Barkan (2011b).

Biogeosciences, 9, 28233-2012
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Table 1. Historic and new measurements of the relative oxygen isotope ratio differences between Vienna Standard Mean Ocean Water (VS-
MOW) and Air-O, (X78vsmows 288vsmows 7 Avsmow). For clarity, all values are shown with the same number of decimals, irrespective
of their uncertainty.

Row Reference 18sysmow!%e  17sysmow!%o l7A2‘,SMow(O.Sl?E)/ppm 17 A% spow(0-5179/ppm
1 Thiemens et al. (1995) —22.873+0.04 —11.744+0.08 102+807 170+ 802

2 Luz et al. (1999); based on Thiemens et al. (1995}22.96¢ ~11.778 112 182

3 Barkan and Luz (2005) —23.320+0.02 —-11.931+0.01 146+4 218+4

4 Kaiser (2008); based on Barkan and Luz (2005) —23.771+0.06 —12.167+0.04 144+4 218+4

5 Barkan and Luz (2011) —23.324+0.02 —-11.883+0.01 196+4 268+ 4

6 This paper —23.647+0.04 —-12.102+-0.03 145+6 218+6

@ Minimum error based on the uncertainty of the corresponélf'rag/alue.
b No error estimate was given.

Table 2. Photosynthetic oxygen isotope fractionation for different marine (rows 2 to 4) and freshwater (rows 1 and 5) species (Eisenstadt et
al., 2010; Helman et al., 2005). The third decimal8fp in rows 2 to 4 has been reconstructed from Luz and Barkan (2011b). The mean

0p value has been calculated from a linear regression of the five species-dependehfdpfiand In(118sp) values. It is useful for error
propagation purposes. The resultant y-axis intercept of (BXLP13) %o is statistically indistinguishable from zero. For clafityandep

values are shown with the same number of decimals, irrespective of their uncertainty.

Row Species Op 18¢5/%o 17¢ /%o
1 Synechocystisp. strain PCC 6803 0.53540.0020 0.46#40.17 0.250
2 Nannochloropsis oculata 0.5253+0.0004 2.85@&:0.05 1.496
3 Phaeodactylum tricornutum 0.5234+0.0004 4.426-0.01 2.314
4 Emiliania huxleyi 0.5253+0.0004 5.814:0.06 3.050
5 Chlamydomonas reinhardtii 0.5198+0.0001 7.04:0.10 3.653
Mean 0.5203:0.0027 4.11%+2.6  2.153

2.2 Calculation of 5o based on flask cultures in steady this gives 178so= (—4.52+0.37) %o and, using Eq. (7),
state between photosynthesis and respiration 1sp = (—11.649+ 0.26) %o and 17A;L(O.5179) =
(175+15)ppm (Table 3, row 3a). The photosynthetic
Following Sect. 3.4 in Kaiser (2011a), the isotopic compo- isotope fractionation forAcropora is not known; if we
sition of oxygen in concentration steady state (net to grosg;ssyme the highest value reported for a marine speEies (

production ratiof = 0) is given by huxley), the resultind” A1,(0.5179 value is (21G 15) ppm
1+46p dp—€R (Table 3, row 3b).
ds0= 1+er = 1+er (6) !(aiser (2011a) mentioned that no correspc_)nding calcu-
) ) lation could be performed foNannochloropsisbecause
To derivesp, Eq. (6) is rearranged to 18:5 and yr values have not been reported for this
Sp=(1+8s0)(1+er) —1 @) §pecies. In Sect. 4 of Nicholson (2011a), this calculation
is performed nonetheless, assumifr = —20% and
In addition tods, this calculation also requires. yr=0.5179 (without uncertainties). Here, we repeat

