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As authors of Meiler et al. (2022), we welcome Zehr and
Riemann’s (2023) comment and discussion. We agree, of
course, with the general statement that “quantification of
gene copy numbers is valuable in marine microbial ecology”
and wish to clarify that one of the purposes of Meiler et al.
(2022) was to address the specific challenge of using a compila-
tion of quantitative polymerase chain reaction (qPCR) nifH
data to evaluate the skill of biogeochemical models. In that
particular case, the data were most helpful in constraining the
range of diazotrophs, but several sources of uncertainty lim-
ited more detailed quantitative evaluations. This was not
intended to imply a lack of value or promise for such applica-
tions of qPCR data: we believe that testing and constraining
biogeochemical and ecological models will be an important
application of qPCR data, yet the quantitative interface
between molecular data and biogeochemical models remains
at its infancy. In the following, we first provide a background
perspective for the Meiler et al. (2022) study, pointing out
why observations and simulations are rooted in different cur-
rencies. We then discuss in more detail some of the specific
points raised by Zehr and Riemann (2023) and highlight why
further efforts toward intercalibration of currencies used to
measure and simulate marine microbial populations is particu-
larly significant if we are to fully exploit the data in biogeo-
chemical and climate modeling applications. We end by
summarizing some potentially fruitful avenues for future
effort stimulated by this dialog.

Background: Observing and modeling diazotroph
populations in the ocean

Nitrogen fixation is of global biogeochemical and ecologi-
cal significance. Spatial and temporal variations in marine
nitrogen fixation can significantly alter ecosystem structure
and function (Karl et al. 1997). However, our collective knowl-
edge of the distribution of diazotrophs over large spatial and
temporal scales is still limited by the sparsity of observations.
Molecular methods, including qPCR, provide an efficient and
valuable way to increase empirical knowledge of diazotroph
biogeography. In parallel, biogeochemical models provide a
tool for synthesizing our understanding of the controls on
diazotrophy by simulating the biochemical environment and
community interactions within which diazotrophs exist. Such
models are also employed to predict impacts of global change.
Hence, it is important to test models and simulations with
observational data.

Several current climate and carbon cycle models resolve an
explicit, diazotrophic (nitrogen-fixing) class of plankton
(Aumont and Bopp 2006; Dunne et al. 2013; Moore
et al. 2013) with a few resolving diversity within diazotrophs
(Monteiro et al. 2010; Dutkiewicz et al. 2012; Stukel
et al. 2014; Coles et al. 2017; Follett et al. 2018). However, dif-
ferences in the parameterization of nitrogen fixers in models
used for climate and global change projections leads to
extremely divergent predictions of diazotroph biogeography
now and in the future (Landolfi et al. 2015; Wrightson and
Tagliabue 2020). Several models predict nitrogen fixation
mostly in upwelling regimes, while others predict that it
largely occurs in downwelling subtropical gyres (see Wrightson
and Tagliabue 2020). These predictions cannot all be correct.
In parallel to numerical simulations, efforts have been made
to interpret patterns of nitrogen fixation in the ocean based
on established ecological theory (Dutkiewicz et al. 2012; Ward
et al. 2013). A challenge is to test (not necessarily validate)
these simulations and theories using the observations. Which
models can be rejected, and which are potentially useful? Can
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we use empirical data to evaluate optimal parameter values in
plausible models?

Molecular metrics have great potential to provide global-
scale surveys, benchmarking the current biogeography and
monitoring changes in the populations of marine microbes
(notably Tara Oceans; Pesant et al. 2015). They are efficient,
increasingly cost-effective, and the most likely route for pro-
viding the data density and frequency required to test or con-
strain basin and global-scale models (Biller et al. 2018).
However, the application of such data to testing and con-
straining models is still in its infancy. In Meiler et al. (2022),
we explored whether we could quantitatively discriminate
between simulated biogeographies using a published global
qPCR data compilation (Tang and Cassar 2019). We found
that a presence–absence metric was effective in evaluating
predicted diazotroph ranges, but uncertainties in the inter-
calibration of gene and biomass units limited the ability to
evaluate more subtle features of simulated biomass concentra-
tions. One particular source of uncertainty is the inter-
calibration of the currencies used to quantify population
densities: qPCR provides a gene density (e.g., nifH gene copies
L�1) while biogeochemical models are necessarily formulated
in terms of biomass (e.g., moles C L�1).

