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Approaches to Assessing Nutrient 
Coupling in Open Ocean Datasets
James M. Moore* & Claire P. Till, Cal Poly Humboldt

Abstract
Nutrient coupling describes a process where the biogeochemical cycles of two elements are linked by being incorporated similarly into 
biomass. This paper uses data from the GEOTRACES GP16 cruise (Eastern Pacific Zonal Transect) to investigate the relationship 
between certain macronutrients generally coupled to trace elements in terms of their oceanic distributions with the notable exception 
of in an oxygen minimum zone: cadmium-phosphate and zinc-silicate. There are many methods applied to oceanographic data to 
correlate analyte concentrations; while they are often presented independently in literature, here we attempt to use them in conjunc-
tion for a more thorough interpretation. By compiling 1) depth profiles, 2) differences between the concentrations after applying a scale 
factor, and 3) direct comparisons of the analytes, greater insight into the correlations between coupled nutrients is achievable. Because 
the goal of studying this phenomenon is to learn about the underlying causes of these biogeochemical cycles, being able to character-
ize the decoupling in a way that is easy to visualize is extremely important to the efficacy of this area of research. Variation between 
results is elaborated on as a caution towards carefully considered and consistent data manipulation. Calculating a difference between 
the coupled analytes after applying a scaling factor provided the most useful information about decoupling.current lives are symbolic.  

Keywords: Nutrient Coupling, Coupled Datasets, Biogeochemical Cycling, GEOTRACES, GP16, Trace Elements.

Introduction

The study of Earth’s systems chemistry is critical to gaining 
a deeper understanding of the dynamics underlying air, water, 
and land masses. Earth maintains a complex network of con-
centration gradients spanning the entire globe, and our level of 
understanding of those biogeochemical cycles limits the capabil-
ities of global mathematical models.

The GEOTRACES program is an international collabo-
ration of scientists working to expand understanding of marine 
biogeochemical cycles by analyzing ocean samples for trace 
chemical constituents. GEOTRACES uses scientific research 
vessels to sample the ocean at a wide range of depths, longitudes, 

latitudes, and times to quantify the ocean’s trace constituents. 
Along with trace element concentrations, isotope ratios can be 
used to identify and track water masses as well as physical and 
chemical processes.1 The immediate result of a research cruise is 
a better understanding of the water chemistry along that specific 
transect of the ocean, but over a longer period, these kinds of 
datasets help elucidate the mechanisms controlling biogeo-
chemical cycles as well and allow for substantial improvements 
to mathematical models of the ocean as a whole.2–4 Ultimately, 
large-scale efforts like this benefit mankind because our ability 
to predict and control our environment on a large scale becomes 
increasingly feasible with more data and better Earth systems 
modeling.
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Oceanographic data has been used to observe that some 
macronutrients are coupled to trace elements in terms of their 
oceanic distribution.2,5 This work addresses a few relationships 
between a macronutrient and a trace metal that have nutrient-type 
distributions evident in their depth profiles: cadmium-phos-
phate, zinc-silicate, and copper-silicate.2 Nutrient coupling 
can occur when two dynamic analyte concentration cycles are 
incorporated similarly into biomass.6 Bruland7 describes three 
main factors that influence whether a trace element will have a 
distribution correlated with a nutrient element: similar internal 
cycles, a long oceanic residence time relative to the time scale 
of ocean mixing, and that deep water scavenging is insignificant 
compared to the time scale of ocean mixing.

A deviation between coupled analytes from their expected 
values has been correlated to oxygen minimum zones (OMZs). 
OMZs are regions in the water column that have the relative 
least oxygen concentration, and severe OMZs often corre-
spond to oxygen level below 5% saturation or < 20 µmol/L.8 
There are rapid changes in the rates of uptake and remineraliza-
tion between coupled analytes at depths correlated to OMZs, 
occurring before their difference in rates settle and the two 
analytes couple again at greater depths.5,9 The vertical depth 
profile of the OMZs show variation throughout the world, 
making the relationship between OMZs and nutrient coupling 
harder to isolate.10 Often OMZs lie below the euphotic zone in 
the range of approximately 100-1000 m, but Peru has an OMZ 
that partially reaches in the euphotic zones. The euphotic zone 
is described as a region receiving at least 1% the photosyntheti-
cally active radiation as the surface. Oxygen levels for OMZs in 
the Northeastern Pacific do not show a recovery in oxygen levels 
until 1000-1500 m deep though this Peru transect has its OMZ 
reported as stretching as low depths of > 3000 m.11 Resolution 
on the spatial distribution of the OMZ is limited by the constant 
fluctuations that come with time. For instance, periodic El Niño 
events have shown increased oxygenation and decreased nutrient 
availability due to downwelling, with more extreme fluctuations 
during equatorial Pacific El Niño events compared to central 
Pacific El Niño events, while the OMZ is also subject to non-pe-
riodic long-term changes such as the decrease in oxygen concen-
trations over the previous five decades.12

Reports for the GP16 transect show decoupling of their 
concentration profiles in the phototrophic zone by a loss of 
cadmium relative to phosphate2 and a loss of zinc relative to 
silicate13. There are several proposed explanations for this de-
coupling. One idea is that the decoupling is due to sulfide pre-
cipitation in low oxygen zones14; if cadmium precipitates out 
as CdS in a sulfidic environment, then it stands to reason that 
the decoupling would be observed in this sulfur rich and oxygen 

starved region. Middag et al. postulates that it is not the oxygen 
levels that cause the decoupling but a difference in biological 
remineralization rates which happens to be indirectly related 
to oxygen levels (due to the aerobic biota consuming oxygen).9 
They supported this with data that showed the decoupling phe-
nomenon occurring in higher oxygen waters (>75 µM), and they 
demonstrated a kink in the relationship between cadmium and 
phosphate could be observed by modeling the mixing of water 
masses only.9 Determining the exact cause of the decoupling is 
outside the scope of this paper; instead, herein, we focus on tools 
that can be used to assess coupling. 

