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Studies for the preservation of seagrass beds biotopes have met difficulties in establishing appropriate
methods assessing their health. We tested the efficiency of space occupation by seagrasses scattered
worldwide (dgass index), which proved to be dependent on clonal growth form and morphometric
plasticity. dgrsss COrrelated with the above-ground to below-ground biomass ratio. However, the latter
was misleading when high ratios resulted from low below-ground biomass. Nutrient Posphate-
limitations were revealed in situations of theoretical Nitrogen-limitation. Enhanced nutrient supply
benefitted seagrasses only up to a threshold after which it became detrimental. Better nurtured,
healthier meadows with denser canopies increased the organic matter in the sediment and had
associated greater abundances of benthic macrofauna. Hence, seagrass biotopes could benefit from
moderate anthropogenic nutrient additions. However, organic matter above ~6% and/or reduced
riverine discharges (dams upstream and climate-change-related droughts) were detrimental to
healthy meadows, jeopardizing ecosystem services such as macrofauna abundances and

carbon sinks.

Seagrass meadows are one of the most common marine coastal biotopes,
and hotspots for biodiversity'* and productivity”. Additionally, seagrasses
provide many important services to both ecosystems and humankind. Such
services include functioning as nursery habitat and shelter for fish, bivalves,
crustaceans, and other marine invertebrates, providing food, their role in
water purification®*""° and carbon storage™'™', and their potential role as a
sustainable source of renewable raw material and energy for construction
and industry" ', and soilless agriculture™.

Seagrass meadows are useful ecological indicators of the quality of
coastal waters as well as of the health status of their biotopes™*!. Using
multivariate analysis, associations among a wide array of seagrass variables
have been tested as indicators, namely populational, morphometrical,
physiological and biochemical*™’. These evaluations have systematically

used seagrass biomass, shoot density and a possible existence of a
biomass-density relationship. However, several factors have deterred more
robust findings. The simultaneous use of large amounts of variables resulted
in unfavourable signal-to-noise ratios. Most studies monitored single spe-
cies in relatively restricted geographical areas, undermining extrapolations
to other species and/or locations. The searches for associations among
seagrass variables were exclusively empirical/statistical, thus disregarding
mechanistic explanations grounded in ecological theory. This was parti-
cularly true for the earlier research on the biomass-density relationships in
seagrasses, which neglected the biomass—density theories well-established
for terrestrial plants, namely the self-thinning law and the determination of
an Interspecific Boundary Line (IBL) representing the maximum possible
space occupation efficiency on Earth by terrestrial plants™*. This gap was
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filled by Vieira et al. **”. First, an IBL which was specific for seagrasses was
determined from 5052 observations of 18 species scattered worldwide and
reported in 79 studies*>*’; thus, grounding its generalization to seagrasses
globally (Fig. 1). Concomitantly, an algae-specific IBL was also
determined®. The estimated perpendicular distances of monitored algae
stands (dajgee) OF seagrass meadows (dgrss) to their respective IBLs (Fig. 1),
representing the free space left available and thus, their efficiencies of space
occupation, were demonstrated as biological indicators of their health,
among other aspects of their biology and ecology™*.

The biomass-density relation in seagrasses is mediated by their mod-
ular construction. The establishment and growth of new meadows are
primarily done by the elongation of the rhizome system through the
iteration of new shoots, leading to either of two clonal growth forms, namely
the “guerilla” (sparse meadows with low shoot densities) or the “phalanx”
(compact meadows with high shoot densities)**™*. Due to its modular
construction and clonal growth, healthy seagrass meadows approach the
IBL adopting a phalanx clonal growth form where they simultaneously
increase their shoot density and their above-ground biomass. On the con-
trary, less healthy meadows depart the IBL, thereby adopting a guerilla
clonal growth form where they simultaneously decrease their shoot density
and their above-ground biomass***' (Fig. 1).

Grounded on the theory and index presented above about seagrass
ecology and demography, the healthier seagrass stands were found to be
those benefiting from mild anthropogenic nutrient additions to the natural
background, as long as these additions were not excessive to the point of
nitrogen (N, namely ammonium, nitrate and nitrite) or phosphate (P)
becoming toxic***. This finding matched former analyses showing that
seagrasses in pristine environments are nutrient-limited*" and benefited
from experimental nutrient additions to the natural background™**”".
Additionally, these benefits cascaded to the biotope and the ecosystem
services provided by seagrasses””. Hodgson and Bucher®' found that
moderate levels of nutrient inputs from properly managed sewered catch-
ments may increase not only seagrass abundances but also fish harvests, and
by association, production of estuary-dependent fisheries. The increasing
awareness by society about environmental protection, the improved

technological solutions for waste-water management, and the evidence that
seagrasses may benefit from mild anthropogenic nutrient additions to the
natural background, support the accumulating evidence on the recovery of
seagrass beds worldwide'***, Recent seagrass recovery is particularly true
for European seagrasses, for which a reversal from its 20th century decline
was determined from the 2000s onward®.

The objective of this work was to determine whether dg,, besides
being an indicator of the health of seagrass meadows, may be extrapolated to
their biotopes and ecosystem services. That requires knowing how, and to
what extent, the efficiency of space occupation by seagrasses may influence
their role as ecosystem engineers. We formulate a hypothesis about cas-
cading effects, with the availability of nutrients setting the efficiency of space
occupation, which, in its turn, regulates sediment properties and macro-
fauna biodiversity. For such inference, we monitored Zostera noltei Hor-
nemann, 1832 meadows from the Tagus and Sado estuaries, Portugal (Fig.
2), and analysed them together with data from Z. noltei monitored else-
where, as well as data from other species and systems (data compiled in
WorldSeagrassBiomassDensity.xlsx). The approach of analysing many
seagrass species together has been successfully implemented before” """
and argued as the only way to unveil the intricate dynamics of seagrasses and
their interactions with the local environment’'. While implementing this
approach, the Results and Discussion were organized in sections dedicated
to specific topics.

In Section 2.1 ‘Environmental properties’, we focus on water tem-
perature and availability of ammonium, dissolved inorganic nitrogen
(DIN), and phosphate, in the water column as well as in the sediment pore
water. The availability of nutrients was significantly different among estu-
aries. The environmental molar N:P was usually lower than the molar N:P in
seagrass tissues, thus suggesting that seagrass growth was usually lim-
ited by N.

In section 2.2 ‘dgp vs. nutrients’, we show how the availability of
nutrients affects the efficiency of space occupation by seagrasses. Seagrasses
peaked their efficiencies under moderate nutrient concentrations. Under
low nutrient concentrations, seagrasses were always limited, showing
reduced efficiencies. Excess nutrient concentrations were harmful to
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Fig. 1| The biomass-density relations of seagrasses. The Interspecific Boundary Line (IBL) and the dg,ss metric inferring each stand’s efficiency of space occupation. Data

from seagrasses worldwide compiled in Vieira et al.” and used in Vieira et al."’*.
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Fig. 2 | General overview of the study area. The metropolitan areas of Lisbon and
Setdbal in the Tagus and Sado estuaries (a), and sampling stations from the Tagus (b)
and the Sado (c) estuaries. The Tagus stations were “Al1” and “Al2”, inside the Tagus
Estuary Natural Reserve and thus expected to be the most pristine sites, “Al3” and
“Al4” along the Alcochete city beach, “Sam1”, “Sam2”, “Sam3” and “Sam4” next to
the Samouco locality, “Sex” was located at the Seixalinho wastewater treatment plant
(WWTP) runoff, “Rib1” was located at the Riberalves fish factory runoff, and “Rib2”
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and “Rib3” approximately 300 m and 600 m away, respectively. The Sado stations
were “ST” along the main channel, closer to the estuary inlet and next to the SolTroia
tourist and residential development area, “Com1”, “Com2”, “Com3” and “Com4”
located along the Comporta secondary channel, and “Cr1”, “Cr2” and “Cr3” in the
main channel next to the Carrasqueira village. Aerial photos obtained from Google
Maps. Imagery ©2024 TerraMetrics, Map data ©2024 Google, Inst. Geogr. Nacional.

seagrasses, thus also leading to reduced efficiencies. The dgyss dependency
on the proportion of the §°N isotope corroborated that seagrasses benefit
from mild anthropogenic nutrient additions to the natural background.

