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Abstract.

Understanding how climate change affects marine primary productivity requires examining the evolving causal relation-
ships between physical and biogeochemical processes. We applied the PCMCI+ causal discovery algorithm to investigate how
the mechanisms controlling Net Primary Productivity (NPP) in the North Atlantic Subpolar Gyre evolve under different cli-
mate scenarios across five Earth System Models. Using 100-year sliding windows, we compare causal relationships in future
scenarios against pre-industrial conditions, focusing on the roles of mixed layer nutrients, vertical mixing and horizontal trans-
port. Our analysis reveals three main categories of relationship evolution: the emergence of links, the disappearance of links,
and changes in link strengths. For example, while the link between stratification and NPP emerges under climate change in
CanESM5-CanOE, it strengthens in CMCC-ESM2 and remains stable with moderate to high intensities in other models. At the
end of the 21st century, the spread between models regarding the effect of stratification on NPP is reduced compared to pre-
industrial conditions, suggesting a reduction in inter-model uncertainty. However, the transport and vertical mixing controls on
the supply of nutrients to the mixed layer exhibit a more diverse evolution among the ESMs studied. The CMCC-ESM2 model
has a strengthening of the relationships between winter vertical mixing and nutrients, while IPSL-CM6A-LR and CanESM5-
CanOE show weakening of these relationships. Furthermore, the evolution of the link between nutrient supply to the mixed
layer for NPP exhibits a large variability between models. These divergent pathways reveal that the dynamics of nutrients has
uncertain evolution between models. Lastly, model-specific dynamics are also observed, such as the strengthening of the link
between horizontal transport and the nutrient content of the mixed layer in IPSL-CM6A-LR. Together with the decreasing
strength of the vertical mixing/nutrients link, this suggests the presence of compensation mechanisms and a shift from vertical
mixing dominance to enhanced horizontal transport control over the course of the scenario. These findings offer mechanistic
insights into the dynamics of ESMs, specifically in the evolving relationships between physical and biogeochemical processes
that shape the projections of NPP and nutrients. The causality-based approach identifies mechanisms that traditional analyses

miss, offering a novel framework for model intercomparison and understanding ecosystem responses to climate change.
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1 Introduction

Earth System Models (ESMs) are powerful tools for projecting future climate states and understanding complex Earth sys-
tem interactions (Séférian et al., 2020; Vautard et al., 2021; Tsujino et al., 2020; Ukkola et al., 2020). Although these models
have shown considerable skills in simulating historical and present-day dynamics, including ocean physics and marine biogeo-
chemistry, significant uncertainties persist in their projections of future conditions. (Kwiatkowski et al., 2020; Tagliabue et al.,
2021; Turnock et al., 2020; Ukkola et al., 2020). These uncertainties stem from two primary sources: the inherent uncertainty in
future emission scenarios and the structural differences between models. The latter arise from varying model architectures, spa-
tial resolutions, selections of complex physical and biogeochemical processes and their parameterizations(Bonan and Doney,
2018; Zelinka et al., 2020). In particular, for net marine primary productivity (NPP), the spread between models exceeds the
uncertainty based on scenarios (Kwiatkowski et al., 2020) — a pattern that stands in stark contrast to other projected variables
such as the sea surface temperature (Bopp et al., 2013; Kwiatkowski et al., 2020). This uncertainty highlights the complexity
of physical-biogeochemical interactions in models and calls for an investigation of how these processes are represented across
different ESMs.

NPP variability arises from a complex cascade of interactions between atmospheric, physical, and biogeochemical processes.
This cascade begins with atmospheric processes, which drive ocean dynamics through heat and momentum exchanges (Large
and Yeager, 2012; Bishop et al., 2020), influencing large-scale circulation patterns and local vertical mixing processes(Martinez
et al., 2011; Damerell et al., 2020). These physical mechanisms, in turn, govern nutrient availability (Steinhoff et al., 2010;
D’ Asaro, 2008; Williams et al., 2006) — key determinants of marine primary productivity. Winter vertical mixing is a critical
component of this chain. It serves as the primary mechanism for replenishing surface waters with nutrients from deeper layers
(D’ Asaro, 2008; Williams et al., 2006), thus setting the biogeochemical conditions for vigorous spring blooms characteristic
of temperate subpolar regions.

The subpolar North Atlantic emerges as a particularly relevant region for investigating these interconnected processes,
hosting highly productive ecosystems characterized by intense spring blooms and pronounced seasonal cycles. This region has
its own distinct mode of variability: the North Atlantic Oscillation (NAO) dominates atmospheric variability, driving changes
in wind patterns, heat fluxes, and precipitation that directly influence ocean dynamics(Hurrell et al., 2003b; Khatri et al., 2022).
The North Atlantic Subpolar Gyre and the North Atlantic Current are key features of the regional circulation. Both play crucial
roles in the horizontal transport and mixing of water masses that bring nutrients to the area (Pelegri et al., 2006). Climate
change is already leaving its mark on this system, with documented freshening and cooling trends (Holliday et al., 2020) that
have the potential to modify circulation patterns and, consequently, nutrient distributions (Hétun et al., 2017; Tagliabue et al.,
2021). Notably, this region exhibits some of the largest inter-model disagreements in NPP projections (Tagliabue et al., 2021).
This uncertainty stems not only from differences in the representation of biogeochemical processes but also from varying
representations of physical mechanisms that drive nutrient supply and biological productivity. These characteristics make the
subpolar North Atlantic an ideal case study for investigating how different models represent the complex chain of interactions

