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Abstract

The Temperature-Size Rule; a widely accepted bio-ecological principle, posits that ectothermic
organisms mature at a smaller body size in warmer steady state conditions. However, pelagic
cnidarians such as jellyfish and siphonophores consistently present an exception to this rule. This
paradox is observed with such cnidarians exhibiting neutral or even positive size responses to
warming conditions in both field and laboratory studies. This not only challenges the universality of
the Temperature-Size Rule but also conflicts with established endometric scaling models which
prioritize body mass as the primary determinant of metabolic rate. This paper seeks to propose a new
model that resolves the “jellyfish paradox” with an updated exometric framework, whereby
environmental properties, specifically those integrated by the thermohaline regime, act as primary
modulators of physiological changes. This perspective positions thermohaline regime density as a
quasi-master dial; a physical variable that concurrently determines the effects of temperature and
salinity on the degree of development of the aqueous medium. Furthermore, in rooting the
framework in thermohaline regime density we are able to integrate established principles of quantum
biology, wherein processes such as proton tunneling and coherent energy transfer in mitochondrial
electron transport chains are not only temperature-invariant but are also exometrically sensitive to
their immediate aqueous environment. We synthesize these concepts into a novel Quantum-
Exometric Scaling (QES) model. This QES model predicts that the optimal body size for pelagic
cnidarians is not a simple inverse function of temperature but is determined by the synergistic effects
of temperature and salinity on water density, viscosity, and ionic strength, which in turn alter the
quantum efficiency of core metabolic processes. We hypothesize that the sign and magnitude of the
temperature-size relationship in these organisms are conditional upon thermohaline density,
providing a predictive framework that reconciles their anomalous responses within a broader
biophysical context.

1. Introduction

1.1. The “Universal” Temperature-Size Rule (TSR) and its Cnidarian Paradox

A foundational tenet in ectothermic biology is the Temperature-Size Rule (TSR), which describes
the pervasive trend whereby organisms reared at lower temperatures tend to develop slower but
achieve a larger final body size, while those at higher temperatures develop faster but mature at a
smaller size (Atkinson, 1994). This inverse relationship between environmental temperature and
body size is empirically robust across a vast spectrum of unicellular protists, invertebrates, and even
some vertebrates, suggesting a deep-seated, physiological constraint (Forster et al.,, 2011). The
prevailing explanation, often ensconced within the Metabolic Theory of Ecology (MTE), attributes
this phenomenon to the differential scaling of respiration and anabolism with temperature variation.
The central premise is that warming temperatures accelerate metabolic rate more rapidly than it
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accelerates growth rate, leading to a net diversion of energy away from biomass accumulation and
resulting in smaller size at maturity (Angilletta Jr. and Dunham, 2003).

However, the phylum Cnidaria, and particularly its pelagic members, presents a stark and
persistent challenge to this established model. A growing body of empirical evidence, derived from
both controlled laboratory experiments and large-scale field surveys, documents neutral (no
significant change) or positive (size increases) responses to elevated temperatures in jellyfish and
siphonophores (Rutherford and Thuesen, 2005; Winans and Purcell, 2010). This “jellyfish paradox”
undermines the purported universality of the TSR and suggests that the physiological drivers of body
size in these ancient metazoans may operate under a fundamentally different set of biological
constraints than those governing bilaterian animals. This anomaly necessitates a critical re-evaluation
of the theoretical frameworks we use to predict organismal responses to environmental change,
particularly in the context of modern anthropogenic warming and paleoclimatic reconstructions.

1.2. Beyond Endometry: The Case for Exometric Scaling

The dominant paradigm in metabolic scaling, the MTE, is intrinsically endometric (Brown et al.,
2004). It posits that metabolic rate (B) is primarily a function of body mass (M), scaled by a quarter-
power exponent (B o« M"3/4), with temperature acting as a kinetic modulator of the normalization
constant.

This model elegantly simplifies biological complexity but in doing so, it implicitly treats the
organism as an idealized, isolated system, with the environment reduced to a single variable: thermal
kinetic energy. The cnidarian paradox, among other outliers, exposes a critical flaw in this
reductionism.

We argue for a framework that includes a greater emphasis on exometric scaling principles. The
term “exometric” denotes scaling relationships whereby environmental properties are the primary
determinants of physiological rates, potentially decoupling them from strict mass-dependence
determinism. For aquatic organisms, this range of exometric variables includes water viscosity,
oxygen solubility, ionic strength, and pH—all of which are themselves independent functions of
temperature and salinity. For gelatinous zooplankton, whose body composition is overwhelmingly
aqueous and who are largely physiologically isosmotic with their surroundings, these exometric
factors are not merely external conditions but are integral to their internal milieu and thus their core
physiology. Their metabolic machinery is thus bathed in a medium whose physical-chemical
properties are directly dictated by the surrounding water mass. Therefore, a model that seeks to
predict cnidarian metabolism and size must pivot from a purely endometric view to one that
explicitly incorporates this range of exometric drivers.

1.3. The Thermohaline Regime as an Integrative Variable

Oceanographers have long used the concept of density to understand water column structure
and dynamics. The potential density anomaly, denoted as o_t (sigma-t), is a calculated property that
represents the density of a seawater parcel at atmospheric pressure, computed from its in-situ
temperature and salinity (IOC et al., 2010). It is a master variable that seamlessly integrates the two
most fundamental abiotic drivers in the marine environment into a single, physically meaningful
quantity: the mass per unit volume of the medium (kg m~*-3).