One difficulty faced when addressing this topic is the 
lack of standardization in the method of comparing coupled 
elements. Currently, common methods to compare relation-
ships between two elements are to plot the difference between 
the values scaled appropriately,2,15,16 to plot the concentration 
of one element against another,7–9,15,17–23 or to use a spot 
test that tabulates average ratios of the analytes for different 
water masses.9,15 Each comparison has its own benefits and 
drawbacks, and all are valuable; the key aspect is to select the 
comparison method intentionally and with full understanding 
of its significance. Ideally, the same comparison method would 
be the go-to approach across different regions and transects, to 
allow for broader conclusions to be more easily made. 

This paper is a review of approaches, with commentary, 
and a suggestion of a new approach using the data from the 
GEOTRACES Eastern Pacific Zonal Transect (EPZT) GP16 
cruise to provide real world insight on how the different compar-
ison methods extract information from the cruise sample data. 
Stations 1-17 were used in this study which stretch from Peru 
to Tahiti, 80 W to 150 W roughly along the latitude 12 S. The 
transect passes right through one of the world’s most extreme 
OMZs, the OMZ off Peru, reported to be between 80 to 90 W 
and 0 to 18 S.11 These data are used to justify the methods re-
searchers have used to report the extent of decoupling and dis-
tinguishes between the different methods.

Methods

Sample and Instrumentation Procedure

Samples from GP16 were collected following 
GEOTRACES protocols24 from the carousel of Teflon-coated 
12 L Go-Flo bottles, filtered through 0.2-micron supor acropak 
capsule filters, and acidified at sea with 4 mL of 6 M quartz-dis-
tilled HCl per liter of seawater. Samples were analyzed in the 
Bruland lab at UC Santa Cruz after sitting for several months 
acidified. The analytical method is described in Biller and 

Moore & Till
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Bruland25 with adaptations as in Parker et al.26 Briefly, this 
method involves offline pre-concentration on Nobias chelate 
PA1 resin at pH 6.0 +/- 0.2, followed by analysis on the high res-
olution, extended range, Thermo Element inductively coupled 
plasma mass spectrometer (HR ICP-MS). All concentration 
data used here underwent intercalibration and are available at 
the GEOTRACES Intermediate Data Product.3

Plots Used for Investigating Decoupling in the 
GP16 Dataset

Three main methods were compiled to analyze analyte 
coupling phenomenon in the EPZT GP16 transect: depth 
profiles, differences between the concentrations after applying 
a scale factor (section plots), and direct comparisons of the 
analytes (concentration ratios as well as spot tests). Depth 
profiles of cadmium, phosphate, zinc, silicate, and copper were 
made to begin assessing the analytes for stations 1-17 of the 
GEOTRACES GP16 cruise (see Supplemental).

Concentrations of elements in the ocean range 15 orders 
of magnitude (from ~0.5 mol/kg for sodium and chloride to 
less than 1 fmol/kg for iridium).2 The first consideration for 
comparing the depth profiles was how to compare the molality 
of one analyte to another when they have orders of magnitude 
differences in concentration. A ratio was required to convert 

units of µmol/kg phosphate to pmol/kg cadmium and nmol/kg 
zinc to µmol/kg silicate. The new values are of arbitrary units, 
but they allow for an easier comparison while still representing 
the way the analyte concentrations change with depth. Options 
for choosing a ratio to scale by include to set a single global ratio 
for different water columns16 or to scale by a ratio representing 
regions such as water masses or oceans.5,9,15,20  For instance, 
a Cd/Pdeep ratio of 250 (pM/μM) has been reported in lit-
erature for the North Atlantic assuming the ratio is relatively 
constant throughout the deep oceans.16 Janssen et al. opted for 
two ratios, 0.25 for Atlantic samples and 0.35 for Pacific and 
Southern Ocean–subantarctic samples.5 Middag et al. reports 
using Cd:PO4 remineralization ratio of 0.21 ± 0.01 nmol/
μmol for the Atlantic deep water values9 but acknowledges that 
Baars et al. has found ratios with higher Cd content in Antarctic 
waters, between 0.48-0.65 nmol/μmol.15

In this work, we added an additional approach to deter-
mining the scaling factor: the bottom depth concentration 
ratio between the two analytes for each separate station. This 
was done in an effort to account for some regional variabili-
ty while staying well away from the biological activity in the 
surface ocean. That being said, it should be acknowledged that 
the bottom depth ratio reflects the source of the bottom water 
more closely than the water column above it9 and that with 

Figure 1. Data from GEOTRACES Pacific cruises GP10 and GP16 (a) were used to investigate methods of assessing coupled analytes27 and (b) Atlantic 

cruises GA02, GA03, and GA10.28
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this approach the deep-water ratio and thus the normalization 
is extremely sensitive to the depth of deep-water sampling. We 
use the concentration ratio at the bottom depth as a scale factor 
to normalize one of the concentration profiles before taking a 
difference. These difference plots will be compared against plots 
simply taking the ratio.

