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ABSTRACT

The variability of a biogeochemical property in the ocean is the outcome of both nonconservative (such as res-

piration and photosynthesis) and conservative (mixing of water masses with distinct concentrations at origin) pro-

cesses. Onemethod to separate both contributions is based on amultiple regression of the biogeochemical property

in terms of temperature u and salinity S as conservative proxies of water masses. This regression delivers the vari-

ability related to the conservative fraction and hence allows for identifying the residual as the biogeochemical

anomaly.Here, the standardmultiple linear regression (MLR)method, which assumes that watermassesmix locally

and linearly, is compared with a nonlinear polynomial regression (PR) over the entire (u, S) space. The PRmethod

has two important advantages overMLR: allows for simultaneous nonlinearmixing of all watermasses and does not

require knowing the end-member water types. Both approaches are applied to data along 7.58N in the equatorial

Atlantic Ocean, and the biogeochemical anomalies are calculated for humic-like fluorescent dissolved organic

matter, apparent oxygen utilization, and nitrate—all of them related through in situ remineralization processes. The

goodness of both approaches is assessed by analyzing the linear dependence and the coefficient of correlation be-

tween the anomalies. The results show that the PR method can be applied over the entire water column and yet

retains the local variability associated with nonconservative processes. The potential of the PR approach is also

illustrated by calculating the oxygen–nitrate stoichiometric ratio for the entire 7.58N transatlantic section.

1. Introduction

The dissolved organic matter (DOM) in the ocean is

represented by diverse pools with different biological

lability, which can be conceptually divided into labile

(residence time of minutes to days), semilabile (days to

months), semirefractory (years to decades), and refrac-

tory (centuries to millennia) (Carlson et al. 2010; Catala

et al. 2015; Hansell 2013 and references therein;

Yamashita andTanoue 2008).MarineDOM is the largest

active reservoir of reduced carbon on Earth’s surface

(Hedges et al. 1997), and most of the DOM in the dark

ocean (waters deeper than 200m) is refractory DOM

(RDOM), with a pool of about 630 PgC (Hansell 2013).
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A fraction of the RDOM is spectroscopically charac-

terized through the emission of fluorescence at the exci-

tation/emission wavelengths that distinguish humic

substances when irradiated with ultraviolet; this RDOM

fraction is named humic-like fluorescent DOM (FDOM)

(Coble 2007, 1996). In situ FDOM production is a key

process for maintaining the oceanic pool of optically ac-

tive RDOM at centennial and millennia time scales

(Catala et al. 2015; Yamashita and Tanoue 2008). Further

insight into FDOM production will help advance our

knowledge on RDOM cycling and its role in carbon se-

questration into the deep ocean.

A number of studies have endorsed the idea that

FDOM is mostly produced in situ via heterotrophic oxi-

dation of organic matter in the dark ocean: this is based

on a significant and positive association between FDOM

and both apparent oxygen utilization (AOU) and nutrient

salts (nitrate NO3 and phosphate PO4) that changes with

watermass (Álvarez-Salgado et al. 2013; Catala et al. 2015;

Chen and Bada 1992; De La Fuente et al. 2014; Hayase

and Shinozuka 1995; Hayase et al. 1989; Jørgensen et al.

2011; Yamashita and Tanoue 2008; Yamashita et al. 2007).

Different statistical approaches are commonly used to

obtain the ratios of FDOM production to oxygen de-

pletion and inorganic-nutrients generation. Themost usual

is through simple regression models between the bio-

geochemical variables (Chen and Bada 1992; Hayase and

Shinozuka 1995; Hayase et al. 1989; Jørgensen et al. 2011;

Yamashita and Tanoue 2008; Yamashita et al. 2007).

However, an important bias in the calculation of the bio-

geochemical ratios is introduced in those water masses

with a high initial content of FDOM, acquired through

river input of terrestrial humic compounds in the area of

source water formation. For instance, a high amount of

terrestrial organicmatter is released from the continents to

those regionswhereNorthAtlanticDeepWater (NADW)

is formed. Jørgensen et al. (2011) found a significant and

high correlation between FDOM and AOU for the dark

global ocean but only when omitting the NADW from the

linear regression model. In contrast, Yamashita and

Tanoue (2008) found a high and significant relationship

between FDOM and AOU for the deep Pacific Ocean

(depths over 1000m), where mixing is small and the initial

content of FDOM in the source water is low.

The abovementioned simple regressionmodels assume

that all of the data variability is only due to biological

controls, neglecting any effect associated with the mixing

of water masses with distinct contents at origin (Carlson

et al. 2010; Reinthaler et al. 2013; Schneider et al. 2005).

However, the relationship between any pair of non-

conservative parameters indeed depends upon 1) the con-

servative mixing of source waters with different contents

and 2) the nonconservative biological processes that take

place since the water mass formation region (Álvarez-

Salgado et al. 2013; Castro et al. 1998, 2006; De La Fuente

et al. 2014; Pérez et al. 1993, 1998, 2001; Reinthaler

et al. 2013).