In section 2.3 ‘dgyass vs. environmental N:P ratios’, we show how the
dgrass indicator was able to detect P-limitations for seagrass growth despite
the generalized theoretical N-limitations.

In section 2.4 ‘dgy Vs. seagrass morphometry’, we show how the
morphometric plasticity of seagrasses affects their efficiency of space
occupation. This is achieved by increasing their rhizomes’ branching, node
density, number of shoots per node and leaf length as they shift from a
guerilla to a phalanx clonal growth form.

In section 2.5 ‘dgrqes v5. above:below ground biomass’, we show that the
above:below ground biomass ratio as an indicator of seagrass health, per se,
is misleading when high ratios result from low below-ground biomass. The
best option is to use dg.ss as an indicator of health and the above:below
ground biomass ratio as an indicator of the recent trend.

In section 2.6 ‘dgraes vs. sediment properties’, we show the relations
among the efficiency of space occupation, granulometry and the % of
organic matter in the sediment. Denser meadows retained more organic
matter, but only until a =~ 6% OM threshold, above which too much OM
became detrimental. The role of seagrass meadows as carbon sinks is

dependent on the availability of resources to sustain their carbon
incorporation.

In section 2.7 ‘dgrags vs. the benthic macrofauna’, we show that denser
meadows accommodated larger abundances of benthic macrofauna.
However, the number of species was not significantly affected. High content
of OM and/or reduced riverine discharges also had negative effects on the
abundances of benthic macrofauna.

In section 2.8 ‘dgrs vs. alternative coastal ecosystem indicators™ we
compare the use of seagrass-based indicators with the widely used AMBI
and M-AMBI based on benthic macrofauna biodiversity. Both options
broadly agreed about the general good quality of the seagrass biotopes in the
Sado and Tagus estuaries. However, the AMBI and M-AMBI failed to detect
the clear differences between these two systems resulting from the reduced
riverine discharges to the Sado estuary, whereas the seagrass indicators
promptly detected these differences.

Results and discussion

Environmental properties

The sampling in the Tagus and Sado estuaries took place during the peak
summer season of 2021 and 2022. Therefore, the temperatures of the water
immediately over the meadows were very high (Table 1), ranging from 22 °C
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Table 1 | Sampled environmental variables

Estuary Site year Temp Water °C NH,4 Water uM NH, Sed. uM  DIN Water uM DIN Sed.uM PO, Water yM PO, Sed. yM
Tagus Al1 2021 23.8 2.2 132.2 9.5 135.8 1.4 41.3
Tagus Al 1 2022 29.9 9.3 na 20 na na na
Tagus Al2 2021 23.7 1.1 123.6 9.2 128.7 1.2 37.5
Tagus Al 2 2022 28.3 9.5 na 13.4 na na na
Tagus Al 3 2021 23.3 3.6 68.7 21.7 74.3 1.7 39.2
Tagus Al3 2022 28 6.8 na 12 na na na
Tagus Al 4 2022 27.3 8.7 na 12 na na na
Tagus Sam 1 2021 22.7 1.5 35.6 9.7 38.5 0.7 37.1
Tagus Sam 1 2022 27.3 5.8 na 9.2 na na na
Tagus Sam 2 2021 23.3 3.0 116.1 20.9 122.0 1.7 27.0
Tagus Sam 2 2022 26.9 5.4 na 7.8 na na na
Tagus Sam 3 2021 21.7 1.0 96.8 9.0 100.6 0.6 15.8
Tagus Sam 3 2022 27.2 4.4 na 6.9 na na na
Tagus Sam 4 2022 28.8 4.5 na 7.9 na na na
Tagus Rib 1 2021 21.9 70.1 468.2 743 469.2 18.8 373.8
Tagus Rib 2 2021 22.6 5.4 181.4 9.9 182.8 241 64.4
Tagus Rib 3 2022 29.4 39.7 na 45.3 na na na
Tagus Sex 2021 225 19.2 209 475 210.7 19.6 9.6
Tagus Sex 2022 26.6 111 na 16.4 na na na
Sado Com 1 2021 23.6 1.9 8 45 9.2 0.3 6.4
Sado Com?2 2021 25.4 2.7 125.0 5.5 125 0.4 12.4
Sado Com?2 2022 25.4 3.1 na 5.4 na na na
Sado Com 3 2021 23 3.6 8.4 6.2 9.0 0.4 5.2
Sado Com 4 2021 22.9 3.1 na 5.8 na na na
Sado Cr1 2021 26.1 1.1 26.8 3.5 29.8 0.3 4.8
Sado Cr1 2022 25.2 4.9 na 191 na na na
Sado Cr2 2021 26.3 1.8 64.6 44 67.0 0.4 5.2
Sado Cr2 2022 25.6 3.5 na 6.4 na na na
Sado ST 2021 221 1.1 148.0 3.7 152.2 0.2 17.8
Sado ST 2022 22.8 25 na 5.1 na na na

Temperature (Temp Water) and nutrients (Ammonium—NHy,, Dissolved Inorganic Nitrogen—DIN and Phosphate —PO4) in the water column and sediment (Sed.) pore water of the Tagus and Sado
estuaries. Values are the averages of the replicates taken over time during low tide (sediment) and high tide (water). na sediments were not sampled during 2022. The Tagus stations were “Al1” and “Al2”,
inside the Tagus Estuary Natural Reserve and thus expected to be the most pristine sites, “Al3” and “Al4” along the Alcochete city beach, “Sam1”, “Sam2”, “Sam3” and “Sam4” next to the Samouco locality,
“Sex” was located at the Seixalinho wastewater treatment plant (WWTP) runoff, “Rib1” was located at the Riberalves fish factory runoff, and “Rib2” and “Rib3” approximately 300 m and 600 m away,
respectively. The Sado stations were “ST” along the main channel, closer to the estuary inlet and next to the SolTroia tourist and residential development area, “Com1”, “Com2”, “Com3” and “Com4”
located along the Comporta secondary channel, and “Cr1”, “Cr2” and “Cr3” in the main channel next to the Carrasqueira village.

closer to the estuaries’ mouths to over 31 °C in the inner estuaries during ebb
tide. Such variation in water temperature has been reported in these systems
due to tidal-driven circulation moving warmer inner estuary waters and
cooler upwelled coastal ocean waters’””.