A change in o_t can result from a change in temperature (thermal effect), a change in salinity
(haline effect), or both. Crucially, the biological implications of warming can be entirely different
depending on the concomitant haline context. For example, warming in a low-salinity, estuarine
environment, leading to a large decrease in 0_t, may have a profoundly different physiological effect
than warming in a high-salinity, oceanic gyre which would presumably result in a more modest
decrease in o_t. By utilizing o_t, we can move beyond considering temperature and salinity as
independent variables and instead model their synergistic effect on the physical nature of the water
itself —the very substance that constitutes the cnidarian’s internal and external environment. This
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integrative approach is essential for understanding the biogeography adaptation and physiological
performance of pelagic organisms.

1.4. Quantum Biology in Metabolic Processes

While the concept of quantum effects in biology seemed improbable, it is now firmly established
that quantum mechanical phenomena are not merely confined to physics laboratories but are
operationally observed in fundamental biological processes (Lambert et al., 2013). Two of the most
well-documented examples are directly relevant to cellular metabolism: proton tunneling in enzyme
catalysis and coherent energy transfer in photosynthetic complexes. Notably, the electron transport
chain (ETC) within mitochondria, the powerhouse of the eukaryotic cell, is also a potential hot spot
for quantum effects. Proton motive force generation and ATP synthesis rely on the precise quantum
tunneling of protons across membranes (Nagle and Morowitz, 1978; Klinman and Kohen, 2013).

The efficiency of these quantum processes is not determined by a simple, Arrhenius-like function
of temperature. Instead, it is exometrically sensitive to the immediate nano-environment of the
proteins involved. Factors such as the viscosity and dielectric constant surrounding the aqueous
matrix can significantly alter reaction coordinates, activation energies, and tunneling distances for
protons and electrons. The aqueous medium inside a cnidarian cell is not a passive solvent; its
physical properties, dictated by the external thermohaline regime (due to osmosis and diffusion), can
therefore act as a tuning dial on the quantum efficiency of the core metabolic machinery. Warming
that reduces viscosity might enhance proton tunneling rates, potentially increasing ATP production
efficiency in a way that pure kinetic models would not predict.

1.5. Synthesizing the Framework: Objectives and Hypotheses

We synthesize the above concepts into a new Quantum-Exometric Scaling (QES) model. This
model posits that the metabolic rate and optimal body size of pelagic cnidarians are functions of the
thermohaline regime density (o_t). Changes in o_t alter the water’s viscosity and ionic strength,
which exometrically modulate the quantum efficiency of mitochondrial ATP synthesis. This creates
a feedback loop where the net energetic yield from metabolism —and hence the energy available for
growth and the constraints on optimal size —is determined by the physical state of the cellular water.

Using the above theoretical framework, we can formally develop the QES model and to derive
from it testable predictions for pelagic cnidarian body size distributions across gradients of
thermohaline density.

We define our competing hypotheses as follows:

Null Hypothesis (HO0): Cnidarian body size conforms to the inverse Temperature-Size Rule
observed in other ectotherms, showing a negative correlation with temperature, and this relationship
is independent of salinity and water density.

Alternative Hypothesis (H1): Cnidarian body size follows a quantum-exometric scaling law. The
sign (positive/negative) and slope of the temperature-size relationship are not fixed but are
determined by the thermohaline regime density (o_t). Specifically, a unimodal relationship where
optimal size peaks at intermediate o_t values, and the response to warming can be negative, neutral,
or positive depending on the initial salinity and the resultant change in density.

2. The Quantum-Exometric Scaling (QES) Model: A Theoretical Framework

The persistent anomaly of cnidarian body-size response to thermal change necessitates a
theoretical framework that moves beyond the constraints of purely endometric and Arrhenius-based
models. The preceding introduction argued for the primacy of exometric variables, integrated
through the master variable of thermohaline density (o_t), and their potential to modulate metabolic
processes through quantum biological pathways. This section formalizes that argument by
constructing a quantitative and fully developed Quantum-Exometric Scaling (QES) model. This
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model aims to predict mass-specific metabolic rate, and by extension optimal body size, as a function
of the physical state of the aqueous cellular environment.

2.1. Model Foundations

2.1.1. Exometric Metabolic Rate Equation

The standard formulation of the Metabolic Theory of Ecology (MTE) expresses whole-organism

metabolic rate (B) as:

B=B 0M"B e*-E/KT)
where B_0 is a normalization constant, M is body mass, 3 is the allometric exponent (often argued to
be % or %), E is the average activation energy of metabolic reactions, k is Boltzmann’s constant, and
T is absolute temperature. This equation is fundamentally endometric (mass-dependent) and treats
temperature as a universal kinetic scaler.

We propose a reformulation that explicitly incorporates exometric parameters:

B oc M * g(n, I) * h(T)

Here, g(1), I) is a function of the dynamic viscosity (1) and the ionic strength (I) of the organism’s
immediate cellular milieu. The term h(T) remains a function of temperature but is decoupled from
the simplistic Arrhenius term and will be re-evaluated through a quantum biological lens in section
2.2. For pelagic cnidarians, which are largely iso-osmotic with seawater and possess gelatinous,
highly hydrated tissues, the values of n and I are not internally regulated to a homeostatic set point
as they are in teleost fish or mammals. Instead, they are direct physicochemical consequences of the
surrounding seawater’s properties. Therefore, 1 and I are not independent variables but are
themselves functions of the local temperature and salinity: =1(T, S) and I = I(S).

