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Abstract

El Nifio Southern Oscillation (ENSO) influences multi-year variation in sea-surface temperature
and the intensity of upwelling in many Pacific regions. However, it is currently unknown how El
Nifio conditions will affect the concentration and elemental ratios of particulate organic matter
(POM). To investigate this, we have been quantified POM weekly for six years (2012 to 2017) at
the MICRO time-series station in the Southern California Bight. We found a strong influence of
the 2015 EI Nifio on sea-surface temperature and phosphate concentration but to a lesser extent
on nitrate availability. The 2015 El Nifo also resulted in a short-term depression in POC and
POP concentrations, whereas PON concentrations displayed an independent long-term decline
regardless of the El Nifo event. Reduced POM concentrations resulting from the 2015 El Nifo
occurred in parallel to high C:P and N:P ratios. Following the changes in PON, C:N continued to
climb reaching ~9.4 at the end of our sampling. We suggest that an Eastern Pacific- vs. a Central
Pacific-type El Nifio as well as a switch in the Pacific Decadal Oscillation phase significantly
altered the local response in POM concentrations and ratios.

Introduction

El Nifio Southern Oscillation (ENSO) is a recurring climate cycle leading to multi-year
variation in ocean environmental conditions (Dijkstra and Burges, 2002; McPhaden, 2015). In
the California Current System, ENSO regulates sea-surface temperature (SST), upwelling source
and intensity, thermocline depth, and large-scale circulation patterns (Chavez, 2002; Checkley
and Barth, 2009; Mcgowan et al., 1998). In the southern part of the California Current
Ecosystem (i.e., the Southern California Bight, SCB), El Nifio conditions are typically
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manifested as periods of high temperature and low nutrient availability (Chavez, 2002; King and
Barbeau, 2011; Tegner and Dayton, 1987). ENSO variability may have a negative effect on
plankton growth and biomass accumulation, however this link has been elusive (Kim et al.,
2009). Thus, it is currently unclear how coastal plankton will respond to recent ENSO-driven
changes in ocean conditions.

There appears to be multiple modes of El Nifio events including the Eastern-Pacific (EP)
and Central-Pacific (CP) El Nifio (Paek et al., 2017; Yu et al., 2012). The two types of El Nifo
conditions differentially regulate temperature anomalies including a shift in the regional location
of maximum sea-surface temperature variability. A high positive temperature anomaly in the
North Eastern Pacific Ocean is more indicative of an EP El Nifio-type, whereas increased
temperatures in the equatorial Pacific Ocean are typically associated with the CP El Nifio-type
(Paek et al., 2017). Furthermore, different El Nifio modes result in spatially divergent patterns of
declining vs. increasing phytoplankton biomass and growth (Racault et al., 2017). Generally a
change in planktonic biomass and growth has an effect on the overall community structure. In
the southern part of the California Current Ecosystem, the EP El Nifio can result in significantly
shift in community composition of phytoplankton. In contrast, CP El Nifio has a proposed
limited effect on phytoplankton in SCB. Thus, the mode of El Niflo is predicted to differentially
impact biogeochemical processes in SCB.

A core property of ocean biogeochemistry is the elemental composition and
stoichiometric ratios of particulate organic matter (POM). C:N:P of marine communities have
traditionally been considered static at Redfield proportions (106C:16N:1P; Redfield, 1958).
However, phytoplankton acclimation and adaptation to different ocean environmental conditions
can have a large impact on C:N:P (Moreno and Martiny, 2018). Temperature and nutrient
limitation are currently thought to be the most important regulators of C:N:P in the surface ocean
although the relative contribution of each factor is subject to much debate. Increasing
temperature is predicted to correspond to higher C:P and N:P in phytoplankton due to a reduced
allocation to P-rich ribosomes (Toseland et al., 2013). Nutrient limitation is predicted to lead to a
reduced use of the respective nutrient and higher carbon-to-nutrient ratio although the effect may
be higher for P vs. N limitation (Garcia et al., 2016). Temperature and nutrients may also affect
stoichiometry via changes in phytoplankton community composition and growth physiology.
Smaller cells thriving in warm, nutrient deplete waters are proposed to have higher C:N:P ratios
compared to large cell types like diatoms (Klausmeier et al., 2004). Similarly, slower growing
cells need fewer P-rich ribosomes and have higher C:N:P (Sterner and Elser, 2002). Thus, shifts
in temperature and nutrient concentrations during El Nifio conditions are expected to impact
phytoplankton community composition, physiology, and associated C:N:P. Based on current
theories for the regulation of phytoplankton elemental stoichiometry, we therefore predict higher
temperature and nutrient depletion lead to elevated C:N:P.