leading to NPP variability, and how these representations contribute to uncertainty in future projections.
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Recent observational and modelling studies have highlighted several significant changes in a warming climate. The inten-
sification of upper-ocean stratification, projected to increase by 16-30% globally by 2100 (Fu et al., 2016), emerges as an
important driver of change, potentially inhibiting nutrient replenishment during productive periods and consequently affect-
ing bloom dynamics (Behrenfeld et al., 2006; Bopp et al., 2013). Additionally, alterations in ocean circulation patterns are
reshaping nutrient transport, with implications for regional productivity (Hatdin et al., 2017; Whitt and Jansen, 2020; Williams
etal., 2011). However, the representation and relative importance of these mechanisms vary among ESMs (Fu et al., 2016) due
to model-specific structural characteristics and parametrizations. Fundamental differences in the representation of physical-
biogeochemical interactions may contribute to the large spread in future NPP projections for this region (Tagliabue et al., 2021;
Kwiatkowski et al., 2020; Fu et al., 2016). Our study examines the influence of the temporal evolution of vertical mixing and
horizontal transport on nutrient availability and the subsequent control of nutrient variability on NPP in the subpolar North
Atlantic across 5 ESMs and three emission scenarios (SSP126, SSP245, SSP585).

To disentangle these complex interactions and understand their potential evolutions under climate change, we use a causality-
based approach for model intercomparison. The present study builds on Bénard et al. (2025) who explored these interactions
in a pre-industrial simulation. By employing the PCMCI+ algorithm (Runge et al., 2019), this methodology enables the iden-
tification and quantification of causal relationships between key variables in the climate system. This approach goes beyond
traditional correlation-based analyses, allowing us to detect relationships that may persist, emerge, or disappear under different

climate change scenarios.

2 Data and methods

Our methodological approach consists in analyzing the evolution of causal relationships within a predefined conceptual scheme
linking the physical and biogeochemical variables of the Eastern part of the North Atlantic Subpolar Gyre under different cli-
mate scenarios. We apply the PCMCI+ algorithm multiple times using a sliding window approach to examine how causal links
evolve progressively from pre-industrial conditions to future projections. This strategy allows us to address non-stationarity
inherent to climate change scenarios while keeping long enough time periods to detect changes in the system’s causal structure.
A brief presentation of PCMCI+ principles is given in the following subsection, followed by the description of the selected

variables and our temporal analysis protocol.
2.1 PCMCI+

To investigate the causal links among variables, we employ the PCMCI+ method (Runge et al., 2019; Runge, 2020), following
the approach detailed in (Bénard et al., 2025). PCMCI+ is a causal discovery algorithm based on Granger causality that iden-
tifies both contemporaneous and time-lagged relationships between multiple variables. The algorithm creates a causal graph
where nodes represent variables and edges represent causal links, with each link characterized by its lag (0 for contemporaneous

relationships) and strength (ranging from -1 for the strongest negative link to 1 for the strongest positive link).
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The algorithm proceeds in two main steps: (1) the PC (Peter & Clark) step, which iteratively tests conditional independence
between variables to eliminate spurious links and obtain a set of parent variables; and the (2) MCI (Momentary Conditional
Independence) step, which tests the influence of more distant variables through the examination of relationships with the
explanatory variables of the parents previously identified. For a comprehensive description of the algorithm, including details
of the mathematical framework and its implementation, we refer the reader to Runge et al. (2019) and Bénard et al. (2025).

In the following, the maximum lag value is set to 7' = 3 years to investigate lagged interactions within the interval [[0,77].

The algorithm uses False Discovery Rate control (Benjamini and Hochberg, 1995) to determine the statistical significance of
causal links, rather than relying on a predetermined minimum strength threshold. This significance will be a criteria to charac-
terize emerging links (non-significant links that become significant) or disappearing links (links that become non-significant).

For each PCMCI+ run (i.e., on each sliding window), we record the minimum strength value among all significant links
detected. When aggregating multiple causal graphs together (e.g., when averaging causal graphs obtained from n consecutive

years), we establish a threshold by calculating the average of these minimum significant strengths across multiple runs.
2.2 Variables selected

We selected a set of 5 Earth system models : IPSL-CM6A-LR (Boucher et al., 2020), CESM2 (Danabasoglu et al., 2020),
CMCC-ESM2 (Lovato et al., 2022), UKESM1-0-LL (Sellar et al., 2019; Yool et al., 2021) and CanESM5-CanOE (Christian
et al., 2021; Swart et al., 2019). The biogeochemical models in those ESMs share a similar complexity: they include at least 2
phytoplankton functional types (PFT) with model-specific parameterisations of interactions between PFTs, as well as nutrient
limitation of phytoplankton growth. Details on these ESMs are given in the supplementary.

Building upon (Bénard et al., 2025), we focus on the eastern subpolar gyre with a specific set of variables. This region
exhibits significant sensitivity to climate change, with a strong spread in projected NPP values (Kwiatkowski et al., 2020;
Tagliabue et al., 2021). While (Bénard et al., 2025) established the causal relationships under pre-industrial conditions, here
we examine how these relationships evolve under climate change.

