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Abstract

Aim: Our goal was to quantify nitrogen flows and stocks in green-brown food webs
in different ecosystems, how they differ across ecosystems and how they respond to
nutrient enrichment.

Location: Global.

Time period: Contemporary.
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and zooplankton.

fluxes in green-brown food webs in forests, grasslands, brackish environments, sea-
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grass meadows, lakes and oceans. We compared the stocks, fluxes and metabolic
rates of different functional groups within each food web. We also used these esti-
mates to build a dynamical model to test the response of the ecosystems to nutrient
Handling Editor: Angelica Gonzalez enrichment.

Results: We found surprising symmetries between the green and brown channels
across ecosystems, in their stocks, fluxes and consumption coefficients and mortality
rates. We also found that nitrogen enrichment, either organic or inorganic, can disrupt
this balance between the green and brown channels.

Main conclusions: Linking green and brown food webs reveals a previously hidden
symmetry between herbivory and detritivory, which appears to be a widespread prop-

erty of natural ecosystems but can be disrupted by anthropogenic nitrogen additions.

KEYWORDS
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1 | INTRODUCTION

channels, respectively. Despite being coupled across all ecosystems
to form green-brown food webs (Butler et al., 2008), investiga-

Food webs are supported by two energy and nutrient sources: pri- tions have only recently begun to explore the links between green

mary production and detrital matter. These two sources, together and brown food webs and how these links affect their functioning

with their respective consumers, constitute the green and brown (Buchkowski et al., 2019; Butler et al., 2008; Wolkovich et al., 2014;
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Zou et al., 2016). We are therefore limited in our ability to predict
ecosystem responses to anthropogenic environmental change,
such as the massive nutrient inputs entering all ecosystems globally
(Bobbink et al., 2010; Bouwman et al., 2013).

The green channel encompasses primary producers, herbivores
and their predators. Carbon enters this channel via photosynthesis
and is redistributed upwards in the trophic chain, while nutrients,
including nitrogen, are acquired primarily from the soil and water
inorganic compartments (Buchkowski et al., 2019; Evans-White
& Halvorson, 2017; Moore et al., 2004). Given that herbivores
extract only a small portion of the net primary production, and
particularly so in terrestrial ecosystems, a majority of carbon and
nutrients from primary producers is recycled in the brown chan-
nel, which consists of detritus, microbes and the animals that con-
sume both (Cebrian, 1999; Hairston Jr & Hairston Sr, 1997; Polis &
Strong, 1996; Wetzel, 1995). Producers represent the entry point
of carbon in the ecosystem, while detritus is a reservoir for both
carbon and nutrients that stabilizes ecosystem dynamics and func-
tions, including primary productivity, and promotes high biodiver-
sity of consumers (DeAngelis, 1992; Moore et al., 1993, 2004; Polis
etal., 1997).

Ecologists have long recognized these important roles but
have focused mainly on the interaction of detrital matter with pri-
mary producers and decomposers (Cebrian, 1999; Garcia-Palacios
et al., 2016; Wolkovich et al., 2014), dedicating less attention to
consumption and predation dynamics at higher trophic levels in the
brown channel. Inquiry into trophic interactions has instead dealt
almost exclusively with the green channel, largely disregarding nutri-
ent cycling through the decomposers (Moore et al., 2004). However,
understanding of green channel dynamics cannot be extrapolated
readily to the brown channel.

A central difference between the green and brown food webs
is their qualitatively different resource bases: primary producers
versus detritus. In the green channel, primary producers are fuelled
by solar energy and nutrients released by detritus. Primary produc-
tion is controlled by self-regulation among primary producers and
by herbivores that, in turn, can be regulated by predators (Barabas
etal., 2017; Hairston et al., 1960; Paine, 2002). In the brown channel,
detritus stocks depend on recycling from the primary producers and
on subsidies entering the ecosystem from adjacent ecosystems or
from human activities, such as agriculture (Polis et al., 1997). Nutrient
limitation can occur at all trophic levels but depends on plant tissue
composition in primary producers in the green channel and on nu-
trient enrichment from detritus decomposition in the brown channel
(Sterner & Elser, 2002). These distinctions alone should lead to dif-
ferences in both state and response to perturbations between chan-
nels (Attayde & Ripa, 2008; Mougi, 2020).

