Beyond Spring Loading:

Evaluating the Predictive Contribution of ENSO, Lagged
Nitrogen Accumulation, and Their Interaction on Gulf of

Mexico Hypoxic Zone Extent

Bhavdeep Arora'

Tndependent Researcher
Corresponding author: bhavdeepsa@gmail.com

July 2026

Abstract

he Gulf of Mexico hypoxic zone

I forms annually near the mouth of
the Mississippi River, driven pri-
marily by spring nitrogen loading from
Midwestern agriculture. While this re-
lationship is well established, the poten-
tial contributions of climate oscillation in-
dices such as the El Nino Southern Os-
cillation (ENSO) and multi-year nitrogen
accumulation have received less systematic
quantitative attention. This study applies
Random Forest regression with leave-one-
out cross-validation (LOO-CV) to 40 years
of annual dead zone measurements (1985—
2024), testing five feature configurations: a
nitrogen—SST baseline, baseline plus ENSO
indices, baseline plus lagged nitrogen, base-
line plus 2-year cumulative nitrogen, and
a full model combining all features. Point
estimates show the 2-year cumulative ni-
trogen configuration achieving the numeri-
cally best performance (R? = 0.494, MAE
— 2,553 km?) against a baseline of R? = 0.487.
However, a battery of significance checks
— paired Wilcoxon signed-rank tests on
LOO fold errors, bootstrap confidence in-
tervals on AR?, 30-seed variance estima-

tion, an ordinary least squares (OLS) com-
parison, and permutation feature impor-
tance — shows that none of the alternative
configurations differ from the baseline at
conventional significance levels (p > 0.09
throughout), and that seed-to-seed vari-
ance in R? (SD = 0.012-0.017) exceeds the
largest observed improvement. Permuta-
tion importance confirms that same-year
nitrogen loading dominates the full model’s
predictive structure by more than an order
of magnitude over any ENSO or lag fea-
ture. These converging results support the
hypothesis that the Gulf hypoxic system
resets annually, with same-year spring ni-
trogen loading remaining the dominant and
effectively sufficient predictor of summer
dead zone extent.

Introduction

Every summer, a hypoxic zone forms in the
northern Gulf of Mexico near the mouth of the
Mississippi River. When dissolved oxygen con-
centrations drop below 2 mg/L, fish, shrimp, and
bottom-dwelling organisms suffocate or flee. The
zone has been measured annually since 1985 by
NOAA and the Louisiana Universities Marine
Consortium (LUMCON), with sizes ranging from
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6,480 km? (2018) to 22,720 km? (2017).

The primary driver of hypoxia is well under-
stood: nitrogen and phosphorus fertilizer applied
to crops in the Mississippi River watershed drains
into the river each spring, triggering algal blooms
in the Gulf. When the algae decompose, bacte-
rial respiration consumes dissolved oxygen in the
stratified bottom waters. Rabalais et al. (2002) es-
tablished the strong empirical link between spring
nitrogen flux and summer dead zone size, and this
relationship has been confirmed across multiple
subsequent modeling approaches (Scavia et al.,
2003; Turner and Rabalais, 1994).

Less studied is whether additional predictors —
particularly climate oscillation indices like ENSO
and multi-year nitrogen accumulation effects —
provide meaningful predictive improvement. El
Nino events alter Mississippi River discharge pat-
terns, which in turn affect nutrient delivery to
the Gulf. If ENSO phase systematically modu-
lates dead zone size independent of nitrogen load,
incorporating it into predictive models could im-
prove both scientific understanding and early-
warning capability. Similarly, if nitrogen applied
in prior years accumulates in groundwater or sed-
iments and contributes to current-year hypoxia,
current predictive models may undercount its
true drivers.

This study addresses these questions directly
using a systematic model comparison framework
across five feature configurations, evaluated with
LOO-CV appropriate for the small sample size
(n = 40). Unlike prior work, we do not stop at
point-estimate model comparison: we subject ev-
ery candidate improvement to paired significance
testing, bootstrap interval estimation, and seed-
variance analysis, treating a numerically higher
R? as a hypothesis to be tested rather than a
conclusion in itself.