The intensity of the spring bloom is the target variable, which is defined by the maximum NPP reached during the bloom.
Nutrient availability contributes to controlling the intensity and duration of the spring bloom. We analyze four nutrients:
nitrate, silicate, dissolved iron, and phosphate. Deep winter mixing establishes the nutrient inventory in the euphotic zone by
entrainment of nutrients from deeper layers. In our analysis, it is represented by the maximum winter mixed layer depth (MLD).
Stratification during the bloom inhibits the upward mixing of nutrients which ultimately contributes to limit its intensity and
duration. In addition to the vertical processes that inject nutrients at the base of the mixed layer, nutrients are contributed by
horizontal advection which is represented by the gyre circulation and transport across a section. This section is selected to
capture the intense circulation along the southern boundary of the subpolar gyre in every ESM. Specifically, we aim to quantify
the nutrient input from the North Atlantic Current (NAC) branch that feeds into the eastern part of the subpolar gyre. The North
Atlantic Oscillation (NAO) acts as the primary atmospheric driver, influencing these physical variables through its control over

regional climate variability.
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Variables were processed as time series of annual means from monthly model outputs. For NPP, we focused on the maximum
value reached during the spring bloom. To capture the pre-bloom nutrient stock available for the spring bloom, the maximum of
nutrient concentrations in the upper 100 m water column reached before bloom initiation is diagnosed. The start of the bloom
is determined using a threshold method (Brody et al., 2013), defined as the first month when NPP exceeds the median value
plus 5%.

For MLD the maximum value reached during November-April, the period preceding the bloom, is used. The NAO index is
computed by identifying persistent high and low pressure zones (Hurrell et al., 2003a) across the North Atlantic and calculating
their pressure difference during the bloom period. Gyre strength is quantified using a 7.5 Sverdrup threshold on the barotropic
streamfunction integrated over 2000 m depth, averaged from bloom start to peak. Stratification is measured as the density
difference between 100 m depth and the sea surface during bloom. All processed variables are centered (zero mean) and scaled
(unit standard deviation) before further analysis. For a more detailed version of data processing, we refer to (Bénard et al.,
2025).

The transport variable is built to capture the eastward transport originating from the North Atlantic Current (Rossby, 1996).
It is calculated as the nutrient transport across a fixed section at 33°W between 46.5°N and 57.5°N. It is calculated over the
upper 100 m of the water column for sake of consistency with the depth range used for the analysis of the concentration of
nutrients. For each model grid point along the section, transport of nutrients is calculated by multiplying zonal velocities with
nutrient concentrations. This refined approach compared to Bénard et al. (2025) allows us to better isolate the contribution of
horizontal advection to nutrient availability in the eastern subpolar gyre. This region is of particular relevance in the context of
climate change as circulation patterns might evolve.

The graphs of causal relationships will be explored separately for each nutrient (nitrate, dissolved iron, silicate and phos-
phate). We anticipate that the strength of nutrient-productivity relationships will evolve differently for each nutrient, reflecting

changes in limiting factors under climate change.
2.3 From Pre-industrial and historical simulations to future scenarios

Historical simulations (1850-2015) combined with three future scenarios (2015-2100) of increasing radiative forcing are ana-
lyzed: SSP126 (low), SSP245 (medium), and SSP585 (high) (Riahi et al., 2017). This range of scenarios allows us to investigate
the progressive impact of climate change on causal relationships within the physical-biogeochemical system.

A key methodological challenge in this study stems from the non-stationarity inherent to climate change scenarios, which
conflicts with the stationarity assumption of PCMCI+ (Runge, 2020). Non-stationarity can affect our analysis through multiple
mechanisms: it can invalidate the assumption of stable relationships in linear regressions, alter the underlying distributions
that statistical tests rely on, and potentially create spurious partial correlations due to shared anthropogenic forcing trends. To
address these challenges, we implement a sliding window approach rather than analyzing the full 250-year period. We apply

PCMCI+ to each successive 100-year window, which helps to:

— Reduce the impact of non-stationarity within each analysis window,
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— Enable the investigation of temporal evolution in causal relationships,
— Provide a distribution of link strengths for each causal link under different scenarios.

As a reference for the end of the scenario, we focus on the last 35 sliding windows, as more than half of the years in these
windows belong to the scenario period, making them most representative of the final scenario state. We examined the perfor-
mance of PCMCI+ according to the length of time-series with auto-regressive vectors. Our sensitivity analysis (not shown)
demonstrated that, although the links discovered are still similar, shorter time series produce higher estimation errors in link
strength. This justifies our choice of 100-year windows as a compromise between minimizing non-stationarity effects and
maintaining sufficient sample size for robust causal discovery. For comparison with natural variability, we apply the same
sliding window approach to the pre-industrial control simulation. This allows us to compare distributions of link strengths
between pre-industrial and future scenario runs. The statistical significance of changes is assessed using both the Cramer-von
Mises test (Anderson, 1962) for distributional changes and t-tests (Kim, 2015) for shifts in mean values. We also use the pre-
industrial range (Minimum and maximum values reached) of strength to characterize emerging and disappearing links. This
approach enables us to distinguish climate change-induced alterations in causal relationships from internal variability. Note
that for CESM2 we do not have access to compatible simulations for both pre-industrial and future scenarios. Therefore, for

this model, we do not compare results to the pre-industrial distribution.

3 Results

This section presents selected causal links between physical and biogeochemical variables and their temporal evolution across
climate scenarios. First we examine the evolving contribution of nutrient variability to NPP. Next we investigate the changing
influence of vertical mixing and advective transport of nutrients to NPP. The analysis relies on the causal graphs obtained from
PCMCI+.

The multiple causal graphs obtained by applying the 100-year sliding window enable the comparison between pre-industrial
conditions and the historical period. Taking results for CanESM5-CanOE as an example, Figure 1 illustrates a causal graph
obtained under pre-industrial conditions and the mean causal graphs representative for each SSP scenario. The latter are derived
from the 35 last sliding windows. This figure illustrates the major changes in causal relationships, which can be characterized

as:
— Emerging links: relationships becoming significant;
— Disappearing links: relationships becoming non-significant ;

— Changes in strength: relationships with mean values significantly different from pre-industrial values sometimes reaching

values outside the range of pre-industrial strength.