The bottom depth ratios from the Atlantic and Pacific 
cruises GA02, GA03, GA10, GP10 (Figure 1a and b), obtained 
from data in the Intermediate Data Product3, were each 
compared to the ratios found at the bottom depths of GP16 
stations and found to be reasonably close (Figure 2a and b), 
enough to justify using the bottom depths as scaling factors. The 
GP16 cruise fell within the values from the other cruises, so a 
bottom depth ratio may be a way to find a scaling factor while 
dealing with some of the inconsistencies from one water column 
to the next. 

The data for phosphate and zinc were scaled with their 
deep-water ratio from that station, noted as Cd/Pdeep and Si/
Zndeep respectively, before being compared to cadmium and 
silicate. The scaling and differences between analytes were taken 
as follows:  2

The coupled analytes can be plotted as depth vs analyte con-
centration on the same graph to see a superimposed comparison 
of shape between the plots (Figure 3a and b). Using the bottom 
depth concentration values to scale by sets the bottom depth 

difference at zero. Any deviation away from zero represents 
greater decoupling, so the analytes are the most decoupled at the 
depth of the maximum deviation from zero. To investigate how 
decoupling maxima relate to oxygen minima, plots of the oxygen 
concentrations vs depths were created and superimposed onto 
the difference vs depth plots (Figure 3c and d). 

Plotting the slope of the Cd* and Si* plots vs depth is also 
shown (Figure 3e and f). This is in essence a discrete optimiza-
tion problem, looking for optima by locating where the derivate 
plot crosses the domain axis. A moving two-point window 
average of the slope was one attempt to identify the maximum 
peak (represented by a slope of zero) by reducing noise. Two 
points were chosen as more points trades off a decrease in noise 
for a decrease in sensitivity. Because it graphs the slope at each 
point, the first and last point are not accurate, but the points 
of interest are well represented in the upper region of the water 

Figure 2. Comparisons between bottom depth concentration ratios found throughout separate GEOTRACES cruise sections for cadmium to phosphate (a) 

and zinc and silicate (b). Errors Bars represent ± 1σ.

 Moore & Till
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column. Because the upper water column is the main focus, only 
the upper 1500 m of the water column is shown. Each decoupling 
maximum was compared to regions of oxygen minima in Table 1.

Section Plots
Ocean Data View (ODV) was used to create weighted 

average gridding section plots of the depth profiles for 17 
stations of the GP16 transect (Figure 4). 

Spot Test
The spot test simply takes a ratio of concentrations at a 

single point. It does not require that the transect be broken 

up into water masses beforehand as was done for here (Table 
2) and can provide useful information from a single sample. If 
the spot test is needed to represent a wider region, multiple spot 
tests can be averaged and reported along with their standard 
deviation. Alternatively, many spot tests could be conducted 
for a single point over time and averaged to get a sense of how 
the ratio changes over time.15 To assign spot test ratios to a given 
water mass, the optimum multiparameter analysis (OMPA) 
performed by Peters et al. for the GP16 cruise was used to help 
select the locations for sample ratios.1 An OMPA uses computer 
modeling to determine the source origin for different water 
masses within a region. 

Figure 3. GP16 Station 15 data was used to plot coupled analytes to compare their shapes by superimposing their depth 
profiles after scaling with the deep-water ratio (a) and (b). Differences between these two curves allow for the greatest 

deviation between coupled analytes to be found as the greatest difference in (c) and (d). The rate of change in difference is 
approximated by plotting slope vs depth between points from the difference vs depth plot (e) and (f ). Lower depths provide 
less useful information when looking at the change in differences, but in the upper 1500 m (our region of interest) the point 
where the change in differences reaches 0 after a local maximum in change correlates closely to the maximum difference: the 
maxima of decoupling of the two analytes (circles in (e) and (f )). The point of maximum decoupling is circled in plots (e) and 
(f ). The region of maximum decoupling is where the change reaches 0 after reaching the maximum rate of change. This can be 

interpreted as the entire interval of depths between the last positive of a maximum and the first negative rate of change.
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Guidelines for Oxygen Minimum Zone (OMZ)
The OMZ was defined using the limits set by the IOC and 

UNESCO in a summary to policy makers regarding declining 
oxygen levels in the ocean: oxygen poor regions were defined as 
anoxic with sublethal biological effects at < 63 µmol/L of O2 and 
as an OMZ at < 20 µmol/L.8 Ranges were tabulated along with 
the maxima of the analyte differences for comparison (Table 1). 
The table only contains maxima in the region of interest within 
the upper water column since there were occasional deviations 
much further down the water column.

Initial Analysis 
Determining the impact of using differences or using a ratio 

to compare analytes was done with the help of plots of the real 
data as well as mock data. These initial plots were very useful in 

seeing how coupling presented itself in different plots and how 
to best represent it. Basing the comparison off of differences 
gives better detail and a slightly different maximum than basing 
the comparison off of ratios (Figure 5). For this reason, the final 
analysis (Figure 9) was conducted as the difference between 
scaled values.