Data

Annual dead zone area measurements (km?)
were obtained from the LUMCON/NOAA Gulf of
Mexico Hypoxia cruises conducted each July from
1985 to 2024 (n = 40). Spring Mississippi River
nitrogen loading data (million kg/year, measured
at Baton Rouge, Louisiana) were obtained from
the USGS Toxics Program. Sea surface tem-

perature data represent Gulf of Mexico summer
(June-August) averages. The Oceanic Nino Index
(ONI), representing the 3-month running mean
of sea surface temperature anomaly in the east-
central equatorial Pacific, was obtained from the
NOAA Climate Prediction Center (NOAA Cli-
mate Prediction Center, 2024) for spring (MAM),
summer (JJA), and winter (DJF) seasons.

Lagged nitrogen features were engineered from
the primary nitrogen loading variable: a 1-year
lag, a 2-year lag, and 2- and 3-year rolling means.
An ENSO-nitrogen interaction term was com-
puted as the product of spring ONI and same-year
nitrogen loading. All features were computed for
years 1987-2024 to accommodate the 2-year lag
window, yielding a final sample of 38 observations
for lagged models.

Methodology

Random Forest regression (Breiman, 2001) was
selected for its robustness to multicollinearity and
nonlinear feature interactions, both relevant given
the correlated nature of climate predictors. All
models used 100 estimators. LOO-CV was used
to estimate out-of-sample predictive performance,
as it maximizes training data at each fold for
small datasets (n < 50). Model performance
was evaluated using R? and Mean Absolute Error
(MAE, km?).

Five feature configurations were tested:
e M1 — Baseline: nitrogen load, SST

e M2 — Baseline + ENSO: nitrogen, SST,
ONT spring, ONI summer

e M3 — Baseline + Lag2: nitrogen, SST,
nitrogen (t — 2)

e M4 — Baseline + Cumul2: nitrogen, SST,
2-year rolling mean nitrogen

e M5 — Full model: all features including
ENSO X nitrogen interaction

Because a single-seed point estimate of R? can
be misleading at n = 38, four additional layers
of statistical testing were applied on top of the
standard LOO-CV comparison:
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Paired significance testing For each alterna-
tive configuration, LOO fold-level absolute
errors were paired by year with the base-
line’s errors and compared using a two-sided
Wilcoxon signed-rank test, which does not
assume normality of the paired differences —
appropriate given the small sample.

Bootstrap confidence intervals Years were re-
sampled with replacement (5,000 iterations)
from the paired LOO predictions, and AR?
(alternative minus baseline) was recomputed
at each iteration to construct a 95% per-
centile confidence interval.

Seed-variance estimation Because  Random
Forest is a stochastic estimator, each of the
five configurations was re-fit under LOO-CV
across 30 random seeds, and R?*/MAE are
reported as mean =+ standard deviation
rather than a single value.

OLS comparison The same five feature sets were
evaluated using ordinary least squares re-
gression under identical LOO-CV, to test
whether Random Forest’s added flexibility
contributes anything beyond a linear model.

Finally, permutation feature importance (30
repeats, R? scoring) was computed for the full
model (M5) fit on the complete dataset, to iden-
tify which features the model actually depends
on.

Results

Pairwise correlations between predictor vari-
ables and dead zone area reveal the dominant role
of same-year nitrogen loading (r = 0.777-0.788
across data preparations), consistent with prior
literature. ENSO indices show weak correlations
across all seasons (ONI spring: r = —0.146 to
—0.084; ONI summer: r = —0.058 to —0.036),
and the 2-year lagged nitrogen (r 0.260)
showed a stronger correlation than the 1-year lag
(r =0.084), a pattern discussed further below.

Point-estimate model comparison

Table 1 reports the original single-seed LOO-
CV comparison. The 2-year cumulative nitrogen

configuration (M4) achieved the numerically best
performance, and the full model (M5) underper-
formed the baseline, consistent with overfitting
when the feature-to-observation ratio grows large
relative to n.

Table 1: Single-seed LOO-CV model comparison
(Random Forest, seed 42).

Model R?> MAE (km?)
M1 — Baseline 0.487 2,724
M2 - + ENSO 0.469 2,791
M3 - + Lag2 0.473 2,792
M4 — 4+ Cumul2 0.494 2,553
M5 — Full model  0.450 2,806
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Figure 1: Model comparison across five feature
configurations, LOO-CV. The 2-year cumula-
tive nitrogen configuration (M4) shows the high-
est point-estimate R? and lowest MAE; the full
model (M5) underperforms the baseline.