Although the internal processes within each channel (i.e., pri-
mary production, herbivory and predation for the green channel
and decomposition for the brown channel) are relatively well char-
acterized in isolation, the ecosystem-level consequences for stocks,
fluxes and process rates of linking the two channels remain unclear.
Predators consume both herbivores and detritivores, leading to an
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apparent competition (Holt & Bonsall, 2017) between herbivores
and detritivores, and thus between the green and brown channels
overall. Moreover, given that food webs are always interlinked via
both consumption and nutrient cycling, we need to consider them
in concert to predict ecosystem responses to natural and anthropo-
genic perturbations.

Global change is expected to affect the functioning of both chan-
nels in all ecosystems (Tylianakis et al., 2008; Woodward et al., 2012).
A major driver of change is the input of nutrients into ecosystems,
owing to both deliberate actions (e.g., fertilization) and side effects,
such as atmospheric deposition (Bobbink et al., 2010; Bouwman
et al, 2013; Galloway et al., 2008; Matson, 1997). According to
the subsidy hypothesis, enriched ecosystems will show stronger
top-down effects by predators on lower trophic levels (Leroux &
Loreau, 2008). However, empirical tests either support or refute
this prediction, possibly because outcomes are determined not
only by the quantity, but also by the quality of the subsidy (Aguilera
et al., 2021; Riggi & Bommarco, 2019). Altering between inorganic
inputs, such as mineral fertilizer, and organic ones, for instance ma-
nure or detritus, could reverse the direction of trophic control from
a top-down to a bottom-up control.

To compare stocks, fluxes and process rates in the two chan-
nels across ecosystems and to assess their responses to nutrient
enrichment, in this study we synthesize data from the literature for
six major ecosystems: forests, grasslands and savannas, brackish en-
vironments (marshes and mangroves), seagrass meadows, lakes and
open oceans. We focus on nitrogen as a key limiting element, used
here as a common currency to compare ecosystems. Values and
ranges of stocks, fluxes and metabolic rates are collated from the
literature for six compartments in green-brown food webs: primary
producers, herbivores, predators, detrivores, organic matter and in-
organic nitrogen. We use this information to parameterize a dynam-
ical ecosystem model in which the two channels are linked, allowing
us to examine how stocks and fluxes among compartments respond
to an altered amount and quality of nutrient inputs. By “quality” here
we refer to the chemical nature of these inputs, distinguishing be-
tween inorganic and organic forms; the former are easily taken up
by the producers, whereas the latter require first to be mineralized
by the decomposers. We thus gain insights on the current state of
green and brown channels in major ecosystems, their similarities and
differences, and how their state might change owing to the anthro-
pogenic inputs of organic and inorganic nitrogen.

2 | MATERIALS AND METHODS

To quantify fluxes and stocks of nitrogen in the green and brown
food webs, we first constructed a database merging existing and
new datasets spanning the six ecosystems. Second, we developed
a dynamical model of nitrogen cycling, which was parameterized
using the new database. Third, we used the model to quantify the
responses of green and brown food webs to changes in nitrogen
inputs.
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2.1 | Data synthesis

Our data synthesis is based on five main data sources: (1) two pre-
vious meta-analyses that focus on primary production, herbivory
and detrital dynamics (Cebrian, 1999, 2004), containing c. 900 en-
tries from 370 studies; (2) models that use the software EcopaTH
(Christensen & Walters, 2004), mainly describing aquatic systems
and focusing on food web relationships, such as predation rates;
this dataset consists of 52 models, each detailing a particular eco-
system; (3) 31 studies of terrestrial food webs, reporting stocks
and consumption fractions of consumers; (4) 69 studies report-
ing estimates of nitrogen stocks and fluxes in soil and/or water;
and (5) 25 studies reporting estimations of nitrogen conversion
efficiencies and weight conversions (see Supporting Information
section 1).

From the first four datasets, we extracted direct estimates of
nitrogen stocks of different compartments (see model descrip-
tion below), fluxes, such as net primary production (NPP), and flux
fractions, such as how much NPP is lost to herbivory. We used all
these estimates, together with non-dimensional quantities from the
fifth dataset (e.g., nutrient conversion efficiencies), to calculate all
the nitrogen stocks and fluxes in each ecosystem (see Supporting
Information section 2). To quantify the stock and flux variability
within each ecosystem type, we adopted a randomized parameter
estimation approach. For each data type from our first four data-
sets (stocks, fluxes and flux fractions), we randomly chose two val-
ues and calculated their geometric average (more appropriate than
arithmetic average when considering values changing over orders
of magnitude). These averages were used to estimate the remain-
ing values of stocks and fluxes, based on our dynamical model (see
model description below), obtaining one complete set of nitrogen
stocks and fluxes for that ecosystem. We repeated this procedure
1,000 times, each time randomly choosing different values, giving us
a good representation of the variability of stocks and fluxes within
each ecosystem type.