Why don’t models and data use the same currency? This is
due to the fundamental nature of the underlying methodolo-
gies. At the heart of the population models employed in bio-
geochemical simulations are statements of mass conservation:
mass (e.g., atoms of carbon) cannot be created or destroyed,
only reallocated between living biomass, detritus, and inor-
ganic forms. This provides a powerful physical constraint that
is essential to the success of such models making biomass the
natural currency. In parallel, qPCR is clearly a gene-based tech-
nology and the enumeration of genes is its natural currency.
Genes such as nifH form a minute and variable fraction of
total biomass so to quantitatively interface gene densities and
modeled biomass an intercalibration is required: either data
must be re-expressed as biomass, or modeled biomass must be
related to gene densities (Coles et al. 2017). Critically, as both
Meiler et al. (2022) and Zehr and Riemann (2023) discuss, this
intercalibration requires knowledge of several factors includ-
ing gene copies per cell, and biomass per cell, which are not
yet well constrained. The intercalibration issue is not unique
to gene densities (as also noted by Zehr and Riemann 2023):
The synthesis of published biogeography compilations of sev-
eral phytoplankton functional types, relying mostly on
microscopy, faces similar issues (Buitenhuis et al. 2013, and
references therein) and uncertainty is also present in conver-
sions between flow cytometry pico- and pico-nano-sized cell
counts to biomass (Ribalet et al. 2019).

In the past, evaluations of simulated diazotroph biogeogra-
phy (or nitrogen fixation) have typically been carried out qual-
itatively by eye-balled comparison with available observations.
Meiler et al. (2022) sought to develop a more rigorous, quanti-
tative test of modeled diazotroph biogeography using the

Tang and Cassar (2019) qPCR nifH data set, along with ancil-
lary published data which provided information on the con-
version between biomass and gene density. Uncertainties in
nifH genes-per-cell (influenced by polyploidy), as well as cell
quotas, along with data aggregation, lead to wide ranges of
uncertainty in the calibrations with implications for model
testing. Zehr and Riemann (2023) argue that the study may
lead readers to under-value nifH gene density data, highlight-
ing several specific concerns. In the following section we
address those points and identify avenues for positive future
action.

Zehr and Riemann’s comments: Challenges and
opportunities

Zehr and Riemann (2023) suggest that previous work chal-
lenges the significant uncertainties found by Meiler et al.
(2022), because (referring to earlier publications) spatial pat-
terns of gene abundance “echo the distribution of N2 fixation
rates from compilations of observations, inverse models based
on nutrient distributions, and ecosystem models.” However,
these are qualitative statements and the cited models and data
sets are also subject to similar calibration uncertainties and
sparser data constraints. For example, the “close relationship”
referred to in Luo et al. (2012) is based on a qualitative inter-
pretation of sparse data coverage and high spatial variability
(their Figs. 8a, 9a). The maps of nifH-based biomass in that
paper assume a nifH : cell ratio of 1 : 1 which does not con-
sider the potential for polyploidy (Krupke et al. 2013; White
et al. 2018; Gradoville et al. 2022), leading to very high uncer-
tainty. We reiterate that one of the purposes of the Meiler
et al. (2022) study was to seek avenues to go beyond such
qualitative evaluations and bring more rigorous, quantitative
approaches to model evaluations which explicitly take into
account uncertainties. This is necessary if we are to achieve
the goal of robust and valuable models for global change stud-
ies. Although several studies have addressed the importance of
rigorous model-skill assessment (Doney et al. 2009; Friedrichs
et al. 2007), they have not focused on the specific uncer-
tainties involved in using gene-count observations.

Meiler et al. (2022) compiled published data on gene-copies
per cell for diazotrophs in order to facilitate the necessary
intercalibration of abundances between gene-counts and bio-
mass. Zehr and Riemann (2023) point out that the compila-
tion of Meiler et al. (2022) was too small to constrain the
calibration tightly. It did, however, reflect the published infor-
mation available at the time. Zehr and Riemann (2023)
highlighted one avenue of progress by illustrating a recent
data set (published subsequent to Meiler et al. 2022) that
pleasingly reveals positive correlations between nifH gene and
cell densities for specific diazotrophs in a recent field study
(Gradoville et al. 2022). We look forward to more studies in
which such relationships are examined across time and differ-
ent ocean basins. The nifH gene abundance compilation (Tang
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and Cassar 2019) available to Meiler et al. (2022) combined
cyanobacterial diazotrophs into four groups, aggregating spe-
cies with known variations in size, physiology, and biogeogra-
phy and did not facilitate a finer taxonomically resolved
comparison. To facilitate an appropriate data-model interface,
it may be that simulations will need to resolve, or somehow
parameterize, taxonomic resolution within the diazotrophs.
Indeed, the biogeochemical model evaluated in Meiler et al.
(2022) did resolve multiple size classes, but we note that
almost all ocean biogeochemistry and climate models that
explicitly represent diazotrophs represent them as a single
population without any other trait or taxonomic resolution.
Resolving more diversity is a computational challenge for cli-
mate models of the type used in global change simulations.
Another potentially fruitful area for further work would be to
better understand the value for quantitative evaluation of
higher taxonomic resolution in both data and models. What
is the trade-off between higher taxonomic resolution and data
per type? Are there aggregating approaches which might
exploit the taxonomic information without requiring explicit
resolution of many classes in simulations?