Luz and Barkan (2000) performed incubations dflan-  this calculation, assuming more realistic uncertainty es-
nochloropsisspecies and the hermatypic corAtropora  timates of 4%. for'8g and 0.0006 forygr. This gives
in airtight flasks. These incubations are supposed to corl8s, = (—22.832+ 0.5) %o, 178p = (—11.606+ 0.26) %o and
respond to steady state. No values were reporteddgr 17A’Ff,(o.5179 = (218+38)ppm for 8e¢p= (0.5+0.5) %o
only A% (0.521) = (244 20) ppm for Nannochloropsis ~ (Table 3, row 4a). If18p = (2.850+ 0.05) %o (Eisenstadt
and (252t 5) ppm for Acroporg anecdotal evidence sug- et al., 2010) is used insteadsp = (—10.399+ 0.047) %o
gests thassgwas close to 0 (Barkan and Luz, 2011). and17AJFr,(o,5179 = (2374 39) ppm (Table 3, row 4b). Both
1 For Acroporg L;JZ and Barkan (2005) reported \qyes clearly differ from17A‘,;(0.5179 =(178+4) ppm
LR=(138+ 0-05) %o andyr = 0.519+ 0.001. Assuming  derived forN. oculatabased oy andep (Sect. 2.1; Table 3,
P (0.540.5) %o a?d dw T8—23-320 %o, this 9IVeS  row 5b). The increased uncertainty estimates compared to
5"_:(_22832:*:0'5,) %0 and “6so=(—9.16+0.71) %o Acroporaare due to the higher uncertaintyjiﬁAgo(O.SZD
(Kaiser, 2011a, b). With of 20 ppm and the higher uncertaintyXifer of 4 %o.

Y5s0=27 AL,(0.521) +0.521*%s50 (8)
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2.3 Hypothetical “base case” values for the isotopic experiments. Notwithstanding that our own calculations give
composition of photosynthetic G identical results of’A%(6r) = 229 ppm for both cases (Ta-
ble 3, row 4a and footnote to row 3a), this is not a fair com-
Based on the discrepancy between th@ excess for pho-  parison becausgr = 0.5173 forAcroporaandég = 0.5154
tosynthetic Q produced bySynechocystisind Acroporg  for NannochloropsisClearly, thel”sp values differ in both
Kaiser (2011a) found it impossible to assign a best value forcases (for the samésp value) and calculations of gross pro-
178p. The inclusion oNannochloropsisvith Nicholson's as-  duction using the accurate dual-delta method would lead to

sumptions does not help to resolve this. different results. This illustrates the perils associated with us-
Instead, Kaiser (2011a) constructed a hypothetical basgng 174 values in isolation.

case in a way that was mathematically consistent with

previous studies (Hendricks et al., 2004; Juranek and, 4 New measurements sysmow and 78ysmow
Quay, 2010; Reuer et al.,, 2007). The base case adopted

AT 7 At _
a triple isotope excess of A{(0.5179 =(249+15)ppm ¢, days after publication of Kaiser (2011a) and three

(Table 3, row 1). This is the same numerical value for yovs pefore publication of Nicholson (2011a), new mea-
the triple isotope excess used in previous studies, althougtgurements of18sysmow and 7sysmow were published

A values of 0.516 (Hendricks et al., 2004; Reuer et a"’(Barkan and Luz, 2011). The authors of this paper found

2007) af;d #0'518 were used elsewhere (Juran.eI;and Quaiat they could not reproduce their earlier results for

2010). *'AB(0.5179 = (249+15)ppm results in“'dp= 175, (Barkan and Luz, 2005). Their new results gave

_—11.646 %0 (11.644 %0 with theSW_ upqlate _referreql to 175y smow = (—11.883+ 0.012) %o (Table 1, row 5), which

in Sect. 2.1, Table 3, row 1), which is slightly higher ;s g 04g8%, or five standard deviations higher than the

than the corresponding values ef11.671 %o for Syne- original value of (11.931+0.01)%. (Barkan and Luz,

chocystisand —11.649 %o forAcropora The resulting value 2005). The new'8sysmow value of (~23.324+0.017) %o

of 7AL(0.5179 = (180 15) ppm is compatible with the yag virtually unchanged compared to the original value of

17 A1(0.5179 values for other species based onthe mea- (—23.3204 0.02) %o. In terms oft7Af (0.5179), this

surements of Eisenstadt et al. (2010) (Table 3, rows 5b, 5¢camounts to a change from (1464) pF\,/rSnM%W(lg& 4) ppm.