Mock Data
It is important to note the difference between the two 

because, for a concentration ratio to remain constant along 
a water column, the differences between the analyte’s concen-
trations would have to change accordingly to keep up. Mock 
data was generated in order to further investigate. For instance, 
Figure 6a shows analytes that are coupled with a constant ratio, 
while Figure 6b shows analytes coupled that differ by a constant 

Figure 4. Stations 1-17 along the GP16 transect, and corresponding section plots of the micro and macronutrients investigat-
ed in this study. Station 1 is the most inshore while 17 was the furthest offshore station of the transect.

 Moore & Till
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amount. With a constant ratio, the analyte represented in orange 
has to assume more drastic net changes than the blue, and so it is 
not as close to the blue’s curve as it is when coupled by a constant 
difference (Figure 6b). Again, this mock data supports the use of 
differences instead of a simple ratio.

To help test the integrity of the scaled differences vs depth 
plots, the data on the first 1000 m for stations 14 and 15 was 
taken and had the values for cadmium altered around the 
oxygen minimum zone. Figure 7a and b shows the unaltered 
version, and then how a loss of cadmium, arbitrarily reduced 
the cadmium concentrations by 1.5x (66% original value) in the 

region of interest, to show it increases the difference (Figure 7c 
and d) while a gain, or arbitrary increase of cadmium concentra-
tion by 1.1x in the region of interest, can decrease the difference 
drastically (Figure 7e and f ). This helped show that the plots did 
visualize a greater decoupling.

Excluding Copper and Silicate
The concentrations for copper and silicate were also inves-

tigated for coupling, as they have been shown to follow a similar 
distribution as each other.2 Copper and silicate both increased 
with depth, but not in a similar pattern. Figure 8 shows the con-

Figure 5. The greater difference in the superimposed values is shown well in (e and f ) which compares using differences, but 
not as well when comparing by ratios (c and d).
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centrations of silicate and copper for several different stations. 
The two values are not able to be neatly superimposed on each 
other after scaling for the upper depths. The two analytes do not 
follow the same pattern, at least not in the upper water column. 
The relationship between copper and silicate could not be in-
terpreted the same way as the relationship between zinc and 
silicate, and so it was omitted from further analysis.

Results

The goal of using the different types of graphs is to tell 
if the two analytes are coupled. The fluctuations of cadmium 

and phosphate,15,21,23,27,28 zinc and silicate,13,22,23 and 
copper and silicate18 have been well documented as coupled 
in their oceanographic distribution. The ability for the various 
methods to evaluate coupled trends was gauged using data 
from the GEOTRACES EPZT GP16 cruise. We were able to 
detect the decoupling for cadmium-phosphate and zinc-sili-
cate along the Peru transect using the section plots of Cd* and 
Si* against depth and longitude as well as with the ratio plot. 

Depth of Max Based on Scaled Differences
A bottom depth scaling value allowed for an initial 

analysis of the differences in analyte concentrations. To help 

Figure 6. The orange and blue represent theoretical concentrations of different analytes changing with depth, where the 
analytes are coupled either by a constant ratio (a) or a constant difference (b). Coupling by a constant difference (b) produces 

more similar rates of change to those observed. Note that the 25m depth arrows are the same distance in both panels.

 Moore & Till
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determine if the decoupling correlates with oxygen deficiency, 
the IOC-UNESCO definitions for hypoxia (< 63 µmol/L of 
O2) and OMZ ranges (< 20 µmol/L of O2) acted as guidelines 
to quantify oxygen deficient waters within our stations.8 Table 
1 lists the results for stations 1-17 of GP16. The maximum 
differences are recorded as the single depth where the sample 
with the maximum difference in concentration was collected. 
Dissolved oxygen (DO) for that point is also included. The 
oxygen minima are recorded as the range of depths that were 
either hypoxic or within an OMZ range. 

Cd* and Si* vs Depth
To better understand and visualize where the decoupling 

is occurring, the graphs relating Si* and Cd* to depth for each 
station (as in Figure 2b and f ) were translated into ODV plots 

(Figure 9). Plotting against longitudes (Figure 9a and b) helps 
preserve information about what regions exhibit analyte devi-
ations from coupling. The decoupling pattern becomes more 
easily identified as the bright red regions. While the OMZ seen 
in Figure 9c dwindles with increasing oxygen concentrations to 
the west, the plots of Si* and Cd* to depth do not exhibit the 
same decrease. This suggests that the decoupling event is not 
directly related to an oxygen minimum as previously literature 
has suggested.

Concentration Ratios
Unlike comparing Cd* and Si* to depths and longi-

tudes, plotting two concentrations against each other does 
not preserve information about the regions of decoupling. 
However, this approach is valuable in investigating how the 

Figure 7.  As a precautionary check, mock data was used to depict how the graph of differences vs depth can be altered by an 
increase and decrease of cadmium within the range of interest. Differences between cadmium and phosphorus are shown and 
give profiles for station 14 and 15. Unaltered data (a and b) is shown for the two stations, as well as the change when there is 
a gain of Cd (c and d), and the change due to losing Cd (e and f ) within the region of interest. This helped show how using 

scaled differences can visualize the depth of the decoupling, which correlates as expected with the oxygen minimum (red line). 
Gain of Cd corresponds to an increase to 110% cadmium concentration. Loss corresponds to cadmium concentration of 66% 

the original (arbitrary).
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concentrations relate over an entire transect, and the loss of 
locations can be partly amended by overlaying a third axis 
representing the positions of samples (e.g., Figure 9d and e). 
Using this plot, coupled analytes display a linear relationship 
between their concentrations along a water column. A bilinear 
plot, such as those shown and highlighted in Figure 9d and e, 
represent a decoupling event9 where the analytes were coupled, 
underwent some event that decoupled them, and then once 
the external influence was no longer applied, they returned to 
a linear coupled state.