Statistical methodsmay be used to isolate the variability

associated with both mixing and nonconservative bi-

ological processes. These methods are based on the idea

that mixing of water masses has the same effect on both

conservative and nonconservative properties. Hence, the

evolution of the conservative fraction of a biogeochemical

property may be inferred from the covariance between

these biogeochemical data and both salinity S and po-

tential temperature u as conservative proxies of water

mass; that is, the conservative fraction is determined

from a regression model as a function of (u, S). The re-

sultant anomalies, calculated as the observed valuesminus

the modeled values, should reflect the variability associ-

ated with biological processes.

The challenge is to use the best-possible regression

model; that is, a data-fit model that can properly track the

conservative evolution of the water masses without re-

moving the biogeochemical anomalies. One simple ap-

proach is to assume that the water parcel results from the

linear mixing of two or more source water types (SWT;

called end-members) in a conservative u–S space, a physical

process that should equally transform the conservative and

nonconservative properties. In particular, since any water

sample in the conservative u–S space can be expressed as

the linear combination of three (u, S) end-members, the

corresponding biogeochemical concentration should

emerge fromamultiple linear correlationwith S and u (e.g.,

Álvarez-Salgado et al. 2013). The linear mixing approach

has been extensively used for determining the distribution

of water masses in the World Ocean, either using the

classicalmethod ofmixing triangles when only temperature

and salinity are involved (Mamayev 1975) or employing

different varieties of the optimum multiparameter method

when other properties are also considered (e.g., Mackas

et al. 1987; Llanillo et al. 2012, 2013).

Despite the extensive application of the classical

mixing method to infer the conservative fraction of the

biogeochemical variables, the assumption of conserva-

tive local and lineal mixing in the u–S space is not

necessarily true. There is no justification behind the as-

sumption that only three water types participate in the

composition of any given water parcel, and there is no

unique solution for the linear mixing of three conser-

vative properties (temperature, salinity, and mass) with

more than three end-members. Further, ocean mixing is

not isotropic in the u–S space as, in the absence of con-

vective processes, it takes place preferentially along

isopycnals. Therefore, the conservative fraction of any

biogeochemical variable may as well be proportional
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to a nonlinear function of u and S. Recently, through a

multiple nonlinear regression for both FDOM and

AOU as a function of temperature and salinity over the

entire (u, S) space, De La Fuente et al. (2014) found a

significant correlation between the FDOM and AOU

anomalies for the dark equatorial Atlantic Ocean.

In this study we explore the goodness of linear-local

and nonlinear-global methods to obtain the nonconser-

vative anomalies. All these approaches remove the in-

formation associated with conservative mixing of source

water types through a multiple regression of the non-

conservative property with S and u. However, while one

approach is based on the local linear mixing of a maxi-

mum of three source water masses (Carlson et al. 2010;

Castro et al. 2006; Li and Peng 2002; Nieto-Cid et al.

2005; Schneider et al. 2005), the other one focuses on

fitting high-order polynomial models over the entire u–S

space (De La Fuente et al. 2014).

For our analysis we use the dataset obtained during

a cruise carried out in the equatorial Atlantic Ocean in

April–May 2010. The slopes, coefficients of correlation,

and the significance of the relationships between the

anomalies obtained from both approaches are evalu-

ated. The differences in these relationships are then

examined, and the strengths and weaknesses of both

methods are discussed. Finally, the potential of the

nonlinear-global method is also illustrated, calculating

the stoichiometric ratio between oxygen and nitrate.

2. Measurements

Measurements were obtained from 26 full-depth hydro-

graphic stations during the MOC2-Equatorial cruise, car-

ried out along 7.58N in the equatorial Atlantic Ocean

on board R/V Hespérides between 20 April and

13 May 2010 (Fig. 1); data are available at the Car-

bon Hydrographic Data Office (https://cchdo.ucsd.edu/

cruise/29HE20100405). Continuous salinity and tempera-

ture profiles were recorded with a Sea-Bird 911plus CTD

system attached to a 24 Niskin rosette sampler. Water

samples at 24 levels were used to determine the concen-

trations of dissolved oxygen (DO), nitrate (NO3), and

FDOM. For this studywe have considered only those levels

deeper than 200m (ocean interior).

DO water samples were taken in sealed flasks

(250mL) and kept in the dark for 24 h until their

analysis. DO was determined using an automated po-

tentiometric modification of the original Winkler

method following WOCE standards (Culberson 1994)

with a precision of 60.5mmol kg21. AOU is defined

as the deficit of oxygen concentration relative to its

atmospheric saturation value under equal physical

conditions (Benson and Krause 1984; Weiss 1970).