5e) except foE. huxleyi(Table 3, row 5d). The authors do not give an explanation for this change, other
Nicholson (2011a) questions the validity of this base than that “experimental system and measurement procedures

case and suggests that should be chosen such that were somewhatimproved” (Barkan and Luz, 2011).

Y Agy(ress) =17 Af(rsss) and that these values should  The revised measurements allow recalculadagbased

equal (249t 15) ppm. This “tuned’s value, denoted.sss  on sy andep (Sect.2.1). 18sp remains virtually unchanged,

(for biological steady state) by Nicholson (2011a), is actu-pt the corresponding”sp and 17A,JL(0.5179) values in-

ally identical to the triple isotope fractionation coefficient for cra55e by about 50 ppm (Table 3). Within error, the re-

respiration ¢r) and calculated as vised 17A[(0.5179) values agree with those estimated for
Nannochloropsigflask), Acropora (flask; assuming®sp =

A =6
BSS= PR 17 18 5.814%0) and Nicholson (2011a). They disagree with the
_In@+"er) _ IN(A+yr™R) 9  Acropora(flask; assuming®sp = 0.5 %o) and Kaiser (2011a)
IN(1+ 18R) IN(1+ 18¢R) values.

Our own measurements of VSMOW relative to Air-
O, give 18sysmow = (—23.647+ 0.04) %o and"ysmow =
(—12.102+0.03) %0 (Table 1, row 6). Taking into ac-
count thel’0 /160 depletion of ocean water with respect

This leads to a set of calculation parameters
with  18p=—-22.832%, ’6p=-11.587%  and
174%(0.5179 = (238+ 35) ppm (Table 3, row 2). Within

error, this agrees with thé&annochloropsisflask exper- T 17
iments if the assumptions ofr = 0.5179+0.0006 and to VSMOW, this gives 'y = (~12.1070.03) %o and

18.p = (—20+4) %o for these experiments are correct. 17A,(0.5179 = (140 6) ppm (Table 3, row 7). The uncer-

It differs substantially from the corresponding values for tainty of 174], is lower than for'’sy because the errors in
the Acropora flask experiments assumindfep=0.5% 8 and’s are correlated in a mass-dependent way.
(Table 3, row 3a) and the results for all species based on Our 17A\J}\,(O.5179) value is in good agreement with the
the isotopic composition of seawater and the photosynthetioriginal measurements of Barkan and Luz (2005), but dis-
isotope fractionation (Table 3, rows 5a—c, 5e) except foragrees with their revised results (Barkan and Luz, 2011).
E. huxleyi(Table 3, row 5d). It may be reconciled with the Just as the results of Barkan and Luz, our data have been
Acropora flask experiments if8p =5.814 %0 is assumed obtained using Coffluorination on a Finnigan MAT Delta
(Table 3, row 3b). Plus isotope ratio mass spectrometer (University of Nagoya).
In Sect. 4, Nicholson (2011a) comments tﬁﬁﬁﬁ(eR) = However, our results have been corrected for a 0.8 % scale
231ppm for the Nannochloropsisflask experiments is contraction, based on gravimetrically calibrated mixtures
very close to”Aﬁ(eR) =234 ppm for theAcropora flask of 99.7 % pure I-}SO with tap water. The scale correction
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affected17A$\,(0.5179) by a 2 ppm increase only. It actually and c¢) andf = 0.1 with 0.01< ¢ <10 (Fig. 1b and d).
brings18svsmow into closer agreement with independent es- Parameters related to gas exchange were left unchanged
timates of (23.771+0.06) %o (Table 1, row 4), based on at 8sar= 0.382 %o, 85sa1= 0.707 %o, 7eg = —1.463 %o,
isotope measurements in @(Kaiser and Rckmann, 2008).  8eg = —2.800 %o (Kaiser, 2011a, b).
Barkan and Luz (2005, 2011) did not perform a scale correc- As may be expected from the correspondtigp values,
tion, even though their measured SLAP-VSMOW differencethere is relative good agreement betwgebased on “Ta-
of (—=55.11+ 0.05) %o (Barkan and Luz, 2005) differs from ble 3, row 5m” (using VSMOW measurements reported by
the internationally accepted value €65.5 %o (Gonfiantini, ~ Barkan and Luz, 2005), “Table 3, row 7m” (using VSMOW
1977, 1978). If the value 0£55.5 %o were accurate, the cor- measurements reported here), “Kaiser (2011a)tropora
responding scale contraction would amount to 0.7 %. A scaleflask, 18p = 0.5%.)” and the species-specific parameters
contraction of 0.7 to 0.8 % may be typical for this particular for N. oculata C. reinhardtiiandP. tricornutum(Fig. 1a and
type of mass spectrometer. b). Howeverg based orSynechocystigarameters is- 24 %

