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Abstract We investigate the “macronutrient-access
hypothesis”, which states that the balance between
stoichiometric macronutrient demand and accessible
macronutrients controls nutrient assimilation by
aquatic heterotrophs. Within this hypothesis, we
consider bioavailable dissolved organic carbon
(bDOC), reactive nitrogen (N) and reactive phospho-
rus (P) to be the macronutrients accessible to
heterotrophic assimilation. Here, reactive N and P
are the sums of dissolved inorganic N (nitrate-N,
nitrite-N, ammonium-N), soluble-reactive P (SRP),
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and bioavailable dissolved organic N (bDON) and P
(bDOP). Previous data from various freshwaters
suggests this hypothesis, yet clear experimental sup-
port is missing. We assessed this hypothesis in a proof-
of-concept experiment for waters from four small
agricultural streams. We used seven different
bDOC:reactive N and bDOC:reactive P ratios,
induced by seven levels of alder leaf leachate addition.
With these treatments and a stream-water specific
bacterial inoculum, we conducted a 3-day experiment
with three independent replicates per combination of
stream water, treatment, and sampling occasion. Here,
we extracted dissolved organic matter (DOM) fluo-
rophores by measuring excitation-emission matrices
with subsequent parallel factor decomposition (EEM-
PARAFAC). We assessed the true bioavailability of
DOC, DON, and the DOM fluorophores as the
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concentration difference between the beginning and
end of each experiment. Subsequently, we calculated
the bDOC and bDON concentrations based on the
bioavailable EEM-PARAFAC fluorophores, and com-
pared the calculated bDOC and bDON concentrations
to their true bioavailability. Due to very low DOP
concentrations, the DOP determination uncertainty
was high, and we assumed DOP to be a negligible part
of the reactive P. For bDOC and bDON, the true
bioavailability measurements agreed with the same
fractions calculated indirectly from bioavailable
EEM-PARAFAC fluorophores (bDOC 2= 0.96,
p < 0.001; bDON = 0.77, p < 0.001). Hence we
could predict bDOC and bDON concentrations based
on the EEM-PARAFAC fluorophores. The ratios of
bDOC:reactive N (sum of bDON and DIN) and
bDOC:reactive P (equal to SRP) exerted a strong,
predictable stoichiometric control on reactive N and P
uptake (R2 = 0.80 and 0.83). To define zones of C:N:P
(co-)limitation of heterotrophic assimilation, we used
anovel ternary-plot approach combining our data with
literature data on C:N:P ranges of bacterial biomass.
Here, we found a zone of maximum reactive N uptake
(C:N:P approx. > 114: < 9:1), reactive P uptake
(C:N:P approx. > 170:21: < 1) and reactive N and P
co-limitation of nutrient uptake (C:N:P approx. >
204:14:1). The “macronutrient-access hypothesis”
links ecological stoichiometry and biogeochemistry,
and may be of importance for nutrient uptake in many
freshwater ecosystems. However, this experiment is
only a starting point and this hypothesis needs to be
corroborated by further experiments for more sites, by
in-situ studies, and with different DOC sources.

Keywords Ecological stoichiometry - Dissolved
organic nitrogen - PARAFAC - Dissolved inorganic
nitrogen - Phosphate - Ternary plots

Introduction

The growing intensity of arable land use and farming
as well as population growth and urbanization expose
aquatic ecosystems to chronic overloading of phos-
phorus (P) and nitrogen (N) with a plethora of
deleterious effects (Kronvang et al. 2005; Conley
et al. 2009; Canfield et al. 2010; Weigelhofer et al.
2013; Weigelhofer 2017). The concentrations of
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reactive N and P, mainly in the forms of nitrate and
soluble reactive phosphorus (SRP), increase globally
in streams and rivers. This nutrient overloading could
be linked to low ratios of DOC to N or P, which are far
from the “optimum” demand of heterotrophic micro-
bial organisms, limiting N and P processing due to
insufficient DOC availability (Stutter et al. 2018).

The link between DOC, N, and P concentrations
and heterotrophic assimilation is likely controlled by
the balance of macronutrient ratios (C:N:P) of con-
sumers and their food source, which in turn affects
nutrient cycling. Bacteria are the major group con-
trolling microbial heterotrophic macronutrient assim-
ilation. Single bacterial strains can be homeostatic,
hence are unable to adapt their cell C:nutrient ratios to
their food source, while heterostatic strains are able to
adapt their cell C:nutrient ratios, as shown for C:P and
various bacterial strains (Scott et al. 2012; Godwin and
Cotner 2015). However, even a bacterial community
completely consisting of homeostatic strains may
adapt to the composition of the food source, as strains
with macronutrient ratios close to the one of the food
source may increasingly dominate the bacterial com-
munity (Danger et al. 2008). Both heterostatic strains
and community adaptation may result in a wide range
of C:N:P ratios in which nutrient uptake is potentially
co-limited by DOC, N, and P. However, it has been
pointed out that bacterial community macronutrient
ratios can only shift in a range physiologically possible
for the bacteria (Danger et al. 2008). Below or above
specific food C:N:P ratios, bacterial communities
should not be able to adapt anymore, resulting in clear
C or nutrient limitation of the bacterial heterotrophic
assimilation.

Large-scale empirical studies linked DOC:nitrate-
N ratios to nitrate-N concentrations and gross uptake,
where low DOC:nitrate-N ratios coincided with low
nitrate-N gross uptake (Rodriguez-Cardona et al.
2016; Wymore et al. 2016) and high nitrate-N
concentrations (Taylor and Townsend 2010; Helton
et al. 2015). Denitrification likely plays a minor role in
this stoichiometric effect since earlier studies pre-
dicted and empirically found denitrification rates to
peak at a molar DOC:nitrate-N ratio of 1, with no
further increase at higher DOC:nitrate-N ratios
(Fig. 1) (Taylor and Townsend 2010; Johnson et al.
2012; Hansen et al. 2016). In contrast, heterotrophic
assimilation into microbial biomass seems to be the
responsible process for the link between DOC:nitrate-
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Fig. 1 Conceptual graph depicting the original conceptual
model by Taylor and Townsend (2010), linking bulk DOC:ni-
trate-N ratios and nitrate heterotrophic assimilation (black
gradient,*'). We added the idea of including macronutrient
accessibility by Stutter et al. (2018), which hypothesized that the
balance between microbial stoichiometric demand for macronu-
trients the availability of accessible nutrients, defined as
bioavailable bDOC:reactive N ratios (yellow-green gradient,*?)
and bDOC:reactive P ratios (cyan gradient, *2) in the water
control heterotrophic N and P assimilation. This macronutrient-
access hypothesis includes a narrow zone at which the
DOC:nitrate-N ratio approaches the ideal stoichiometry of
denitrification (molar DOC:nitrate-N ratio = 1) where reactive
P is not assimilated but denitrification can remove reactive N in
the form of nitrate. Above the microbial C:N and C:P, the
microbial flexibility zone follows, at which microbial hetero-
trophs can react flexibly to DOC and/or nutrient additions.
Finally above certain C:N or C:P, reactive N and/or reactive P
assimilation is limited by nutrient availability

N ratios and nitrate-N uptake, as heterotrophs should
assimilate more N into biomass when more DOC is
available (Fig. 1) (Taylor and Townsend 2010; Stutter
et al. 2018). It has been recently shown that the
stoichiometric availability of DOC can stimulate
stream benthic biofilm (Stutter et al. 2020b) and
hyporheic sediment N and P assimilation (Stutter et al.
2020a), shifting nutrient losses from inorganic N and P
to dissolved organic N (DON) and P (DOP) (Stutter
et al. 2020a). Here, we believe that DOC:SRP ratios
should have a similar effect on SRP ratios, as has been
shown primarily for DOC:nitrate-N ratios and nitrate
uptake.