In the following, we mainly use the CanESMS5-CanOE model for illustration. The complete set of causal graphs for all

models is available in the supplementary materials (Figure S1-S4).
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3.1 Evolving role of nutrients

The analysis of causal relationships between nutrients and productivity reveals a diversity of responses to climate change.
The complete results for all models are synthesized in Table 1, which presents the trends, the proportion of points outside the

pre-industrial distribution, the significativity of the relationships, and their intensity.

Table 1. Summary of nutrient-productivity relationships. Values and trends are given in the order of scenarios SSP126/SSP245/SSP585.
Trends are indicated by + (positive), - (negative), O (stable), and with doubled signs (++ or ——) for strong trends (> 1 x 10~%). Bold
numbers indicate a high proportion of significant strengths (>30/35 points). “Outside PI” corresponds to the number of points (out of 35)
outside the pre-industrial value range. “Sig.” counts the number of significant points among the 35 last values. Mean intensity value for the
last 35 values are given for each scenario. Missing pre-industrial data for CESM2, Non-Assigned (NA) values for this model for “Outside

pP1”.

Model Nutrient Trend Outside PI Sig. Intensity
CanESMS.CanOE Iron +H/+H++ 19/18/0 31/35/24  0.55/0.55/0.35
Nitrate ++/++/++  33/33/35  34/34/35  0.55/0.55/0.6
Iron +++/0 3/35/0 35/35/30  0.55/0.65/0.45
IPSL-CM6A-LR Nitrate -1+ 0/0/29 30/35/35  0.45/0.55/0.6
Silicate -/-1++ 8/6/35 17/29/35 0.4/0.5/0.6
Phosphate -10/++ 0/0/13 26/35/35  0.40/0.50/0.65
Iron -/ /- - 29/1/18 0/0/0 -
CMCC-ESM2 Nitrate 0/0/- - 6/0/12 22/27/19  0.4/0.45/0.3
Silicate -/ /- - 11/18/19  21/15/14  0.35/0.3/0.2
Phosphate 0/0/- 3/0/4 19/28/19  0.40/0.50/0.35
Iron ++/++/++ NA 0/0/0 -
CESM2 Nitrate +H/++/+ NA 1/4/0 -
Silicate +H/+++ NA 0/0/0 -
Phosphate ~ ++/++/++ NA 4/13/0 -
Iron ++/- 0/9/28 0/0/0 -
UKESM1-0-LL Nitrate ++/+++ 3/0/0 35/35/35  0.8/0.8/0.75

Silicate A+ 1/0/0 35/35/35 0.8/0.8/0.75
Phosphate ~ ++/++/+ 4/0/0 35/35/35  0.80/0.80/0.75

We analyze the contribution of nutrient variability to projected variability of NPP for four key nutrients: iron, silicate, nitrate
and phosphate. Our analysis reveals that the dynamics between these nutrients and productivity varies significantly between
different models and even within the same model between different nutrients.

For example, the CanESMS5-CanOE model exhibits varying evolutions with time of the link between nitrate, respectively,
iron and NPP (silicate and phosphate are not available for this model) between scenarios. The results are shown in Figure 2,

where the scatter plots depicting the evolution of strength are flanked by histograms representing the distribution of strength



https://doi.org/10.5194/egusphere-2025-4680
Preprint. Discussion started: 13 November 2025
(© Author(s) 2025. CC BY 4.0 License.

Link strength Link strength

Link strength

Figure 2. Evolution of the link nutrient/net primary productivity for each scenario for CanESM5-CanOE. Each row corresponds to a scenario.
The first column corresponds to nitrate and the second one to iron. On the leftmost part of each column, the grey histograms illustrate
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indicating non-significant and green indicating significant relationships. Additional red histograms (rightmost part of each column) display

no3 - SSP126

EGUsphere®

dfe - SSP126

0.7
0.6 1
0.5
0.4 1
0.3 1
0.2 1

0.1

F R
¢ 8°
L
K

P, |

A ————
7
s Vs
2
oan *

SR ]

1900 1925 1950 1975 2000 2025 2050

no3 - SSP245

dfe - SSP245

1900 1925 1950 1975 2000 2025 2050

0.7 1
0.6
0.54
0.4
0.3 1
0.2 1

0.1

r—————
®
8,

e
:

|

1925 1950 1975 2000 2025 2050

no3 - SS5P585

1900 1925 1950 1975 2000 2025 2050

dfe - SSP585

0.7 -
0.6 -
0.5 1
0.4 -
0.3 -
0.2

0.1 4

Fmm———————y
3

Pind

1900 1925 1950 1975 2000 2025 2050

Year

Scen

Pind

1900 1925 1950 1975 2000 2025 2050

Year

the distribution of the relationship strength, based on the last 35 windows of the scenario.

Scen




195

200

205

210

215

220

225

https://doi.org/10.5194/egusphere-2025-4680
Preprint. Discussion started: 13 November 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

under pre-industrial conditions (left) and future scenario (right). The relationship between iron and productivity maintains
strength values within the pre-industrial distribution, suggesting relatively stable dynamics. We nevertheless note a positive
trend between 1920 to 2030 for SSP126 and SSP245 with a strength of about 2.2 x 10~2 per year. To the contrary, nitrate
shows a clear emerging dynamic (starting to be significant in 1960). We observe an increase in strength mostly over the
historical period reaching values of approximately 0.6 under climate change scenarios (Table 1). Trends from the start of the
simulation to 2020 vary between scenarios, with the weakest trend computed for SSP126 (3 x 102 per year), followed by
SSP245 (3.7 x 1073 per year), and SSP585 (4.4 x 103 per year). These results suggest that in the CanESM5-CanOE model,
nitrate variability is playing an increasingly important role in controlling the variability of NPP.