The varying results for the relative isotope ratio differ- higher; g based on “Nicholson (2011a)”Nannochloropo-
ences between VSMOW and Air-Qvithin a single labora- ~ sis(flask, 2.85 %.)" and “Luz and Barkan, 2011b"is27 %
tory and between laboratories warrant further measurementower than “Table 3, row 5m”g values based onE' hux-
of this important parameter and perhaps inter-laboratoryleyi’ and “Acropora(flask, 5.814 %.)” and Nannochloropo-
comparisons. sis (flask, 0.5%o)” are in between. Fof < 0.1 org > 0.1,

For comparison purposes, we construct mean parametghese relative deviations are higher (Fig. 1a and b) The rela-
sets from the species-dependéptvalues (Table 3, rows tive deviations of for theE. huxleyiparameters are—16 %
5m, 6m and 7m). For the photosynthetic isotope fraction-from the base case fof = 0.1, which means thg values
ation, we adopt the arithmetic average of the corresponddeviate <—32% from theg values based oSynechocystis
ing values based on Eisenstadt et al. (2010), t&p = parameters, a significant species-related uncertainty.
(4.1194 2.6) %o and'’ep = (2.1534 1.3) %o (Table 2). This For g based on “Table 3, row 6m” (using VSMOW mea-
18;5 value is in good agreement with the global averfge ~ surements reported by Barkan and Luz, 2011), the species-
of 4%o derived by Luz and Barkan (2011a). A similar ap- specific parameters fd¥. oculata C. reinhardtiiandP. tri-
proach was taken by Luz and Barkan (2011b), but they excornutumagain agree well with the meaip set (Fig. 1c
cludedC. reinhardtiifrom their mearsp values. It would not ~ and d). There is also relative good agreement with “Nichol-
be appropriate to take the arithmetic averagérofeported ~ son (2011a)”, “Luz and Barkan (2011b)"Atropora (flask,
for various organisms to deriv€ep becausé’ep is essen-  5.814%0)” and Nannochloroposigflask, 2.85 %o)”. How-
tially linearly related tot’sp wherea®p is not. ever, the relative deviations are35 % for “Kaiser (2011a)”,

The good agreement between our own measurements ¢ffable 3, row 5m” and “Table 3, row 7m” ang—12 % for
the isotopic composition of VSMOW relative to AirsO “E. huxleyi. Again, for f < 0.1 org > 0.1, these deviations
and those of Barkan and Luz (2005) is also reflected bytend to be even higher (Fig. 1c and d). The relative deviations
the closely matching species-dependémtp(0.5179) values  of g for the Synechocystisarameters are +18 % from the
(Table 3, rows 5a-5e and 7a—7e). In the next section, we wilbase case, which means thealues based oB. huxleyipa-
illustrate the systematic impact of differeft values org. rameters deviatee—26 % from theg values based oByne-

chocystigparameters. The span between these two species is
slightly smaller than for “Table 3, row 5m” because the dif-

3 Dependence of on the isotopic composition of ferent base case parameters lead to diffetéhand!8s sce-
photosynthetic O, narios for the same two cohorts. Nevertheless, there is still
a significant uncertainty ig related to which species is as-
3.1 Accurate calculation ofg using the sumed to have produced the @nd, therefore, which set of
dual-delta method parameters’sp, 185p andyr is adopted for the calculation.