Clear predictions of microbial heterotrophic N
assimilation may not always be derived when solely
looking at DOC:nitrate-N ratios, as other dissolved N
fractions may also be important N sources for
heterotrophs. Soares et al. (2017) have shown for
boreal freshwaters that bulk DOC:dissolved N and

bulk DOC:dissolved P ratios are 13-fold higher than
the ratios of actually bioavailable DOC:bioavailable
dissolved N and P to which microbial heterotrophs
react with growth. The authors proposed that bulk C:N
and C:P can give a completely wrong impression of
the stoichiometric limitations of heterotrophic nutrient
availability and that C:N and C:P of the bioavailable
fractions should be the better predictor. This may also
be true in a global perspective, as has been proposed
by Stutter et al. (2018) in a meta-analysis (Fig. 1).
Here, it has been suggested that reactive macronutri-
ents—those stimulating heterotrophic assimilation—
include all forms of dissolved inorganic nitrogen
(DIN, consisting of nitrate, nitrite, ammonium) and
SRP, but also bioavailable forms of DOC, dissolved
organic nitrogen (DON) and dissolved organic phos-
phorus (DOP). Thus, we propose the macronutrient-
access hypothesis, which states that microbial nutrient
accessibility modifies aquatic heterotrophic nutrient
assimilation, more specifically that it is controlled by
the balance between bioavailable DOC:reactive
macronutrient supply and the microbial stoichiometric
macronutrient demand. Hence, by including all
bioavailable fractions of DOC, dissolved N and P,
one should be better able to predict stoichiometric
constraints of heterotrophic assimilatory nutrient
uptake than only by investigating DOC:nitrate ratios
or DOC:SRP ratios.

To assess the bioavailable DOC:reactive nutrient
ratios, the reactive portion of the dissolved macronu-
trients needs to be measured. The simplest approach to
this are bioavailability experiments with a bacterial
inoculum which equals a few percent of the sample
volume (e.g. Kaushal and Lewis 2005; Fellman et al.
2010). Reductions in the concentrations of DOC and
organic nutrients over time are then used to infer their
microbial bioavailability. Such experimentally
derived bioavailability of DOC has been closely
linked to the occurence of specific fluorophores
determined by parallel-factor decomposition of exci-
tation-emission matrices (EEM-PARAFAC) (e.g.,
Fellman et al. 2010; Kamjunke et al. 2020). Here,
EEM-PARAFAC allows for a simple yet fast and
practical assessment of DOM composition (Pucher
etal. 2019), and may not only be useful to predict DOC
bioavailability, but also DON and DOP bioavailabil-
ity. With EEM-PARAFAC, we may be able to assess
the concentration of both bioavailable DOC and
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bioavailable DON and DOP, and the contribution of
DON and DOP to reactive, dissolved N and P.

One major challenge in ecological stoichiometry is
to simultaneously assess the effect of stoichiometric
imbalances between the C:N:P of food-sources,
organisms, and the ecological functions exerted by
the organisms. This is also true if one wants to assess
stoichiometric effects of C:N:P on heterotrophic
nutrient assimilation. In such cases, C:N, C:P, and
N:P ratios are usually displayed independently, which
makes it harder to find co-limitations of the three
macronutrients. Ternary plots have been proposed to
overcome this issue (Smith et al. 2017; Jarvie et al.
2018). Here, the authors normalized the C:N:P ratios
of the target samples (e.g. water samples) to the
Redfield ratio to assess stoichiometric limitations
resulting in eutrophication. In such a ternary plot, a
sample with the Redfield ratio (106C:16N:1P) would
be in the center, and samples with specific nutrient
depletion or co-depletion relative to this ratio should
be situated in specific areas of the plot outside this
center (Jarvie et al. 2018). Similar plots could be used
to recognize zones of heterotrophic nutrient limitation
and to link this to measurements of reactive N and P
uptake. However, using the Redfield ratio for hetero-
trophic microbial consumers is less meaningful than
using ratios specific for bacteria. To normalize the
C:N:P ratios of bacteria, we propose to use data from
large-scale investigations of bacterial C:N:P under
non-limiting conditions, such as Godwin and Cotner
(2018) who found a median of 68C:14N:1P for 137
isolates of planktonic lake bacteria.

So far, the link between DOC and reactive nutrient
uptake via stoichiometry is based on empirical
evidence and a few experiments, combined with
stoichiometric reasoning, requiring experimental test-
ing with a factorial design at a large range of C:N:P
ratios. To assess the macronutrient-access hypothesis,
we designed a short-term laboratory experiment with
different DOC:reactive N:reactive P ratios using a
natural, terrestrial DOC source (Alder leaf leachate).
Here, we measured concentrations and bioavailability
of inorganic and organic dissolved nutrients, bulk
DOC, and assessed DOM fluorophores via EEM-
PARAFAC. We used water and bacterial inocula from
four different streams to assess whether the link
between bioavailable C:N:P ratios and reactive nutri-
ent uptake is stream independent. We displayed the
C:N:P limitations of reactive N and P gross-uptake in
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ternary plots normalized by the median ratio from
Godwin and Cotner (2018) to assess whether we
would find specific zones of single or co-limitation of
this uptake. Our experiment is a proof-of-concept and
focuses on short-term gross-uptake effects. Hence, we
cannot make statements about long-term net-effects
on aquatic ecosystems. Nevertheless, our relatively
robust and straightforward experiment may inspire
further research into advancing the macronutrient-
access hypothesis.
For our experiment, we hypothesized that:

1. The DOC:nitrate-N ratio will affect heterotrophic,
assimilatory uptake in the manner proposed by
monitoring studies (Fig. 1). Furthermore, the
relationship proposed for DOC:nitrate-N and
nitrate-N uptake is also true for DOC:SRP and
SRP uptake, albeit within a different range of
DOC:SRP due to different microbial C:N and C:P
demand.

2. Bioavailable DOC, DON, and DOP measurements

and EEM-PARAFAC can be used to develop
bioavailable DOC:reactive N (DIN + bioavail-
able DON) and bioavailable DOC:reactive P
(SRP + bioavailable DOP) ratios for meaningful
stoichiometric constraints of heterotrophic micro-
bial assimilation within the macronutrient-access
hypothesis. These constraints better represent the
stoichiometric constraints of heterotrophic N and
P assimilation than those calculated from inor-
ganic nutrients (DIN, SRP) and bulk DOC.

3. The macronutrient ratio of bioavailable DOC,
reactive N, and reactive P is decisive for
heterotrophic, microbial nutrient assimilation.
Hence, we predict a stream-site independent,
heterotrophic assimilation of reactive N and P
largely driven by bDOC:reactive N:reactive P, and
linked to specific zones in ternary plots normal-
ized by the Godwin-Cotner ratio (GCR) of
68C:14N:1P.