Significance testing: none of the
apparent gains survive scrutiny

Table 2 extends the comparison with paired
Wilcoxon tests and bootstrap confidence inter-
vals on AR?, using predictions averaged across
30 seeds to reduce single-seed noise before pair-
ing. No configuration differs from the baseline
at p < 0.09, and every 95% bootstrap interval
on AR? comfortably contains zero — including
M4, whose apparent point-estimate advantage
(40.007) sits inside an interval more than an or-
der of magnitude wider than the estimate itself
([—0.099, +0.133]).
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Table 2: Paired significance tests vs. baseline
(Random Forest, LOO-CV).

Model AR? 95% CIp (Wilcoxon)
M2 - ENSO —0.018[—0.123, +0.090] 0.596
M3 — Lag2  —0.014[-0.077, +0.046] 0.636
M4 — Cumul2 4+0.007 [—0.099, +0.133] 0.473
M5 — Full —0.037 [-0.157, +0.076] 0.509

Seed-variance estimation (Table 3) reinforces
this conclusion directly: the standard deviation
of R? across 30 seeds (=~ 0.012-0.017 for every
configuration) exceeds the largest point-estimate
gap between any two models. A different random
seed could plausibly reorder the ranking in Table 1
entirely.

Table 3: Seed-variance LOO-CV results (30 seeds,
mean + SD).

Model R?> MAE (km?)
M1 — Baseline 0.490 +0.012 2,651 443
M2 - ENSO  0.480+0.017 2,796 + 60
M3 — Lag2 0.477+£0.016 2,767 + 61
M4 — Cumul2  0.497 +0.016 2,579 4 50
M5 — Full 0.454 +0.013 2,789 445

OLS comparison

An ordinary least squares comparison under
identical LOO-CV (Table 4) shows OLS baseline
performance (R? = 0.550) exceeding the mean
Random Forest baseline, suggesting the under-
lying nitrogen—hypoxia relationship is close to
linear and that Random Forest’s added flexibil-
ity is not clearly earning its keep at this sam-
ple size. OLS Lag2 produced the single highest
point estimate observed across the entire study
(R? = 0.592); however, a paired Wilcoxon test
against the OLS baseline found this difference
not significant (p = 0.763), consistent with the
pattern established for the Random Forest mod-
els.

Table 4: OLS comparison under identical LOO-

CV.
Model R?> MAE (km?)
M1 — Baseline  0.550 2,480
M2 — ENSO 0.513 2,618
M3 — Lag2 0.592 2,402
M4 — Cumul2  0.532 2,567
M5 — Full 0.527 2,571

Permutation importance

Permutation importance for the full Random
Forest model (Table 5) shows same-year nitrogen
loading dominating the model’s internal structure
by more than an order of magnitude over the
next-ranked feature, and by nearly two orders of
magnitude over any ENSO-related term. This
provides direct, model-internal confirmation of
the significance-testing results above: even where
the full model has the flexibility to exploit ENSO
and lag information, it does not meaningfully rely
on it.

Table 5: Permutation importance, full model (30
repeats).

Feature Importance SD
nitrogen_load 1.411 0.204
nitrogen_cumul2 0.149 0.042
sst_c 0.068 0.014
oni_summer 0.048 0.009
nitrogen_lag?2 0.029 0.006
oni_spring 0.022 0.005
enso_x_nitrogen 0.013 0.003
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Figure 2: Spring nitrogen loading vs. dead zone
area, 1985-2024.

Beyond Spring Loading: Gulf of Mexico Hypoxia

page 4 of 6



Discussion

The primary finding of this study is a null
result supported by five converging lines of ev-
idence: paired Wilcoxon tests, bootstrap con-
fidence intervals, seed-variance estimation, an
independent OLS comparison, and permutation
importance. Neither ENSO phase nor multi-year
nitrogen accumulation provides a statistically de-
fensible predictive improvement over a simple
two-variable baseline. This supports the view
that the Gulf hypoxic system is dominated by
same-year biogeochemical processes rather than
multi-year memory or large-scale climate telecon-
nections.