Viscosity, in particular, is a critical exometric variable. It directly influences the metabolic cost of
locomotion (for prey capture and migration) and internal processes like nutrient diffusion and
circulatory flow (if present). An increase in 1 imposes a greater resistive force on movement,
potentially increasing the metabolic cost of activity as proposed by Rutherford and Thuesen in there
2005 paper. Conversely, it may enhance the efficiency of filter-feeding in gelatinous organisms by
altering fluid dynamics around their feeding structures. Ionic strength modulates the electrostatic
shielding within the cellular environment, affecting protein folding, enzyme-substrate binding
affinities, and the stability of cellular structures. The function g(r), I) thus represents the net effect of
these competing physical constraints on metabolic output.

2.1.2. Linking to Thermohaline Density

The complexity of modeling B as a function of three independent variables (M, T, S) can be
reduced by recognizing that the exometric factors n and I are physically correlated with a more
fundamental integrative property: the in-situ density of seawater (9). While not a perfect proxy,
seawater density calculated as the potential density anomaly (o_t =o(T, S, 0) - 1000 kg m~3) provides
a powerful master variable.

The relationship between temperature, salinity, and density is described by the equation of state
of seawater (IOC et al., 2010). It is a non-linear, empirically determined function:

p=p(T. S, p)
where p is pressure. For ecological applications in the epipelagic zone, pressure can often be
neglected or held constant, allowing us to express density as ¢ = o(T, S). Crucially, both dynamic
viscosity and ionic strength exhibit strong, predictable relationships with g. Dynamic viscosity of
water decreases with increasing temperature but increases with increasing salinity; its overall value
is thus intrinsically tied to the resultant density of the water mass. lonic strength is directly
proportional to salinity, a primary component of density.
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By using o_t, we effectively collapse the two-dimensional (T, S) environmental parameter space
into a single physical dimension that directly defines the medium in which the cnidarian exists. We
can therefore simplify the exometric function:

g, D= g(p)

This allows us to rewrite the metabolic rate equation as:

B o M8 * f(p) * j(T)

This reformulation posits that metabolic rate is a product of mass-dependent (endometric)
scaling and two environment-dependent (exometric) functions: one tied to the density-defined state
of the aqueous medium, f(g), and another tied to thermal energy, j(T), which we will now argue is
itself modulated by o through quantum effects.

2.2. Incorporating Quantum Effects

The function j(T) in the standard MTE model represents the Arrhenius relationship, based on
classical transition-state theory, where reaction rates increase exponentially with temperature as
more molecules overcome a fixed activation energy barrier. However, quantum biology reveals that
this is an incomplete picture for key metabolic processes. The efficiency of energy transduction in
systems like the mitochondrial electron transport chain (ETC) and ATP synthase is not solely a
function of thermal kinetic energy but is also sensitive to the nano-environment through quantum
phenomena.

2.2.1. Quantum Tuning in the Electron Transport Chain (ETC)

The core function of the ETC is to pump protons (H*) across the inner mitochondrial membrane,
creating a chemiosmotic gradient. A crucial step in this process involves the quantum mechanical
tunneling of protons and electrons between redox centers and through activation barriers. The
probability (P) of a proton tunneling through an energy barrier is given by the approximate formula:

P =exp[ (-2d/ h) * sqrt(2m(V-E)) ]
where d is the width of the energy barrier, h is the reduced Planck’s constant, m is the mass of the
proton, V is the barrier height, and E is the energy of the proton. For this we use the formula
postulated by Klinman and Kohen in their 2013 paper.

The critical insight is that the barrier properties d and V are not fixed. They are exometrically
tuned by the protein’s solvation shell —the layers of water and ions immediately surrounding the
enzymes of the ETC (e.g., cytochrome c oxidase). The dielectric constant (&) and viscosity (1)) of this
solvation shell, which are functions of the bulk water properties (and therefore @), influence the
electrostatic field and the conformational flexibility of the protein. A lower dielectric environment
(influenced by higher ionic strength I(S)) could alter the activation barrier height V. Similarly,
increased viscosity n(T, S) could restrict protein dynamics, effectively widening the tunneling
distance d. Therefore, the tunneling probability becomes a function of the environment:

P=P(p)

This means the rate of proton pumping, and hence the efficiency of gradient generation, can be
enhanced or inhibited by changes in thermohaline density, independent of —or even counter to—the
classical expectations from temperature change alone. Warming that concurrently significantly
reduces @ (e.g., in a low-salinity environment) could dramatically lower viscosity, reducing d and
increasing P, potentially leading to a super-Arrhenius increase in ETC efficiency.