NO3 water samples were collected in stoppered

polypropylene conical centrifuge tubes (15mL). The

samples were fitted directly onto the AutoSampler of a

four-channel Technicon Bran1Luebbe AutoAnalyzer

II (AAII) for determining nitrates and nitrites by con-

tinuous flow analysis (Tréguer and Le Corre 1975).

FDOM water samples were collected in acidclean

glass bottles of 250mL and analyzed on board within 2 h

after sampling at the ship laboratory temperature (ca.

208C) with a PerkinElmer LS spectrometer equipped

with a xenon discharge lamp. Slit widths were 10nm for

the excitation and emission wavelengths. Measurements

were performed in a 1-cm quartz cell, and Milli-Q water

was used as a reference blank. The fluorescence intensity

was measured at fixed excitation/emission wavelengths of

340/440nm, F(340/440), characteristic of humic-like sub-

stances (Coble 1996), and normalized to Raman units

(RU) according to Lawaetz and Stedmon (2009).

3. Methods

As exposed in the introduction, almost all previous

studies on regeneration ratios assume that the conser-

vative fraction of a biogeochemical variable arises as a

linear combination of three end-members. The essence

FIG. 1. Study area showing the biogeochemical stations along 7.58N during the

MOC2-Equatorial cruise.
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of the approach may be understood by considering the

closed system of equations that represents any data

point as the conservative combination of three water

types:

u5 x
a
u
a
1 x

b
u
b
1 x

c
u
c
,

S5 x
a
S
a
1 x

b
S
b
1 x

c
S
c

15 x
a
1 x

b
1 x

c
.

, (1)

For any data point in the (u, S) space that falls

inside a triangle closed by the end-members (ua, Sa),

(ub, Sb), and (uc, Sc), there is one unique solution for

the end-member fractions xa, xb, xc; for example,

xa 5 xa(u, S, ua, ub, uc, Sa, Sb, Sc). For fixed properties

of the end-members, this expression turns into a linear

functional dependence xa 5 xa(u, S). Hence, the con-

servative fraction of any property with concentrationY

that follows a linear combination of the values of the

three end-members can be expressed as

Y5 x
a
(u,S)Y

a
1 x

b
(u, S)Y

b
1 x

c
(u,S)Y

c
. (2)

This is a linear expression of u and S that relies on the

mixing of three end-members in the (u, S) space, com-

monly calculated by adjusting the predictions to the data

points in a least squares sense (sometimes including a

regeneration or consumption term). However, mixing of

more than three end-members or the existence of pref-

erential mixing pathways, such as along isopycnals, will

lead to nonlinear relations.

a. MLR

For each nonconservative response variable Y—such

as F(340/440), AOU, or NO3—a multiple linear re-

gression (MLR) model is applied in terms of the con-

servative thermohaline predictor variables—S and u

(Carlson et al. 2010; Castro et al. 2006; Nieto-Cid et al.

2005; Schneider et al. 2005). All data in the u–S plane are

made to correspond to three end-member mixing tri-

angles (Fig. 2), with the source water types as defined in

Álvarez et al. (2014) (Table 1), ensuring that each ob-

servation is explained as a mixture of up to three

source waters.

The biogeochemical variables are modeled as follows:

Ŷ
ik
5a

0k
1a

1k
S
ik
1a

2k
u
ik
, (3)

where ik is the i sample observation out of a total of nk

observations in the respective k mixing triangle. For

each ik (u, S) pair, the anomaly from the model DYik is

obtained by subtracting the value estimated through the

optimal model (Ŷik) from the observed value (Yik):

DY
ik
5Y

ik
2 Ŷ

ik
. (4)

The unknown parameters (a0k, a1k, and a2k) are de-

termined using an ordinary least squares (OLS) fitting,

that is, minimizing the summed square of DYik.

For each mixing triangle and variable [F(340/440),

AOU, or NO3], the significance of the model is tested

through the F statistic [Pr (.jFj) with p value, 0.01]; the

variance captured by the model is evaluated through the

adjusted coefficient of determination, adjusted r squared

(adj-r2) (Table S1, supplemental materials); and the sig-

nificance of the estimated coefficients is tested through a

Student’s t statistic [Pr (.jtj) with p value , 0.05].

FIG. 2. The u–S diagram with the biogeochemical stations data,

split inmixing triangles as follows: NADW(2.0)–CDW–WSDW(blue

dots), NADW(4.6)–NADW(2.0)–CDW (black dots), AAIW(5)–

NADW(4.6)–CDW (green dots), and SACEW(12)–AAIW(5)–

NADW(4.6) (red dots). The isopycnals (su) 26.6, 27.2, 27.6, and 27.9

(gray lines), approximately corresponding to the isoneutrals (gn)

26.65, 27.3, 27.8, and 28.12, are used to divide the water column into

the following isoneutral strata: central (26.65–27.3), intermediate

(27.3–27.8), deep (27.8–28.12), and bottom (.28.12).

TABLE 1. Thermohaline characteristics of the SWTs from Álvarez

et al. (2014).