2.2 | Ecosystem structure and dynamical model

We divided each ecosystem into six compartments representing
three trophic levels (primary producers, primary consumers and
predators) along two parallel (green and brown) energy and nutrient
flow channels (Figure 1). The three compartments that are central in

the classic green food chain view are (see Figure 1):

e P: Primary producers, including plants, phytoplankton and algae.

e H: Herbivores, ranging from zooplankton, through insects, to
large ungulates.

e C: All predators (secondary consumers), including animals that

feed on insects, vertebrates, etc.

The other three compartments, forming the brown channel,
include:

e D: Detritivores feeding on detrital matter, including animals that
feed on microorganisms (which, in turn, feed on the detrital mat-
ter), but excluding the biomass of these microorganisms.

e N: Available inorganic nutrients in the medium (water or soil).
The substrate here is the topsoil in forests and grasslands
(where most of nutrient cycling occurs), but also in brackish and
seagrass environments, and the top water column in the aquatic
ecosystems.

e S: Active organic matter. In terrestrial ecosystems (forest,
grassland and brackish), S represents the fraction of soil organic
matter with relatively fast turnover time, including microbial
biomass. We exclude mineral-associated or physically protected
organic matter that is less sensitive to nutrient subsidies. In
aquatic systems, we consider all detritus and associated micro-
organisms in the top water column (see details in Supporting
Information section 2.2); sediments and nutrient cycling therein
are not considered (except for sediment pore water in seagrass
ecosystems).

Note that the predators, which constitute the higher trophic
level, feed on the primary consumers: both the herbivores (green
channel) and the detritivores (brown channel); hence, they represent
one of the connections between the two channels.

Nutrient stock sizes were expressed as nitrogen stocks per unit
surface area (in grams of nitrogen per metre squared) and flows be-
tween compartments in terms of nitrogen fluxes (in grams of nitrogen
per metre squared per year). This allowed us easily to connect living
and mineral compartments in the soil or water. The stoichiometric
relationships in animals are relatively constrained and similar across
ecosystems, whereas primary producers have more flexible nutrient
contents (Elser et al., 2000; Gonzalez et al., 2017). Therefore, trans-
lating our results and data to another type of currency, such as car-
bon, would be feasible after prescribing stoichiometric coefficients
for all compartments or allowing flexible stoichiometry for the pro-
ducers. This was beyond our scope here, because it would require
additional assumptions that are difficult to test, such as assumptions
on carbon metabolism under different degrees of nutrient limitation
(Manzoni et al.,, 2017) and the degree of producer stoichiometric
flexibility.

To model the dynamics of the ecosystem, we used six ordinary
differential equations (Equation 1) that describe the change in ni-
trogen stocks of the six compartments of the ecosystems. By con-
structing a nitrogen-based model, we assumed nitrogen limitation
or co-limitation in the ecosystem, which implies that our model
predictions are relevant when nitrogen poses a strong limitation
on growth of primary producers and detritivores. To keep the
model simple and general, we followed Barbier and Loreau (2019)
in defining the food web and used a typel functional response for
consumption terms, meaning that the fluxes were linearly propor-
tional to both the consumer and the resource. Additionally, two
types of self-regulation were modelled: of predators attributable
to intraguild predation, and of primary producers attributable to
space and light limitations. With these assumptions, the nitrogen
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mass balance equations for our six compartments can be written

as follows (Figure 1):
d
aP:P(ePrPN—rHH—uP —qpP)
d
aH:H(erHP—rCC—uH—qHH)