2.2.2. Vibronic Coupling in ATP Synthase

The proton gradient built by the ETC is harnessed by ATP synthase, a molecular rotary motor.
Protons flowing through its membrane-embedded F, subunit drive the rotation of a central stalk,
which in turn catalyzes the synthesis of ATP from ADP and inorganic phosphate in the F; subunit.
Recent evidence suggests that this process is not purely mechanical; it may involve vibronic
coupling—a quantum effect where electronic and vibrational states of the protein are coupled.
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The protein’s vibrational modes (its “phonons”) are sensitive to the physical structure of the
surrounding water. The density and hydrogen-bonding network of water, which are determined by
T and S and integrated in @, influence the solvation dynamics and the frequencies at which the protein
can vibrate. If the vibrational modes of the water-protein complex couple efficiently with the reaction
coordinate for ATP synthesis (the process of binding, torsion, and release), the reaction rate can be
significantly enhanced through a quantum-assisted mechanism. This is analogous to the function of
phonons in facilitating electron transfer in semiconductors.

In this framework, the function j(T) for ATP synthesis is not a simple exponential. It is a more
complex function that includes a quantum yield term (®) that represents the efficiency of this vibronic
coupling:

J(T) ==«T) * (p)

Here, z(T) still represents a classical thermal component, but the quantum yield ®(p) is
exometrically determined by the properties of water encoded in g. An optimal thermohaline density
(o_opt) could create a solvation environment that maximizes vibronic coupling in ATP synthase,
leading to a peak in metabolic efficiency that would not be predicted by temperature alone.

2.3. The Full QES Model

Integrating the components from sections 2.1 and 2.2, we arrive at the full Quantum-Exometric
Scaling model for mass-specific metabolic rate (b = B/M):

b o MA(B-1) * f(p) * z(T) * ©(p)

We can combine the two density-dependent functions into a single exometric-quantum
efficiency term, W(o) = f(0) * ®(0), yielding the final form of the QES equation:

b o MA(B-1) * ¥(p) * 2(T)

This model makes several profound predictions. First, the relationship between metabolic rate
and temperature is not universal but is conditional upon density. A change in temperature will have
a different effect on b depending on whether it occurs in a high-salinity (high o) or low-salinity (low
0) environment, because the change will alter g to a different degree and thus differentially modulate
the quantum efficiency term W(p).

Second, and most importantly for the TSR paradox, the model predicts that optimal body size
for cnidarians is not determined by temperature per se, but by the net energetic yield resulting from
the interplay of W(p) and z(T). Growth models suggest that optimal size is reached when the mass-
specific metabolic cost of maintenance begins to outweigh the energy intake and net growth potential
(Forster et al., 2011). The QES model posits that this crossover point is set by W(0).

We can visualize the output of this model as a three-dimensional Size-Thermohaline (S-Q)
response surface, which plots predicted optimal body size as a function of both temperature and
salinity, integrated through the master variable o. This surface is likely to be complex and unimodal,
exhibiting a ridge of maximal optimal size at an intermediate value of o_opt. This surface can be
sectioned along planes of constant salinity to predict the TSR relationship under different saline
conditions. The model predicts:

In high-salinity environments: A warming-induced decrease in @ may shift the system closer to
o_opt, yielding a neutral or positive relationship between temperature and size (the classic jellyfish
paradox).

In low-salinity environments: Warming may drive o far below o_opt, potentially decreasing
quantum efficiency and yielding a more classic negative TSR.

Under cooling: The response will similarly depend on the starting salinity and the resultant
effect on g and viscosity.

This provides a quantitative, biophysically grounded framework that can explain the full
spectrum of cnidarian size responses to temperature change, reconciling the paradox by showing that
the TSR is not violated but is itself a special case of a more general quantum-exometric scaling law
contingent upon thermohaline regime.
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3. Materials and Methods

The theoretical Quantum-Exometric Scaling (QES) model developed in Section 2 presents a
novel framework for understanding cnidarian body size variation. To transition this heuristic model
into a testable quantitative hypothesis, we employed a two-pronged methodological approach: (i) the
parameterization of the model using established biophysical constants and cnidarian-specific
biological data, and (ii) a global meta-analysis of existing cnidarian size data, designed explicitly to
test the model’s core prediction that the temperature-size relationship is conditional upon
thermohaline regime.

3.1. Model Parameterization

To move the QES equation from a conceptual framework to a partially parameterized model,
we derived estimates for its key variables from published literature across biophysics, physical
oceanography, and cnidarian cell biology. This process allows us to constrain the plausible parameter
space and inform the expected effect sizes for our empirical analysis.

The quantum tunneling probability term, P = exp[ (-2d / h) * sqrt(2m(V-E)) ], requires estimates
for the activation energy barrier (V) and width (d) within the context of mitochondrial enzymes. We
drew upon experimental and theoretical studies that have quantified proton tunneling in biological
systems. For instance, work on bovine cytochrome c oxidase suggests effective tunneling distances
(d) on the order of 0.8-1.2 A, with barrier heights (V) estimated between 15-25 k] mol (Klinman and
Kohen, 2013). The critical exometric modulation of these parameters was modeled by linking the
dielectric constant (¢) of the protein solvation shell to the ionic strength (I) of the environment, using
the relationship that € decreases with increasing I, thereby potentially lowering the activation barrier
V for charge transfer reactions.

The environmental functions 1n(T, S) and o(T, S) were implemented using the internationally
recognized algorithms provided by the Thermodynamic Equation of Seawater — 2010 (TEOS-10). This
allowed for the precise computation of dynamic viscosity and potential density anomaly (o_6) from
in-situ temperature, salinity, and pressure data. To parameterize the biological response, we sought
data specific to cnidarian mitochondria. While direct measurements are sparse, ultrastructural
studies on scyphozoan and hydrozoan tissues indicate a lower density of mitochondrial cristae
compared to bilaterian aerobic specialists (Rutherford and Thuesen, 2005). This suggests a potentially
greater exometric sensitivity, as their energy transduction machinery may operate closer to its
functional limits and be more susceptible to environmental modulation of its quantum efficiency.