SWT, full name SWT, abbreviated u (8C) S

South Atlantic Central

Subequatorial Water

SACEW(12) 12.00 35.17

Antarctic Intermediate Water AAIW(5) 5.00 34.11

Upper and Middle North

Atlantic Deep Water

NADW(4.6) 4.60 35.02

Lower North Atlantic Deep

Water

NADW(2.0) 2.02 34.91

Upper and Lower Circumpolar

Deep Water

CDW 1.66 34.72

Weddell Sea Deep Water WSDW 20.30 34.66
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b. PR

An alternative approach consists of a multiple non-

linear polynomial regression (PR) between each non-

conservative response variable Y and the conservative

thermohaline predictor variables for the entire (u, S)

space. De La Fuente et al. (2014) used a quadratic poly-

nomial (PR2) to model the biogeochemical variable. It

includes all linear and quadratic terms in u and S, as well

as a nonlinear dependence on the product of u and S:

Ŷ
i
5a

0
1a

1
S
i
1a

2
u
i
1a

3
S2
i 1a

4
u2i 1a

5
u
i
S
i
. (5)

where i is the sample observation out of a total of n

observations in the dataset. The anomalies are obtained

through an expression analogous to Eq. (4):

DY
i
5Y

i
2 Ŷ

i
. (6)

We expect that the higher the order of the polynomial,

the better the data fit and the lower the anomalies.

However, a high-order polynomial is not necessarily a

good solution because each additional term may lead

to a minimal improvement in the solution. A useful tool

to ensure that these new high-order terms are mean-

ingful is the Akaike information criterion (AIC), which

rewards the goodness of fit (as assessed by the likelihood

function) but penalizes the excess of parameters; so, the

lower the AIC, the better the model (Zuur et al. 2009).

Through a stepwise selection process that uses the AIC,

we increase the complexity of the polynomial and come

up with two new PRmodels; these models are particular

cases of the full cubic polynomial (Table S2, supple-

mental materials) as explained next.

The second PRmodel (PR3) is similar to PR2 but with

the cubic term in u replacing the quadratic term in S:

Ŷ
i
5a

0
1a

1
S
i
1a

2
u
i
1a

4
u2i 1a

5
u
i
S
i
1a

7
u3i . (7)

The third PR model (PRcub) includes all quadratic and

three cubic terms (this is the full cubic polynomial ex-

cept for the S3 term):

Ŷ
i
5a

0
1a

1
S
i
1a

2
u
i
1a

3
S2
i 1a

4
u2i 1a

5
u
i
S
i

1a
7
u3i 1a

8
S
i
u2i 1a

9
S2
i ui . (8)

For each of the abovementioned models, the unknown

parameters (ai) are determined using an OLS fitting, that

is, minimizing the anomalies [Eq. (6)]. The significance of

the model is tested through the F statistic [Pr (.jFj) with
p value , 0.01], the variance captured by the model is

evaluated through the adj-r2 (Table S3, supplemental

materials), and the significance of the estimated coeffi-

cients is tested through the Student’s t test [Pr (.jtj) with
p value , 0.05].

c. Anomaly analysis

1) DEFINITION OF WATER STRATA

To compare the behavior of all fourmodels (MLR, PR2,

PR3, and PRcub), the water column (depths greater than

200m) in the region of study is divided in four water strata

(central, intermediate, deep, and bottom) that correspond

to different isoneutral (gn) ranges (San Antolín Plaza

et al. 2012) (Fig. 2; see Table 1 for the nomenclature of

the different water types). The mixing triangle defined

by SACEW(12)–AAIW(5)–NADW(4.6) corresponds to

central (26.65. gn, 27.3) and intermediate (27.3. gn,
27.8) waters (Álvarez et al. 2014; Arhan et al. 1998; San

Antolín Plaza et al. 2012; Stramma and Schott 1999).

The mixing triangles defined by AAIW(5)–NADW(4.6)–

CDW and NADW(4.6)–CDW–NADW(2.0) conform to

deep waters, approximately delimited by the 27.8 . gn ,
28.12 isoneutral range, with a major contribution from

NADW(Álvarez et al. 2014; SanAntolín Plaza et al. 2012;
Stramma and Schott 1999). The mixing triangle defined

by WSDW–CDW–NADW(2.0) includes bottom waters

(gn . 28.12), with a predominance of AABW (Álvarez

et al. 2014; San Antolín Plaza et al. 2012; Stramma and

Schott 1999). Computation of gn is performed following

McDougall and Barker (2011).

2) BIOGEOCHEMICAL SIGNIFICANCE OF THE

ANOMALIES

The biogeochemical anomalies—DF(340/440),DAOU,

and DNO3—are determined using the MLR and PR ap-

proaches for the entire ocean, as well as for each water

stratum. For each model, the relationships between each

pair of anomalies are then calculated by means of a

simple linear regression II [standard major axis (SMA)]

that takes into account the variability of both variables.