Recent studies have demonstrated considerable regional and temporal variation in C:N:P
(Martiny et al., 2013a, Moreno and Martiny, 2018). Higher C:N:P have been associated with
warm, nutrient deplete ocean regions dominated by marine Cyanobacteria and other small
plankton. In contrast, colder, nutrient replete regions with high abundance of larger
phytoplankton like diatoms have depressed C:N:P. A parallel link between environmental
changes and C:N:P was also observed in a past study in the Southern California Bight (Martiny
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et al., 2016). Here, variation in POM concentrations and ratios corresponded to seasonal
oscillations in environmental conditions and phytoplankton abundances. Specifically,
winter/spring periods with low temperature, high nutrient concentrations and a dominance of
large phytoplankton resulted in low C:N:P and vice-versa for warmer periods during the summer
and fall. Similar links between environmental conditions, phytoplankton community structure
and C:N:P were also found on weekly and multi-year time-scales (Martiny et al., 2016). Based
on these observations, we predict that El Nifio conditions will positively impact C:N:P, but the
strength of the C:N:P response will be modulated by the mode of El Nifio.

Here, we quantify the changes in SST, macronutrient concentrations, POM
concentrations, and POM elemental stoichiometric ratios at the MICRO time-series in the
Southern California Bight weekly from the beginning of 2012 to the end of 2017 covering the
large El Nifio event in 2015. Based on these observations, we aim to quantify how El Nifio
conditions influence ocean POM concentrations and stoichiometric ratios. We predict that
annually temperature would be at the highest and macronutrients at the lowest due to an offshore
damping in upwelling during the 2015 El Nifio. Through the regulation of phytoplankton
ecology, we should see low POM concentrations and high carbon-to-nutrient elemental ratios.
The outcome of this study will allow us to further understand how climatic drivers of ocean
environmental conditions affect the link between the C, N, and P biogeochemical cycles.

Methods
Collection

Surface water was collected weekly at the MICRO time-series (33.608°N and
117.928°W; Martiny et al., 2016). Two autoclaved bottles are rinsed with ocean water and filled
for processing in the lab. Water temperature data is collected from an automated shore station off
of Newport Pier as part of the Southern California Coastal Ocean Observing Systems
(SCCOOS).

Triplicate 300 ml samples for POC/PON or POP from each bottle are filtered within an
hour of collection through pre-combusted (500°C, 5 h) 25 mm GF/F filters (Whatman, MA).
Each filter is rinsed with Milli-Q water before being fitted in order to remove potential P
residues. The filtrate from the initial filtration is collected and used for macronutrient
quantification. The filtrate is filtered through a 0.2 pm syringe filter into a 50 ml tube. Triplicates
are collected for both macronutrient and stored in the -20 °C freezer.

Macronutrients

Nitrate and phosphate samples were collected in prewashed 50 mL Falcon tubes and filtered
through a 0.2 um syringe filter and stored at -20°C until further analysis. Soluble reactive
phosphorus (SRP) concentrations were determined using the magnesium induced co-
precipitation (MAGIC) protocol and calculated against a potassium monobasic phosphate
standard (Karl and Tien, 1992; Lomas et al., 2010). Nitrate samples were treated with a solution
of ethylenediaminetetraacetate and passed through a column of copperized cadmium fillings
(http://bats.bios.edu/methods/chapter9.pdf).

Particulate Organic Carbon and Nitrogen
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After thawing, POC/PON filters were allowed to dry overnight at 65°C before being packed into
a 30 mm tin capsule (CE Elantech, Lakewood, New Jersey). Samples were then analyzed for C
and N content on a FlashEA 1112 nitrogen and carbon analyzer (Thermo Scientific, Waltham,
Massachusetts), following the protocol of Sharp (1974). POC and PON concentrations were
calibrated using known quantities of atropine.

Particulate Organic Phosphorus

POP filters are placed in combusted glass vials. Potassium Monobasic Phosphate (1.0
mM-P) is used as a standard. 2 ml of Magnesium sulfate (0.017 M; Macron Fine Chemicals) are
added to each vial, covered in tin foil, and put into an oven at 80 °C overnight. The vials are
wrapped in tinfoil and placed into a 500 °C muffle oven for two hours. Once cooled to room
temperature, 5 ml HCI1 (0.2 M; EMD) is added to each vial and then capped with a Teflon coated
cap and placed into the 80 °C oven for 30 min and placed into a 15 ml glass centrifuge tube.
Each vial is then washed with 5 ml Milli-Q water and then added to the tubes. 1 ml of mixed
reagent is added to each of the tubes, centrifuged at 4000 rpm for one minute and stored in the
dark for thirty minutes. Each standard and sample is quantified at 885 nm. This method is
modified from Lomas et al., 2010.