Zehr and Riemann (2023) argue that the cell-to-biomass
conversion ranges used by Meiler et al. (2022) inflate gene-to-
biomass conversion errors when taxonomic groups of differ-
ent cell sizes are combined. We agree that cell-count to bio-
mass conversions are another important source of
uncertainty, and this is also true when calibrating microscope-
and flow-cytometer-based measures. Continued effort to cata-
log and calibrate cell-size in relevant groups is therefore valu-
able. We note also that most current biogeochemical models
do not resolve the size spectrum (exceptions include Ward
et al. 2013) in part because of computational costs making this
even more challenging. Empirical calibration of relevant cell
sizes, and appropriate size resolution in simulations represent
two potentially valuable avenues for future effort.

Concluding thoughts
We appreciate the comments of Zehr and Riemann (2023).

We agree that quantification of gene-copy number is valuable
in marine microbial ecology, but we still contend that quantita-
tive modeling of the global biogeography of diazotroph bio-
mass from gene counts is currently subject to significant
uncertainty. Zehr and Riemann’s (2023) comments point us to
several opportunities for future efforts, both empirical and theo-
retical, which can help reduce those uncertainties in
intercalibration:

1. Additional gene copy per cell studies conducted both in the
lab and in the field using consistent sampling protocols,

2. Comprehensive studies on biomass per cell of different tax-
onomic groups,

3. Continued and consistent measurements and reporting of
nifH gene abundance resolving fine scales in taxonomy,

4. Efforts to better understand prevalence and mechanistic
controls of polyploidy,

5. Improved taxonomic and allometric resolution of diazotrophs
in biogeochemical models to appropriately interface with
observations and optimize intercalibrations.

As outlined, there is a clear need to understand the distribu-
tion of diazotroph abundances and biomass to test biogeo-
chemical models. As a group, marine diazotrophs are diverse
taxonomically, functionally, and ecologically, with new
groups still being discovered. Due to these biological differ-
ences, distributions of distinct groups of diazotrophs are differ-
entially controlled by environmental factors, likely including
those currently unknown. To construct a well-informed pic-
ture of global marine diazotroph biogeography going forward,
studies need to continue to examine the ecology and distribu-
tion of different taxonomic diazotroph groups at fine scales,
with qPCR being an important tool in this effort. We also sug-
gest that in order to increase the confidence of comparisons
across different nifH qPCR studies, efforts should continue on
standardizing methods of nifH qPCR data collection and
reporting. Further efforts to intercalibrate between currencies
will be critical if we are to extract the maximum value for
quantitative model testing, which we see as a major goal for
global change modeling.

Finally, we reiterate that we agree nifH data have many
valuable applications, including quantitative tests of biogeo-
graphical simulations and theory. Even with the large
uncertainties, the Tang and Cassar (2019) data set provides
clear constraints on the range of diazotrophy using
presence–absence approach. This approach should be able
to discriminate between the contradictory predictions of
diazotroph biogeography found in CMIP5 climate models
(Wrightson and Tagliabue 2020) as discussed above. The
two classes of predicted biogeography cannot be simulta-
neously correct and the range constraint of presence–
absence data should be sufficient to discriminate between
them. With effort to minimize uncertainties through careful
use of existing data, new calibration studies, and appropri-
ate model formulations, evaluations of more subtle differ-
ences will also become possible.

Meiler et al. (2022) took a first step toward quantitative test-
ing of modeled biogeography using a published nifH gene com-
pilation. Zehr and Riemann’s (2023) valuable comment inspires
a roadmap toward reduced intercalibration uncertainties. We
hope that this discussion will help focus research efforts toward
elucidating the controls of marine diazotroph biogeography.
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