This includes the slope of the linear regression together

with the corresponding adjusted correlation coefficient

(adj-r2) and the significance of the test (p value , 0.05).

In this study we use the adj-r2 for the biogeochemical

anomalies in order to identify which model (MLR,

PR2, PR3, and PRcub) best removes the conservative

contributions. Under the assumption that all anomalies

respond to related nonconservative processes (Álvarez-

Salgado et al. 2013; Catala et al. 2015; Chen and Bada

1992; De La Fuente et al. 2014; Hayase and Shinozuka

1995; Hayase et al. 1989; Jørgensen et al. 2011;

Yamashita and Tanoue 2008; Yamashita et al. 2007), we

expect that the model that best captures the conserva-

tive behavior will lead to anomalies that retain most of

the variability associated with the biogeochemical pro-

cesses, that is, will lead to the highest correlation among

the anomalies.
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All statistical analyses are carried out with the statistical

programming software R, version 0.97.551, using the pack-

age ‘‘smatr’’ (Warton et al. 2012; https://cran.r-project.org/

web/packages/smatr/index.html).

4. Results

a. Model analysis

The MLR approach proposes that the physicochemi-

cal variability of a biogeochemical variable (Y) is the

outcome of the linear mixing of up to three water

masses. For each mixing triangle and variable, Eq. (3)

defines a plane in the three-dimensional space (u–S–Y);

in contrast, the PR methods predict a single and con-

tinuous surface for each variable, Y 5 Y(u, S) (Figs. 3

and S1 in supplemental materials).

The MLR and the three PR models (PR2, PR3, and

PRcub) are applied to F(340/440), AOU, and NO3. The

projection of the triangular planes on the u–S domain

leads to the three-end-member mixing triangles concept,

where any u–S point belongs to one single triangle.

However, the projection of the data to the other two

planes, either S 5 S(u, Y) or u 5 u(S, Y), shows sub-

stantial overlapping between mixing triangles, particu-

larly in the S–Y plane (Figs. 3 and S1 in supplemental

materials). This may be interpreted as indicative of a

nonconservative contribution to the Y variable, but it

may also reflect the intrinsic limitations when choosing a

maximumof three end-members for conservativemixing.

The model statistics—AIC, adj-r2, and Fisher’s p

value—are presented in Tables S1 and S3 (supplemental

materials). These statistics show that all models are

highly significant (p value , 0.001), yet PR3 and par-

ticularly PRcub provide the highest adj-r2 values.

b. Anomaly analysis: Remineralization ratios

Applying theMLRmethod to each individual stratum

and applying the PR2, PR3, and PRcub methods to the

entire ocean interior (Table S2, supplemental mate-

rials), we find the anomaly ratios to always be significant

(p value , 0.05), except for the DF(340/440)–DNO3 re-

lationship in bottom waters when using the PR2 method

(Tables 2–4). When considering the entire water column

(depths greater than 200m), all methods except PRcub

give similar slopes and adj-r2 coefficients. When looking

at the results of MLR, PR2, and PR3 per water stratum,

all slopes and adj-r2 are very much alike in the central

and intermediate strata but show some significant dif-

ferences in the deep and bottom strata (Tables 2–4). In

these deep and bottom waters, PR3 gives the highest

correlation coefficients and the values closest to the

mean-depth values, except for DAOU–DNO3 in bottom

waters. In contrast, for most water strata PRcub leads to

FIG. 3. (a) Three-dimensional representation of the PR3 (surface)

and MLR (planes) predictions for F(340/440) as a function of S and u;

the colors of the lines and dots define the different planes used byMLR

as follows: NADW(2.0)–CDW –WSDW (blue), NADW(4.6)–NADW

(2.0)–CDW (black), AAIW(5)–NADW(4.6)–CDW (green), and

SACEW(12)–AAIW(5)–NADW(4.6) (red). The u–S diagram corre-

sponds to the projection onto the bottom plane; similar projections are

drawnon theF(340/440)–Sandu–F(340/440)planeswith the shadedarea

corresponding to the 2D projection on the respective surface. (b) As in

(a), but using AOU rather than F(340/440). (c) As in (a), but using NO3

rather than F(340/440).
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slopes that are quite different from the other methods,

with much lower adj-r2.

The scattered plots of the biogeochemical anomalies

help visualize the high correlation achieved by MLR,

PR2, and PR3 (Figs. 4–6). The data points for the original

variables appear clustered by water stratum; in contrast,

the anomalies closely fall into one single regression line.

Despite the similarity between all the methods, it is os-

tensible that the anomalies calculated by both MLR and

PR3 remain closer to the regression line. It is worthwhile

pointing out the high correlation between DAOU and

DNO3—in excess of 0.9 for MLR, PR2, and PR3—which

provides a mean slope for the entire ocean interior of

8.0 6 0.1. This value is in fairly good agreement with

the global-average 138:16 stoichiometric 2O2:N ratio re-

ported by Takahashi et al. (1985).