Methods
Sample sites
In our study, we used water samples from four small

streams in the catchment of the Bode River in Central
Germany, which is part of the TERENO
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environmental observatory network (Wollschliger
et al. 2017). Water samples were taken from the 1st
order tributaries Getel, Sauerbach, Asse, and Stro-
becker Fliel, with surface hydrological catchment
areas of 6.8, 2.0, 30.2, and 17.4 km>, respectively. The
catchments of the sampled streams were mainly or
partially used for arable farming and urban land use.
Arable land covered 85.3, 28.0, 87.9, and 88.9% of the
catchment area, and urban land covered 14.6, 9.8, 5.0,
and 5.7% of the stream site catchments for Getel,
Sauerbach, Asse, and Strobecker Fliel3, respectively.
We extracted the data from the 2018 Corine land cover
map, and the digital elevation model of the shuttle
radar topographic mission was used to determine the
hydrological catchment area in QGIS, version 3.12.3.

Experiment preparation

We used a DOC solution produced from freshly fallen
Alder leaves (Alnus glutinosa (L.) Gaert.). The leaves
were rinsed, dried at 60 °C and leached for three days
in ultrapure water (Milli-Q synthesis A10) in the dark
at 4 °C. The leachate was filtered first through a pre-
combusted (500 °C, 4 h) glass-fiber filter (Whatman
GF/A) and then through a 0.2 um pore size filter
(Nalgene SFCA, surfactant-free cellulose acetate).
Aliquots were stored frozen (— 22 °C) (Attermeyer
et al. 2015).

For each stream site, we sampled ten liters of stream
water for the incubation and one liter of stream water
for the bacterial inoculum into acid-washed poly-
ethylene containers. We took samples on 27th July
2018 from Getel (gt) and Sauerbach (sb) and on 13th
August 2018 from Asse (as) and Strobecker Flief3 (sf).
Water samples were stored at 4 °C and transported to
the laboratory for immediate filtration. The bacterial
inoculum samples were filtered with GF/C filters
(Whatman) with an approximate cutoff of 1.4 pm to
remove algae and zooplankton as much as possible,
without losing bacteria. These filters were rinsed
beforehand with 1 L of deionized water (Milli-Q®,
Merck, Darmstadt, Germany) to remove potential
residual production-related DOC from the filters
(Yoro et al. 1999). The water samples for incubation
were filtered through pre-rinsed 0.22 pm polycarbon-
ate membrane filters (Millipak 60 Gamma Gold
Capsule, Durapore membrane, Merck) to remove
any bacteria. We took an aliquot from each stream
water sample for DOC and nutrient analysis, and

started the experiments within two days of the
sampling.

Experiment setup

We first prepared a stock DOC solution extracted from
Alder leaves with concentrations of DOC, nitrate-N,
nitrite-N, ammonium-N, DON, SRP, and DOP of
3780mg L' <042mg L', <006mg L7
11.0mg L™, 43 mgL™", 202 mg L', and 0.3 mg
L~ respectively (see below for measurement and
determination of solutes).

For each of the four sites (as, gt, sb, sf), we then
mixed stream water, bacterial inoculum (5% vol.), and
the DOC solution at a fixed volume. To reach six
different DOC:nitrate-N and DOC:SRP start ratios for
each of the four stream sites (as, gt, sb, sf), we added
Alder DOC stock solution at different dilutions, using
deionized water for the dilution. For each of the stream
sites, the final solutions contained 0.02% (equivalent
to 0.8 mg L"), 0.2% (7.6 mg L"), 0.4% (15.2 mg
L™",1.0% (38.2 mgL™"),2.0% (77.1 mgL™") or 4%
(157.5 mg L™") of the original concentration of the
Alder DOC stock solution. With that and the different
nutrient concentrations of the stream water samples,
we reached a range of different DOC:nitrate-N (0.3 to
694.6) and DOC:SRP (22.3 to 1026.2) molar ratios.

We established one start solution for all replicates
of each DOC solution treatment and stream. We split
this start solution into aliquots of 150 mL per replicate
(three replicates per stream-treatment combination).
We ran the experiment in 150 mL brown-glass vials,
washed thoroughly with distilled water before the
experiment. The 150 mL brown-glass vials were
constantly shaken at 89 revolutions per minute in the
dark at 18 °C. In the experiment, we measured DOC
and nutrient concentrations at the start of the exper-
iment, and after 60 h, a time at which previous, similar
experiments have proven maximum bacterial reaction
to Alder leaf leachate DOC (Graeber et al. 2018).

In an additional control treatment, we measured
how the inoculum influenced the experimental nutri-
ent and DOC concentrations. We measured inoculum
concentrations of DOC and nutrients without Alder
leaf leachate for each stream at both sampling times
with three replicates. To separate inoculum effects
from the treatment effects, we subtracted the DOC or
nutrient concentration means of the inoculum control
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from the values of the respective stream-date combi-
nation of each treatment.

Solute sample analysis

After sampling, we filtered all solute samples with pre-
rinsed (1 L DI water) 0.22 pm polycarbonate mem-
brane filters (Membrapure, Gelman). Subsequently,
we analyzed the concentrations of ammonium-N,
nitrite-N, nitrate-N, and SRP by segmented-flow
analysis (Skalar) photometrically, with quantification
limits of 0.011, 0.006, 0.042, and 0.003 mg L',
respectively. We measured DOC concentration as
CO, in the near infrared after acidification stripping
out the DIC by high-temperature catalytic oxidation
(DIMATOC 2000 from DIMATEC, Germany), with a
quantification limit of 0.50 mg L™".

We determined total dissolved N (TDN) after
persulfate oxidation photometrically after reduction
as nitrite-N complex in the segment-flow analysis with
a quantification limit of 0.042 mg L™". Here, we also
determined total dissolved phosphorus (TDP) after
oxidation of all P containing compounds to SRP as
organo-phosphorous complex photometrically (Hach
DR 5000) with a quantification limit of 0.006 mg L™".

We measured DOM composition by EEMs (Horiba
Aqualog, USA) in 1-cm Quartz glass cuvettes. We
used an excitation range from 255 to 600 nm, and an
emission range from 240 to 621 nm with an integra-
tion time of 0.72 s, medium CCD gain, an excitation
increment of 5 nm, an emission increment of 0.82 nm,
and an excitation slit width of 10 nm. With the same
instrument, we measured the light absorbance from
255 to 600 nm to correct the inner-filter effect
(Kothawala et al. 2013; Murphy et al. 2013). The
absorbance was always below 1 cm~ ! at 240 nm, a
range at which the inner-filter effect can be efficiently
removed (Kothawala et al. 2013).

Data processing

We conducted all data processing, PARAFAC mod-
eling, statistics, and data plot building in R, version
4.0.2 (R Core Team 2020).

For solute concentrations below the quantification
limit (see above for quantification limits), we ran-
domly chose one number from O to the respective
quantification limit, based on a uniform distribution
(function runif in R).
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We calculated DON as TDN—(nitrate-N + am-
monium-N + nitrite-N) and DOP as TDP—SRP. The
indirect determination of DON and DOP can result in
considerable DON and DOP concentration uncertainty
(as exemplified for DON, Graeber et al. 2012a). We
used a DIN:TDN versus DON diagnostic plot or
SRP:TDP versus DOP diagnostic plot to assess this
uncertainty. We based this approach on Graeber et al.
(2012a), where it has been shown that at DIN:TDN <

0.6 DON concentrations can be trusted; that at
DIN:TDN ratios = 0.6 to 0.8 systematic deviations
of the estimated DON concentrations from the true
DON concentrations can occur; that DIN:TDN
ratios > 0.8 are indicative of high random and
systematic uncertainty; and that DIN:TDN ratios > 1
indicate an overestimation of DIN, resulting in
negative DON concentrations. We assume the same
thresholds for DOP and SRP:TDN. Based on the
diagnostic plots, we found that most water samples
had considerably high DON concentrations and
exhibited DIN:TDN ratios < 0.6 (Fig. S1). In con-
trast, DOP concentrations were generally low, or even
negative, with most water samples having SRP:TDP
ratios > 0.8. Based on these diagnostic plots, we
assume DON concentrations to be relatively trustwor-
thy, while this is not the case for DOP concentrations.
Furthermore, we found considerable DON but not
DOP in the Alder leaf leachate (see above) and stream
water samples (Table 1). Based on the probable high
uncertainty of determined DOP concentrations and its
concentration irrelevance compared to SRP, we
excluded DOP from any further data analysis and
calculations of stoichiometric ratios. We also assumed
that SRP represented the reactive P pool sufficiently
due to the low apparent DOP concentrations.