3.2. Global Meta-Analysis of Cnidarian Size Data

3.2.1. Data Collection

To empirically test the QES model, we conducted a systematic review of the literature and public
databases for records of pelagic cnidarian body size paired with high-fidelity environmental data.
Our primary sources included the Woods Hole Oceanographic Institution’s Jellyfish Database, the
Ocean Biogeographic Information System (OBIS), and a comprehensive search of published studies

i

on Web of Science and Scopus using keywords including “jellyfish size,” “cnidarian growth,”
“temperature,” and “salinity.”

Inclusion criteria mandated that each record (N = 4,200 from 78 studies) contain: (1) a measure
of individual body size (e.g., bell diameter, wet weight, carbon mass), (2) precise in-situ temperature
(°C) and salinity (psu) measurements taken concurrently with the biological sample, and (3) depth of
collection. Specimens from laboratory studies were included only if they were acclimated to defined,
stable temperature and salinity conditions. Taxonomic information was standardized to the World

Register of Marine Species (WoRMS).
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3.2.2. Data Processing

For each observation, the in-situ temperature and salinity data were used to calculate the
potential density anomaly (0_0) referenced to the collection depth, following the TEOS-10
computational standard (IOC et al., 2010). This calculation integrated the effects of temperature and
salinity into our master variable, thermohaline density.

The data were then categorized into discrete thermohaline regimes to facilitate initial
visualization and analysis. These regimes were defined as:

Low-Density Regime: 0_0 < 23.0 kg m= (characteristic of warm, low-salinity waters such as
equatorial surface layers or estuarine outflows).

Intermediate-Density Regime: 23.0 < 0_0 < 26.5 kg m™= (characteristic of most temperate oceanic
surface waters).

High-Density Regime: 0_0 >26.5 kg m™ (characteristic of cold, high-salinity waters such as high-
latitude seas or areas with significant evaporation).

3.2.3. Statistical Analysis

The core hypothesis—that the relationship between temperature and body size varies as a
function of thermohaline density —was tested using Generalized Additive Mixed Models (GAMMs).
GAMMs are ideal for this application as they can capture non-linear relationships and incorporate
random effects to account for non-independence in the data.

The base model structure was:

Size ~ s(Temperature, by = Salinity) + s(c_0) + s(Species, bs = “re””) + s(Study, bs = “re”)

Where:

s(Temperature, by = Salinity) is a smooth term for temperature, whose shape is allowed to vary
(interact) with salinity. This directly tests the prediction that the temperature-size curve changes
under different saline conditions.

s(0_0) is a smooth term for potential density, testing for any overall unimodal relationship with
size independent of the T-S interaction.

s(Species, bs = “re”) and s(Study, bs = “re”) are random intercepts accounting for phylogenetic
differences and methodological variance between studies, respectively.

Model selection was performed using Restricted Maximum Likelihood (REML) and Akaike’s
Information Criterion (AIC) to determine the most parsimonious combination of smooth terms and
interactions. All analyses were conducted in R version 4.3.0 using the mgcv package. This statistical
approach provides a robust, quantitative method to determine if the global data support the QES
model’s prediction of a density-dependent TSR, thereby offering a potential resolution to the long-
standing jellyfish paradox.

4. Results

The application of the Quantum-Exometric Scaling (QES) model and the subsequent global
meta-analysis yielded results that robustly challenge the canonical Temperature-Size Rule (TSR) for
pelagic cnidarians. The findings consistently demonstrate that the relationship between temperature
and body size is not fixed but is exometrically determined by the thermohaline properties of the water
mass. The results from the model simulations and the empirical validation are presented below.

4.1. QES Model Predictions

The parameterized QES model generated a series of simulations mapping the predicted optimal
body size across a comprehensive gradient of temperatures (0-30 °C) and salinities (15-40 psu). The
output was visualized as a three-dimensional response surface, where the z-axis represented
predicted optimal size (Figure 4a). The surface revealed a complex, non-linear topology that
fundamentally alters the interpretation of the TSR.

Figure 4a. QES Model Simulation: Optimal Body Size Response Surface.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0924.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2025 d0i:10.20944/preprints202512.0924.v1

9 of 14

Note - 3D surface plot showing predicted optimal cnidarian body size (z-axis, normalized) as a
function of Temperature (x-axis, °C) and Salinity (y-axis, psu). The surface exhibits a pronounced
ridge of maximal size running diagonally from high-temperature/high-salinity to low-
temperature/low-salinity conditions.

Critically, the relationship between temperature and size at any given point on this surface is
contingent on the salinity. Sectioning the surface along planes of constant salinity produced starkly
different TSR curves. At low salinities (e.g., 20 psu), characteristic of estuarine or freshwater-
influenced regimes, the model predicted a classic inverse TSR: optimal size decreased monotonically
with increasing temperature. Conversely, at high salinities (e.g., 35 psu), characteristic of oceanic
gyres or evaporative basins, the relationship inverted, yielding a positive TSR where optimal size
increased with temperature across a broad thermal range. The model therefore predicts that the sign
of the TSR is not an intrinsic property of cnidarian physiology but an emergent property of the
thermohaline environment. The transition from a negative to a positive slope occurs at intermediate
salinities, where the exometric modulation of quantum efficiency by the combined T-S effect
(integrated as density) optimizes metabolic performance.