The abovementioned results confirm that PRcub is

inadequate to retain the nonconservative signature. This

model provides the best adjustment to the data, but the

fit is so good that it gets rid of the variability caused

by nonconservative processes. For this reason in the

forthcoming discussion we have considered only the

MLR, PR2, and PR3 models.

5. Discussion

In this study we have used the MLR and PR ap-

proaches to assess what portion of the distribution of a

biogeochemical variable is related to the conservative

TABLE 2. Relationship ofDF(340/440)withDAOU for theMLR,

PR2, PR3, and PRcub methods, as deduced using an SMA

regression. The slope of the linear regression (slope), the adjusted

correlation coefficient (adj-r2), the significance of the test (p value

with a 5 0.05), and the total sampling points (n) are shown for

the ocean interior and each water strata (central, intermediate,

deep, and bottom). The slope is shown only for significant

relationships (p value , 0.05).

DF(340/440)–DAOU

Water strata Approach Slope (31025) adj-r2 p value n

Ocean interior MLR 2.9 6 0.1 0.82 ,0.001 355

PR2 3.1 6 0.1 0.79 ,0.001 355

PR3 3.5 6 0.1 0.78 ,0.001 355

PRcub 4.1 6 0.1 0.59 ,0.001 355

Central MLR 2.8 6 0.1 0.92 ,0.001 96

PR2 2.9 6 0.1 0.92 ,0.001 96

PR3 3.3 6 0.1 0.90 ,0.001 96

PRcub 3.8 6 0.2 0.81 ,0.001 96

Intermediate MLR 3.0 6 0.1 0.80 ,0.001 102

PR2 3.1 6 0.1 0.79 ,0.001 102

PR3 3.2 6 0.1 0.76 ,0.001 102

PRcub 4.7 6 0.3 0.52 ,0.001 102

Deep MLR 5.5 6 0.0 0.31 ,0.001 127

PR2 4.8 6 0.0 0.57 ,0.001 127

PR3 3.6 6 0.2 0.60 ,0.001 127

PRcub 4.3 6 0.3 0.47 ,0.001 127

Bottom MLR 9.7 6 0.1 0.61 ,0.001 30

PR2 9.5 6 0.0 0.20 ,0.001 30

PR3 6.4 6 0.4 0.80 ,0.001 30

PRcub 3.9 6 0.7 0.26 ,0.01 30

TABLE 3. As in Table 2, but for DF(340/440) with DNO3.

DF(340/440)–DNO3

Water strata Approach Slope (31024) adj-r2 p value n

Ocean interior MLR 2.3 6 0.1 0.79 ,0.001 338

PR2 2.6 6 0.1 0.73 ,0.001 338

PR3 2.8 6 0.1 0.71 ,0.001 338

PRcub 2.9 6 0.1 0.48 ,0.001 338

Central MLR 2.3 6 0.1 0.92 ,0.001 91

PR2 2.4 6 0.1 0.92 ,0.001 91

PR3 2.7 6 0.1 0.92 ,0.001 91

PRcub 2.9 6 0.1 0.75 ,0.001 91

Intermediate MLR 2.2 6 0.1 0.77 ,0.001 98

PR2 2.3 6 0.1 0.76 ,0.001 98

PR3 2.4 6 0.1 0.70 ,0.001 98

PRcub 3.1 6 0.2 0.39 ,0.001 98

Deep MLR 3.7 6 0.3 0.14 ,0.001 119

PR2 3.6 6 0.3 0.40 ,0.001 119

PR3 3.0 6 0.2 0.50 ,0.001 119

PRcub 3.0 6 0.2 0.36 ,0.001 119

Bottom MLR 8.7 6 2.0 0.30 ,0.01 30

PR2 — — 0.92 30

PR3 5.8 6 0.8 0.40 ,0.001 30

PRcub 2.3 6 0.5 0.17 ,0.05 30

TABLE 4. As in Table 2, but for DAOU with DNO3.

DAOU–DNO3

Water strata Approach Slope adj-r2 p value n

Ocean interior MLR 8.0 6 0.1 0.95 ,0.001 376

PR2 8.0 6 0.1 0.94 ,0.001 376

PR3 8.0 6 0.1 0.92 ,0.001 376

PRcub 7.0 6 0.1 0.84 ,0.001 376

Central MLR 8.1 6 0.1 0.97 ,0.001 100

PR2 8.4 6 0.1 0.97 ,0.001 100

PR3 8.3 6 0.2 0.94 ,0.001 100

PRcub 7.7 6 0.2 0.87 ,0.001 100

Intermediate MLR 7.4 6 0.1 0.96 ,0.001 107

PR2 7.4 6 0.1 0.95 ,0.001 107

PR3 7.4 6 0.1 0.94 ,0.001 107

PRcub 6.5 6 0.3 0.77 ,0.001 107

Deep MLR 6.5 6 0.3 0.61 ,0.001 133

PR2 7.5 6 0.3 0.75 ,0.001 133

PR3 8.0 6 0.2 0.88 ,0.001 133

PRcub 6.7 6 0.2 0.83 ,0.001 133

Bottom MLR 9.0 6 1.3 0.36 ,0.001 36

PR2 4.7 6 0.5 0.63 ,0.001 36

PR3 9.0 6 0.8 0.70 ,0.001 36

PRcub 6.0 6 0.2 0.94 ,0.001 36
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thermohaline properties, that is, to examine what frac-