To prepare the EEMs for the PARAFAC, we
subtracted the blank water fluorescence and removed
the inner-filter effect with the Horiba Aqualog
software package (version 4.0) using the absorbance-
based approach (Kothawala et al. 2013). We converted
the EEM measurements to Raman units within the
staRdom package (Pucher et al. 2019), based on the
approach by Lawaetz and Stedmon (Lawaetz and
Stedmon 2009). Here, we used an excitation wave-
length of 350 nm and an emission range of 371 to
428 nm. To remove Rayleigh and Raman scatter, we
used the scatter removal and interpolation approach in
staRdom (Pucher et al. 2019), which usually results in
the best extractable fluorophore spectra (Bahram et al.
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Table 1 Dissolved macronutrient composition of samples at the start of the experiment, before additions of Alder leaf leachate

Stream DOC Nitrate-N  Nitrite-N ~ Ammonium-N DON SRP DOP DOC:itrate-N  DOC:SRP
Asse (as) 3.35 10.40 0.05 0.04 0.21 0.04 0.02 0.4 210.7
Getel (gt) 8.58 1.68 0.01 0.02 1.13 0.99 0.0l 6.0 22.4
Sauerbach (sb) 4.87 0.57 0.05 0.13 0.56 0.19 0.01 10.0 64.7
Strobecker FlieB (sf)  6.87 0.41 0.04 0.03 0.63 0.01  0.02 19.6 1265.4

Concentrations are in mg L™, ratios are molar

2006). Here, we removed a width of 15 nm for the 1st
order Rayleigh, and Raman scatter and a width of
20 nm for the 2nd order Rayleigh and Raman scatter.
Subsequently, we interpolated the removed fluores-
cence data by spline interpolation (Pucher et al. 2019).

To chemometrically extract the DOC fluorophores
from the EEMs, we established a PARAFAC model in
the staRdom package (Pucher et al. 2019) based on the
rules outlined in Pucher et al. (2019) and Murphy et al.
(2013). In short, we developed the PARAFAC model
based on split-half validation, spectral shapes of the
fluorophores, assessment of sample and wavelength
model leverage, residual fluorescence assessments,
and global minimum model error assessment based on
200 random model starts. We attributed the fluo-
rophore by spectral shape comparison to the Open-
Fluor database (Murphy et al. 2014) and other
literature.

Statistical evaluations of the experiment

To determine the relations between DOC:nitrate-N,
DOC:reactive N, or DOC:SRP molar ratios and
relative nitrate or SRP uptake for the first experiment,
we used a logistic model derived from the conceptual
models of Taylor & Townsend (Taylor and Townsend
2010) and Stutter et al. (2018):

(o
Um‘trateNC/ = i (1)
0 14+a- ekaOC:mtratefo,a,/

Here, Uraen 1S the uptake of nitrate-N relative to
the start value of nitrate-N, and C, a and k are
constants, where C indicates the maximum uptake.
This form is analogous for SRP and reactive N. Hence,
Ubitraten 18 substituted with Ugrpg, and DOC:nitrate-
Ngtare 18 substituted with DOC:SRPy,.. We calculated
the inflection point as logl0(a)/k, which equals the
steepest slope in logistic models. To assess the fit of

the logistic model, we calculated the R? based on the
total sum of squares (TSS) and the sum of squared
errors (SSE), as:

, SSE

Ri=1—-—— 2
AN @)

To link DOC composition and the amount of
bioavailable bDOC or bioavailable bDON, we inves-
tigated the correlation between the uptake of DOC or
DON and the uptake of the PARAFAC components.
Here, a positive correlation indicates the dependence
of DOC uptake on the uptake of a specific PARAFAC
component, a negative correlation indicates the accu-
mulation or production of a PARAFAC component
during DOC processing, and no correlation indicates
independence of DOC uptake from a given PAR-
AFAC component. To construct and evaluate linear
correlations between DOC uptake and a specific
PARAFAC component, we used the summary. Im
and Im() functions within R. The samples used for
linear regression were independent of each other, and
the residuals were homogeneously distributed; hence
the assumptions of the linear models were valid.
Furthermore, the assumptions of the logistic growth
model were valid, as the model represented the
distribution of the data well, and underlying samples
were independent of each other.

If a specific PARAFAC component exhibited a
consistent positive correlation with DOC or DON
uptake for all stream waters, we deemed it represen-
tative of a bioavailable moiety of DOC or DON. Based
on this assumption, we calculated the concentration of
bDOC for each sample separately as:

" Cb;
bDOC = % -DOC (3)
>, Comp;

Here Cb is the fluorescence (in R.U.) of a
bioavailable PARAFAC component, n is the total
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number of bioavailable PARAFAC components,
Comp is the fluorescence of every PARAFAC com-
ponent, and m is the total number of PARAFAC
components. This calculation assumes that the ratio of
the fluorescence of the bioavailable components to the
total fluorescence equals the ratio of the concentration
of bioavailable DOC to total DOC. In other words, we
assume that EEM-PARAFAC based bDOC represents
all bDOC. Based on the bDOC calculated from EEM-
PARAFAC, we subsequently assessed with a linear
correlation how well it represents the DOC uptake
during the experiment.

For bioavailable DON (bDON), we conducted an
analogous calculation:

ppoN = 2L po (4)
>, Comp;

Similarly to bDOC, we assumed that the uptake of
the PARAFAC components was representative of the
bDON contribution to bulk DON. Again, we assessed
this assumption in the same way as for bDOC; hence,
how well the calculated bDON correlated to the
measured DON uptake. Finally, we calculated the total
reactive N pool as follows:

reactiveN = (nitrate — N + nitrate — N
+ ammonium — N) + bDON (5)

Here, we assumed that all DIN is reactive and that
the total dissolved reactive N pool is the sum of DIN
and bDON. We further assumed that all reactive P
equals SRP due to only very low, uncertain concen-
trations of DOP (see also explanation above in the
Data Processing section). Finally, we determined the
link between bDOC:reactive N or bDOC:SRP ratios
and nitrate-N or SRP uptake with the same non-linear
model approach used for bulk DOC above.