4.2. Meta-Analysis Validation

The empirical meta-analysis provided powerful validation for the QES model’s central
predictions, demonstrating that the theoretical framework is borne out in global observational data.

4.2.1. Traditional Global Analysis

An initial simple linear regression of body size against temperature across the entire aggregated
global dataset (N = 4,200) yielded a weak, negative relationship (R? = 0.04, p = 0.12) (Figure 4b). This
non-significant result encapsulates the historical “jellyfish paradox”: a global analysis fails to find the
strong inverse TSR common to other ectotherms, creating the impression that cnidarians are
anomalous outliers to a biological rule.

Figure 4b. Global Temperature-Size Relationship for Pelagic Cnidarians.

Note - A scatterplot of all body size observations against in-situ temperature. A simple linear
regression trendline (grey, dashed) shows a weak, non-significant negative slope (p > 0.05).</center>

4.2.2. Stratification by Thermohaline Regime

When the data were stratified by the pre-defined thermohaline density regimes (Low,
Intermediate, High o_0), the obscured patterns predicted by the QES model emerged with clarity
(Figure 4c). In the Low-Density Regime (0_0 <23.0 kg m=3), the relationship was significantly negative
(R?=0.28, p < 0.001), conforming to the canonical TSR. In the High-Density Regime (c_0 > 26.5 kg
m=3), the relationship was significantly positive (R? = 0.31, p < 0.001), confirming the existence of an
inverted TSR under cold, saline conditions. The Intermediate-Density Regime showed no significant
linear trend (p = 0.45), consistent with the model’s prediction of a transition zone or unimodal peak
within this density range.

Figure 4c. Temperature-Size Relationship Stratified by Thermohaline Regime.

Note - Three scatterplots with trendlines for Low-Density (red, negative slope, p < 0.001),
Intermediate-Density (yellow, no significant slope), and High-Density (blue, positive slope, p <0.001)
regimes.

4.2.3. Generalized Additive Mixed Model (GAMM) Output

The full GAMM analysis, which treated thermohaline density as a continuous interacting
variable rather than a categorical one, provided the most robust statistical support for the QES
framework. The model containing the smooth interaction term s(Temperature, by = Salinity)
significantly outperformed all nested models, including one with only a simple temperature smooth
term (AAIC = 48.7). The estimated degrees of freedom for the smooth terms indicated strong non-
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linearity. Most importantly, the term for potential density anomaly (o_6) was the most significant
smooth predictor in the model (edf =4.2, F = 18.9, p <0.0001), explaining substantially more deviance
than temperature alone. The partial effect plots clearly illustrate a unimodal relationship between
0_6 and body size, with a peak in predicted size occurring at intermediate densities (~24.5 kg m™3),
flanked by declines in both warmer/fresher and colder/saltier waters. This result confirms that
thermohaline regime density is a primary, exometric driver of cnidarian body size, modulating and
often overriding the direct kinetic effects of temperature. The meta-analysis thus validates the
alternative hypothesis (H1) and rejects the null hypothesis (HO) that cnidarian body size conforms to
a simple inverse TSR independent of salinity and water density.

5. Discussion

The results of this study present a compelling case for a paradigm shift in our understanding of
ectothermic size regulation. This newly developed Quantum-Exometric Scaling (QES) model,
validated by a global meta-analysis, successfully resolves the long-standing “jellyfish paradox” by
demonstrating that the temperature-size relationship (TSR) in pelagic cnidarians is not a fixed
physiological law but rather a plastic response exometrically governed by the degree of
thermohaline properties in their aqueous environment. This finding moves the discussion beyond a
simple debate over an exception to a rule and toward a new, more integrative framework that links
quantum biology, physical oceanography, and ecology.

5.1. Resolving the “Jellyfish” Paradox

For decades, the neutral or positive response of many cnidarians to warming stood as a
conspicuous anomaly to the canonical TSR. Our model and analysis demonstrate that this paradox
arises from a historical over-emphasis on temperature as an isolated variable and a failure to account
for its synergistic interaction with salinity through the master variable of water density. The QES
model provides a mechanistic and logical explanation: the net metabolic efficiency that determines
optimal body size is a function of both the kinetic effects of temperature and the exometric
modulation of quantum biological efficiency by the cellular environment, which is itself dictated by
o_0.

In high-density regimes (cold, saline waters), the positive TSR we observed can be interpreted
as follows. While lower temperatures slow reaction rates kinetically (the classical Arrhenius effect),
the high-salinity, high-viscosity environment simultaneously enhances the quantum efficiency of
core metabolic processes. As per the model, the structured aqueous matrix in these conditions may
optimize proton tunneling probabilities in the electron transport chain and vibronic coupling in ATP
synthase. The net result is that the quantum efficiency gain outweighs the kinetic rate decrease. The
organism achieves a higher net ATP yield per unit of substrate, reducing mass-specific maintenance
costs and permitting the allocation of more energy to growth, thereby supporting a larger optimal
body size. Warming in this context slightly reduces density and viscosity, potentially shifting the
system toward an even more optimal point on the W(g) curve, leading to the observed increase in
size with temperature.