To summarise, the experimental evidence can accommo-
Since the interaction between the parametdigy, 185p date both theSp parameters of Nicholson (2011a) as well
and yRr is not straightforward to predict based on Eq. (1), as those of Kaiser (2011a). Both the base cases used by
their impact ong is best illustrated through example cal- Kaiser (2011a) and by Nicholson (2011a) are hypothetical.
culations (Kaiser, 2011a). Results fgrbased ont’sp and ~ On their own, they should therefore not be used to draw con-
1855 derived in Sects2.1-2.3, including the parameters clusions on the quantitative accuracy of the resulgneal-
suggested by Nicholson (2011a) and Kaiser (2011a) areies. While we agree with Nicholson’s notion that different
compared with those using the meé&n values based on parameters used in Kaiser (2011a) can explain the Igwer
Barkan and Luz (2005; Table 3, row 5m; Fig. 1la and b)values based on parameters used in previous studies (e.g.,
and based on Barkan and Luz (2011; Table 3, row 6m;Hendricks et al., 2004; Reuer et al., 2007; Juranek and Quay,
Fig. 1c and d). The same scenarios as in Kaiser (2011a2010), this should not be used to single out one parameter set
were used, i.e.g =0.4 with —1.0< f <+1.0 (Fig. 1a  as superior to the other. Kaiser (2011a) did not make such
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Fig. 1. Relative difference of for different sets of-"sp, 185p andygr (Table 3) tog based on row 5mg( b; Barkan and Luz, 2005) and row
6m (c, d; Barkan and Luz, 2011)a( c) correspond tg =0.4 and—1.0< f < 1.0; (b, d) to f = 0.1 and 0.0k g < 10 (logarithmic axis).
Red curves correspond to rows 5aagh) and 6a—ed, d). “Kaiser (2011a)”, “Nicholson (2011a)”, “Acropora, 0.5 %", “Acropora, 5.814 %.",
“Nannochl., 0.5%.” and “Nannochl., 2.85 %.” correspond to rows 1, 2, 3a, 3b, 4a and 4b. “Luz & B. (2011b)1’7uis% —10.126 %0 and
1855 = —20.014 %o (Luz and Barkan, 2011b).
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a claim and rather used the disagreement between differdual-delta method and the use of this approximation was not
ent estimates of the isotopic composition of photosyntheticrecommended.
O- to highlight the need for additional measurements of the Nicholson (2011a) comments that the approximations of
required parameters, especiali{pp. The claim by Nichol-  Kaiser (2011a) and, by implication, Luz and Barkan 2005)
son (2011a) that the values calculated using the base casecan be improved if a definition of the triple isotope excess
of Kaiser (2011a) were 30 % too high is not justified. asl7A*6R) is adopted. The correspondidga®(or) value
Nicholson (2011a) also commented that Kaiser (2011a)s named!’ABSS for “biological steady state” because it is
overestimates the discrepancy gf based on different identical to the'’A% (6r) value under concentration steady
calculation methods/parameters, as seen in Fig. 3 obtate (f = 0). However, as shown in Sect. 3.4 and the un-
Kaiser (2011a) compared to Fig. 1 in Nicholson (2011a).corrected Fig. 1 of Kaiser (2011a), isotopic steady state can
However, this is largely due to how the results are presentediso be achieved foff # 0 and in this casel’A%(0r) #
(as relative deviations), and as we argue above, Kaisers’a#(gg). It is, therefore, not clear a priori whether the ap-
“base case” just provides a reference for comparison, not groximation suggested by Nicholson (2011a) performs bet-