For phosphate and cadmium, the greater differences 
were in the upper water column where the oxygen concentra-
tion was minimal (Figure 9a and c). Zinc and silicate exhibit 
a similar correlation, but much looser. Notably, oxygen levels 
in the upper water column change over the transect due to 
Peru having one of the largest OMZs right offshore.11 This 
is corroborated by the purple oxygen minimum region in 
Figure 9c that shows the OMZ range of depths narrowing 
significantly once further offshore than approximately 100 
degrees West. 

Spot Ratios
Similar to the concentration ratios but at a point in space, a 

spot ratio can represent the concentration ratio for a given water 
mass. It does not necessarily show decoupling of analytes alone, 
but it is useful in conjunction with the aforementioned graphs 
for a clearer picture. The GP16 cruise data product had to be split 
up so that a sample from each water mass could be used. Peters 
et al.1 used an OMPA to determine the percentage contribu-
tions of different water masses. The Equatorial Subsurface Water 
(ESSW) and Pacific Deep Water (PDW) showed relatively less 
mixing making them more representative of a single water mass 
and were used to find a sample that would adequately represent 
just that water mass. The other regions had water masses that 
were more mixed, and they were reported as their constituent 
water masses (Table 2). A single ratio helps to quickly compare 
spatially disjunct regions and allows researchers to quickly 
compare whether two regions are similar. This can be used to tell 
whether a dynamically interesting region like the phototrophic 
zone’s concentration ratios match that of what we expect from a 
more stable zone such as further down the water column.

Figure 8. Copper and silicate are compared where the lowest point is set as the scaling factor. The two analytes do not follow a 
similar curve, especially not in the upper waters where the oxygen minimum occurs (a-d).

 Moore & Till
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Discussion

Standardizing a Scale Factor

The goal of this study was to compare the patterns of 
change between two analytes at very different concentrations. To 
compare a trend, plots of concentration vs. depth were made for 
each analyte, and a scaling factor was used to compare their depth 
profiles. A difference between the concentration of one analyte 
and the scaled concentration of another (e.g. Figure 5e and f ) 
provides a means to assess where the analytes maintain a coupled 
relationship. In this work, bottom depth ratio between analytes 
was set as the scaling factor, which in turn tethers the zero value 
to the bottom depth the ratio was measured. Any deviation from 
zero can be considered a location with decoupling. If a global 
average is used instead to scale the concentration value of one 
analyte, then the values will be centered around some non-zero 
value determined by that global ratio. Deviations from this value 

are analogous to deviations from zero in the bottom depth scale 
factor plot. These plots provide an abundance of specific data on 
locations where the paired analytes diverge. 

The biggest fault of these graphs is the difficulty in selecting 
a scaling factor that is appropriate. It would be beneficial to 
find a globally applicable method to determine a scale factor to 
allow researchers to compare concentration profiles between 
locations, however it might not be possible to find a globally 
relevant value: Quay et al. has reported that interbasin variation 
of particulate Cd/P exported from the surface and subsequently 
degraded indicate that a consistent bottom Cd/P slope is not 
expected and that a ubiquitous ratio is unwarranted21. Figure 
2a shows broadscale agreement in deep-water Cd/P and Si/
Zn across ocean basins, and perhaps one average value could be 
selected not because it is perfect, but because having an agreed 
upon scaling factor could be a useful tool.21 

There are also some issues presented by using a bottom 
depth value as a scaling factor that were found and must be ac-

Table 1. Comparing Dissolved Oxygen (DO) Minima to the Maxima of Decoupling.
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knowledged: the sensitivity to sampling of that bottom depth 
sample the ratio is determined from the variation in bottom 
depths along the transect, and that the bottom depth represents 
a ratio from the region that water mass comes from and not 
the water column above it.9 There is also the issue that copper 
analysis showed, likely from being more heavily impacted by 
processes such as co-scavenging4 and remineralization from the 
sea floor7 which skew the bottom depth ratio. Though using a 
bottom depth ratio had its faults and difficulties, it was able to 
consider specific station variation without instilling bias by using 
another author’s global average ratio of coupled analytes (Table 
1). One possible alternative to this method is to include a nor-
malization ratio developed from pre-formed signatures for each 
water mass instead of the bottom depth water mass. Averaging 
concentration ratios over entire water masses would have to be 
approached with careful consideration but may provide a better 
scaling factor. It would aim to give the improved reproducibil-
ity between datasets that a global average gave while also rep-

resenting some local variation that was captured by the bottom 
depth value. Pre-formed concentration ratio signatures are used 
in literature in the analysis of isotopes of iron,2,18 isotopes of 
lead,29 isotopes of cadmium,5,16,30 isotopes of zinc,16,22 
and isotopes of helium.1 Some pre-formed concentration 
ratios are also reported between two unrelated chemical species 
including ratios between cadmium and phosphate,9,15,23,31 
zinc and silicate,13 and for zinc/silicate/cadmium,23 but there 
is little consistency between reported methods that incorporate 
preformed signature for specific water masses. Also, though 
preformed signatures may address several limitations associated 
with using the bottom depth ratio, issues arise in the complexity 
of having to annotate each point with its water mass in order 
to consider a different nutrient coupling ratio for each water 
mass. Accuracy and simplicity of analysis must be balanced to 
find methods to scale the concentration profiles by so that devia-
tions in coupled analytes can be measured more precisely and be 
compared between researchers.