The 2-year cumulative nitrogen effect (M4),
which appeared to be a genuine, if modest, find-
ing under a single-seed point estimate (AR? =
+0.007), does not survive any of the four addi-
tional checks applied here. Its bootstrap confi-
dence interval is wide and centered near zero,
its Wilcoxon p-value is far from significance
(p = 0.473), and its seed-to-seed standard de-
viation alone (£0.016) exceeds its apparent ad-
vantage. We treat this as an important method-
ological lesson as much as a substantive one: at
n = 38, an unreported single-seed Random For-
est comparison can produce a plausible-looking
effect that is, in fact, indistinguishable from noise.
Reporting only Table 1 without the tests in Ta-
bles 2-3 would have overstated the evidence for
a multi-year nitrogen memory effect.

The OLS comparison adds a further nuance.
That a linear baseline modestly outperforms the
mean Random Forest baseline suggests Random
Forest’s nonlinear flexibility is not clearly justified
at this sample size, and may simply be fitting
noise with additional variance. The apparent
OLS Lag2 advantage, similarly, does not survive
paired significance testing, reinforcing rather than
complicating the central conclusion.

Permutation importance corroborates this from
a different angle entirely: even when given full
latitude to exploit ENSO and lag information, the
fitted Random Forest allocates the overwhelming
majority of its predictive structure to same-year
nitrogen loading. This is not merely an absence of
statistical significance in held-out predictions — it
is the model itself, evaluated in-sample, declining
to lean on the additional features.

The negative ENSO-nitrogen interaction cor-
relation (r = —0.166 with dead zone area) sug-
gested a plausible physical mechanism worth not-
ing despite its lack of predictive contribution: El
Nino events are associated with stronger south-
westerly winds over the Gulf of Mexico, which
enhance vertical mixing and reduce the thermal
stratification that traps hypoxic bottom water.
This wind-mixing effect may partially counteract
nutrient-driven oxygen depletion, but the evi-
dence here is correlational and should be treated
as hypothesis-generating rather than confirma-
tory, particularly given that the interaction term
ranked lowest in permutation importance among
all seven full-model features.

The practical implication is that prediction ef-
forts should remain focused on improving spring
nitrogen load estimates rather than incorporating
climate indices. ENSO forecasts, while skillful at
seasonal lead times, do not appear to add pre-
dictive information beyond what nitrogen moni-
toring already provides — a conclusion now sup-
ported by significance testing rather than point
estimates alone.

Several limitations apply. The sample size of
40 years constrains statistical power; effects that
are real but small may not reach significance
even with the additional testing performed here.
The ONI index is a basin-wide measure that may
not capture local Gulf wind anomalies relevant
to stratification. Future work should test Gulf-
specific wind metrics rather than canonical ENSO
indices, and should consider whether a longer
observational record would allow the modest M4
and OLS Lag?2 effects to be resolved from noise.

Conclusion

This study evaluated whether ENSO indices
and lagged nitrogen features improve prediction
of Gulf of Mexico hypoxic zone extent, using both
Random Forest and OLS regression under LOO-
CV on 40 years of data. While a single-seed point
estimate suggested a modest advantage for 2-year
cumulative nitrogen loading, a battery of signif-
icance tests — paired Wilcoxon tests, bootstrap
confidence intervals, 30-seed variance estimation,
an independent OLS comparison, and permuta-
tion importance — found no configuration that dif-
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fers from the baseline at conventional significance
levels. These converging results confirm that the
Gulf hypoxic system behaves as an annual re-
set dominated by same-year spring nitrogen flux,
consistent with established biogeochemical un-
derstanding, and demonstrate the importance of
significance testing rather than point-estimate
comparison alone when working with small en-
vironmental datasets. The policy implication
remains clear: reducing dead zone size requires
reducing nitrogen loading from Midwestern agri-
culture, and no climate oscillation offsets this
relationship in any statistically defensible way.
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Appendices
Appendix A: Additional Figures

Supplementary time series and diagnostic visu-
alizations from the underlying analysis pipeline
are provided below for reference.

Gulf of Mexico Dead Zone Size 1985-2024

Zone Area (knv)
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Figure 3: Gulf of Mexico dead zone area, 1985—
2024.
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Figure 4: Anomaly detection on residuals from
the baseline model.
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