The comparisons with data from the Tagus and Sado estuaries,
Dadae Bay”’, Barang Lompo and Gusung Tallang’* (only these sites were
compared because they were the only ones that had measurements for all
substrates and nutrients) showed that nutrient concentrations were
much higher in the sediment pore water than in the water column
(p <0.0001), often by about 1-2 orders of magnitude (Table 1 and Fig. 3).
Differences between sites were significant (p =0.0001), with the Tagus
and Dadae Bay meadows showing higher nutrient concentrations than
the Sado (post hoc p =0.0016 and p = 0.0032), Barang Lompo (post hoc
p=0.0004 and p = 0.0005) and Gusung Tallang (post hoc p = 0.0667 and
p=0.0462) meadows. The Sado river (southwestern Portugal), being
much smaller than the Tagus (largest river in the Iberian Peninsula,
crossing Portugal and Spain), delivers less riverine inputs to its estuary;
which is aggravated by dams upstream and climate change-related

successive droughts in southern Portugal during recent years having led
to significant decreases in the Sado riverine discharges”. Dadae Bay is in
a heavily populated area in South Korea whereas Barang Lompo and
Gusung Tallang are respectively a mud flat and a Coral reef kms off-shore
the populated Jenerebang river estuary, South Sulawesi.

dgrass VS. nutrients

Seagrasses have declined globally during the 20th century™**”*”*. The most
common cause was increased nutrient load to coastal systems from agri-
cultural runoff and urban effluents. This has often led to eutrophication,
which in turn led to smothering by drifting or epiphytic macroalgae, light
attenuation due to enhanced phytoplankton growth and turbidity’*”®, and
the toxic effects of excessive concentrations of inorganic nitrogen (N) and
phosphorus (P)’*”"*. Other anthropogenic negative impacts included clam
harvesting™®,  herbicides”™,  pesticides™” ™, and  industrial
contamination®>*”*, However, recent seagrass recovery has been
observed scattered throughout the globe***”. Furthermore, new evidence
emerged about this recovery being due to seagrasses benefiting from
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Fig. 3 | Dissolved Inorganic Nitrogen (DIN) and Phosphate (P) in the water and

in the sediment of seagrass meadows. Measured concentrations are compared with
N:P thresholds for N or P limitation following Duarte® (here converted to mol:mol)
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and Fourqurean et al. . Data from seagrasses worldwide compiled in Vieira et al. ©’.
and used in Vieira et al.*""*.

anthropogenic nutrient additions to the natural background as long as these
additions are mild, do not lead to excessive N and P concentrations sur-
passing healthy thresholds, and impacts from clam harvesting are
avoided'"*"****, The application of the dy,,s indicator was a valuable tool to
demonstrate that these findings hold for Zostera marina in the British Isles,
Halodule wrightii Ascherson, 1868 in Brazil, Halodule beaudettei (Hartog)
Hartog, and Halophila baillonii Ascherson, 1874 in Costa Rica and Zostera
noltei in Portugal”’. Furthermore, the application of the dgyess showed that
the healthier Z. noltei meadows in the Tagus and Sado estuaries, peaking
their space occupation efficiency, were precisely the meadows next to Waste
Water Treatment Plants (WWTP) and a food factory effluent (stations ‘Sex’,
‘Ribl’ and ‘Rib2’ in this work and in Vieira et al.**®).

Here, we focus on the beneficial and detrimental effects of N and P
on seagrasses. N is taken up both as ammonium and nitrate, ammonium
being the preferred form’*”"'®. P is taken up as phosphate'>***. Sea-
grasses in pristine locations are often nutrient-limited®™. On the other
hand, excessive nutrients lead to plant necrosis’’ ™, The literature is
unclear on the levels and thresholds for positive (growth) vs negative
(mortality) effects. Hindering their determination, there is a strong
interaction with other factors such as light, temperature, salinity or
pH”™. Even the own plant stands’ densities interfere with these
thresholds as the presence of more plants leads to more nutrient uptake
and incorporation in plant tissue, and consequently, lowered con-
centrations in the water. Hence, there is beneficial feedback where
increased plant densities raise the threshold for nutrients to become
toxic*. Here, we applied polynomial quantile regressions estimating the
dgrass limitations by ammonium, dissolved inorganic nitrogen (DIN) and
phosphate (see Methods section 4.5.2) to highlight the signal in the data
and cast aside the noise. These regressions determined the maximum
efficiency of space occupation (i.e., minimum dg,) possible under the

given predictor value (in these cases, the log;, nutrient concentrations).
This was the desired signal. Lower efficiencies of space occupation (i.e.,
higher dg, values) corresponded to situations where some other
unaccounted factor was limiting seagrass health and growth. Such cases
corresponded to the noise that the regressions fit to extreme quantiles
managed to overcome.

The non-linear quantile regressions simultaneously applied to seven
species scattered worldwide confirmed that seagrass meadows, irrespective
of the species, peak their efficiencies of space occupation (i.e., were healthier)
under intermediate concentrations of N and P in the water and sediment
(Fig. 4). Lower concentrations of N and P were detrimental for seagrasses
presumably due to nutrient deprivation, whereas larger concentrations of N
and P were detrimental presumably due to toxicity and eutrophication.
These results clarified the concentration thresholds for nutrients shifting
from beneficial to detrimental, which, so far have been far from consensual.
Our meta-analysis showed that optimal phosphate concentrations were
around 1-10 umol-L™" when in the water, and around 10-100 pmol-L™"
when in the sediment. Optimal ammonium and DIN were around
10 pmol-L ™" when in the water, and around 100 ymol-L™" in sediment.
These results match the work by Lee and Dunton® proposing the 100 uM of
ammonium in the sediment as a threshold limiting seagrass growth. Other
relevant generalizations are that seagrasses tolerate nutrient concentrations
in the sediments higher than in the water, as well as tolerate N concentra-
tions higher than P concentrations.

A comparison was carried out only among Z. noltei meadows. The
Sado meadows occupied space less efficiently (i.e., were less healthy) than
the Tagus meadows under similar ammonium concentrations. Possibly,
lack of nitrate and/or phosphate were limiting the growth and health of the
Sado meadows. Likely due to lesser inputs, natural and/or anthropogenic,
the concentrations of these nutrients in the Sado were lower than in the
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Tagus. This suggests that moderate nutrient surplus to the natural back-
ground promotes seagrass health and growth.

The Z. noltei meadows sampled in the Tagus estuary near effluents
from WWTP and the Riberalves food factory were among the meadows
occupying space more efficiently and thus, presumably healthier. These
effluents discharge into large channels with strong hydrodynamic mixing.
The remaining meadows with better efficiencies of space occupation were
sampled in the summers of 2009-2011 (13-15 years ago) in Ria Formosa at
intermediate distances from a WWTP®. On the other hand, the Z. noltei
meadows in worst conditions were sampled in the summers of 2009-2011
immediately next to the same WWTP?, and in Huelva, south Spain, also
immediately next to a WWTP*. These effluents discharge into narrower
channels with weak hydrodynamic mixing. A water quality monitoring in
the Ria Formosa areas affected by WWTP during 2018-2019 concluded that
the hydrodynamic mixing was the fundamental factor determining the
wastewater effluents’ footprint'®, Accordingly, despite the strong input of
wastewater into Bahfa Almirante (Caribbean Panama shore), its signature
was not perceived when sampling T. testudinum'”. It may be concluded that
efficient modern wastewater treatment facilities discharging into well-mixed
water bodies provide water with enough quality for seagrass meadows and
may even promote their growth.

The dgyass Was compared against the §"°N isotope to strengthen the
inference about seagrasses benefiting from moderate nutrient additions.