Figure 9. The extent of decoupling is shown over the transect with greater decoupling represented by a larger difference 
between pairs phosphate and cadmium (a) as well as silicate and zinc (b). This shows as a red band in the upper waters. Note 

the OMZ distinguished as a purple band of low oxygen (c). Both the decoupling event (shown in a and b), and the OMZ 
(shown in c) occupy similar depths, but the decoupling event extends further west than the OMZ region without reduction 
in intensity. The decoupling is shown again for phosphate and cadmium (d) as well as silicate and zinc (e), with the bilinear 

nature of the plots - indicating the decoupling – highlighted with colored ellipses. Each ellipse represents the nutrient profile 
under two different stable regimes.
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Approaches to Assessing Nutrient Coupling

Direct Concentration Ratios 
Coupling can be determined by plotting concentration 

of one analyte to another. A plot directly comparing two 
concentrations is less time intensive than scaling and taking a 
difference, and it can be created from a GEOTRACES data 
product with significantly less effort. A constant ratio between 
analyte concentrations conveys that they remain proportional 
with a linear trend, and, inversely, a linear regression can be 
used to determine an expected concentration of one analyte 
using known concentrations of another element coupled to it. 
A bilinear trend means that the coupled analytes underwent 
a decoupling event, and then once that event passed, they 
had returned to being coupled. An R2 value can be used to 
quantify how linear the relationship is,18 or such plots can be 
used to see how the profile adheres to a conceptual conserva-
tive mixing line.19 

Figure 6 highlights that coupling is sensitive to how it is 
defined. A completely linear concentration ratio implies the dif-
ference between values should grow or shrink proportionally. A 
linear concentration ratio will lead to varying scaled differences; 
and therefore, consideration should be given that the linearity 
of concentration ratio plots may not represent the strongest 
correlation index. A constant scaled difference provides a more 
accurate definition to show when two analytes are not aligned or 
superimposable in their depth profiles. 

The Spot Test
The spot test is very similar to comparing the ratio of 

concentrations of analytes. The spot test takes a concentration 
ratio or an average concentration ratio within a water mass to 
compare it to different water masses. The spot test simplifies 

Table 2. Analyte Ratios at Given Points; ESSW = Equatorial Subsurface Water; ESPIW = Eastern South Pacific Intermediate Water; 
SPCW = South Pacific Central Water; AAIW = Antarctic Intermediate Water; EqPIW = Equatorial Pacific Intermediate Water; 

PDW = Pacific Deep Water; AABW = Antarctic Bottom Water; LCDW = Lower Circumpolar Deep Water; UCDW = Upper 
Circumpolar Deep Water
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portions of the data into a single reportable value or an easy-to-
read table. A spot ratio is simpler to make and interpret than a 
graph comparing the concentration ratios. While Table 1 char-
acterizes a huge area of ocean with just a handful of ratios, it does 
not convey as much detail on specific regions like a depth profile 
or transect plot would. The spot test can represent a water mass 
with less requirements, but it can be elaborated on further such 
as graphing spot test values over time for a given region.32 

A plot over a region considers the range of possible con-
centrations while the spot test represents the actual values of the 
analytes at a spot, and for that reason, the spot test’s interpreta-
tion is not as biased by other points.9

Using Depth Profiles 
Depth profiles are time consuming to make because a new 

plot must be created and interpreted for each station and for 
each analyte. It was useful to have depth profiles for our transect 
when a specific region needed to be analyzed further, but so 
many can distract from the key region and become a needlessly 
exhaustive effort.

Plotting the concentration vs. depth for each station makes 
it easier to extract values for a given station and highlight the 
depths decoupling occurs when two plots are superimposed 
on each other. It falls behind the other methods in that it 
displays such a small portion of any cruise’s data product that 
more graphs are needed to represent data from the transect. A 
less time-consuming method would be to start with an ODV 
plot of the entire transect before investigating specific stations 
to further investigate a specific water column. An ODV plot of 
the entire transect contains essentially all the information several 
depth profiles would, with the caveat that certain values may be 
harder to discern directly off an ODV plot.