We constructed ternary plots for which we normal-
ized the bDOC, reactive N and P calculated above with
the Godwin-Cotner molar ratio (GCR) of 68C:14N:1P.
The GCR is the median C:N:P of 137 isolates of lake
planktonic bacteria grown under non-limiting condi-
tions (Godwin and Cotner 2018). For the normaliza-
tion, we used the bDOC, reactive N and P
concentrations at the start of the experiment. For the
GCR-normalized ternary plots, we calculated the
contributions of molar concentrations (mM = mmol
Lfl) of bioavailable DOC, reactive N, and reactive P
as follows:
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%bDOC
B bDOC/68
~ (bDOC/68) + (reactive/14) + reactiveP
(6)
%reactiveN
B reactiveN /14
~ (bDOC/68) + (reactiveN /14) + reactiveP
(7)
Y%reactiveP
B reactiveP /14
~ (bDOC/68) + (reactiveN /14) + reactiveP
(8)
Results

Solute concentrations of stream water samples
and bacterial inocula

High variability of nitrate-N, SRP, DOC, and DON
concentrations, and comparably low ammonium-N,
nitrite-N, and DOP concentrations characterized the
streams (Table 1). Based on those concentrations, and
before the addition of Alder leaf leachate DOC for the
experiment, the DOC:nitrate-N and DOC:SRP molar
ratios varied widely (Table 1).

We used a control with the standardized 5% volume
of inoculum, mixed with DI water, to assess bacterial
inoculum effects on the solute concentrations. Based
on the averages for each stream and sampling time, the
bacterial inoculum added < 0.01 mg N L™ nitrite
and < 0.02 mg N L~" ammonium. Moreover, we
found that it added between < 0.04-0.97 mg N
L', <0.01-0.07 mg P L' and < 0.50-0.89 mg C
L~' of nitrate, SRP and DOC, respectively. This
addition of nutrients by the bacterial inocula was
considerable, but much less than the start values of the
stream water samples in most cases (Table 1). Since
we subtracted the inoculum control values from the
treatments, the effects of DOC and released nutrients
from the inoculum on the experimental results were
minor. However, for the Strobecker Flie3, we found an
increase of on average 0.30 mg L™' nitrate-N in the
control. This increase resulted in high negative values
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of relative nitrate uptake for all replicates of one
treatment of Strobecker FlieB (0.8 mg L™' DOC
addition).

Effects of bulk DOC:nutrient ratios on nutrient
uptake

The logistic model fitted the data well for both the link
between DOC:nitrate-N and nitrate-N uptake (Fig. 2a)
and the link between DOC:SRP and SRP uptake
(Fig. 2b). The DOC:Nitrate—N logistic model showed
a slope increase in N uptake rate above a DOC:nitrate-
N ratio of ~ 7 and a slope decrease above a
DOC:nitrate-N ratio of ~ 35. We found the inflection
point (point of steepest slope, calculated as log10(a)/k;
see Eq. 1) at a DOC:nitrate-N ratio of 24. Similarly,
the DOC:SRP logistic growth model showed an
apparent slope increase in P uptake rate above a
DOC:SRP ratio of ~ 100, and a clear slope decrease
above a DOC:SRP ratio of ~ 400. We found the
inflection point of the logistic model at a DOC:SRP
ratio of 271. This behaviour was clearly followed by
three of the four stream sites, however stream site “sf”
showed a steep decline in SRP uptake at a bulk
DOC:SRP above 300.

Effects of DOC composition and bioavailable
DOC:Nutrient ratios on nutrient uptake

We found five PARAFAC components, whose spectra
linked to different DOC types (Table 2, see Fig. S2 in
supplement for full spectra). Three of the five
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PARAFAC components were ubiquitously found in
several ecosystems; two of them are rarely found
(Table 2).

Of the PARAFAC components, Cr, Cr and Cx
correlated positively with DOC uptake within all four
stream waters (r2 > 0.74, p < 0.001, Fig. 3c, g, i, see
Table S1 in the electronic supplementary material for
fit parameters). This positive correlation indicates that
microbiota removed these moieties together with bulk
DOC. Contrarily, Cy_yy correlated negatively with
DOC uptake for all four stream waters (r* > 0.88,
p < 0.001, Fig. 3e), indicating that this component
was produced when bulk DOC was removed. In
comparison to the other PARAFAC components, Cy
showed a mixed response, as for two stream waters,
Cy correlated negatively with DOC uptake (sf and sb,
> 0.47, p < 0.006, Fig. 3a), whereas Cy was not
correlated to DOC uptake within the other two stream
waters (as and gt, < 0.08, p > 0.05, Fig. 3a).

For DON uptake, we found the same patterns of
correlation as for DOC uptake. Hence, Cr, Cp and
Cx correlated positively with DON uptake within all
four stream waters (r2 > 0.46, p < 0.002, Fig. 3d, h, j,
see Table S2 in the electronic supplementary material
for fit parameters). Cy.yy correlated negatively with
DON uptake for all four stream waters (r2 > 0.61,
p < 0.001, Fig. 3f). Cyx showed a mixed response. Cy
correlated negatively with DON uptake (Strobecker
FlieB and Silstedter Bach, r*> 0.34, p < 0.01),
whereas Cy was not correlated to DON uptake within
the other two stream waters (as and gt, < 0.09,
p > 0.05, Fig. 3b).
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Fig.2 Effect of bulk DOC:nitrate-N or bulk DOC:SRP ratios at
the start of the experiment on the relative uptake of nitrate—N or
SRP during the experiment. The line represents the logistic-
model fit. The uptake of nitrate-N and SRP was normalized
(termed relative) to the respective start concentration of each
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DOC : SRPgtat [molar]
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nutrient to account for the high variability of nitrate-N and SRP
concentrations between the streams (Table 1), and to test for the
prediction on the change in relative nutrient uptake by
DOC:nitrate—N ratios presented in Fig. 1
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Table 2 EEM-PARAFAC fluorophore abbreviations, their core spectral characteristics, and comments on their type or source

Fluorphore  Fluorphore name  Spectral Comments
number characteristics
(nm)
1 Humic-like (Cy) EXpmax < 255, Common humic like, rather refractory (Fellman et al. 2010)
Em,,, = 456

2 Tryptophan-like EXpax = 275, Common tryptophan/ protein like, microbially produced, bioavailable
(Cp) Em,,.« = 330 (Fellman et al. 2010)

3 UV-shifted humic  Exp.x < 255, Common UV-shifted humic like, rather refractory (Fellman et al. 2010;
like (Cy.yv) Em,,.« = 395 Nimptsch et al. 2015)

4 Leaf leachate EXpmax = 315, Less common humic-like peak, found in leaf leachates, potentially
(Cro) Em,,. = 424 bioavailable (Williams et al. 2010; Wheeler et al. 2017)

5 Dark-incubation EXmax = 400, Rarely found peak, sensitive to dark incubations in lakes (Kothawala et al.
peak (Cx) Emy, = 477 2012)

Please see the supplement for full spectra

Above, we have shown that three PARAFAC
components were consistently available for hetero-
trophic uptake (Ct, Cyp, Cy; Fig. 3). Hence, using
Eq. 3 and 4, we calculated bDOC and bDON based on
Cr, CLL, Cx, whereby bDOC was very well correlated
to the actual DOC uptake during the experiment
(R2 = 0.96; Fig. 4a). However, bDON was also well
correlated with a diminished explained variance
(R?=0.77, Fig. 4b). The linear model indicated that
the bDOC concentration slightly overestimated the
actual DOC uptake (slope = 0.6; Fig. 4 a). The same
effect was apparent for bDON and the actual DON
uptake (slope = 0.52, Fig. 4b).

When using bDOC and reactive N—the sum of
DIN and bDON—we found a shift in the range of
x-axis (Fig. 5a). However, for reactive P uptake (in
our study reactive P equals SRP for reasons mentioned
in the methods), we found a similar type of reaction of
nutrient uptake to changes in bDOC (Fig. 5b, see
effects of bioavailable PARAFAC components on
nitrate-N and SRP uptake in Fig. S3) compared to bulk
DOC and SRP. Here, the fits were better for the
bDOC:reactive N (R2 = 0.83, Fig. 5a) than for the
bulk DOC:nitrate-N (R? = 0.64, Fig. 2a) and slightly
better for the bDOC:reactive P (R2 = 0.80, Fig. 5b)
compared to the bulk DOC:SRP (R* = 0.76, Fig. 2b).