The proportion of the 8N isotope to the total N is considered an
indicator of N origin, with §”N>4ppt generally indicating anthro-
pogenic N sources’'* """, From the data compiled about seagrasses
worldwide®, five studies were retrieved on six seagrass species enabling
the estimation of dgyss and its comparison to the proportion of the §°N
isotope (Fig. 5). The quantile regressions applied to these data showed
that the healthier seagrass meadows showing better efficiencies of space
occupation (i.e., smaller dgras,) Were those with a 8"N proportion within
0 to 8 ppt (Fig. 5). Furthermore, in each experiment the best dgyass Was
obtained under intermediate §"°N. With the exception of Posidonia
sinuosa, for all other seagrass species, healthier meadows were found
when 8N was between 4 and 8 ppt. Hence, these results corroborate that
seagrasses may thrive under moderate anthropogenic N enrichment,
with N concentrations typical of pristine conditions limiting growth and
excessive anthropogenic N additions being detrimental, presumably due
to toxicity and eutrophication. For the tropical Halodule spp. and
Halophila sp., the best dgrass were obtained with 8N = 6 ppt, whereas for
the temperate Zostera spp. the best dg,e were obtained with
0"”N =8 ppt.This may suggest that seagrasses in temperate climates
(cooler waters) tolerate anthropogenic nutrient additions better than
tropical seagrasses (warmer waters). It has been well established that the
toxic effects of too much nutrients are positively correlated with water

temperature”"",
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Fig. 5 | Dependency of dgass from the 8N isotope. Smaller dg,s represents less
free space left to be occupied, indicative of healthier meadows occupying space more
efficiently”™”. The proportion of the §"°N to total N >4 is an indicator of anthro-
pogenic N sources’'*"'". The Zostera noltei meadows were sampled in the Ria de
Vigo, Spain®. Zostera marina meadows were sampled in the British Isles’. Posidonia
sinuosa meadows were sampled in Cockburn Sound, Western Australia”. Halodule
wrightii meadows were sampled in Brazil”. Halodule beaudettei and Halophila
baillonii meadows were sampled in Costa Rica'**'”,

dgrass VS. environmental N:P ratio

The foundational work by Atkinson and Smith™ determined that the molar
N:P ratio in seagrass tissues was =30. Fourqurean et al.”’ determined that the
molar N:P ratios in the tissues of four seagrass species in Bermuda varied
within 34 to 40. Duarte” compiled data from 27 species, concluding that the
average N:P was 24. Based on these ratios, seagrasses are considered com-
monly limited by the availability of N. Nevertheless, situations typical of
P-limitation are known, namely seagrass meadows inhabiting carbonate
sediments™™*". This P-limitation is a consequence of phosphate adsorption
to the grains’ surface and thus dependent on the grain size due to its sur-
face:volume ratio''*'*. Additionally, nutrient sources to the coastal system,
location and season are other factors potentially driving a
P-limitation®>**”~%, Finally, it has been proposed that P availability deter-
mines which primary producers (seaweeds or seagrasses) dominate the
community structure, whereas N availability determines their growth™.

In the present study, considering the N:P in the water and in the
sediment, seagrasses should have been usually limited by N (Fig. 3). Only
occasionally should seagrasses have been limited by P, namely the Z. noltei
meadows sampled in Huelva and Cadiz* as well as the Z. marina and Z.
japonica sampled in South Korea™'"""*. On the opposite side, the Tagus
and Sado estuaries showed low N:P corresponding to strong N limitation.
However, under similarly moderate and healthy N concentrations, the
Tagus meadows tended to occupy space more efficiently than the meadows
elsewhere, and particularly than the meadows in the Sado estuary (Per-
mutation Test p=0.0005) (Fig. 4). Furthermore, considering only these
meadows under healthy moderate N concentrations, the Tagus meadows
showed higher dgp, associated to higher P concentrations. This suggests
that the Tagus meadows benefited from larger P concentrations despite the
theoretical generalized N-limitation following the consensual N:P
thresholds™**”. These findings match earlier studies showing that nutrient
limitation for seagrass growth cannot be solely inferred from the environ-
mental N:P as the uptake of nutrients by seagrasses is a rather complex

prOCeSSS7’lllllG.

dgrass VS. seagrass morphometry

Seagrasses have a modular construction. As the rhizomes spread below-
ground, new nodes are formed at intervals named ‘internode length’. From
each node, roots extend downward and shoots (commonly one to three)
extend upward. The underground part of the shoot is the sheath. Above-
ground, several leaves emerge from the sheath and extend
vertically*~*****!"71" ' The iteration of new nodes and shoots — and the
resulting morphometrics — in a response to the suitability of local

environmental conditions, follows a clonal growth form***"*****; Where the
environment is favourable, seagrasses adopt a phalanx strategy. In this case,
to keep competitors out, seagrass meadows are as compact as possible by
maximizing their shoot densities and sizes. In contrast, where the envir-
onment is unfavourable, seagrasses adopt a guerilla strategy. In this case,
being competitively inferior, seagrass meadows become sparse, spreading
their rhizomes by widening their internode lengths and/or reducing their
branching to maximize horizontal elongation in search for better conditions
in the vicinities. Growth of the rhizomes and root system is fundamental for
the establishment in newly colonized locations, as well as for the persistence
of established meadows*™*****""?!"* " According to Sintes et al.”** the
colonization of new areas starts by a guerilla growth form that may take long
to spread. Only once the rhizome system is fully spread does the meadow
proceed to a second growth phase where it attempts to pack shoots as much
as possible in a phalanx strategy. For the clonal growth dynamics of sea-
grasses and their space occupation (i.e., packing of the shoots), traits such as
rhizome elongation rate, rhizome branching rate and angle, internode
length, shoot mortality and leaf elongation rate have been considered
fundamental***'”. The phenotypic plasticity of such traits has been
demonstrated as being fundamental for the response and recovery from
disturbances of Z. noltei''’.

The species here analysed placed separately on the parameter space,
corresponding to different morphologies that result from conditional dif-
ferentiation (see Vieira et al.** for generalized conditional differentiation
among seagrasses of the same genus). Despite their conditional differ-
entiation, analysing several species together helped seeing the bigger picture:
the present analysis confirmed that, irrespective of the species, seagrass
meadows from the Zostera genus increase their biomass and their space
occupation by simultaneously increasing the shoot density (D) (ie., pro-
ducing new shoots) and increasing the size of the older ones (Fig. 6a)*"*". The
same results were obtained when analysing the Z. noltei meadows in the
Tagus and Sado estuaries separately (Fig. 6b). Shoot size was increased by
growing leaves that were only longer and not wider. In fact, the variable “leaf
width” was uncorrelated with dgees (r=-0.045, p = 0.824) and unable to
improve its regression against the morphometric variables. The shoot
density was enhanced by increasing the node density and the number of
shoots per node (Fig. 6¢). The node density has been considered mainly
determined by branching"~**'"". Given the absence of data on branch count,
we tested the density of apical shoots as its proxy. In sparser meadows apical
shoots usually represented less than 5% of all shoots, whereas in denser
meadows they could represent up to 26%. Therefore, the count of apical
shoots was well correlated with the node count (r = 0.258 and p = 0.051 for
the Tagus, and r=0.45 and p =0.0097 for the Sado). Furthermore, this
relation was significantly different between the Tagus and Sado meadows
(p<0.0001) (Fig. 6d). These results corroborate that the iteration of new
secondary, tertiary and quaternary branches, and the consequent increase in
apical shoots, is fundamental for the development of seagrass meadows and
their adaptation to the local environment***’. The internode length (i.e., the
distance between consecutive nodes) was also relevant for the node density
(r=—-0.23, p=0.032), with smaller internode lengths associated with
greater node densities (Fig. 6e). The slopes of this correlation were not
significantly different between the Tagus and Sado meadows (p =0.82).
However, their intercepts were significantly different (p = 0.024), with the
Sado meadows tending to have slightly larger internode lengths. The average
shoot per node being substantially below one (Fig. 6¢) resulted from the
elevated count of nodes without shoots, presumably due to shoot decay and
mortality. The frequent existence of nodes without shoots, the high varia-
bility of the shoots:node (Fig. 6¢) and the high variability in the number of
apical shoots (Fig. 6d) suggest that, similarly to other species' ">, the
shoot turnover rate is a fundamental factor in the dynamics of Z. noltei
meadows and their adaptation to current local conditions. In conclusion, the
morphometric plasticity of Z. noltei, allowing its adaptation to local con-
ditions, should be mainly dependent on the branching of new rhizome
sections, internode length, shoot turnover rate, and vertical elongation of
leaves.
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dgrass VS. above:below ground biomass