Limitations to Consider for Nutrient Coupling 
Ohnemus et al. used factor analysis to assess relationships 
between analytes without the need for any ratios or normal-
ization.4 They also chose to omit spatial information (such 
as station number, latitude/longitude, and depth) or other 
chemical variables (dissolved oxygen/macronutrient concentra-
tions) in the analyses, because they suggest these variables are 
likely to affect particulate phase concentrations in nonadditive 
or nonlinear fashions. Their analysis resulted in many elements 
being categorized into 6 types based on their depth profiles. 
They focus explicitly on particulate data and well-defined basins 
that have strong particle locality due to the persistent downward 
settling of particles. They suggest this allows 3d dissolution 
(which more greatly affects dissolved concentrations as they 

settle) to be ignored partly in the way data are taken. Factor 
analysis can quantify variables latent or difficult to directly 
measure variables that are still thought to drive the variability 
of measured variables and elucidate potential shared transport 
mechanisms that affect multiple elements. In this case, partic-
ulate trace element concentrations (the measured variables) are 
presumed to be the result of additive particulate phase abun-
dances (the unmeasured or latent variables), even if the individ-
ual particulate phases themselves are difficult to separate analyt-
ically. Ohnemus et al. reported that they were able to perform 
the statistical analysis independent of spatial information such as 
station number, latitude/longitude, and depth or other chemical 
variables like dissolved oxygen or macronutrient concentrations 
in the analyses, ideal features to an improved analysis as these 
variables likely affect particulate phase concentrations in nonad-
ditive or nonlinear fashions. This method has only had success 
with certain analytes so far, but statistical methods such as these 
that avoid bias by not requiring as much initial input are ideal to 
standardizing analysis.

The limitations seen with comparing copper concentra-
tions highlight that analytes coupled in distribution are the 
exception, and that comparisons of different analyte pairs must 
be on a careful case-by-case basis. Though copper is incorpo-
rated into biomass, copper concentrations produce different 
depth profiles that could not be superimposed regardless of 
the scale factor used (Figure 8). Copper’s concentration profile 
increased relatively linearly with depth, in contrast to the other 
analyte profiles which had a sharply diminishing increase in con-
centration with depth. Copper is influenced heavily by rapid 
surface water scavenging as well as in-situ deep water scaveng-
ing and bottom water injections that recycle copper back into 
the overlying water column, and it does not appear to show a 
nutrient like distribution in the deep ocean waters.7 Both 
silicate and copper concentrations have increasing concentra-
tions with depths, but they do not show a similar curve when 
superimposed.5 Jacquot & Moffett corroborated reports that 
copper and silicate do not share a strong correlation in their 
distribution in the water column above 2000m.18 The lack of 
correlation may be due to the exceptionally deep maximum for 
silicate and a slowly increasing but stable rate for copper con-
centrations below 1000m. Interestingly, Zn is also known to 
have significant hydrothermal inputs from the sea floor within 
the GP16 transect,20 but did not exhibit a similar distribution 
pattern to copper. Roshan suggests that Si has a heavy input 
from river systems and Zn from hydrothermal vents, but the bi-
ological control imposed on both of them in the upper biologi-
cal active region by the uptake of nutrients and subsequent sink 
has such profound effects that it couples them over vast areas 
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of the ocean. The factor analysis by Ohnemus et al. shows that 
copper is more similar to elements scavenged throughout the 
water column (similar to iron and manganese hydroxides that 
settle), and that zinc belongs grouped as a nutrient type.4 The 
stark contrast between the two may be largely attributed to per-
sistent iron oxide scavenging of copper as it settles in the water 
column. Factor analysis helps justify the lack of similar profiles 
between copper and silicate in the upper water column, but it 
does not give enough information in terms of where or if the 
analytes decouple (only an index of similarity between the two 
factors’ transport mechanisms).

Peru results (Oxygen and Sulfur’s Role) 
The plots made (Figure 9) suggest a correlation between depths 
of oxygen minima and the decoupling of cadmium-phosphate 
along with the zinc-silicate. The correlation between the oxygen 
minimum and decoupling of nutrients may be due to the depth 
of the water column which relates them indirectly through bio-
logical uptake in the euphotic zone. Figure 9a, b, and c highlight 
that while oxygen minima and the greatest decoupling are 
found in approximately the same depths, the decoupling is still 
observed further offshore outside the oxygen minimum zone. 
This is likely due to other factors than solely CdS precipitation, 
as CdS was not found in extraordinary amounts along this 
transect.16 Bourne et al. already has elaborated on six specific 
factors driving the variation observed in particle concentrations 
in regards to cadmium cycling: (1) passive uptake by marine 
organisms, (2) deliberate uptake (in the case of Cd and diatoms 
as a substitute in low Zn culture), (3) bio-dilution (biological 
ratios can change if constant uptake of a trace mineral is met 
with changing growth rates), (4) species composition (espe-
cially cyanobacteria vs microscopic eukaryotes), (5) cadmium 
sulfide (CdS) precipitation in euxinic microenvironments of 
sinking aggregate particles, and (6) the uptake is proportional 
to dissolved concentrations (and the dissolved concentrations 
change a lot - the author specifically points to variation due to 
latitude).31 Their results support 1-3: iron limited conditions 
yield higher Cd:P ratios (3) and that low concentrations of 
dissolved Fe, Zn and Mn can lead to increased uptake of Cd (1 
and 2). Bourne also found the variation noticed in the Pacific 
to be unlikely caused by the oxygen minimum or sulfur leading 
to cadmium precipitation. Other authors have suggested that 
the loss of dissolved cadmium is due to preferential uptake by 
microbes,14 but more attention to the different ways a microbe 
can interact with biogeochemical cycles is needed. Biogeo-
chemical cycling is very sensitive to species composition, and 
special attention is required to the forms of life found so that 
the key interactions previously mentioned can be better charac-
terized for an area. The differences between organisms such as 

prokaryotic cyanobacteria and eukaryotic diatoms are so great, 
that their roles in biogeochemistry cannot be oversimplified if 
an accurate representation is trying to be achieved.4 Biochem-
ical flux should be considered from the perspective of multiple 
biological pools, and deeper investigation of all the complex bi-
ological interactions is required before the necessary biological 
factors are delimited. 