%D =D(eprpS—rcC—up—apD)

a (1)
%C=C(echH—eCrcD—uC -qcC)
d

d—fN:zS—lN—rPPN+IN

c’it5=ro—z5—r[,D5+lS

The r, parameters represent consumption coefficients of com-
partment i feeding on the trophic level below (or primary produc-
ers taking up N), ¢, is the nutrient conversion efficiency tied to this
consumption (ratio of nitrogen converted to biomass divided by the
nitrogen consumed), u; is the first-order mortality rate of the com-
partment, and g; modulates the self-regulation of the compartment
(e.g., light limitation for plants or intraguild predation for preda-
tors). The consumption and self-regulation coefficients are multi-
plied by the stocks to calculate the associated nitrogen fluxes. The
coefficient z represents the rate of nutrient mineralization, and |
is the loss rate of inorganic nutrient (e.g., leaching, volatilization).
The flux of organic nutrient input to S from mortality of primary
producers and animals is given by: I, = y(upP +uyH +upD + uCC),
where y is the recycling coefficient (e.g., the fraction of P mor-
tality routed to S). We assess a different assumption on nutrient
recycling, whereby nutrients not converted into biomass are also
recycled, in the Supporting Information (section 6.2). The parame-
ters I, and I, are the influx rates of nutrients into the N and S com-
partments, respectively, interpreted as the inorganic and organic
nutrient subsidy fluxes.

The connection between the green and brown channels is cap-
tured by three processes: recycling of dead material into S (modulated
by y); transformation of organic material into inorganic material and
its uptake by primary producers (modulated by z); and predation of
both detritivores and herbivores by predators P on top of the joint
channels (Rooney et al., 2006; Scheu, 2001; Wardle et al., 2004). We
note that the addition of self-regulation terms leads to more well-
behaved dynamics (Barabas et al., 2017); for instance, avoiding un-
realistic oscillations of the nutrient stocks under high nutrient input
rates (Attayde & Ripa, 2008). Other methods of partitioning the eco-
system into compartments are possible (e.g., using more than six com-
partments), but our results are robust to partitioning choice because
they focus on ecosystem functions, such as herbivory or predation,
and not on individual species (Supporting Information section 6.1).

2.3 | Parameterization and simulations

Our stock and flux estimates were based on the steady-state solu-
tion of the dynamical model. The steady-state solution was used to
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back-calculate the quantities that were not known from data (see
Supporting Information section 3). The consumption coefficients
of the typel functional responses were estimated by dividing the
consumption flux by the stocks of resource and consumer, and the
linear mortality rate of each compartment was estimated by divid-
ing its mortality flux by its stock. Intraguild predation, the first type
of self-regulation, was estimated directly for all ecosystems except
for forest and grassland, for which we used heuristic estimations
according to predation rates. The second type of self-regulation,
space and light limitation, was assumed to reduce primary produc-
tivity by 10% in all ecosystems. This value did not change the re-
sults qualitatively (see details and sensitivity analysis in Supporting
Information section 3.2 and section 5). Moreover, our analysis sug-
gested that self-regulation was important only for primary produc-
ers and predators (see Supporting Information section 3.2).

To test whether our method to estimate model parameters
caused spurious correlations (Brett, 2004), we adopted two Monte-
Carlo approaches. In the first approach, parameters were chosen
at random from independent distributions, so that they could not
exhibit correlations by construction. In the second approach, we
estimated the parameters from the data, but shuffling it between
ecosystems. The expectation was that spurious correlations caused
by our estimation approach would also emerge in these artificial

In

datasets, whereas “real” correlations would emerge only between
parameters estimated from the real data (see details in Supporting
Information section 6.3).

To use our parameters for simulations (Figures 3 and 4), we chose
a subset of the 1,000 parameter sets we defined in Section 2.1
(Data synthesis). However, nutrient inputs were still not known and
needed to be estimated to guarantee that stocks were reasonable.
For this purpose, the subset was chosen to represent parameter val-
ues that, in combination with the estimated nutrient inputs, gave vi-
able equilibrium values for our model (i.e., they were self-consistent).
This methodology, detailed in the next paragraph, was necessary be-
cause we did not have a complete set of stocks and fluxes for any
specific ecosystem. Hence, choosing the most consistent parameter
sets, while leaving the nitrogen input as a free parameter, ensured
that we could model ecosystems with consistent properties.