benchmark for other studies. ter than the other approximations.
) ) Just as in Sect3.1, we, therefore, compare the differ-
3.2 Approximate calculation of g ent approximations to the accurate solution using a range

houah the devel h dual-del of scenarios. The scenarios correspond to &:@1< 10 and
Even though the development of the accurate dual-delta y _ » _ 1 (in steps of 0.2). The underlying parameters

method makes use of approximations in the calculation 0f178p 1855 and yg correspond to “Kaiser (2011a)” (Table 3

g unnecessary, we will revisit t.he differ,ent approxir]rtﬁ;ions row 1; Fig. 2): the mea#ip based on the VSMOW measure-
used in the past to address Nicholson’s comment that ments of Barkan and Luz (2011) (Table 3, row 6m: Fig. 3),

3 # - 17 18
should be defined d$A%(0r) = IN(1+178) —6rIN(L+7%6).  \\1ick'is similar to “Nicholson (2011a)"; and the parameters

Luz and Barkan (2000) suggested the following approx- e jved from theAcroporaflask experimentstep = 0.5 %o;
imate calculation of oxygen gross production from oxygen Table 3, row 3a; Fig. 4).

triple isotope measurements The approximate solutions are calculated using Eg. (10)

with the triple isotope excess defined asi{a) ' (yr) (Kaiser,

_ AN Asa 2011a) (Figs. 2a, 3a, 4a); (BYA#(yr) in general, but
g —_— W (10) 17 A # g . 1 1 .’ ( ) g ’
Ap—-tA AR(6r) for photosynthetic @ (Luz and Barkan, 2005)
_ o _ Figs. 2b, 3b, 4b); (c}'A#(yr) (shown for completeness)
T _17 (
with the triple isotope excess definedda’(0.521) =17 5— (Figs. 2c, 3¢, 4c) and (d}7A%(6r) (Nicholson, 2011a)

18¢ ; ; L
0.521%3, i.e., using a linear d‘?f'”'“o"_‘- (Figs. 2d, 3d, 4d). In the following, we refer to these defi-
The same authors later revised this method and stated th‘ﬂitions as methods (a) to (d).

the triple isotope excess should be defined using the natu-
ral logarithm (In) ast’ A*(yr) = In(1 +178) —yr IN(14-185)
with yr = 0.5179 (Luz and Barkan, 2005), but that this def-

inition shall not apply to'’Ap. Inste?d, #tthe phot_osynthetic However, even fog < 1 significant biases can occur in all
end-member should be set equal FQAP(HR), with 6r = cases under certain conditions.

8 :
0.5154 foryg = 0.5179 and'®er = —20 %o (Sect. 2.3). As For all scenarios, method (c) performs worst. However,
evidenced by its use in Luz and Barkan (2009), a coeff|C|entl7A#(yR) on its own has actually never been used together

of yr is also meant to apply FHAgar o with Eg. (10), as far as we know, so this has no consequence
The use of different coefficients for the triple isotope ex- o, already published data.
cess is confusing, especially for_the n_on-expert reader. More- £qor the base case adopted by Kaiser (2011a) (Table 3,
over, ér can only be computed HBBR_ is also known. Even 4y 1: Fig. 2), method (a) returns nearly unbiased results for
though the influence of the uncertaintylifer is not as se- f=0andg <0.1. Forg <1 and—0.4< f < 0.2, the rel-
vere as when® were used for the calculation directly (Quay ative deviation from the accurate solution does not exceed
etal., 1993), this goes agalr?st the rationale behind the triple. o5 o4 (Fig. 2a) ¢ values based on Nicholson’s method (d)
oxygen isotope technique (i.e., the absence of the need tgre pigsed 10 % low fof = 0, but the relative deviation from
know sR)._ Flnally, the su_ggested approximations are math-ihe pase case is at mos21 % for g < 0.4 (Fig. 2d). Luz
ematically inconsistent with Egs. (1) and (2). _ and Barkan’s method (b) is biased only 7% low 6= 0
Instead, Kaiser (2011a) suggested that Eﬂ- (10) S usegrig. 2b), but otherwise the derivedvalues have larger de-
with the triple isotope excess defined AT oR) = ~ viations from the accurate solution than those for method (d),
8 — yr'85. This definition is consistent with the asymptotic ore similar to method ()
: 175 18 - (COTA).
behaviour of Eq. (2) for*’s, *°6 — 0. However, it was For the scenario using the megnvalue based on the VS-