Changing interactions in response to climate change were also obtained for IPSL-CM6A-LR and CMCC-ESM2. The
strength of the link between between nitrate and NPP increased in IPSL-CM6A-LR under SSP585. There is a positive trend of
3.7 x 10~% per year reaching values outside of the pre-industrial range at approximately 0.6 (Table 1). The link silicate — NPP
and phosphate — NPP exhibit even stronger trends of respectively 1.7 x 1073 and 1.1 x 10~3 per year, also reaching values
outside the pre-industrial range of approximately 0.6 for silicate and 0.65 for phosphate (Table 1). For the other scenarios,
the strength remains stable. No significant trend is found for the evolution of the link between NPP and iron under SSP585.
However, around the year 2000, the strength peaks at 0.65 (outside of the pre-industrial range). The same increase is obtained
in response to SSP245 but values remain around 0.65 until the end of the scenario (Table 1).

While a positive trend in strength suggests an increasing contribution of nutrients to the modeled variability of NPP, the
inverse is also found. CMCC-ESM2 also has different dynamics in response to SSPs with disappearing links. Considering only
the significant links, CMCC-ESM2 stays inside the pre-industrial range. However, when we also look at the non significant
links, there is an important decline over the last years for nitrate, phosphate and silicate. Over the period 2020-2050, a negative
trend is obtained in all scenarios: —1.8 x 1072 to —1.4 x 10~2 per year for nitrate, —2.0 x 1072 to —1.7 x 10~2 per year
for silicate; —1.9 x 1072 to —1.3 x 102 per year for phosphate. This relationship is not significant in the last years for each
scenario, however, the strength reaches values that are outside the pre-industrial range. A decreasing contribution of nutrients
to the control of NPP variability under climate change is a unique feature of CMCC-ESM2 (albeit considering non significant
causal links).

Considering the other models, UKESM1-0-LL has unchanged dynamics with values inside the pre-industrial range, but still
has a null or positive trend for their strength. Lastly, CESM2 has links that stays mostly non significant.

The results for each nutrient are summarized in table 1.
3.2 Evolving role of the vertical mixing

The impact of stratification on productivity varies between models. Some models project unchanged dynamics, while others

show evolving relationships under climate change scenarios. The complete results for all models are synthesized in Table 2.
In models with unchanged dynamics, such as UKESM1-0-LL, the link between stratification and NPP remains stable.

However, this does not imply that climate change has no impact. For example, under the SSP585 scenario, the intensity of

the variable stratification increase with a trend of 4.9 x 10~3 per year, while the variable NPP decreases with a trend of

10
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—2.6x 1072 mol -m~2 - s~ ! per year. Dividing these trends by the mean value of each variable to compare them, we obtain
very similar normalized trends: 0.013 per year for stratification and -0.012 per year for productivity. Given the strong causal
link between the two (approximately -0.7), this close relationship between trends in underlying variables can be expected. The
variable trends for all the models are indicated in the supplementary (Figures S5-S9).

While a strong correlation between increasing stratification and decreasing productivity was reported before and without
relying on a causality-based approach (Lozier et al., 2011), PCMCI+ allows for the identification of models with changing
dynamics. As hypothesized in (Bénard et al., 2025), ESMs lacking a negative link between stratification and net primary pro-
ductivity under pre-industrial conditions may see an emerging link as climate change progresses. This is observed in CanESM5-
CanOE and CMCC-ESM2 (Table 2). For CanESM5-CanOE, the evolution of the link strength under the different scenarios is
illustrated in Figure 3. Across all the scenarios, the link deviates from the pre-industrial distribution in recent years, reaching
a significant strength of approximately -0.4. The trend in the strength of this relationship, calculated from 1940 to the end of
the simulation period, is between —4.5 x 10~3 per year and —4.9 x 102 per year depending on the scenario. CMCC-ESM2
exhibits a similar pattern across all scenarios, with a significant negative link between stratification and primary productivity
outside the pre-industrial distribution, also reaching a strength of approximately -0.4 (Table 2). However, the evolution occurs
more rapidly over a shorter period. The trend from 1940 to 1970 ranges from —1.25 x 10~2 per year to —1.45 x 1072 per year
depending on the scenario. The peak of strength is centred around 1980, and in the SSP126 scenario, values return inside the
pre-industrial range during the final years.

In CanESM5-CanOE and CMCC-ESM2 climate change causes an increase in stratification along with a strengthening of the
relationship between stratification and net primary productivity. Consequently, stratification becomes a crucial control for NPP
in these models. Lastly, unchanged links are found for IPSL-CM6A-LR and CESM2. IPSL-CM6A-LR has a strong negative

link and CESM2 has a low non-significant link both within their respective pre-industrial distribution.

Table 2. Summary of stratification-NPP relationships. Trend indicators, significance, and formatting are similar to Table 1. Values in brackets

indicate the ranges observed for the three nutrients. NA indicates data not available.