Data Analysis

All analyses were done in Matlab (Mathworks, MA). Using the smooth function, a four
point moving average was overlaid onto the raw data time-series plots. To determine potential
covariations, a Pearson’s correlation coefficient was calculated for each pair of variables,
followed by a test of statistical significance (p-value < 0.05). Sum of square analysis was
conducted on linear regressions to quantify the monthly and annual contributions. To
deseasonalize our time series parameters, we apply a seasonal adjustment using a stable seasonal
filter applying a 53-point moving average, representing our weekly sampling.

El Nifio Impacts

We used the ERSSTVS estimate of the Oceanographic El Nifo Index (ONI) (Huang et al.,
2017). Regional temperature anomalies are derived by a linear interpolation of the weekly
satellite SST optimum interpolation fields to daily fields then averaging the daily values over a
month (Reynolds et al., 2002) from 1983 to 2018. To estimate the mean temperature anomaly for
Southern California Bight region, we used satellite observations between 29° - 38°N and 115° -
124°W.

Results

The Oceanic El Nifio Index (ONI) data indicate that a strong El Nifio event followed La
Nifia in 2015 (Figure 1). Generally, the ONI index data were significantly correlated with
positive temperature anomalies at our MICRO site (Rpearson = 0.38, p < le-16) and more broadly
in the SCB (Rpearson = 0.44, p < le-22). In support, El Nifio periods including the 2015 event led
to positive temperature anomalies of > 2°C. One notable disconnect between ONI and the
temperature anomalies at MICRO and in SCB was the period following the El Nifio 2015 event.
Here, ONI suggested a slightly negative anomaly and La Nifa conditions. However, SCB and
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our site still experienced strong positive temperature anomalies. This positive anomaly occurred
during both the summer and winter periods and might be related to an unusually high
temperature in the North Eastern Pacific Ocean (Di Lorenzo and Mantua, 2016). Thus, the 2015
El Nifio event led to a positive temperature anomaly in SCB and MICRO, but the period
following was unexpectedly warm.
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Figure 1: Multi-year variation in temperature at MICRO and surrounding region. A: The in
situ daily temperature from 2005 to 2018 from the SCCOOS station on Newport Pier and the 2-
year moving average (green line). B: The temperature anomaly at the MICRO time-series
(estimated from satellite). C: The temperature anomaly in the Southern California Bight. D:
Oceanographic El Nifio Index (ONI). E: Central Pacific Ocean temperature anomaly for August
throughout the time-series.

To understand the impact of El Nifio conditions on the composition of marine POM, we
quantified weekly macronutrient concentrations, POM concentrations, and elemental
stoichiometric ratios from the beginning of 2012 to the end of 2017. Temperature oscillated
annually with a peak in August and trough in January (Figure 2A). In 2015, the average annual
temperature was higher than any other year at 22.4 °C, peaking to 23.7 °C (Figure 2A). As
described earlier, nutrient availability showed a strong seasonal anti-correlation with temperature
(Martiny et al., 2016) as well as some annual differences (Figure 2B). Nitrate concentrations also
oscillated in parallel with phosphate and reached extremely low or undetectable levels during the
summer (Figure 2C). In 2015, the nitrate level did not appear particularly low and stayed in
detectable ranges through most of the year. POM concentrations all peaked during the spring
bloom period and oscillated annually (Figure 2D-F). POC and POP concentrations did not show
any consistent long-term trends, whereas PON levels declined 26% throughout the time-series.
Although a slight increasing trend in C:N appeared from the start of the time series, a clear
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increasing trend was obvious after 2014 (Figure 2G). Annually, C:P peaked during the
summer/fall at ~140 although we saw a big spike during the winter of 2014-2015 but this was
not an annually re-occurring phenomenon (Figure 2H). N:P followed the annual oscillation in
C:P with high values of 20 in the summer and also spiked during the same time periods (Figure
21). Overall, we detected both seasonal and annual variation in both environmental conditions
and POM concentrations and ratios.
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Figure 2: Environmental conditions, macronutrient and POM concentrations and elemental
stoichiometric ratios over time at Newport Pier, Newport, CA. The solid black points represent
the averaged data per week from the period of 1/1/2012 to 12/31/2017. The red line represents a

4-point moving average. Stoichiometric ratios are molar.