Like with many terrestrial angiosperms, the below-ground biomass (BB) of
seagrasses (i.e., their rhizome and roots) are the perennial structures
essential for their long-term survival. The preservation of the below-ground
biomass guarantees the preservation of the meadow. However, if severely
damaged, the meadow will have difficulty recovering due to the relatively
slower growth of the rhizomes”*. Hence, the below-ground biomass is
resistant yet has limited resilience to perturbations. On the contrary, the
above-ground biomass (AB) typically has an annual dynamic*™"'. In fact,
individually, each shoot has a very limited time-span'"'"""'*’. Seagrass
meadows’ most immediate response to the environment is through phe-
notypic plasticity of its canopy. Consequently, the above-ground biomass
has little resistance yet is resilient to perturbations. The contrast between the
dynamics of AB and BB made the AB:BB ratio a potential indicator of the
ecological status of a meadow™”*'*. Healthier meadows exhibit larger
AB:BB whereas meadows in poor shape exhibit smaller AB:BB (Fig. 7).

However, this should be framed in the context of each species and its
environment.

Confirming that both are indicators of seagrass meadow state, the
log(AB:BB) and dg,.s were correlated (Fig. 7a, b). This correlation was more
striking in Z. noltei (r=—0.76, p=0.0001) than in the remaining species
(r=—0.19, p=0.0001). Still, the AB:BB was misleading about the good state
of the respective meadow when large AB:BB resulted from abnormally low
BB. Such was the case of Z. marina in the Hanko Peninsula, Baltic Sea'”,
where AB:BB ranged between 4 and 10 (the best in our records) as a result of
extremely low BB =10gDW-m ™ (the worst in our records) which is indi-
cative of meadows in very poor state. Clarifying their true degraded status
were their poor dgp,e Which ranged between 1.0 and 2. Another example
comes from the Z. noltei meadow in the Tagus All site sampled during the
summer 2022. Its AB:BB = 2.14 was among the best in our monitoring. In
normal conditions, this would be indicative of a meadow in very good state.
However, this value was due to a very low BB = 25 gDW-m™?; the worst in
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worldwide (panel ¢) and specifically for Zostera noltii (panel d). Seagrass meadows
occupying space more efficiently were closer to the seagrass IBL and consequently
showed dg,s, values closer to 0. Data from seagrasses worldwide compiled in Vieira
et al.” and used in Vieira et al."""*.

our Z. noltei monitoring. Clarifying its true status as a degraded meadow; its
dgrass = 0.99 was the worst from all Tagus meadows and among the worse in
our monitoring. Dunton'”’ provide insights on extreme losses of BB.
Alternatively, these could be recent colonisations with a rhizome system still
poorly developed. In any case, the large AB relative to the BB suggests that
recent environmental conditions have been more favourable than earlier
conditions, thus leading to recent gains in AB that BB had yet to catch-up
with. Nonetheless, the fact that BB was low was undeniable, which made it at
least arguable that the meadow itself was effectively in a good state. In
contrast, g, Was immune to this biomass ratio bias. We conclude that the
most insightful analyses should include both indices simultaneously. The
dgrass is an indicator of the state of the meadow when compared to a global
standard, whereas the AB:BB is an indicator of the recent trend without
needing to have sampled over time. In the case of the Tagus All meadow,
although the dg, showed that it was the meadow in worst conditions from

all the Tagus, the AB:BB suggested that, being summer, the state of the
meadow improved relative to its status in the recent winter.

Given similar AB:BB, Z. noltei generally occupied space more effi-
ciently (i.e., approximated the seagrass IBL better) than the other species
(Fig. 7a). It is particularly interesting that Z. noltei occupied space sub-
stantially more efficiently than Z. marina with less investment in both BB
and AB (Fig. 7a, c). The key to this was Z. noltei producing more shoots with
the same amount of AB, because its shoots are of smaller sizes compared to
7. marina shoots. Moreover, Brun et al.*® had already found that Z. noltei
was able to maximize its shoot density while simultaneously minimiz-
ing its BB.

The Z. noltei meadows in the Tagus estuary were clearly healthier than
the Z. noltei meadows in the Sado estuary (Fig. 7b, d). This was demon-
strated by the larger AB, larger AB:BB and better efficiency of space occu-
pation (i.e., smaller dgyqqs). In fact, the Z. noltei meadows in the Tagus estuary
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Fig. 8 | Sediment characteristics in the Tagus and Sado estuaries. Percentages of sand, silt, pore water retained during low tide and Organic Matter (OM).

subject to mild anthropogenic nutrient additions were among the ones
showing both better efficiencies of space occupation and larger AB:BB.

dgrass VS. sediment properties

The organic matter (OM) content in sediments from estuaries, lagoons, and
lakes typically ranges between 0% and 10%'*'"**"'. Its origin is the
deposition of particulate OM that can either be allochthonous (e.g. terres-
trial detritus, mangroves) or autochthonous (e.g. dead phytoplankton and
seagrass leaves, particle resuspension)”'**'?*'**"*L1* " Geagrass canopies
promote the sedimentation of suspended particles and inhibit their resus-
pension by protecting the seabed from current- and wave-driven turbu-
lence. This effect is stronger when seagrass canopies are denser”*"*""**1>,
The carbon in the deposited OM either accumulates or enters the food web.
Thus, seagrass meadows are seen as a carbon sink and a significant part of
the Blue Carbon sector®*'***". However, fine sediments and high OM
content can have a negative impact on seagrasses by decreasing pore water
exchange, inducing hypoxia, anoxia and accumulation of toxic
sulphideSISI,l3()fl38.

The dominant sediment types in the Tagus and Sado meadows were silt
and sand (Fig. 8). Naturally, their fractions were inversely proportional (r = -
0.91, p<0.0001). The percentage of pore water during low tide and of
organic matter (OM) were larger in finer sediments (r = 0.62, p = 0.0015,
and r=0.89, p <0.0001, respectively for water and OM), matching other
estuarine systems'*'**'*, A few simple explanations may be advanced: (i)
lower hydrodynamics leading to more deposition of finer sediments and
OM, and less water drainage"'”, (ii) finer sediments exerting more resis-
tance than coarser sediments to water draining during low tide"" and (iii)
greater net adsorption of OM onto finer grains with higher surface areas'.
Next, we test whether the presence and density of Z. noltei meadows affected
the percentage of pore water during low tide and of OM in the sediments.