shown that this approximated calculation can lead to systemy,o\w measurements of Barkan and Luz (2011) (Table 3, row
atic biases from the accurate solution calculated using the

None of the approximations deliver unbiased results for
g > 1. Of course, such conditions rarely occur in the environ-
ment (except for intense blooms or very low wind speeds).
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Fig. 2. Relative deviation of the approximated solution fofEq. 10) from the accurate solution (Eq. 1) for the parameters in Table 3, row 1
(Kaiser, 2011a).

(a) linear definition ofl” A with « = yr (Kaiser, 2011a).17A;r,(0.5179): 180 ppm 7l (0.5179)= 16 ppm.

(b) In-definition of17A with A = yg except fort” A% (Luz and Barkan, 2005}:" A%(0.5154)= 191 ppm,/ A%,(0.5179)= 16 ppm.

() In-definition of17A with 1 = yr: 17A%(0.5179)= 249 ppm 17 A% (0.5179)= 16 ppm.

(d) In-definition of17A with A = 6 (Nicholson, 2011a)t’A%(0.5154)= 191 ppm A% (0.5154)= 18 ppm.

6m; Fig. 3), methods (a), (b) and (d) give nearly unbiased reparticular hypothetical scenario he has chosen, which is very

sults for f =0 and the entire range @f values explored. similar to that defined by “Table 3, row 6m” (Fig. 1¢ and

Method (d) has the least bias fgr< 1, whereas methods (a) d). However, if othet”sp and18sp parameters were adopted

and (b) perform similarly. such as those of th&croporaflask experiments (assuming
For the scenario based on tAeroporaflask experiments  8sp = 0.5 %o), then significant deviations from the accurate

(18sp=0.5%o; Table 3, row 3a; Fig. 4), method (a) gives solution would occur.

the least bias forf = 0. In this case, methods (b) and (d)

are biased low by 19 % and 12 %, respectively. Interestingly,

method (d) does not show any significant variation in this;  conclusions

bias forg < 0.1 and the entire range if.

_In summary, none of the calculation methods is free fromi s important to make the distinction between different cal-
bias under all conditions and scenarios. The value Nicholjation methods (e.g., iterative versus dual-delta method;
son (2011a) attributed to method (d) may be due to theapproximate based ob A versus accurate based 6

Biogeosciences, 9, 2922933 2012 www.biogeosciences.net/9/2921/2012/



J. Kaiser and O. Abe: Reply to Nicholson’s comment

80%
a rel.

dev.
60%

2931

| g
09 1
= = 1 e ——
001= = 0.1~ 1 10
=SS
=S
AN NENAN
-40%y N
\ \ \
-60%\ L
AN \
\ \
80% > -80% N
rel.—80% 80%
¢ dev. d
60% 60%
40% 40% —_—
—0.8
20% 20% —().6
—0.4
—— 0% g SEEa 0% 9 0.2
0.0]==0. 1=——=——1 10 0.01 0.1 N ,"1- 10 =—0
_20%\\— \\ -0.2
\\\\‘\ - —-04
-40% HAY \\ \ - =-0.6
A DN - =-0.8
WY, -
-60% 1 x
RS Vi
N AR W
-80% - -80%— -

Fig. 3. Relative deviation of the approximated solution fofEqg. 10) from the accurate solution (Eq. 1) for the parameters in Table 3, row
6m By based on Barkan and Luz, 2011).