The MICRO study site experienced long-term shifts in oceanographic conditions (Figure
3). Seasonally detrended temperature concentrations has an increasing trend during the sampling
period (Figure 3A). Macronutrient and POM concentrations have a slight decreasing trend,
whereas the C:N and C:P ratios have increasing trends. The strongest positive correlations seen
in the seasonally detrended data is POC and PON with POP demonstrating that the POM
concentrations are linked (Figure 3B). Temperature is positively correlated with macronutrient
and POM concentration and negatively correlated with stoichiometric ratios (Figure 3B). Thus,
temperature is most likely the leading contributor to overall trends seen throughout the time
series.
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Figure 3: Seasonally detrended values and correlations in environmental conditions,
macronutrients and POM concentrations, and stoichiometric ratios. A.) Deasonal trends
over time for each factor. Statistical deseasonal trends quantified using a Mann-Kendal analysis
(p <0.05). B.) Pearson correlation coefficient for each pair of factors. Redder squares signify a
strong positive correlation between the two variables, while blue squares signify a strong
negative correlation between the two variables. Large black squares represent a correlation of 1.
The small black squares indicate that the correlation is statistically significant.

Many factors showed significant positive or negative correlations (Figure 4).
Temperature and nutrient concentrations show negative correlations, whereby warm periods had
low nutrient concentrations and vice-versa for cold periods. POM concentrations were
significantly correlated among each other and were generally correlated with environmental
conditions. Warmer periods had low POM concentrations. In addition, C:P showed a positive
relationship to temperature as we have higher C:P during the summer months. Thus, the
observed correlations support earlier observations at MICRO as well as broader spatial patterns
in the ocean (Martiny et al., 2013b, 2016).
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Figure 5: The contribution of monthly and annual variation for environmental conditions and
POM concentrations and ratios. The remaining variance represents variance associated with
short-term events and measurement errors. Proportions are calculated using the sum of squares
from the linear regression data shown in Figure 6.

We sought to quantify the amount of variability for environmental conditions, POM
concentration, and ratio that is attributable to monthly versus annual variance. In general, we
found that monthly compared to annual variance explained a higher proportion environmental
metrics and POM concentrations (Figure 5). For temperature, monthly and annual variance
explains a large fraction of total variability, with monthly changes making-up the majority.
Monthly nitrate accounts for the second highest variability but the least in annual variability,
with phosphate being vice versa. Similar to temperature and nutrients, monthly variability is
greater among POM concentrations. As POM concentrations generally cycle in unison, there was
less monthly variance in POM ratios. In contrast, we saw a larger proportion of variance in POM
ratios between years. Monthly variation has more control on the environmental conditions and
POM concentrations, whereas annual processes dominated for stoichiometric ratios. Thus, we
should expect that especially POM stoichiometric ratio will be sensitive to El Nifio events.

Impact of the 2015 El Nifio event

The 2015 El Nifio event had some impact on the POM concentrations and ratios at
MICRO. Temperature was highest in 2015 (Figure 6A). The phosphate concentration was low in
2015, although 2016 had lower levels (Figure 6B). However, nitrate concentrations were not
particularly low that year and both 2014 and 2017 had lower levels (Figure 6C). POM
concentrations showed divergent annual trends. Both POC and POP showed low levels in 2014
and 2015, which could be indicative of an El Nifio effect. In contrast, PON showed a declining
trend throughout the sampling period leading to a 26% drop in concentration (Figure 6E). The
change in PON coincided with a continually rising C:N and a high average ratio of 9.4 in 2017.
(Figure 6G). In contrast, C:P and N:P were at their highest in late 2014 and all of 2015 (Fig. 2H
and 2I). Thus, it appeared that the POM C:P and N:P were sensitive to the 2015 El Nifio event,
whereas C:N showed a divergent long-term increase.
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Figure 6: The average annual variability in environmental conditions, POM concentrations,
and ratios. The annual variations in August quantified using a linear decomposition of annual
and monthly variation. Error bars represent the standard deviation. The letters above each bar
represent a post hoc Tukey multiple comparison test (p < 0.05), where similar letters show no
statistical difference. The dashed lines across the stoichiometric ratios indicates the static
Redfield ratio (C:N = 6.6, C:P = 106, and N:P = 16), strictly used for comparison purposes.