For each ecosystem, we used the 1,000 parameter sets, and for
each set we simulated different combinations of nutrient inputs,
identifying those that produced nutrient stocks closest to those we
used to estimate the parameter set. Finally, we chose the 200 sets
that gave the best results (stocks closer to the data), thus focusing
on viable ecosystems where our simulations were in line with the
empirical estimates. The baseline input values (those obtained for
these 200 sets) are shown in the Supporting Information (Figure
$14), with most input values between 2 and 20gNmyear?, which
is consistent with observed levels (Rabalais, 2002; Zhu et al., 2015).
For each of these 200 sets, we then increased the nutrient input by
10%, by adding either organic or inorganic nutrients, on top of the
baseline input values, which were typically a mixture of both organic
and inorganic. We chose a 10% addition to assess the sensitivity of
ecosystems to nutrient addition. This nutrient addition was small

85UB017 SUOWIWOD SAIER.D 8 [cedtdde au Ad peusenob a2 sajole YO ‘sh JO Sejnl 1oy Akeid18UljuQ AB|IM UO (SUORIPUOD-PUe-SULBY WD A8 | 1M AReiq | Ut |uo//Sdiy) SUONIPUOD pue swis | 8y} 88S *[zz0z/TT/8T] Uo ARiqi8uliuO A8]IM ‘SsoueIos i noLBy JO AISBAIUN USIpems Ad 9/GET GeB/TTTT 0T/I0p/wW00 A8 |mAkeiq pul|uoy/sdny Wwo.y pepeojumod ‘TT ‘2202 ‘8EZ8997T



ZELNIK ET AL.

2274 Wl LEY Global Ecology Adournal of
and Biogeography Sl

enough to have an approximately linear response. This could be
contrasted with the 100% addition we considered in the Supporting
Information (Figures S15 and S16). The results of the stocks and
fluxes under nutrient addition are shown in Figures 3 (stocks) and
4 (fluxes), and in the Supporting Information (Figure S5) for both
stocks and fluxes combined. These are shown relative to the base-
line values (i.e., relative to the values of stocks and fluxes that we

had from our self-consistent simulations).

3 | RESULTS

3.1 | Nitrogen stocks and flows in green-brown
food webs

Our literature review showed that predator (C) stocks, in general,
were low compared with P and S stocks in the terrestrial forest and
grassland ecosystems (Figure 1). Stocks were more evenly distrib-
uted across compartments in the aquatic ecosystems, in particular
in the oceans. Across all ecosystems, the stocks of P and S showed
similar values, as did H and D (Supporting Information Figure S2).
Fluxes among the three lower compartments (P, S, and N) were all
of similar order of magnitude across all ecosystems, despite overall
higher median nitrogen stocks in the terrestrial compared with the
aquatic ecosystems. This was a result of the higher metabolic rates as-

sociated with P and S in aquatic ecosystems, which compensated for

Forest Grassland

the smaller nitrogen stocks (Cebrian, 1999). In contrast, the median
fluxes among the top three compartments of H, D and C in terrestrial

ecosystems were much smaller than in the aquatic ecosystems.

3.2 | Coordination of production, consumption and
mortality within and across trophic levels

Nitrogen stocks and fluxes are modulated by the rates of production,
consumption and mortality of all compartments in the ecosystem. In
turn, these are tied to the physiology, behaviour and metabolism of
the species found at each trophic level. Combining data and model-
ling, we estimated the consumer consumption coefficients and mor-
tality rates from measured nitrogen stocks and fluxes. These process
rates were then used to elucidate previously hidden coordination
among processes or ecosystem components within an ecosystem
and across ecosystems (Figure 2).

Interestingly, we found that the consumption coefficients of P,
H and D (i.e. of primary producer growth, herbivory and consump-
tion by detritivores) were all tightly correlated across ecosystems
(correlation coefficients >.8), demonstrating a global coordina-
tion of growth capacity of producers and consumption capacity of
consumers (Figure 2a-c). This coordination was evident even after
accounting for the notable variation of coefficient values within
each ecosystem type, as indicated by the ellipse sizes (Figure 2a-c).

Furthermore, there was a strong numerical similarity between

Brackish

®o.03 0.02 0.25 Stocks c
7 gN/m
0.07 ofs 0.33/ v 7 N 5
1\ 10 1\ \ 1\
6.41 3.58 P =— S
: AV
1.69 1.18 0.1 N
Seagrass Lake Ocean 001
/0.71 F,\llljxezs P: Primary producers
0.86 0.20 gnm v H: Herbivores
‘ 50 D: Detritivores
5 C: Predators
1.83 0.38 m— e
\ 05 ~ | S:Organic nutrients
| 4 0.05 N: Inorganic nutrients