Compared to bulk DOC logistic models (Fig. 2),
the nutrient uptake reacted already at lower bDOC:re-
active nutrient ratios (Fig. 5a, b). In detail, the slope
increase at the lower end of the logistic models
appeared at bDOC:reactive nutrient ratios of approx-
imately 2 and 50 for reactive N and reactive P,

@ Springer

respectively (Fig. 5a, b). Furthermore, the slope
decrease at the upper end of the logistic models
appeared already at an approximate value of 17 and
300 for bDOC:reactive N and bDOC:reactive P,
respectively (Fig. 5a, b). Moreover, in comparison to
the bulk DOC:nutrient ratios (Fig. 2), the inflection
point of the logistic models based on bDOC appeared
earlier. We calculated the inflection points of the
logistic models for the bDOC:reactive N or bDOC:re-
active P as molar ratios of 8 and 160, respectively
(Fig. 5a, b). As for bulk DOC:reactive P, stream site
“sf” showed a decrease in reactive P uptake at a bulk
DOC:reactive P above 300 (Fig. 5a), albeit less steep
than for bulk DOC:SRP (Fig. 2a).

Most of the highest uptake of reactive N occured at
a specific range with lower N, higher C, and slightly
lower P contribution, hence higher C:N and slightly
higher C:P, than the one of the GCR (top left in ternary
plot, Fig. 6b). In most cases, the highest uptake of
reactive P also occurred at a specific range, with higher
C:P and slightly higher C:N than the one of the GCR
(top left in ternary plot, Fig. 6¢). An exception to this
rule was the stream “sf”, for which the reactive P
uptake was not as high in the zone of maximum uptake
as detected for the other streams (Fig. 6¢). For all
streams, the uptake was below the detected maximum
at the top of the ternary plot, hence did not reach its
maximum at a N:P similar to the GCR (Fig. 6b, c).
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Fig. 3 Linear regressions between DOC uptake (U DOC,
panels a, c, e, g, i) or DON uptake (U DON, panels b, d, f, h, j)
and EEM-PARAFAC fluorophore uptake (U Cy.. U Cx) during
the experiment. Linear regressions were done separately for
each stream water source and EEM-PARAFAC fluorophore
(n=18)

Discussion

Our experimental results strongly support the rela-
tionship proposed by earlier empirical studies for
DOC:nutrient ratios and assimilatory nutrient uptake
(Hypothesis 1). Specific PARAFAC components rep-
resented bioavailable DOC, and by using those
components, we successfully calculated and validated
bDOC:reactive nutrient ratios strongly affecting reac-
tive nutrient uptake (Hypothesis 2). Finally, for our
four investigated streams, we found largely consistent
zones of bDOC:reactive N:reactive P ratios at which
we found either limitation of nutrient uptake by single
reactive nutrients, or reactive nutrient co-limitation
(Hypothesis 3).

For our experiment, we could validate the macronu-
trient-access hypothesis that DOC:reactive N and
DOC:reactive P control reactive N and P assimilation
by microbial heterotrophs. Specifically, the GCR-
normalized ternary plots enabled us to constrain zones
of reactive nutrient limitation and co-limitation result-
ing in mostly well-defined areas of predictable reactive
nutrient assimilation relative to the assumed bacterial
C:N:P demand (conceptually summarised in Fig. 7).
We found a zone of maximum reactive N uptake
(C:N:P approx. > 114: < 9:1), reactive P uptake
(C:N:P approx. > 170:21: < 1), and reactive N and
P co-limitation of nutrient uptake (C:N:P approx. >
204:14:1) (Fig. 7). These three zones also depict the
advantage of GCR-normalized ternary plots over
classic biplots, as the co-limitation zone would have
been hard to visualize in such plots. The GCR ratio,

Stream as A gt ® sb sf

a Upoc = 1.45+0.6 bDOC b Upon=-0.87+0.52bDON .*
= R?=0.96, p<2.2e-16 —20{ R°=077,p<22e16 ¢
$ 751 5
£ £ 151
@ @
Q. [« %
3 50 3 104
(o)} (o))
£ E
Q J z j
8 25 & 0.5
a a
= > 0.0

0_

bDOC [mg L]

Fig. 4 Linear regressions between bioavailable DOC or DON
(bDOC or bDON calculated based on PARAFAC components
available for uptake (Cr, Cr, Cx) according to Egs. 3, 4), and

bDON [mg L]
the actual DOC uptake (U DOC; a) or DON uptake (U DON; b)

during the experiment (n = 72). The segmented line represents a
1:1 relationship
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Fig. 5 Correlations between the molar bDOC:reactive N (a) or
bDOC:reactive P (b) ratios at the start of the experiment (see
Eq. 3 and Eq. 4 for the calculation of the bDOC and bDON
concentrations) and the relative uptake of reactive N or P during
the experiment. The line represents the fit of a logistic model
(Eq. 1). The uptake of reactive N and P was normalized to the

although not determined specifically for our streams,
worked astonishingly well in predicting this co-
limitation zone. In fact, it was calculated as median
C:N:P of bacterioplankton strains, isolated from nine
lakes in the US, and incubated under non-limiting
conditions (Godwin and Cotner 2018). In this study,
Godwin and Cotner (2018) also pointed out the
considerable variability of bacterial strains around
the median C:N:P. Here, C:P often is more variable
than C:N (see also Fig. 6; Tezuka 1990; Vrede et al.
2002; Makino and Cotner 2004), although, other
studies also found relative P uptake to be P-limited
between C:P ratios of > 100-400 (Tezuka 1990).
Still, the GCR worked well for our experiment,
indicating that reactive nutrient limitation occurs at
freshwater ecosystem-independent ranges, maybe due
to the fact that even in different freshwater ecosys-
tems, similar dominant bacterial strains are selected by
similar C:N:P ratios (Danger et al. 2008). Such
ecosystem independence due to bacterial community
adaptation would simplify predictions of C:N:P lim-
itation of heterotrophic reactive nutrient uptake.
However, our four sites are not sufficient to prove
this notion of cross-system C:N:P limitation robust-
ness and further studies should consider linking
stoichiometry-based work to bacterial identity and
community composition measurements (e.g. based on
16S-RNA) to investigate its validity.

We found a large area of flexible microbial reaction
to macronutrient stoichiometric ratios resulting in a
wide range of (co-)limited reactive nutrient uptake,
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respective start concentration of each nutrient to account for the
high variability of reactive N and P concentrations (see Eq. 5)
between the streams (Table 1), and to test for the prediction of
the change in relative nutrient uptake by the macronutrient-
access hypothesis (Fig. 1)

which was predicted by earlier studies based on
monitoring data (Taylor and Townsend 2010; Helton
et al. 2015; Stutter et al. 2018) (Fig. 7). The wide
potential range of C:nutrient ratios of bacterial com-
munities likely generates this large microbial flexibil-
ity zone. Here, our results on the flexibility of the
bacterial reaction support earlier notions that Liebig’s
law of the minimum is not applicable for stoichio-
metric constraints of bacterial communities and that
instead, a wide range of gradual nutrient limitation
constraints heterotrophic microbial nutrient uptake
until the physiological limit of bacterial nutrient
assimilation is reached (Danger et al. 2008).