The percentage of pore water retained during low tide varied between
13.2% and 60.6%. The efficiency of space occupation by Z. noltei meadows
was mildly correlated with it (Fig. 9a) and the correlation improved when
the AB:BB was used instead (Fig. 9b). Two effects may influence this cor-
relation: (i) seagrass effect on pore water, where denser meadows help retain
the water by obstructing its drainage and evaporation, and (ii) porewater
effect on seagrasses, where roots and rhizomes of intertidal Z. noltei benefit
from sediments retaining water while exposed during low tide, thus
avoiding desiccation. Both effects may coexist and even interact
positively'*"'*,

The percentages of OM in the sediments of the Tagus and Sado
estuaries, varying from 0.3% to 8%, matched the OM concentrations found
elsewhere around the globe'*'**'. It is particularly interesting that it
matched the 0.74 to 11.43% OM found in Z. noltei meadows in the Banc
d’Arguin, Mauritania”'. The %OM in the sediment had a clear non-linear
relation with the efficiency of space occupation by the Z. noltei meadows in
the Tagus and Sado estuaries (Fig. 9¢), as well as with their AB:BB (Fig. 9d).
The relation was positive until a = 4-5%OM threshold, shifting to negative

thereafter. This matched exactly the dynamic and the 5% OM threshold
found in the review by Koch'*, as well as for Z. noltei in the Banc d’Arguin'*,
at the exception that, in the latter case, the OM threshold was slightly higher
(=7%). These results confirm the local fishermen knowledge that “seagrasses
don’t like and decline where the sediment is too dark and muddy”. The
positive relation under low %OM results from denser canopies better pro-
tecting the seabed from hydrodynamic turbulence, thus promoting greater
sedimentation of suspended particles and greater resuspension
inhibition*'>!***»*%1%> However, above the given thresholds, the high OM
content becomes detrimental for seagrasses due to hypoxia, anoxia, and the
accumulation of toxic sulphides"""**"**'**, This creates a negative feedback
loop where increased canopy densities cause increased OM in the sedi-
ments, which in their turn cause decreased canopy densities””"'*’. Our
results support the existence of such negative feedback loop. Still, this may be
avoided or delayed if the OM in the sediment is absorbed by seagrasses in
quantities large enough to significantly reduce it. Seagrasses may uptake OM
from the sediment'*"'*""**. On the other hand, seagrass productivity may be
a source of labile OM to the sediment”. In the experiments by Armitage and
Fourqurean'’ and by Folmer et al."”!, the carbon in the sediment decreased
with experimental nutrient additions. Accordingly, in our work, the most
degraded Z. noltei meadows in the Sado estuary, with an OM above the 5%
threshold, were the Com1 and Com3, which also had some of the lowest
nutrient concentrations, particularly within the sediment (Table 1). These
evidences support the hypothesis that nutrients promote seagrass growth,
which in its turn promotes net OM absorption from the sediments by
seagrass roots. An alternative for seagrasses coping with extreme %OM in
the sediment is the symbiosis between seagrasses, lucinid bivalves and their
gill-inhabiting bacteria. This three-party symbiosis nurtures all symbionts,
decreases sulphides and increases oxygen'**'?". The experiment by van der
Heide'* was performed with Z. noltei. However, in our study, lucinids were
nowhere to be found. In conclusion, for Z. noltei meadows to act as efficient
sustainable carbon sinks they need sufficient nutrient inputs to sustain
healthy meadows and can benefit from the presence of lucinid bivalves
counteracting the harmful effects of anoxia and sulphides.

dgrass VS. the benthic macrofauna

Seagrass meadows generally act as a buffer stabilizing environmental con-
ditions and protecting the seafloor'**. Consequently, despite their complex
interactions with biotopes'**™*, seagrass meadows substantially enhance
the abundance and diversity of benthic macrofauna when compared to bare
sediments'**'*™'**, Seagrasses also enhance the ecosystem metabolism,
namely by gross primary production and community respiration'*. The
increasing size and complexity of the above- and below-ground structures of
seagrasses, besides promoting sediment deposition and retention (see sec-
tions above and references therein), also promote macrofauna abundance
and diversity'?*"?$P*H8IS0ILIE Ty fact, in the review by Heck Jr and
Orth'” the variation in the physical structure and complexity of seagrass
meadows were considered the fundamental factors determining the
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regressions against other variables, otherwise, the ratios < 1 are underrated relative
to the ratios > 1'. Linear regressions were fit by Reduced Major Axis (RMA). This is
a model 2 regression adequate under the assumed inexistence of a hierarchical
predictor-response relation'”*”!
polynomial regressions.

¥ Non-linear regressions were fit by 2™ order

composition of the associated fauna and their trophic interactions (e.g.,
providing prey with shelter from predators). Here, we studied the relation
between the efficiency of space occupation by seagrasses and their associated
benthic macrofauna, using data from the Z. noltei meadows that we sampled
in the Tagus and Sado estuaries, and Z. marina meadows from the Hanko
peninsula in the Baltic Sea'**. Our results broadly fit the previous findings. In
particular, our results showed that meadows occupying space more effi-
ciently (i.e., smaller dge) had associated larger abundances of benthic
macrofauna, thus matching previous reports that the increasing size and
complexity of seagrass structures promotes the abundance and diversity of
benthic macrofauna124,l28,139,148,130,151,1337138.

The benthic macrofauna was more abundant (ind-m>) in denser
meadows occupying space more efficiently (r = 0.457, p = 0.016) (Fig. 10),
and thus, much more abundant in the Tagus meadows than in the Sado and
Baltic meadows (p = 0.0009). The macrofauna abundances were indepen-
dent of the pore water retention (= 0.05, p = 0.241). On the contrary, the
OM had a clear non-linear effect. OM between 2% — 6% seems to be optimal
for benthic macrofauna abundance. With OM below =~ 2% the macrofauna
abundances declined, possibly due to shortage of detritus to scavenge upon.
This decline was particularly relevant in the Sado estuary and the Baltic Sea,
due to an outstanding deficit of the gastropod Peringia ulvae (Pennant,
1777). With OM above = 6% the macrofauna abundances declined, possibly
due to anoxic conditions and the toxic effects of sulphides”"'*. Also, in
Moulay Bousselham, the macrobenthos abundances, species richness and
biodiversity indexes worsened significantly in stations with OM roughly
above 6%,

The benthic macrofauna species richness (i.e., the number of species)
was not significantly dependent on the efficiency of space occupation by Z.
noltei meadows (r = 0.15, p = 0.49), pore water (r = 0.005, p = 0.98), or OM
(r=0.178, p=0.33), nor was it significantly different between the Tagus
meadows and the Sado meadows (p = 0.34) (Fig. 10). The species evenness

was better in seagrass meadows occupying space less efficiently (dgrace-
Simpson D’s r=—0.631, p = 0.0003, dgrag-Shannon-Weiner’s r = —0.628,
p=0.0001). The Tagus meadows showed significantly more uneven mac-
rofauna abundances than the Sado and Baltic Sea meadows (differences in
Simpson D’s p =0.0001 and differences in Shannon-Weiner’s p = 0.0001),
meaning that the dominant species were more dominant in the Tagus
meadows. This negative correlation between species evenness and abun-
dance of benthic macrofauna matches previous reports about seagrass
meadows'™ as well as about the generalized recovery of European freshwater
systems during the last half-century'®.