The reason for decoupling most likely begins with biota. 
Some specific ways that microbes may interact with settling 
elements in this transect are presented herein for the sake of 
drawing analogy with other analytes. Microbes have been 
posited to be present in higher amounts within the euphotic 
zone and subtending OMZ which causes a biogenic sink of 
both Cd5,18,21,23,31 and Zn.13,16,20,22 Some authors 
suggest that these microbes increase the sulfur levels as part 
of a cryptic sulfur cycle leading to CdS formation (though it 
is unclear whether this is the major driving force).10 Another 
cause of biogenic sink may be due to the uptake of Cd due to 
organic ligands and a subsequent sink in the concentration of 
cadmium.27 Similarly, organic ligands cause a sink for many 
elements such as Cu.18 Bourne et al. mentions that P lability 
changes depending on what biochemical it constitutes.31 They 
considered phosphorus bound in ATP or DNA to be more 
labile than some other pools such as phospholipids, and they 
found Cd to have a lability between those two. This highlights 
the significance of determining what molecules the element 
gets biochemically sequestered into has on remineralization. 
Ohnemus et al. suggests that the initial aggregation and export 
of surface particles and especially the subsequent biological ac-
cumulation that occurs right below the surface drives concen-
tration decreases as they settle and scavenge.4 As the particles 
sink, the influence of biological drains becomes less intense and 
particle disaggregation begins to dominate. Finer refractory 
particles tend to accumulate. Phosphorus and cadmium have 
similar depth profiles due to a lack of external input and the 
influence of the above dynamics. It seems that each analyte has 
an independent depth profile, and that the major groupings 
(such as a nutrient-type curve) are only able to suggest what the 
major driving force is. 

Conclusion

This paper sought to review approaches for investigating 
nutrient coupling and to suggest a new approach using the data 
from the GEOTRACES GP16 cruise to be able to characterize 
the extent of decoupling between solutes with similar distribu-
tion types along a transect of the eastern South Pacific. Nutrient 
type distributions are coupled when solutes in the ocean are 
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taken up and re-mineralized at similar biological rates. Investi-
gating where perturbations from that coupled state occur in the 
water column provides insight into obscure phenomena that 
contribute to concentration fluxes which may allow for more 
realistic modeling of biogeochemical cycles. Here we consider 
the potential benefits of standardization across methods of 
assessing nutrient coupling by specifically comparing and con-
trasting current methods reported in literature. 

A more insightful analysis to the correlations between 
coupled nutrients was achievable by compiling three standard 
approaches 1) depth profiles, 2) differences between the con-
centrations after applying a scale factor, and 3) direct com-
parisons of the analytes. Differences between concentrations 
after applying a scale factor offered the most insight, though 
it required a considerable amount more manipulation of the 
data compared to other methods. The inconsistent usage of 
scaling factors throughout literature is a challenge for this 
method; selecting some form of standardization would make 
this method more readily applicable for comparisons between 
expeditions and datasets. Basing the comparison off of differ-
ences gives better detail and a slightly different maximum than 
basing the comparison off of ratios (Figure 6). 

Plotting the differences between concentrations after 
applying a scale factor allowed a comparison between cadmium 
and phosphate to oxygen minima to show that the decoupling 
extends past the oxygen minimum zone that resides off the 
coastline of Peru. Because the goal of studying this phenom-
enon is to learn about the underlying causes of these biogeo-
chemical cycles, being able to characterize the decoupling in 
a way that is easy to visualize is extremely important to the 
efficacy of research. Other methods that are quicker occasion-
ally miss the nuance that is required to identify biogeochemical 
processes from data products. 

More work is needed to resolve our understand-
ing of nutrient coupling throughout Earth’s systems. The 
success of these large-scale data collection programs such as 
GEOTRACES goes hand-in-hand with our increasing ability 
to interpret data in a standardized way and report the results in 
a detailed yet clear manner. As the community continues to get 
more adroit with large datasets, the amount of information we 
can glean from them will expand as well. 
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Press Summary
The GEOTRACES program aims to better the understand-

ing of Earth’s oceans by extensively studying their composition. 
The chemical analysis of water samples from around the world 
generates large data products that detail the makeup of water 
masses throughout the ocean. This paper aims to explore some of 
the different methods used to investigate coupling between pairs 
of analytes. Coupling suggests a possible underlying mechanism, 
and the extent of coupling between two nutrients needs to be 
quantified to further consider the root of the cause. Using a 
data product generated by the GEOTRACES GP16 cruise 
(Eastern Pacific Zonal Transect), the relationship between pairs 
of macronutrients and trace elements are compared to an oxygen 
minimum to relate oxygen concentrations to the extent of 
nutrient coupling. In order to analyze the extent of decoupling, 
three types of plots were created: 1) depth profiles, 2) differenc-
es between the concentrations after applying a scale factor, and 
3) direct comparisons of the analytes. Compiling these methods 
provides a better visualization of transect data, and it is pertinent 
to research that investigators can identify the location and extent 
of decoupling events out of massive data sets. Calculating a dif-
ference between the coupled analytes after applying a scaling 
factor provided the most useful information about decoupling.
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