Model Trend Outside PI Sig. Intensity
CanESM5-CanOE~ ——/——/—— 35/[30-35]/[28-35] [12-171/11-12)/[0-11] -0.35
IPSL-CM6A-LR +++ 0/0/0 35/35/35 -0.6/-0.65/-0.65
CMCC-ESM2 ——f——/—— [0-12]/[1-18]1/[2-30] [0-30]/[7-35]/[10-33]  -0.25/-0.3/-0.4
CESM2 4+ ++ NA 0/0/0 -
UKESM1-0-LL -/-1- [26-31]/[34-35]/[6-18] 35/35/35 -0.75/-0.7/-0.7

For IPSL-CM6A-LR, the link between stratification — and NPP is unchanged. It remains significant and strong (Table 2)
between -0.6 and -0.65. Although this is comparable to the relationship observed in UKESM1-0-LL, underlying variables ex-
hibit different trends in IPSL-CM6A-L. Under SSP285, the normalized trend for stratification is 5 x 10—3 per year compared
to a non significant NPP trend (Figure S5). The stronger trend in stratification suggests the presence of compensatory mecha-

nisms that mitigate the expected negative impact of stratification on NPP. The maintenance of nutrient availability to fuel NPP
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appears to be the main explanation for this resilience. Indeed, the trends in nutrient concentrations under the SSP585 scenario
remain relatively low and non-significant (between —1 x 10—4 and —7 x 10—4 depending on the nutrient, Figure S5). These
trends are much closer to the NPP trend than to the stratification trend.

One of the main factors controlling nutrient concentrations is the variability of winter MLD. The results for the link MLD
— nutrient for all models are presented in Table 3. The CMCC-CESM2 exhibits an increase in strength for the link MLD
— nitrate and MLD — silicate. From 1940 to the end we observe a significant trend ranging from 2.6 x 10~2 per year to
2.95 x 1073 per year for nitrate and a significant trend ranging from 3 x 1073 to 3.5 x 10~ per year for silicate. In both cases,
values outside of the pre-industrial range are reached: about 0.7 for nitrate and 0.8 for silicate (Table 3).

The CanESM5-CanOE shows a decreasing strength for the link MLD/nutrient reaching values out of the pre-industrial
distribution for iron of approximately 0.6 (Table 3). The trend from 1980 to the end for the strength of the link between
MLD and iron is at approximately —3 x 10~3 per year. The MLD variability starts to lose control over iron concentration.
For IPSL-CMO6A-LR, the strength of the causal links also decreases over time. Negative trends are obtained over the entire
period ranging between —1.2 x 1073 and —2.1 x 10~2 per year for nitrate, silicate and phosphate, and between —3.3 x 10~3
and —4.8 x 1073 for iron. However, as shown in Table 3, despite this weakening, the links remain significant and strong for
most nutrients with strengths between 0.55 and 0.75 for nitrate, silicate and phosphate. For iron, the link is weaker (between
0.2 and 0.4). Winter MLD is shoaling in response to climate change with a strong trend of —4.5 x 10~3 under SSP585.
Given the causal links observed, nutrients should also be decreasing but the trends are not similar to MLD. The apparent
weak control of stratification and winter MLD in IPSL-CM6A-LR on NPP is due to the compensation by horizontal transport
bringing nutrients to the zone of study. In Figure 4, shows the evolution of the link strength for each nutrient and scenario. The
relationship between horizontal transport and nutrient availability strengthens considerably. For nitrate, silicate and phosphate
this relationship becomes significant in recent years, with values falling outside the pre-industrial range. The trend of the
increase in link strength between 2020 and the end of the simulation ranges from 3 x 1073 to 9.5 x 10~ per year depending
on the scenario and nutrient. For iron, although the link is not yet significant, a similar trend of approximately 4.3 x 10~2 per
year is observed across all scenarios.

The transport mechanism begins to exert greater control over the distribution of nutrients distribution as climate change
scenario unfolds. In the meantime the transport under SSP585 is increasing substantially (Figure S5). The combination of these
two changes - an increase in transport rates and a strengthening relationship between transport and nutrients - can compensate
for the impact of decreasing MLD and increasing stratification through the advection of nutrients with the gyre circulation in
the IPSL-CM6A-LR.

This analysis reveals a shift in the dynamics of nutrient supply. While the winter mixing impact weakens, the role of hori-
zontal transport in supplying nutrients gains prominence. This shift helps explain how nutrient availability can be maintained

despite reduced vertical mixing, thereby moderating the expected decline in primary productivity under increased stratification.
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Table 3. Similar to 1 but for the relationship between MLD and nutrients.

Model Nutrient Trend Outside PI Sig. Intensity
Nitrate —/—/— 21/12/25  34/35/35  0.55/0.60/0.60
IPSL-CM6A-LR Silicate —/—/- 12/3/2 35/35/35  0.70/0.70/0.75
Phosphate /- 14/11/6 34/35/35  0.55/0.60/0.60
Iron /- 35/35/35 19/0/35  0.35/0.20/0.40
Nitrate ++/++/++  29/14/24  35/35/35  0.70/0.65/0.70
CMCC-ESM2 Silicate ++/++/++  35/35/33  35/35/35  0.80/0.80/0.75
Phosphate  ++/++/++  35/27/20  35/35/35  0.70/0.65/0.60
Iron +-1+ 0/15/2 35/20/33  0.55/0.40/0.50
Nitrate -+~ 3/2/0 35/35/35  0.75/0.85/0.75
CanESM5-CanOE  Tron —/—/— 23/31/32  35/35/35  0.70/0.70/0.70
Nitrate —/-1- 0/0/0 35/35/35  0.45/0.50/0.50
UKESM1-0-LL Silicate -[++ 0/0/0 35/35/35  0.65/0.70/0.70
Phosphate —/-1- 0/0/0 35/35/35  0.45/0.50/0.50
Iron +H+++ 0/0/0 0/0/0
Nitrate 0/-/- NA 35/35/35  0.80/0.70/0.75
CESM2 Silicate +/0/0 NA 35/35/35  0.80/0.70/0.70
Phosphate -/-1- NA 35/35/35  0.75/0.75/0.75
Iron +/-/0 NA 35/20/35  0.65/0.35/0.50