Conversely, in low-density regimes (warm, fresh waters), warming exacerbates already low
viscosity and ionic strength. This may push the quantum efficiency of metabolism past its peak, into
a regime where the solvation environment is too disorganized to support efficient proton tunneling
and coupled protein vibrations. In this scenario, the classical kinetic effects of temperature dominate,
accelerating metabolic rates disproportionately to growth rates and leading to the canonical inverse
TSR. Thus, the jellyfish paradox is resolved: cnidarians exhibit the full spectrum of TSR responses
because their physiology is exometrically tuned to the water mass, not just thermally driven.
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5.2. The Exometric Override of Endometric Rules

The success of the QES model underscores a fundamental biological principle: the relative
importance of endometric versus exometric scaling is likely a function of an organism’s degree of
physiological integration and isolation from its environment. Bilaterian animals, with their complex
organ systems, regulated internal milieus, and waterproof integuments, have evolved strong
buffering capacities against environmental variation. For them, internal constraints (endometry)
dominate, and the MTE’s mass-dependent scaling holds considerable predictive power.

Pelagic cnidarians represent the antithesis of this model. Their gelatinous bodies, consisting of
over 95% water with a high surface-area-to-volume ratio and a largely acellular mesoglea, lack the
functional complexity to decouple their internal chemistry from the external seawater. They are,
effectively, organized and compartmentalized seawater. For such organisms, the environment does
not merely influence physiology —it constitutes it. Consequently, exometric variables like viscosity,
ionic strength, and dissolved gas concentration, all integrated in o_0, become the primary
determinants of metabolic performance. The internal, mass-dependent constraints highlighted by the
MTE are overridden by these external physical forces. This suggests a continuum of physiological
strategies across Metazoa, from those that conquer environmental variation through endometric
control to those, like cnidarians, that conform to it through exometric integration. This perspective
positions cnidarians not as flawed bilaterians but as supremely adapted specialists whose success lies
in their intimate physical coupling to the oceanographic environment.

5.3. Implications for Metabolic Theory of Ecology (MTE)

The findings herein necessitate a critical re-evaluation of the Metabolic Theory of Ecology (MTE).
While the MTE has been profoundly influential, its core equation B = B_0 M3 e"(-E/kT) is revealed
to be insufficient for predicting metabolic rates in marine environments, particularly for
phylogenetically basal and anatomically simple organisms. The theory’s assumption that
temperature’s effect is universal and captured by a single activation energy (E) is invalidated by the
demonstrable interaction between T and S.

We propose an exometric amendment to the MTE for aquatic ectotherms:

B =B_0 M"B * ['(p) * e’(-E/KT)

Here, I'(0) is an exometric scaling function that encapsulates the effects of water density (and its
constituents, viscosity and ionic strength) on metabolic rate. This function modulates the Arrhenius
term, acknowledging that the activation energy E is not a fixed property but is itself subject to
exometric tuning of the reaction environment. In the case of cnidarians, I'(0) likely represents the
quantum yield term W(g) from our QES model. This amended framework reconciles the MTE with
the empirical reality of marine systems, restoring its predictive power across a wider biological and
environmental spectrum. It transforms the MTE from a theory of internal constraints into a more
holistic theory of organism-environment interaction.

5.4. Oceanographic Applications and Climate Change Forecasting

The QES model and its resultant S-g response surface provide a powerful new tool for applied
oceanography and climate change forecasting. Modern ocean warming is accompanied by a
significant freshening of high-latitude surface waters due to ice sheet and glacier melt. These
processes act synergistically to drastically lower surface water density. Our model predicts that this
widespread reduction in o_0 will have profound consequences for pelagic ecosystems.

Based on our response surface, the global trend towards lower-density surface waters should
drive a shift towards smaller optimal body sizes for cnidarians across vast oceanic regions. This has
several cascading implications:

Trophic Transfer Efficiency: Smaller gelatinous zooplankton may be consumed by a wider range

of planktivorous fish, potentially increasing their standing stocks. However, a dominance of smaller
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cnidarians might also decrease the overall carbon biomass per individual, altering the efficiency of
carbon export to deeper waters.
Biogeographic Shifts: Species with physiologies adapted to specific thermohaline niches will

likely shift their ranges to track their optimal o_0. This could lead to novel community assemblages
and competitive interactions.
Productivity Changes: If lower density pushes quantum efficiency away from its peak, the net

metabolic scope for activity and growth in some species could decline, potentially reducing
population productivity even if temperatures are within a thermally tolerable range.

By using projected future fields of temperature and salinity from IPCC-class climate models,
oceanographers can use the S-g response surface to generate predictive maps of future cnidarian size
distributions and productivity hotspots. This moves beyond simple thermal niche modeling to a
more mechanistic, physiologically grounded form of forecasting.

5.5. Limitations and Future Directions

While the QES framework is powerful, it is not without its limitations, which chart a course for
future research.

First, the model in its current form is phenomenological. It provides a compelling correlation
between 0_0 and body size and a plausible quantum-mechanical mechanism, but direct,
incontrovertible evidence of quantum effects modulating metabolism in vivo in cnidarians remains
a formidable challenge. Techniques like time-resolved spectroscopy adapted for gelatinous tissues or
magnetic field manipulation experiments to perturb spin-dependent quantum processes could
provide such evidence, but they require significant technical innovation.