Our experiment does not tackle how shifts in DOM
composition (Asmala et al. 2014) or macronutrient
stoichiometry (del Giorgio and Cole 1998; Asmala
et al. 2014) might affect the ratio of microbial
assimilation to respiration, hence the microbial growth
efficiency. It has been shown in experiments that the
bacterial growth efficiency is 40-60% for good food
source quality, hence low C:N and C:P and with high
availability of labile DOC (Asmala et al. 2014). In
contrast, with pre-degraded DOC and higher C:N and
C:P, this efficiency is reduced to < 20% (Asmala et al.
2014). The microbial growth efficiency is decisive for
the C:N and C:P ratio, at which DOC availability
controls N and P uptake. Thus, assessing the links
between microbial growth efficiency and N and P
uptake in future experiments would help further
constraining the relation between labile DOC and
heterotrophic assimilation of reactive N and P.
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We found only a specific zone below the GCR ratio
in which the microbial uptake of nutrients was not
affected by the bDOC:nutrient ratio, potentially
resulting in higher N and P concentrations (Fig. 7).

«Fig. 6 Godwin-Cotner-Ratio (GCR)-normalized ternary plots

of reactive N and reactive P uptake. In panel a, we show an
introductory ternary plot with different ranges of bacterial
biomass C:N:P, and ranges of potential C:N:P depletion. Panels
b and ¢ show GCR-normalized ternary plots with our
experimental data on reactive N and reactive P uptake,
respectively. Samples with the same treatment and from the
same stream had the same start C:N:P and we inserted 4% jitter
on each axis to make all samples distinguishable. We derived the
GCR from Godwin and Cotner (Godwin and Cotner 2018) and
added ranges of bacterial biomass C:N:P ratios under different
limiting conditions in different aquatic ecosystems as transpar-
ent ranges for comparison (Tezuka 1990; Vrede et al. 2002;
Makino and Cotner 2004). The colored ranges on the edges of
the plot in panel a are C, N and P depletion ranges relative to
organism C:N:P proposed by Jarvie et al. (2018)

This finding supports earlier notions that a narrow
band of N and P accrual in aquatic ecosystems may be,
at least partially, due to C limitation of heterotrophic
assimilation (Stutter et al. 2018). This zone was
narrower for actual bioavailable DOC:reactive N
ratios than has been proposed for bulk DOC:nitrate-
N ratios (Taylor and Townsend 2010; Helton et al.
2015). Within our experiment, we found the same
difference when directly comparing bulk DOC:nitrate-
N ratios and bioavailable DOC:reactive N ratios
(compare Figs. 2a, 5a). Moreover, we could show
the same effect when comparing bulk DOC:SRP and
bioavailable DOC:reactive P ratios (compare Figs. 2b,
5b). This effect leads us to conclude that the actual
range in which bacteria cannot assimilate available
nutrients due to too low C:nutrient ratios is relatively
narrow when accounting for the truly bioavailable
DOC instead of the bulk DOC. Furthermore, we
hypothesize that this zone is clearly predictable based
on the bacterial C:N:P, as indicated by the GCR-
normalized ternary plots (Figs. 6, 7). As for the zones
of high reactive nutrient (co-)uptake, our small dataset
mandates further investigations of this finding.

In addition to the difference between bulk and
bioavailable DOC, the fluorescence measurements
and PARAFAC modeling allowed us to calculate the
difference between bulk and bioavailable DON. Here,
we found excellent (DOC) or good correlations (DON)
between fluorescence-based bioavailable DOC and
DON concentrations to the uptake of DOC and DON
measured during the experiment (Fig.4). It has
already been shown that the fluorescence-based
DOM composition is closely linked to DOM
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Fig. 7 Summary ternary plot of our results on the macronutri-
ent-access hypothesis, with zones constrained by the experi-
mental results of this study. We describe specific bioavailable
(b)DOC:reactive N (DIN plus bDON) and bDOC:reactive P
ratios (determined as bDOC:SRP in this study) at which we find
the highest reactive N uptake and reactive P uptake, a zone with
reactive N and P co-limitation, a zone of flexible N and P uptake

processing (e.g. Fellman et al. 2009, 2011); however,
it has not yet been attempted to calculate bioavailable
DOC and DON from that directly. This calculation
requires the strong assumption that the bulk DOM
pool has the same composition as the fluorescent
DOM pool. In our experiment, this assumption holds,
but this needs to be tested each time carefully before
being applied. Still, our experiment shows the high
value of DOM composition measurements for enlight-
ening the effects of DOM composition on C and N
biogeochemical cycling and stoichiometric effects.
However, to fully understand the relationships
between DOM composition and processing, one needs
to combine fluorescence with in-depth DOM compo-
sition measurements, e.g., by Fourier-transform ion
cyclotron mass spectrometry (Kamjunke et al. 2020).
In addition, earlier studies show that strong links
between bioavailability of DOC and DOM fluo-
rophores (Petrone et al. 2011; Nimptsch et al. 2015)
are also valid for various types of river waters, and also
without higher concentrations of leaf leachates, but we
encourage testing for further sites and on the links
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and a zone without considerable reactive N and P uptake. Our
results imply that already small adjustments in the C:N:P ratio
towards zones of high reactive N or reactive uptake or co-uptake
may reduce freshwater nutrient concentrations and loads.
However, potential secondary deleterious effects (e.g. eutroph-
ication, increased greenhouse-gas emissions) of such shifts also
are possible and need to be considered in further studies

between bioavailablity of DOM fluorophores and
bioavailability of DON.

Our results indicate that DON can be of high
importance for calculating the reactive N forms and
that only using nitrate or even DIN is likely underes-
timating their concentration. Of the four agricultural
streams sampled for this study, DON comprised
around 50% of all dissolved N forms in two cases
and more than 50% in one case (Table 1). DOP
exhibited low concentrations in the stream waters
sampled for our experiment (Table 1). However, at
higher concentrations, DOP might also be of consid-
erable importance for the reactive P pool. Based on
these results, the organically bound dissolved N and P
forms must be considered in freshwater studies if the
stoichiometric constraints of heterotrophic assimila-
tion should be assessed. Organic N and P forms are
likely also of importance for stoichiometric con-
straints of algal growth, as many common freshwater
algae are mixotrophic, and in the case of DON have
been shown to grow even with complex molecular
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fractions (e.g., phytoplankton in lakes, Fiedler et al.
2015).

We determined DON indirectly, an approach that
can result in high uncertainty (Siemens and Kaupen-
johann 2002; Lee and Westerhoff 2005; Graeber et al.
2012a). Using diagnostic plots, we found this uncer-
tainty to be acceptable for DON, but not for DOP,
because of which we decided not to use DOP in our
calculations (see Fig. S1 for diagnostic plots and also
the Methods section). The high variability in the
relationship between bDOC:reactive N and in the
correlation of bDON with DON uptake likely is
partially attributable to the random error induced by
the indirect DON determination. For DON, DIN-
removal and direct DON measurement approaches
have been shown to significantly reduce the determi-
nation uncertainty (Graeber et al., 2012a, 2012b).
However, this has not yet been tested or achieved for
DOP. We advocate that in aquatic systems in which
substantial DON and DOP concentrations are to be
expected, DON and DOP are ideally measured with
high accuracy by advanced approaches, or at least that
the determination uncertainty of their concentrations
is estimated (e.g. by diagnostic plots as in Fig. S1 or
by error propagation).