FIGURE 1 Median nitrogen stocks and fluxes in green-brown food webs across six ecosystem types. The six ecosystems are forests,
grasslands, brackish environments (marshes and mangroves), seagrass meadows, lakes and oceans. Stock sizes for nitrogen (in grams of
nitrogen per metre squared) are given within circles, with the circle areas representing stock sizes and arrow widths representing flux sizes
(in grams of nitrogen per metre squared per year; also given in Supporting Information Table S2). The diagonal arrow into compartment S

represents total recycling from animal compartments H, D and C.
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FIGURE 2 Comparison between consumer consumption coefficients (a-c; in metres squared per gram of nitrogen per year) and mortality
rates (d-f; per year) of food web compartments. The x-axis shows values for herbivores and the y-axis values for primary producers (prim.
prod.), detritivores and predators (left to right, respectively). The sizes of the ellipses correspond to variability (measured by standard
deviation) within an ecosystem type in rate estimation (see Materials and Methods). The diagonal dotted line is the 1:1 line; axes are on a
logarithmic scale. Pearson correlation values (based on median points per ecosystem type) for each coefficient pair are given in the top left
corner of each panel (the full correlation matrix and further analysis are provided in the Supporting Information section 5 and section 6.3).

coefficients characterizing herbivores and detritivores (Figure 2b),
shown by the ellipses in the middle panels lying along the 1:1 line. The
correlations between consumption coefficients by detritivores and
herbivores were stronger than those among mortality coefficients
within ecosystems, which were more variable, as indicated by the
larger ellipses in Figure 2d-f. We tested whether these correlations
were an artefact of our parameter estimation approach (Supporting
Information section 6.3) and found that the correlation between the
consumption coefficients of detritivores and herbivores was partic-
ularly robust, demonstrating a strong correlation between the two

ecosystem-scale processes of herbivory and detritivory.

3.3 | Responses of green-brown food webs to
nitrogen additions

Using our ecosystem model parameterized with data from the lit-
erature, we predicted the response of each ecosystem compart-
ment to addition of varying proportions of organic (e.g., manure
and detritus) and inorganic nitrogen (e.g., chemical fertilizers and
atmospheric deposition) added to the S and N model compartments,

respectively. Using this model, we explored how ecosystem stocks
and fluxes responded to simulated addition of 10% of nutrient in-
puts over the baseline levels. These additions altered the structure
of the food webs and the relative dominance of processes in the
green and brown channels, as shown in Figure 3 for nitrogen stocks
and in Figure 4 for nitrogen fluxes.

As expected, addition of inorganic nitrogen increased the inor-
ganic nitrogen stock (N), and addition of either organic or inorganic
nitrogen increased the organic nitrogen (S) and primary producer (P)
stocks, but only slightly. Addition of organic nitrogen increases the
detritivore (D) stock and related fluxes, whereas inorganic additions
had a weak and generally negative impact on D. Organic enrichment
has a stronger effect on D than on S, despite S being directly af-
fected by the enrichment, whereas D is only indirectly affected. In
all six ecosystems, addition of inorganic nitrogen strongly increased
the herbivore stocks (H) and related fluxes, with addition of organic
nitrogen having the opposite effect (Figures 3 and 4; Supporting
Information Figure S5). The opposite effect of inorganic and organic
nutrient enrichment on D and H stocks and associated fluxes dis-
rupted the relative equivalence between D and H seen in Figure 1.
Considering the more extreme case of doubling nutrient addition,
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FIGURE 3 Change in nitrogen stocks attributable to increased nitrogen input, across ecosystems. Each panel shows relative changes
in stocks (i.e., ratios of stocks after nitrogen enrichment of 10% over stocks under baseline nitrogen input) within one compartment, with
values for ecosystem types as reported along the x-axis: Forest (FR), grassland (GL), brackish (BR), seagrass (SG), lake (LK) and ocean (OC).
The relative changes in simulated stocks attributable to increased nutrient input of either inorganic or organic nitrogen are shown by filled
and open boxes, respectively. The black line shows median values, with box edges corresponding to the 5th and 95th percentiles (a few
values for herbivores, detritivores and predators go beyond the maximum value shown of 5).

inorganic enrichment increased H by a factor of three or more,
while only slightly increasing D, whereas organic enrichment led
to an opposite effect of more than doubling D, while decreasing H
(Supporting Information Figures S15 and S16). Finally, predators (C)
benefitted from the increased stocks of herbivores and detritivores,
regardless of input type, indicating that the effects of nitrogen addi-
tions cascaded through the entire food web.

