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Summary

Marine hypoxia creates a sequence of changes in redox-sensitive ion availability. As oxygen is
consumed by organic matter decomposition or other processes, other electron acceptors are used
sequentially: nitrate reduction, manganese and iron reduction, sulfate reduction, and finally
methanogenesis. Manganese, when reduced, is in dissolved form and is thus available in the water
column. Otoliths, the small, calcium carbonate structures that form part of the acoustico-lateralis
system in fishes, readily take up available Mn. We and others have observed that uptake appears to
be a function not only of availability, but also a function of fish growth rate. We explore plausible
mechanisms by developing a simulation model that incorporates both a bioenergetics module and a
biogeochemistry module. The biogeochemistry module simulates seasonal hypoxia and cycling of
manganese between particulate and dissolved forms. The bioenergetics module produces von
Bertalanffy type growth over a 10-year simulation period. Both mechanisms are shown to affect Mn
uptake, and produce reasonable patterns of uptake similar to actual measurements.

Introduction

For some time, fish otoliths have been observed to contain manganese (Mn). Unlike the elements
strontium and barium, which are typically incorporated into otoliths in proportion to gradients in
salinity and temperature, Mn does not respond to these factors. Rather, Limburg et al. (2015)
demonstrated a strong relationship of otolith Mn/Ca to Mn?>" released under hypoxic/anoxic
conditions. However, otolith Mn/Ca tends to decline over time, suggestive of a growth effect (which
can also be seen if daily or annual increments are carefully measured and compared to Mn/Ca ratios).
Therefore, a model was constructed to explore the potential mechanism of Mn uptake, as a function of
exogenous environmental conditions and endogenous growth processes.

Materials and Methods

A first-cut model was developed using the modeling platform STELLA (ISEE Systems). For
convenience, the bioenergetics module is based on a model developed for American shad (Limburg
1996). Ingestion/assimilation is modeled with a temperature-dependent nonlinear function (Thornton
and Lessem 1978), and respiration is a nonlinear function of temperature and body mass. The
biogeochemistry module was a simplified set of redox processes, driven by temperature and available
organic matter to decompose and consume oxidants. Manganese was modeled as two state variables:
particulate and dissolved (Mn?*). In the model, when oxygen is sufficiently depleted, nitrate becomes
the next electron acceptor; when that is sufficiently depleted, particulate manganese goes into
solution and becomes available to be taken up in otoliths. Otolith growth is modeled as a function of
the bioenergetics processes (ingestion/assimilation — respiration). Manganese uptake is modeled as a
function of otolith growth and dissolved manganese availability.

Results and Discussion
The model (Figure 1) reproduces typically observed patterns of somatic growth, and of Mn uptake in
otoliths. Further work will be needed to improve the detail of the biogeochemistry module and the



uptake dynamics. Nevertheless, we propose that the basic model structure, which includes both
endogenous and exogenous processes, is a good hypothesis for this phenomenon.
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Figure 1. STELLA diagram of the model.
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