tion corresponds to the water properties at origin. The

differences between the modeled values and the obser-

vations are hence identified as biogeochemical anoma-

lies. Both the MLR and PR approaches involve

regressions for the nonconservative variables as a

function of u and S over the entire (u, S) space. However,

the MLR method uses a linear regression over a con-

fined three-end-member mixing domain, while the PR

method uses a nonlinear and global regression.

The general good agreement between the MLR and

PR models is an important result, showing that the PR

models may replace the classical MLR methods. Its

relevance arises because the PR method has no con-

straint or subjective criterion in the selection of the

water masses involved in the conservative mixing. Fur-

ther, the behavior of PR3 for the deep and bottom strata

represents a substantial improvement in the quality of

the results.

TheMLRmethod requires identifying the water masses

involved in the conservative mixing (i.e., end-member

water mass definition and mixing triangles), which is

often a difficult task (Carlson et al. 2010; Castro et al. 2006;

Li and Peng 2002; Nieto-Cid et al. 2005). Further, in the

MLR approach, the thermohaline characteristics arise

from a set of vertically orderedmixing triangles, where any

data point has to be inside a triangle delimited by three

end-members in the (u, S) plane. These assumptions cause

two principal limitations in the MLR predictive skill of a

biogeochemical variable Y that directly affect the anom-

alies. First, any forecast is a linear combination of three

water types, with the outcome depending heavily on the

end-member definitions that set the data clusters. Second,

the predictions are segmented into distinct subgroups,

with artificial ocean boundaries or discontinuities in the

(u,S,Y) space (Mamayev 1975; Tomczak 1981; Pérez et al.
1998; You 2002).

In contrast with theMLRmethod, the PR approaches

allow high-order (nonlinear) dependences of the bio-

geochemical variables on both u and S. One should keep

in mind that water masses have preferential oceanic

pathways along constant density surfaces. Therefore,

FIG. 4. Scattered plots for the biogeochemical variables: (a) F(340/440)–AOUusing the original data;DF(340/440)–
DAOU after using the (b)MLR, (c) PR2, and (d) PR3 approaches, with the regression lines (p value, 0.05; dotted

gray lines). The different water strata are indicated: central waters (red triangles), intermediate waters (orange

crosses), deep waters (gray circles), and bottom waters (blue dots).
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since density displays a nonlinear dependence with

temperature and salinity (the equation of state), we may

expect that the water masses will not mix linearly in the

u–S space, in contrast to the mixing triangle concept.

Actually, it is remarkable that the PR3 method has

terms with the same temperature and salinity de-

pendences as the leading terms in the equation of state,

in consonance with the idea that the predominant mix-

ing of biogeochemical variables occurs along isopycnal

surfaces. Recently, several works have pointed out the

importance of these nonlinear dependences in the con-

text of the global overturning circulation (Klocker and

McDougall 2010; Nycander et al. 2015).

In terms of the anomaly correlation slopes and co-

efficients, the MLR, PR2, and PR3 methods give similar

results for either the entire or the surface/intermediate

fractions of thewater column (Figs. 4–6), but PR3provides

higher correlation coefficients for the deep and bottom

waters (Tables 2–4). The largest differences among the

methods correspond to the bottom waters: PR2 leads to

anomaly scattered plots that have the same pattern as the

original data [especially for DF(340/440)–DNO3 where the

correlation is nonsignificant], while both MLR and PR3

show significant correlations among anomalies, although

the range of values is smaller for MLR than for PR3

(Figs. 7 and S2 in supplemental materials).

We have also explored another polynomial model—

PRcub—which retains all terms up to third order except

the S3 term. This model shows high skill replicating

the biogeochemical variables. However, the associate

anomalies bear relatively low linear correlation, hence

indicating that the model removes most of the non-

conservative signal. This particular instance points to

the importance of the second methodological step—the

analysis of the anomalies—when selecting the most ad-

equate polynomial regression model.