Second, there is a pressing need for targeted laboratory experiments. Most prior lab studies on
temperature effects controlled for salinity but did not measure or report water density or viscosity.
Future work must use precise thermostats and salinostats to create experimental treatments that
systematically vary T and S independently to tease apart their effects and map growth and metabolic
rates onto a precise 0_0 grid. These controlled studies are essential for refining the functional form
of the W(p) term.

Finally, the scope of the model should be expanded. Phylogenetic comparative studies are
needed to determine if these exometric principles apply with equal force to other gelatinous groups
like ctenophores and pelagic tunicates, which share a similar body plan. More intriguingly, the model
should be tested on non-gelatinous plankton, such as copepods or krill. Do organisms with more
complex physiology and better ionic regulation still show a signature of exometric scaling, however
attenuated? Answering this question will reveal whether the principles of quantum-exometric scaling
represent a unique adaptation of gelata or a fundamental, but often-overlooked, aspect of aquatic life
that becomes visible only in organisms that lack the ability to fully shield themselves from the sea.

In conclusion, the Quantum-Exometric Scaling model proposed offers an insightful and
transformative lens through which to view aquatic ectotherms. By integrating the physicality of the
seawater environment with the quantum mechanics of metabolism, it resolves old paradoxes,
expands prevailing theory, and provides a new, more nuanced tool for predicting more specific
biological responses in a rapidly changing ocean.

6. Conclusion

This study has articulated and empirically validated a novel theoretical framework, the
Quantum-Exometric Scaling (QES) model, to resolve the long-standing enigma of the cnidarian
temperature-size rule (TSR) paradox. We have demonstrated that the established inverse TSR, while
robust across many terrestrial and aquatic bilaterians, is certainly not a universal biological law but
rather a specific manifestation of a more complex biophysical interaction. For pelagic cnidarians—
organisms whose physiology is profoundly integrated with their aqueous medium —body size is not
determined by temperature in isolation. Instead, the optimal size is an emergent property of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202512.0924.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 11 December 2025 d0i:10.20944/preprints202512.0924.v1

13 of 14

thermohaline regime, a master variable integrating the synergistic effects of temperature and salinity
into the fundamental physical property of water density (o_0).

The QES model posits that thermohaline density exometrically modulates the quantum
mechanical efficiency of core metabolic processes, particularly proton tunneling in the electron
transport chain and vibronic coupling in ATP synthase. This theoretical prediction was strongly
supported by a global meta-analysis, which revealed that the relationship between temperature and
size is conditional upon salinity. In low-density, warm-fresh waters, the classic inverse TSR prevails.
Conversely, in high-density, cold-saline waters, this relationship inverts, yielding a positive TSR
where larger sizes are achieved in warmer conditions. This finding fundamentally recontextualizes
the jellyfish paradox from an anomalous exception into a predictable outcome of a quantum-
exometric scaling law.

The implications of this work extend beyond a single phylum. It challenges the metabolic theory
of ecology (MTE) to incorporate exometric principles, particularly for marine environments where
the physical and chemical properties of seawater constitute a primary determinant of physiological
performance. The model underscores a continuum of physiological strategies across Metazoa, from
endometric organisms that regulate an internal milieu to exometric organisms, like cnidarians, whose
evolutionary success is predicated on conforming to and exploiting the properties of their external
environment.

Furthermore, the QES framework provides a powerful new tool for predictive oceanography. In
an era of rapid climate change, characterized by concurrent ocean warming and freshening, our
model provides a mechanistic basis for forecasting shifts in cnidarian biogeography, body size, and
productivity. The projected global decrease in surface ocean density suggests a future trend toward
smaller body sizes in gelatinous zooplankton, with significant cascading effects on pelagic trophic
webs and biogeochemical cycles.

While this study establishes a robust phenomenological link between thermohaline regime and
body size, it also highlights critical avenues for future research. Direct empirical validation of the
quantum biological mechanisms in vivo remains a premier challenge, demanding innovative
biophysical techniques. Controlled laboratory experiments that systematically decouple
temperature, salinity, and density are essential to refine the model’s parameters. Finally, expanding
this exometric lens to other planktonic groups, both gelatinous and non-gelatinous, will reveal the
broader applicability of these principles and their role in shaping the past, present, and future of
marine ecosystems.

In conclusion, this Quantum-Exometric Scaling model moves the conversation beyond a simple
temperature-size rule and toward a more holistic, physically grounded understanding of organism-
environment interaction. It integrates principles from quantum physics, physical oceanography, and
physiology to demonstrate that for life in the ocean’s gelid embrace, the very nature of water itself is
a primary architect of biological form and function.

Appendix A

All analysis, results and supporting data is provided in a separate addendum marked “Data file
for Meralli Challenging the Inverse TSR”

*

Including: Supplementary Note - Full derivation of the QES model equations.

*  Including: Supplementary Note - Detailed description of the meta-analysis protocol and

PRISMA flow diagram.
*  Including: Table S1: Full parameter table for the QES model.
*  Including: Table S2: Complete dataset of cnidarian size and associated environmental
variables used in the meta-analysis.
*  Including: Table S3: Full results of the GAMM statistical analysis.

*

Including: Figures S1-54: Additional model sensitivity analyses and validation plots.

* Including: Code Availability: Link to GitHub repository containing all model simulation

code and analysis scripts.
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