The fundamental factor for this macrobenthos biodiversity pattern and
contrast was the gastropod Peringia ulvae, previously named Hydrobia
ulvae. This small marine snail tolerant to brackish water showed a corre-
lation r = —0.45 with log(dgyas,). Peringia ulvae was of lesser relevance where
seagrasses were less efficient in space occupation. In the Sado and Baltic Sea
it was often absent or represented smaller abundances and fractions of the
benthic macrofauna. Nevertheless, in the Carrasqueira stations (along the
Sado main channel) and the Baltic during the summer 2017, it represented
between 37% and 62% of the benthic macrofauna abundance. In Tagus
meadows, which were much more efficient occupying space, P. ulvae was
abundant with up to 10000ind-m™ or even 30000 ind-m™>, representing at
least 50% of the benthic macrofauna community, and often above 90%. This
contrast between the Tagus and the Sado meadows is likely to be
explained by:

(i) the differences between the Tagus and Sado in riverine inputs and
brackish water, a consequence of the Sado estuary having been exposed
for long from drastic reductions in riverine discharges. Accordingly, for
Z. noltei and Z. marina meadows in the Bay of Santander, riverine
freshwater input was also a fundamental factor'*®. Seagrasses were also
in better condition in the more riverine locations, showing larger
densities and biomasses (which corresponds to better efficiencies of
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from the Tagus (T) and Sado (S) estuaries. Zostera marina samples taken from the
Hanko peninsula in the Baltic Sea'*’. The dg.s, closer to 0 means more efficiency of
space occupation and less free space available for macrophyte competitors.

% Organic Mater in Sediments

Sediments characterized by their percentage of organic matter and percentage pore
water at low tide. Black dotted lines are a linear regression and a 3" order polynomial
regression. Biodiversity characterized by abundance (individuals/m?), number of
species in a sample, Simpson D and Shannon-Weiner (H) indexes.

space occupation). Benthic macrofauna was also more abundant near
riverine locations but more diverse near marine locations, and P. ulvae
(Hydrobia ulvae per Ondiviela et al."**) was also a key factor influencing
this pattern.

(i) the differences in the protection provided by denser seagrass meadows,
preserving moisture better, protecting from desiccation, shading UV-
radiation and sheltering from hydrodynamic stress. Such sources of
stress and protective effects of denser meadows are known for intertidal
seagrasses "' as well as intertidal algae'*’"'”". Furthermore, seagrass
cover also protects from predation by fishes'** as well as predation from
above, namely crabs and aquatic birds foraging for small invertebrates
in intertidal meadows'”'®'”’, Our results support these theories,
showing that denser seagrass mats, harder to scout, have more
abundant benthic macrofauna communities. However, protection
from predators can have complex trophic cascading effects. Many of

the sheltered macroinvertebrates are grazers. Their increase results in
decreased benthic microalgae that they feed upon, and consequently,
may contribute to decreased %OM'”. This effect may oppose the
accumulation of OM by recycling it and incorporating the carbon into
the food web. The end result is highly unpredictable, depending on the
environmental properties, ecosystem pathways and identity and
number of epibenthic consumers.

The results showed a very close match between the Z. noltei meadows

in Portugal and the Z. marina meadows in the Baltic, despite their distance,
different environments, and different seagrass and macrofauna species (Fig.
10). Our results also matched a 14-year survey of Zostera marina meadows
along 500 km of Britany coastline (France) showing that, as the sediment
became muddier the diversity of benthic macrofauna increased but their
abundances decreased strongly

' The patterns of benthic macrofauna
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biodiversity observed in our study were broadly similar to those reported for
Z. noltei meadows in the Bay of Santander (a lagoon system in Spain)'*,
reported for Z. noltei and Ruppia cirrhosa (Petagna) Grande, 1918 meadows
in Moulay Bousselham, (a lagoon system in Morocco)'*, and reported for
other Z. marina meadows in the Baltic Sea'. Together, they support the
notion that riverine inputs, intermediate concentrations of organic matter,
and substantial seagrass cover are of great importance for benthic macro-
fauna communities.

dgrass VS. alternative coastal ecosystem indicators

Coastal ecosystems are broader than seagrasses and their associated benthic
macrofauna. Besides the seagrass meadows, there is also the bare substrate
and saltmarshes. Besides benthic macrofauna there is also benthic flora, and
pelagic and microbial communities. The AMBI-AZTI Marine Biotic
Index'”" and the M-AMBI'7>'"” are widely used alternative tools for the
assessment of the ecological status of coastal waters focusing on the com-
position of the soft-bottom benthic macro-invertebrate communities. One
step further, the integration of several ecosystem components, together with
processes such as community respiration, gross and net production, and
ecosystem services provided to humankind, help to provide a global per-
spective. An example of such broader indices is the ECOAdS"*. In this
context, the dg,s, may facilitate the application of such wider indices. As an
example, the dg.s, can substitute at least 15 of the seagrass metrics used in
the ECOAJS application to the Adriatic'’; some of which are rather
ambiguous, as are the cases of the biomass and density of reproductive
shoots and flowering frequency, to which a multitude of driving factors and
dynamics have been attributed'” """, not necessarily related with the con-
dition of the respective meadows.

Here, we compare dgp,g against the AMBI and M-AMBI, as those are
some of the simpler indices applicable to the set of variables that were
sampled. Both the AMBI and M-AMBI agree with the dgr.s, in that Tagus
seagrass biotopes were generally in good status as were some of the Sado
seagrass biotopes (Fig. 11). This was particularly evident when comparing
their dgpees With estuaries worldwide subject to elevated human occupation
and pressures (Section 2.2, Fig. 4 and Section 2.5, Fig. 7). However, the
AMBI and M-AMBI considered that the other Sado seagrass biotopes and
the Baltic seagrass biotopes were also in good condition, which was clearly
contradicted by the seagrass indicators, namely the dgp, above-ground,
below-ground, and total biomass (Fig. 11). At a finer resolution, the AMBI
and M-AMBI completely misfit the seagrass indicators, in the sense that
they were either uncorrelated or negatively correlated. The negative corre-
lation between the efficiency of space occupation and the M-AMBI was
particularly conspicuous and relevant. This resulted from the M-AMBI
giving large preponderance to a species evenness index under the
assumption that more even abundances report to healthier
communities'”*'”*. However, this has been contradicted by recent evidence,
namely our work, a meta-analysis on seagrass biotopes'”, and a meta-
analysis on the generalized recovery of European freshwater systems during
the last half-century'®. In all cases, it was found that healthier systems were
characterized by increased benthic macrofauna abundance associated with
decreased species evenness. Also misaligned with the seagrass indicators, the
AMBI and M-AMBI were insensitive to nutrients, percentage pore water
and organic matter in the sediment (Fig. 12). More surprisingly, despite
being based on benthic macrofauna, AMBI and M-AMBI were insensitive
to the fundamental factor in the benthic macrofauna data set: the changes in
P. ulvae (see previous section 2.7), likely because this species belongs to
ecological group III. Consequently, and unlike the seagrass indicators, the
AMBI and M-AMBI were unhelpful for differentiating between the Tagus,
Sado, and Baltic seagrass biotopes (Figs. 11 and 12) or to identify the factors
driving their differences (see previous sections).