Discussion

Our time-series data suggests that the 2015 El Nifio event impacted SST, phosphate
conditions, POM concentrations, and stoichiometric ratios in our study region. The El Nifio event
resulted in unusually high temperature conditions and lower phosphate concentrations. Such
environmental conditions are starting to resemble open-ocean conditions although the POM
concentrations are still much higher than common oligotrophic regions. The high C:P and N:P
ratios during the El Nifio event support our hypothesis although the underlying drivers are
unclear. Due to the strong seasonal link between temperature, phosphate and phytoplankton
community at our site, we are unable to identify the exact mechanism resulting in high C:P and
N:P.

The C:N ratio appeared to be regulated by different ecosystem processes than C:P and
N:P. At our study site, we saw a long-term decline in PON concentration that led to high C:N.
We hypothesize that the observed trend in C:N is regulated by a declining nitrate supply and N
limitation (Moreno and Martiny, 2018, Geider and LaRoche, 2002). The nitrate concentration
followed a different multi-year trajectory in comparison to phosphate and temperature leading to
lower nitrate concentrations in later years. It is unclear if changing nitrate levels were driven by
differences in nutrient run-off or by offshore shifts in source water and upwelling strength. In
1998, the Santa Ana Regional Water Quality Control Board started regulating nitrogen run-off
near our study site. This regulation has led to a decline in terrestrial nitrogen inputs (French et
al., 2006). Furthermore, shifts in the source water for the SCB has led to declining
phosphate:nitrate levels in subsurface waters (at the op = 26.5 kgm/3 isopycnal surface; Bograd

10
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et al., 2014). Thus, there could be multiple ultimate causes for the observed declining nitrate
level, but we predict that the lower nitrate availability and plankton N stress has proximately led
to higher C:N ratios.

We expect that the observed correspondence between changing environmental conditions
and C:N:P are in at least in part driven by shifts in phytoplankton community composition and
physiological state. Our past work has demonstrated that increasing temperature and declining
nutrient availability as observed during the El Nino event lead to increasing abundance of
picophytoplankton lineages at the expense of larger eukaryotic phytoplankton (Martiny et al.,
2016). Several studies have suggested that smaller phytoplankton lineages have higher C:P and
N:P ratios (Klausmeier et al., 2004). Furthermore, phytoplankton will acclimate to increasing
temperature and lower nutrient availability leading to higher cellular carbon-to-nutrient ratios.
Both mechanisms could possibly explain the elevated C:P and N:P seen in late 2014 and 2015
but our data does not allow for a direct identification of the underlying mechanism controlling
the shift in POM stoichiometry.

El Nifio events can vary in their expression leading to unique impacts on the
environmental conditions and biogeochemical functioning of the SCB (Capotondi et al., 2015;
Jacox et al., 2016). The 2015 event is likely an ‘Eastern Pacific’ type leading to a temperature
anomaly in the North Eastern Pacific Ocean (Paek et al., 2017). However, there was also a strong
temperature anomaly in the equatorial section of the Pacific and a high overall warming of most
of the eastern part of the basin. As such, the biogeochemical impact of the 2015 El Nifio event
may diverge from a traditional ‘Central Pacific’ event. In addition to the El Niflo event, we also
saw a strong positive temperature and negative nitrate anomaly in 2016 and 2017. Such a long
term warming of the region may be caused by a shift in the Pacific Decadal Oscillation (PDO;
Newman et al., 2016). A positive PDO leads to overall high temperatures in the central/eastern
part of the Pacific Ocean (Mantua et al., 1997) and a >2°C temperature anomaly in the SCB. The
underlying physical driver of the PDO is currently not clear but a shift in the phase could suggest
elevated temperatures in the SCB for years to come. This would further lead to low POM
concentrations but high C:nutrient ratios.

El Nifio events can act as a natural ‘experiment’ to understand climate change effects on
POM concentrations and stoichiometric ratios. Future climate scenarios predict increased SST
and more stratified waters and El Nifio events share these characteristics. Due to the offshore
topography at MICRO, the local conditions share similarities with pelagic waters rather than
typical coastal regions. Thus, our findings suggest that elevated temperature cause changes in
nutrient availability phytoplankton ecology with clear implications for POM concentrations and
ratios. However, it is unclear whether or not future El Nifio events will superimpose on or blend
into the already high ocean temperatures in the region. If the former, we predict large changes in
the biogeochemical and ecosystem functioning of the SCB in the future.
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