Different ecosystems responded in a consistent way to nitrogen
enrichment; stocks and fluxes either increased or decreased consis-
tently. However, predator nitrogen stocks and fluxes to predators
in terrestrial ecosystems responded more strongly in comparison
to aquatic ecosystems, regardless of the form of nitrogen added.
Moreover, terrestrial ecosystems tended to exhibit a more variable
response of both the nitrogen stocks of the animal compartments (H,
D and C) and the nitrogen fluxes feeding them.

4 | DISCUSSION

Our data synthesis provides a unique overview of the dynamics
of nitrogen, from inorganic stocks in soil and water, and up to the

predators, along the two parallel green and brown food webs and
across major ecosystems (Figure 1). Our results bring insights on
three pertinent topics: the symmetry between the green and brown
channels in food webs; similarities and differences between terres-
trial and aquatic ecosystems; and the response of ecosystems to the
amount and quality of nitrogen addition. Moreover, our data collec-
tion highlights availability and paucity of key baseline information
across ecosystems. Empirical data on food web properties, such as
production fluxes of consumers at the ecosystem level, are largely
missing in terrestrial ecosystems (Supporting Information Table S1).
Overall, more data are available on nitrogen fluxes and stocks along
the green channel compared with the brown channel, and data for
estimating self-regulation are lacking throughout.

Some well-known patterns across ecosystems emerge from our
analysis, such as a more pyramidal structure of food web compart-
ments (Bar-On et al., 2018; Shurin et al., 2006) and lower herbiv-
ory rates in terrestrial than in aquatic food webs (Cyr & Face, 1993).
We also find surprisingly consistent nitrogen stocks in some com-
partments across ecosystems, in particular for stocks of inorganic
nitrogen (with the exception of seagrass meadows) and detriti-
vores (except for grasslands). Nitrogen enrichment leads to similar
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value shown of 5.

or stronger impacts of consumers on their resources in terrestrial
ecosystems, when compared with aquatic ones (Figure 4). For in-
stance, predation fluxes in grasslands and herbivory fluxes in for-
ests increase strongly after nutrient addition. This strong effect of
the consumer on resources in terrestrial ecosystems highlights an
apparent paradox: although herbivory fluxes are lower in terrestrial
ecosystems (Cyr & Face, 1993), in the context of nutrient enrichment
we find that consumer effects on resources are roughly equivalent
in terrestrial and aquatic ecosystems, contrary to what is often sug-
gested (Shurin et al., 2002). We can hypothesize that aquatic sys-
tems are less resource limited (and more limited by other factors,
such as self-regulation) than terrestrial ones, meaning that nutrient
enrichment leads to strong trophic cascades in terrestrial systems
despite weaker predation and herbivory fluxes.

Within each ecosystem, we find a striking vertical symmetry,
whereby the green and brown channels have similar nutrient stock
sizes at any given trophic level (Figure 1; Supporting Information
Figure S2). The P and S compartments have comparable sizes, as do
the H and D compartments. This is notable given that the herbivory
fraction (i.e., how much of the NPP flux is consumed by herbivores)

differs widely among ecosystems, ranging from <5% in forests to
>40% in the oceans (Cebrian, 1999). The symmetry between the
green and brown channels is also evident in the comparison of
consumption coefficients and mortality rates across ecosystems
(Figure 2). These coefficients are remarkably similar for herbivores
and detritivores within a given ecosystem type, despite the wide
range of values that these coefficients take across ecosystems (dif-
ferences of two to three orders of magnitude). This result is not sim-
ply a consequence of the model definition or method of parameter
estimation (see Supporting Information section 6.3), suggesting that
a coordination between the green and brown channels in food webs
is a fundamental property of ecosystems.

The emergence of ecosystem-level coordination could be a re-
sult of fundamental biophysical constraints, such as energy require-
ments at each trophic level or energy and matter conservation across
trophic levels (Barnes et al., 2018). The fact that both herbivores
and detritivores are, typically, mobile animals that consume immo-
bile primary producers and organic material while being predated
by other moving animals could be an explanation for this intriguing
correspondence between channels. Decomposers and herbivores
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are often considered as functionally similar groups (Cebrian, 2004),
but the correspondence we find (Figure 2; Supporting Information
Figure S2) suggests that we could consider our organic nitrogen (S)
compartment (consisting of detritus, organic matter and microbial
decomposers) as equivalent to primary producers in its role of tem-
porary sessile nutrient storage that feeds detritivore macrofauna, as
primary producers feed herbivores. This is consistent with modelling
results finding that the stability of brown and green trophic chains
is similar only when the brown chain includes three or more com-
partments (i.e., when including detritivores in the brown food chain
models; Moore et al., 2004). These two faunal groups, herbivores
and detritivores, thus play a functionally comparable role, but in dif-
ferent channels of the food web.