4 Limitations and Discussion
4.1 Limitations

The choice of 100 years long sliding windows has consequences on the results obtained. Our methodology cannot capture the
290 dynamics of short-term nutrient limitation or regime shifts occurring within a 100-year period. However, it enables the detection
of long-term trends in nutrient limitation and their significance for NPP. For instance, the IPSL model exhibits substantial
changes in silicate relationships with NPP, while nitrate shows smaller variations compared to pre-industrial conditions. Given
that diatom production remains relatively stable in our study region for this model (not shown), these patterns do not reflect
shifts in diatom abundance but rather indicate an increasing tendency for silicate to become limiting compared to pre-industrial
295 conditions. This capability to identify which nutrients are becoming more or less limiting over centennial timescales represents
a strength of our approach. It provides insights into the evolving role of each nutrient that complement other studies focusing on
nutrient limitation patterns at smaller timescales. For example, Laufkétter et al. (2015) observes changes in nutrient limitation
regimes in different ESMs by analysing 20-years period. Our 100-year sliding window approach represents a methodological
compromise. On the one hand, preliminary tests (not shown) indicated that 100-year windows provide accurate link strengths.

300 On the other hand, this window size faces challenges with the non-stationarity inherent to climate change scenarios.
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Figure 4. Similar to Figure 2 but for the link between transport and nutrient concentrations for IPSL-CM6A-LR.

As defined by Runge (2018), the stationarity required for causality analysis demands that conditional independence relation-
ships between variables remain invariant over time. This definition is less restrictive than classical stationarity which requires
stability in mean, variance, or spectral properties (Runge, 2018). However, in the context of climate change, even this weaker
form of stationarity can be violated with anthropogenic forcing acting as a common non-stationary signal. This shared non-

305 stationarity can lead to spurious links in the causal graph, as demonstrated by Runge (2018) (e.g., in the case of variables
sharing a common trend). Our use of 100 years sliding windows aims to mitigate this issue by restricting the analysis to pe-
riods where non-stationarity is less pronounced and results from PCMCI+ are reliable. This choice can still be improved and
especially on another point not mentioned by Runge (2018). If the interaction between two variables X and Y changes regime
during the analyzed period, shifting for example from a relationship X = aY to X = oY, our sliding window method will

310 capture an intensity between « and «’. This value, while statistically robust, reflects neither the initial nor the final state of the
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relationship. This characteristic is particularly well-suited for investigating long-term biogeochemical trends and century-scale
shifts rather than transient fluctuations. Such an approach complements shorter-term studies by revealing whether observed

changes represent temporary variability or sustained shifts in marine ecosystem dynamics.
4.2 Discussion

Understanding the impact of climate change on marine ecosystems requires both trend analysis and understanding of underly-
ing dynamics. Looking at trends alone, without understanding changes in dynamics, provides an incomplete picture. Similarly,
analyzing variables without quantifying their influence on other variables would limit our understanding of the impacts of
climate change. Our causality analysis complements previous studies by identifying which environmental drivers lead to NPP
changes and how their dynamics differ from pre-industrial conditions. For instance, while Tagliabue et al. (2021) could only
suggest the drivers of a changing NPP (stratification, transport of nutrient), our analysis quantifies how the role of the nutrient
transport evolves in IPSL-CM6A-LR.

The definition of transport through a fixed section at 33°W represents a methodological improvement compared to the
approach used in Bénard et al. (2025), where integrated incoming fluxes to the area of study were considered. Our results show
a stronger transport which aligns with the eastern current intensification identified by Sonnewald and Lguensat (2021).

This strengthening relationship creates a compensatory mechanism against the negative effects of increasing stratification.
Indeed, the link “stratification — NPP” is strong in IPSL-CM6A-LR. However, the emergence of this “transport — nutrient”
relationship helps moderate productivity declines, contrasting with models like UKESM1-0-LL where NPP strongly declines
and the “stratification — NPP” link dominates without apparent compensation.

The results concerning nutrient availability in IPSL-CM6A-LR also highlight fundamental limitations for the application
of emergent constraints. Emergent constraints rely on the assumption that observable relationships in current climate remain
valid predictors of future responses (Williamson et al., 2021). However, our results demonstrate that the causal mechanisms
governing nutrient availability are non-stationary under climate change, with causal relationships that can emerge or disappear
depending on the model. This finding reflects a broader issue with emergent constraints. Schlund et al. (2020) showed that
emergent constraints derived from CMIP5 models largely failed when applied to CMIP6, with most constraints losing statistical
significance. They attributed this degradation to the emergence of new feedback processes in more complex models that were
not dominant in earlier generations. Similarly, our analysis reveals shifts in biogeochemical processes: transport mechanisms
can become increasingly important for nutrient distributions while the influence of MLD decreases, though this transition varies
across models.

The heterogeneous evolution of causal relationships between models suggests that the traditional emergent constraints ap-
proach might be inadequate for marine biogeochemical projections. Instead, a new generation of conditional emergent con-
straints should be developed, accounting for model-dependent shifts in causal mechanisms under climate change.

Concerning the link “stratification — NPP”, our analysis reveals a convergence of models toward a consensus under climate
change. Models that initially exhibited weaker stratification-NPP links show increasing intensities over time, thereby narrowing

the dispersion between model. This result is consistent with Fu et al. (2016) where stratification co-varies with NPP under
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climate change in most of the ESMs studied. Moreover, our analysis reveals that the stratification-productivity is a smaller
source of uncertainty compared to pre-industrial simulations, suggesting that enhanced stratification impacts represent a robust
feature of future ocean productivity changes across the models.