While the other stream sites followed similar
patterns in the reaction of nitrate-N uptake to changes
in DOC:nitrate-N ratios, or reactive N and P uptake to
bDOC, stream site “sf” often showed a deviating
behavior. Specifically, we found a release of nitrate—N
at very low bulk DOC:nitrate-N ratios and a decline of
SRP uptake at very high bulk DOC:SRP ratios. This
behavior always occurred at stoichiometric ranges, at
which one of the macronutrients clearly was limiting
dissolved N or P uptake, making it unlikely that further
changes in stoichiometric control by dissolved nutri-
ents occurred. This implies other factors controlling
nutrient uptake for this site. Here, we think it most
likely that the particulate organic matter in the
bacterial inoculum was influencing the uptake. Par-
ticulate organic N may have been released and
remineralized to appear as nitrate-N at low C:N and
particulate organic P may have affected the SRP
uptake of stream site “sf” at very high C:P. However,
without detailed information of the C, N and P content
of the bacterial inoculum, we cannot prove or disprove
this notion. Further similar experiments should make
sure to also measure the particulate organic matter of

the bacterial inoculum to have this information
available.

We conducted our experiment in the dark in
constantly shaken microcosms with stream water
filtered clean of anything larger than the pores of
GF/C filters. This approach removed the hydromor-
phological complexity of streams and the complexity
of the stream food web. Such a simplified approach
was needed to control the stoichiometric constraints of
the system fully; however, it is unrealistic in terms of
ecological scale and complexity. Furthermore, we
experimented with only one, albeit natural, DOC
source and only four stream waters. This experiment
also did not compare responses of heterotrophic
assimilatory uptake under varying DOC:nutrient ratios
to those of autotrophic assimilatory uptake such as
algal primary production or dissimilatory uptake such
as denitrification. For denitrification, earlier research
indicates a peak response at a DOC:nitrate-N molar
ratio of 1, which fits the catabolic need of denitrifiers
(Taylor and Townsend 2010; Hansen et al. 2016).
Hence, we propose that denitrification will not be
affected by further increases in DOC:nitrate-N ratios.
However, the link between DOC:nitrate-N and deni-
trification needs to be assessed in further experiments.

Moreover, in agricultural streams, autotrophic
assimilation may dominate, and these systems are
often assumed to be net-autotrophic during the grow-
ing season (however, see Griffiths et al. 2013). Still,
there are also indications that the dominance of algae
in benthic biofilms might stimulate DOC uptake either
directly by priming heterotrophic assimilation with
labile DOC, or indirectly by providing a better
environment for heterotrophic enzymatic reactions
(see Weigelhofer et al. 2020) pointing to the possibil-
ity of positive feedback between autotrophic and
heterotrophic assimilation. Hence, an increase in
DOC:nutrient ratios may provoke a stronger response
in heterotrophic nutrient assimilation in high-light
systems, such as many agricultural streams, compared
to low-light systems, such as many forested streams.

Finally, we did not assess potential links between
the macronutrient-access hypothesis and DOC prim-
ing. Here, DOC priming is defined as assimilation of
less labile DOC induced by additions of labile DOC,
resulting in greater overall DOC accessibility for
bacteria. For freshwater ecosystems, DOC priming is
still an active area of research, with a range of studies
finding significant priming (Hotchkiss et al. 2014;
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Bianchi et al. 2015; Ward et al. 2016, 2019; Morling
et al. 2017), while others propose that significant
priming is unlikely (Bengtsson et al. 2014, 2018;
Catalan et al. 2015). In our experiment, priming due to
small additions of highly labile DOC might have
increased the bioavailability of previously non-labile
DOC, increasing the bioavailable DOC:reactive nutri-
ent ratio and, hence, heterotrophic nutrient uptake.
However, with our experimental design, we were
unable to detect DOC priming and propose that further
research assesses priming effects in the light of the
macronutrient-access hypothesis.

Even when taking all the above mentioned exper-
imental constraints into account, our experiment
shows an exciting avenue of research, which may
give novel insights into the controls of stream reach
and fluvial network DOC and nutrient uptake. Here,
we hope that the promising results of our experiment
encourage further research with more source waters,
more DOC sources, comparison of different uptake
and remineralization pathways, and in more stream-
like setups.

Conclusions

For the four investigated stream waters, we could
experimentally prove a strict link between bioavail-
able DOC:reactive nutrient ratios and reactive nutrient
uptake by heterotrophic microbial organisms (Fig. 7)
previously implied for aquatic ecosystems by moni-
toring data, empirical in-situ assessments, and theo-
retical stoichiometric reasoning (Danger et al. 2008;
Taylor and Townsend 2010; Wymore et al. 2016;
Stutter et al. 2018). Stoichiometric approaches to
nutrient uptake are not new (Sterner and Elser 2002),
but the macronutrient-access hypothesis offers a
different viewpoint of the topic. It combines concepts
of stoichiometric homeostasis and imbalance (e.g.
Sterner and Elser 2002; Danger et al. 2008; Godwin
and Cotner 2015) with novel approaches linking DOC
and dissolved organic nutrient molecular composition
(e.g., EEM-PARAFAC) and processing to bacterial
macronutrient stoichiometry. However, Helton et al.
(2015) proposed that the applicability of any stoichio-
metric approach must be limited by thermodynamics.
They argue that under highly reducing conditions,
nutrient cycling is not controlled anymore by
macronutrient stoichiometry but by the availability
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of electron donors and acceptors. Against this back-
ground, we encourage further testing of the potential
and limitations of the macronutrient-access hypothesis
to help develop a deeper mechanistic understanding of
freshwater nutrient cycling.

The proposed stoichiometric approach may help to
develop management options additionally and com-
plementary to the source-pollution control of reactive
N and P release focused on nowadays. Here, increas-
ing C:N and C:P ratios should not be achieved by
releasing highly reactive DOC (for example, wastew-
ater treatment plants), but by restoring the import of
natural organic carbon from the terrestrial surround-
ings in both dissolved and particulate form, e.g.,
through re-establishing floodplains and wetlands, with
additional benefits for the biodiversity and functioning
of those ecosystems. However, any consideration for
management applications of such an approach must
also assess the potential for deleterious effects of
increased C:N and C:P ratios, namely increases in
eutrophication, oxygen depletion in sediments, and the
increased potential for greenhouse-gas emissions.

Independent of active management, C:N and C:P
ratios always have changed and will continue to do so.
Long-term series indicate potentially much higher
DOC concentrations in the pre-agricultural past
(Meyer-Jacob et al. 2015). In the future, measures to
reduce reactive-N (Canfield et al. 2010) and reactive-P
(Ockenden et al. 2017) pollution from mineral fertil-
izers, direct and indirect effects of lower N-atmo-
spheric deposition (Musolff et al. 2017), as well as
catchment management for climate adaptation such as
wetland restoration and increased wetland-carbon
storage (Erwin 2009; Kayranli et al. 2010), reforesta-
tion (Kritzberg 2017), and pyrogenic-carbon capture
and storage (Blanco-Canqui 2019) will likely again
shift aquatic ecosystems towards higher DOC con-
centrations and higher DOC:reactive N or DOC:reac-
tive P ratios. Here, we need to deepen our
understanding of the potential impacts of those
scenarios on nutrient cycling across wide ranges of
environmental conditions and river network scales.
This study is one starting point, which needs to be
followed by more extensive research on the links
between macronutrient stoichiometry, ecosystem
functioning, ecosystem services, and the approach’s
scaling properties.
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