(a) linear definition of7A with « = yr (Kaiser, 2011a)}”A%(0.5179)= 235 ppm17Al(0.5179)= 16 ppm.

(b) In-definition of17A with A = yg except fort” A% (Luz and Barkan, 2005}:" A%(0.5154)= 236 ppm,! A%,(0.5179)= 16 ppm.

() In-definition of17A with 1 = yr: 17A%(0.5179)= 285 ppm 17 A% (0.5179)= 16 ppm.

(d) In-definition of17A with A = 6 (Nicholson, 2011a)t’A%(0.5154)= 236 ppm 1’ A%,(0.5154)= 18 ppm.

and 185 pairs) and different calculation parameters. With reason for such bias to exist at all if the dual-delta method is
the development of the dual-delta method (Kaiser, 2011aadopted.
Prokopenko et al., 2011), it is time to abandon approximated We agree with Nicholson (2011a) that different parameters
solutions based on the triple isotope excédsif. The end  are key to explaining the differences between Kaiser’s base
of the discussion about what the appropriate definition is forcase and previous studies (e.g., Hendricks et al., 2004; Reuer
17 A, which is the right coefficient and whether it should be etal., 2007; Juranek and Quay, 2010). However, considerable
defined in terms o8 or In(1+§), will also help alleviate the  systematic uncertainty remains in the calculatiorg diue to
confusion that newcomers and students feel when they firsthe uncertainty in the isotopic composition of photosynthetic
enter this field of research. O,, 178p and8sp. Part of this uncertainty is due to conflict-
Even though the methodological bias due to the use ofing results for thé’O / 180 isotope ratio of seawater relative
Eqg. (10) may often be smaller than the uncertainty dueto Air-O2 (Sect. 2.4). Moreover, the experiments by Eisen-
to wind speed-gas exchange parameterisations, there is retadt et al. (2010) and the results in Fig. 1 show that there
is considerable interspecies variability in the photosynthetic
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Fig. 4. Relative deviation of the approximated solution fofEq. 10) from the accurate solution (Eq. 1) for the parameters in Table 1, row
3a (Acropora(flask),18¢p = 0.5 %o ).

(a) linear definition of7A with « = yr (Kaiser, 2011a)*”A%(0.519)= 200 ppm 174l (0.519)= 15 ppm.

(b) In-definition of17A with A = yg except fort” A%, (Luz and Barkan, 2005}:" A%(0.5173)= 229 ppm,}/ A% _(0.519)= 15 ppm.

() In-definition of 174 with 1 = yr: 17A%(0.519)= 269 ppm 17 A% (0.5179)= 15 ppm.

(d) In-definition of17A with A = 6 (Nicholson, 2011a)t’A%(0.5173)= 229 ppm 17 A% (0.5173)= 17 ppm.

isotope fractionation and the inferred gross producgiptle-  to be more important to emphasise the differences that result

pending on what species is assumed to have produced tHeom different parameters and calculation methods. The de-

oxygen. Independent measurements and perhaps laboratonyand for the “correct” choice is premature and besides the

comparison exercises should be performed to establish thmain topic of Kaiser’s original paper.

reproducibility of 170 /160 isotope ratio measurements in

water. Further experiments with cultures under steady-state

conditions would help to verify the calculations based on theAcknowledgementslan Kaiser would like to thank the Royal

isotopic composition of water and the photosynthetic isotopeS°Ciety for support through Wolfson Research Merit Award

fractionation. WM052632. Osamu Abe was supported during a sabbatical year
. “ . at UEA by the JSPS “Institutional Program for Young Researcher

The comment by Nicholson (2011a) on “Consistent calcu—OVerseas Visits”

lation of aquatic gross production from oxygen triple isotope

measurements” by Kaiser (2011a) centred on the appropriatggjted by: J. Middelburg

choice ofl7sp and18sp. At the moment, however, it seems
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