In contrast to the consensus on stratification effects, the link “mixed layer depth — nutrients ~” shows a more dispersed evo-
lution in reponse to climate change, with two models displaying weakening relationships and one intensification. This lack of
agreement suggests that mixed layer dynamics represents a greater source of inter-model uncertainty compared to pre-industrial
simulations. Similarly, nutrient relationships with NPP display comparable inconsistencies across models, with weakening and
intensifying links. The role of nutrients for productivity and their source through mixed layer depth dynamics both exhibit
dispersed evolution across models, representing a greater source of uncertainty compared to pre-industrial conditions.

Additional results not presented here also demonstrate the critical role of variable selection in developing the conceptual
framework We identified the emergence of a link “NAO — stratification” for CMCC-ESM2 and CESM2. The shared atmo-
spheric component in CMCC-ESM2 and CESM2 likely drives their similar “NAO — stratification” link, emerging as climate
change progresses. This emergence may reflect the weakening of other stratification controls under climate change, making the
NAO effect more apparent. By considering a more complete set of variables adapted to this specific question (e.g., temperature,
salinity), Sallée et al. (2021) provides a deeper analysis of these stratification control mechanisms.

The emergence of such relationships with models sharing components raises the broader question of how common compo-
nents between models influence their response to climate change. This behavioral similarity between models sharing compo-
nents has been highlighted in several studies. Sittichok and Thepprasit (2022) and Lovato et al. (2022) identified commonalities
between CMCC-ESM2 and CESM2 in other aspects of their climate forcing response. Our analysis confirms the relevance of
such a comparative approach: not only do we observe similar responses from these two models in their atmospheric control
of stratification, but we had also identified similarities in their behavior in (Bénard et al., 2025). These results align with Pan
et al. (2023)’s recommendations, suggesting the importance of comparative analyses between groups of models sharing specific

components.

5 Conclusion and Perspectives
5.1 Conclusion

Causal relationship analysis in the eastern subpolar North Atlantic under different climate change scenarios revealed significant
evolutions in the mechanisms controlling primary productivity. Using 100-year sliding windows, systematically compared to
pre-industrial variability, we identified three major types of changes in causal relationships: the emergence of new significant
relationships, particularly visible in the stratification-productivity link, the strengthening of pre-existing connections, notably
in nutrient-productivity relationships, and the weakening of established relationships (e.g. the MLD-nutrient link).

These modifications are heterogeneous, as shown in the evolution of nutrient supply mechanisms. The role of nutrients
evolves distinctly across models, with notably increasing importance of nitrate in CanESM5-CanOE and silicate in IPSL-

CMO6A-LR. IPSL-CM6A-LR shows a marked transition from vertical mixing control to an enhanced role of horizontal trans-
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port. This reorganization maintains nutrient availability despite weakening winter mixing. Conversely, CMCC-ESM2 exhibits
strengthening mixed layer control over nitrate and silicate concentrations, with relationships reaching intensities exceeding
the pre-industrial distribution. Finally, CanESMS5-CanOE shows a weakening of mixed layer control without developing any
apparent compensatory mechanism. This demonstrates a significant diversity in responses to climate forcing.

This diversity in the evolution of control mechanisms provides new insights into the origin of uncertainty in primary pro-
ductivity projections for the eastern subpolar gyre. This region, identified by Tagliabue et al. (2021) as a region with high
inter-model spread in projections, has its uncertainty partially explained by our causal analysis. Models respond to climate
change through different mechanisms: some demonstrate the ability to maintain productivity through horizontal nutrient trans-
port, while others see their biological production more directly constrained by increased stratification. This identification of
different response pathways contributes to our understanding of the spread of model results in future projections and suggests

avenues for model improvements.
5.2 Perspectives

This study opens several avenues for future research to deepen our understanding of NPP variability under climate change.
While the role of subtropical waters as a source of nutrients has been discussed above, following Hatdn et al. (2017)’s findings,
analyzing other transports would provide a more complete picture of nutrient pathways in the eastern subpolar gyre.

Our analysis focused on total primary productivity, but examining different phytoplankton functional groups could provide
deeper insights into community reorganization under climate change. ESMs selected for this study include at least two different
phytoplankton functional types, allowing a first investigation of the responses of phytoplankton types to environmental drivers.
This analysis could reveal compensatory mechanisms between functional groups that might maintain overall productivity
despite community restructuring. Additionally, incorporating other key processes such as grazing pressure and light limitation
could help explain inter-model differences in NPP projections.

Future studies would benefit from incorporating additional biological variables to refine our understanding of ecosystem
responses. Doléac et al. (2025) demonstrates significant contributions of nitrate variability to diatoms and small phytoplankton
production across different ocean regions (specifically for the model CESM2 and UKESM1-0-LL). In contrast, our analysis fo-
cusing on the eastern North Atlantic subpolar gyre (which is not considered in Doléac et al. (2025)) reveals a strong nitrate-total
primary production relationship for UKESM 1-0-LL but not for CESM2. This difference could be due to the aggregation of phy-
toplankton functional groups in our study: while Doléac et al. (2025) examines separate phytoplankton groups, the use of total
NPP in the present study masks distinct responses of different functional groups. A causality analysis examining the “nitrate
— small phytoplankton production” link would be particularly valuable to confirm whether CESM2’s apparent insensitivity to
nitrate variations reflects genuine model behavior or results from compensatory effects between different phytoplankton groups
that become apparent only when analyzed separately.

Finally, the application of our causal methodology to observational data may be challenging due to data availability and the
limitations of the methodology discussed in (Bénard et al., 2025). However such an application would provide valuable model

evaluation opportunities and insights into the real-world dynamics.
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