These results strongly suggest thatMLR, PR2, andPR3

do equally well for the surface and intermediate strata,

and they indicate that PR3 does better in the deep and

bottom waters, identifying the conservative fraction

much better than PR2 and yet conserving the bio-

geochemical signal better than MLR (i.e., a local mixing

triangle can fit the predictions very well to the data so the

anomalies lose their nonconservative signal). Further, the

PR3 method appears capable of unraveling the eastern

and western bottom water masses (separated by the

FIG. 5. Scattered plots as in Fig. 4, but for F(340/440)–NO3.
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Mid-Atlantic Ridge) (Figs. 7 and S2 in supplemental ma-

terials). The anomaly linear regression is set predomi-

nantly by the data in the eastern basin, influenced by the

African upwelling wheremajor remineralization processes

take place (Peña-Izquierdo et al. 2015). The data from the

western basin shows little dependence of the F(340/440)

anomalies on NO3 and AOU, probably as a consequence

of input of humic-organic-matter sediments.

Our results have shown that the humic-organic-matter

PR method, originally used to study the FDOM distri-

butions in the deep ocean (De La Fuente et al. 2014), has

good skill at distinguishing between the conservative and

nonconservative contributions to biogeochemical vari-

ables. The method has two main advantages: conceptual

(as nonlinear mixing is allowed) and operative (as it does

not require identifying mixing triangles). The potential

of the method has also been illustrated with the AOU

and NO3 concentrations, rendering an oxygen–nitrogen

Redfield ratio close to values reported in the literature. It

is important to note that the biogeochemical properties

mix as temperature and salinity (this is why we can make

the regression), but their values at origin ought to be in-

dependent [see the discussion at the beginning of the

methods section (section 3)]; if these water type proper-

ties depend on temperature and salinity, then the method

may not work. This is precisely what happens (not shown)

if we apply the PR method directly to dissolved oxygen,

as this quantity has a complex nonlinear dependence on

both u and S. This limitation is removed when we work

with the AOU, simply because we are removing the ox-

ygen saturation at origin.

6. Conclusions

We have presented a simple objective methodology

for resolving the nonconservative fraction of biogeo-

chemical variables. Briefly, it first models the data with a

nonlinear temperature and salinity polynomial and then

calculates the anomalies as the difference between ob-

servation and prediction. Our main contribution has

been to show that the polynomial regression can

produce a fit to data in the entire domain that is as good

as or better than a classical local linear mixing approach,

and to illustrate that the best polynomial is not one that

produces the best data fit but one that leads to anomalies

that are highly correlated. This is based on the idea that

FIG. 6. Scattered plots as in Fig. 4, but for AOU–NO3.
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a high correlation between different property anomalies

is the outcome of one or several biogeochemical pro-

cesses simultaneously acting on all properties.

The traditional multiple linear regression (MLR) ap-

proach assumes that any water parcel results from the

linear combination of up to three water types and hence

the conservative fraction of its biogeochemical proper-

ties retains this same linear combination. Here, instead,

we have assumed that a water parcel results from the

nonlinear mixing of an undefined number of water

masses, which is expressed through a polynomial func-

tion in terms of both (u, S), what we have named the

polynomial regression (PR) approach.

We have explored the behavior of the MLR as well as

several versions of the PR. A high-order polynomial

(PRcub) produces the best fit (in terms of statistical

criteria and AIC) to the observations. However, the

adjustment is so good that the anomalies lose their

nonconservative signal, as shown by the low correlation

between related biogeochemical properties. Contrarily,

MLR and two polynomials of relatively low order (PR2

and PR3) have lower adjustment to the biogeochemical

data but lead to anomalies that bear much higher

correlation.

Considering the entire water column of the equatorial

North Atlantic, we find that the PR3 biogeochemical

anomalies are well correlated, as good as for MLR and

better than for a quadratic polynomial (PR2). For each

individual stratum, the major discrepancy between the

results from theMLR and PR approaches occurs in deep

waters and particularly in bottom waters, where PR3

does substantially better than either PR2 or MLR; fur-

ther, within each of these water strata, PR3 retains a

larger range of variations thanMLR, suggesting that the

latter approach removes some of the nonconservative

fraction.

The PR3 methodology also shows good potential for

complementary calculations. One example is its ability

to identify differences in behavior within the western

and eastern Atlantic basins, which may be related to the

resuspension of sedimentary organic matter to the west

versus the intense biogeochemical processes to the east.

Another remarkable instance is its good skill in calcu-

lating Redfield regeneration ratios.

FIG. 7. Scattered plots for F(340/440)–AOUas in Fig. 4, but only for the data points within the bottomwater stratum

and the color code indicating the longitude of the water sample.
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The proposed methodology renders a simple and ob-

jective way to identify the nonconservative anomalies for

any ocean biogeochemical variable. For our transoceanic

cruise in the equatorial North Atlantic, the optimum pre-

dictor of the conservative fraction of a biogeochemical

variable corresponds to a PR cubic in temperature, linear

in salinity, andwith one single nonlinear term, but thismay

change for other regions.Once the particular polynomial is

obtained, the spatial and/or temporal distribution of both

physical and biogeochemical contributions can be easily

calculated, lending information not only on the bio-

geochemical processes and stoichiometric ratios but also

on the patterns of connectivity within a certain region.
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