In our model conception, we focused on compartments with
a single functional role, such as herbivory or predation, thus
considering omnivory and mixotropy only implicitly (Stoecker
et al., 2017; Thompson et al., 2007). This assumption becomes
an issue if the compartment in question changes behaviour (e.g.,
omnivores consuming more animals than plants owing to nitro-
gen enrichment; Supporting Information section 6.1). However,
our simulations focus on small changes with respect to the current
conditions, and we can therefore reasonably assume that a large
shift in behaviour does not occur. Venturing beyond this point,
to enable quantitative predictions of large changes, will require
an improved understanding of the prevalence and overall role of
factors such as omnivory in the community and on changes in
feeding attributable to altered environmental conditions, such
as nutrient enrichment. Perhaps even more importantly, at high
nitrogen addition levels, some processes are likely to become
limited by factors other than nitrogen, meaning that explicit con-
sideration of stoichiometric constraints (Buchkowski et al., 2019)
could be a next step of investigations. The transition from carbon
limitation to nutrient limitation has been studied in heterotrophs
(Manzoni et al., 2017), plant-microbial systems (Capek et al., 2018)
and entire ecosystems (Cherif & Loreau, 2013), but it is still not
clear how stoichiometric flexibility combines with adjustment of
metabolic and excretion rates along nutrient availability gradients.
Therefore, by focusing on a single limiting nutrient, our results
provide only a first-order representation of nutrient cycling, but
without the uncertainties related to the specific choices for imple-
menting stoichiometric constraints.

By parameterizing a general model with empirically derived pa-
rameters, we can ask how we are affecting ecosystems by enriching
them with organic and/or inorganic nutrients (Figures 3 and 4). As
expected, we find that large inputs of inorganic nitrogen promote
primary production and thus consumers, leading to herbivore out-
breaks (Matson, 1997), but such an effect in the green channel is not
mirrored in the brown channel. In fact, increasing nitrogen inputs by
10% does not lead to the same increase in nitrogen stocks of primary
producers (P) and organic matter (S). For terrestrial ecosystems, the
predicted increase in Pis in line with previously reported values from
nitrogen-limited systems (Capek et al., 2018). However, this result is
surprising when compared with the consistently larger increases in

predators (C), which are affected by nutrient addition only indirectly.
This is in line with observed stronger impacts of predators on herbi-
vore stocks than of herbivores on plant stocks (Shurin et al., 2002).
It suggests that the P and S compartments are, to a large extent, reg-
ulated by the rest of the ecosystem, supporting the green-world hy-
pothesis that consumers largely control primary producer abundance
(Hairston et al., 1960). Finally, we find that compartment stocks are
affected very differently depending on the quality of subsidy (i.e.,
whether nitrogen is added in organic or mineral form). Addition of in-
organic nitrogen increases herbivore stocks while detritivore stocks
decline. The opposite happens when organic nitrogen is added.
These patterns are consistent with theoretical (McCary et al., 2020)
and empirical (Corredor et al., 2021; Riggi & Bommarco, 2019) ob-
servations that show how subsidizing systems can lower their con-
sumer stocks owing to predation, a phenomenon termed apparent
trophic cascades (Moore et al., 2004). Here, for the first time, we
demonstrate their generality across ecosystems. We also test that
these results hold under different assumptions, including variations
in the levels of P self-regulation (Supporting Information Figures S6-
$13) and contrasting assumptions on nitrogen recycling (Supporting
Information Figures S17 and S18).

Our results highlight the importance of the brown channel in
transferring nitrogen towards higher trophic levels, in addition to
the sensitivity of both green and brown channels to nutrient addi-
tions. In particular, addition of either organic or inorganic nutrients
affects the two channels in opposite ways, and an increase in nu-
trient inputs can disproportionately increase stocks of one channel
while decreasing the other (Supporting Information Figure S15), thus
disrupting the coordination between the two channels. We conclude
that both channels, in addition to their interactions centred around
nutrient recycling and top-down control, are key for understanding
ecosystem functioning, including occurrences of herbivore out-
breaks driven by inorganic nitrogen enrichment. By routing nitrogen
to the green channel, inorganic nitrogen inputs increase stress on
the brown food web, which is crucial to nutrient cycling, carbon re-
tention and the primary production on which most life is based.
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