The Com1, Com3, and ST stations in Sado are an illustrative case of
the limitations of simple indexes that only evaluate one system compo-
nent, as are dgras; AMBI and M-AMBI. The ST station was the most
different from the others, being located close to the estuary’s mouth and a
summer resort, lower in the intertidal, subject to the strongest currents,

with the lowest OM% in the Sado stations, and under intense human
impacts from beachgoers, boating and recreational clam harvesting. On
the opposite extreme, the Coml and Com3 were located deep in the
inner estuary, in the Comporta secondary channel, hardly accessible on
foot, on mid intertidal mudflats with the largest OM% observed in the
entire monitoring study (Figs. 2, 10 and 12, and Table 1), and maybe the
largest ever reported in seagrass studies. Alone, the seagrass indicators
were only able to identify Coml, Com3, and ST among the most
degraded Z. noltei meadows. However, analysed together with more
information, some of the distinct drives for their poor performance were
clearly identified (namely tidal height, nutrient concentrations and %
OM). And vyet, contradicting all this, the AMBI and M-AMBI erro-
neously considered Com1, Com3 and ST among the stations with best
ecological quality, particularly ST and Com1 (Fig. 12). Contributing to
this biased assessment was the favourable species evenness (as per the
Shannon-Weiner H), which was misleading as (i) it reported to a larger
number of species but with very low abundances (Fig. 10) and, (ii) the
other Tagus and Sado stations showed less favourable species evenness
due to the strong dominance of P. ulvae; yet this was likely a consequence
of brackish water influence, and not of poorer ecological status.

Conclusions

The availability of free space to be occupied is the ultimate factor limiting the
growth and size of terrestrial plants™’, algae”’, and seagrasses*’*’. Here, we
showed that the efficiency by seagrass meadows in occupying that space (i.e.,
the compaction of their canopies) was achieved by increasing their node
density (increasing the branching of their rhizomes and decreasing the
internode length), number of shoots per node, and leaf length. Based on this
efficiency of space occupation, the dg.ss was developed as an indicator of
seagrass condition"’’. Here, we showed that dg, correlated well with other
seagrass morphometric indicators such as the above-ground to below-
ground biomass ratio. However, the latter was misleading when high ratios
resulted from low below-ground biomass. The dgy,s metric, being immune
to this ratio bias, was a more reliable indicator.

The dgpass enabled P-limitation detection in situations of theoretical
N-limitation. It also revealed the thresholds for low nutrient concentrations
to limit seagrass growth and for high nutrient concentrations to become
harmful. Also, dgr,ss showed that seagrasses are more sensitive to inorganic
nitrogen than to phosphate, and to nutrients in the water than to nutrients in
the sediment. This metric showed that moderately enhanced nutrient
concentrations benefited seagrass meadows, even when these nutrient
additions came from anthropogenic sources such as WWTP and a food
factory. This benefit cascaded through the biotope. The compaction of the
canopies thereby promoted organic matter (OM) deposition in the sedi-
ment and the abundance of benthic macrofauna by providing food and
shelter.

We highlight that healthier meadows with increased benthic macro-
fauna abundances were associated with decreased species evenness. This
same macrofauna abundances-evenness pattern has characterized the
benthic community of seagrass biotopes'* and the generalized recovery of
European freshwater systems during the last half-century'®; thus, contra-
dicting the predominant perception that healthier benthic communities are
characterized by more even species abundances.

Although meadows in better condition promoted OM deposition,
sediment OM above 6% was associated with more degraded meadows, likely
due to anoxia, hypoxia, and sulphides damaging their rhizomes and root
system*""*""%1 Our results support the hypothesis by Folmer et al.””' on
direct negative feedback between seagrasses and sediments. When canopies
become very dense, they enhance the deposition of organic matter and fine
sediments. When a threshold is surpassed, the excessive organic matter
content and reduced pore water renovation create hypoxic conditions
harmful for the rhizomes of seagrasses. This negative feedback poses a
limitation to the role of seagrass beds as carbon sinks.

Our results showed that anthropogenic sources of nutrients, which
have generally been perceived as harmful to seagrass systems, may
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Fig. 11 | Environmental evaluation of Z. noltei meadows from seagrass indicators
and benthic macrofauna community. Seagrass indicators are the efficiency of space
occupation (dgr,s closer to 0 means more efficiency of space occupation and less free
space available for macrophyte competitors), Above-ground Biomass (AB), Below-

ground Biomass (AB), Total Biomass (TB) and AB:BB ratio (AB:BB). Benthic
macrofauna indicators are the AMBI and M-AMBI. Samples taken from the Tagus
(green triangles) and Sado (blue circles) estuaries.

contribute to a good seagrass condition, the provision of ecosystem services,
and enhance their role as carbon sinks. This is provided anthropogenic
nutrient input is moderate, well-managed, and coordinated with the natural
role of seagrass as water purifiers. Such benefits to seagrass systems brought-
about by anthropogenic nutrient additions and their cascading effects have
been previously reported. Hodgson and Bucher® found that moderate levels
of nutrient inputs from properly managed sewered catchments beneficed
seagrass meadows, their productivities, and ultimately the production of
estuary-dependent fisheries.

In our case, the health of Z. noltei meadows and their cascading effects
contrasted between the Tagus and Sado estuaries. The Sado had less
nutrients, sparser meadows, highly muddy sediments, and less abundant
benthic macrofauna. Together with the drastic reduction in the abundance
of Peringia ulvae —a small marine gastropod tolerant to brackish water—
these conditions suggest that the Sado estuary is being affected by reduced
riverine discharges, consequence of the dams upstream, freshwater capture
for agriculture, and successive droughts that have been affecting south

Portugal in recent decades. Deterioration of estuarine and lagoon systems
due to decreased riverine discharges has been reported elsewhere (Texas
Department of Water Resources 1983 in Lee and Dunton®'**,). The 21*
century may become a new era of seagrass decline, associated biotopes, and
ecosystem services due to decreased riverine discharges consequence of
dams upstream, farming overexploitation of water resources, and climate-
change induced droughts.

Methods

Study areas

Monitoring took place in the Tagus and Sado estuaries, Portugal (Fig. 2a)
during the summers of 2021 and 2022. These are meso-tidal estuaries, with a
mean tidal amplitude of 2.4 m. Detailed characterizations of the geography
and hydrodynamics are available for both the Tagus'® and Sado”.
Approximately 3 million people live in the region, mainly around the Tagus
estuary, where the Portuguese capital, Lisbon, is located (Fig. 2a). Natural
sources of nutrients to these estuaries are riverine discharge, runoff, and tidal
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Fig. 12 | Environmental evaluation of Z. noltei meadows from sediment prop-
erties and benthic macrofauna community. Sediments characterized by ammo-
nium, DIN, phosphate, % of organic matter and % pore water at low tide. Benthic

macrofauna indicators are the AMBI and M-AMBI. Samples taken from the Tagus

and Sado estuaries (our monitoring), and the Baltic Sea'*".

transport of nutrients upwelled in the coastal ocean during the summer
upwelling season. The main anthropogenic sources are urban effluents,
agriculture, livestock, and rice fields. In the Sado estuary, the area next to the
Comporta and Carrasqueira villages, and landward for tens of km along the
river, is intensively occupied by rice fields. However, the gates are opened
only once per year to let the rice-field water outflow. The Sado estuary has
been severely affected by decreasing riverine discharges, consequence of the
successive droughts that have been affecting south Portugal in recent dec-
ades, concomitantly with water retention in dams upstream’'®.

The stations were selected based on the logistical and safety conditions
to accessing the Z. noltei meadows. Stations were also selected to be at least ~
200-300 m away from each other. Larger and denser meadows were
prioritized as these were considered more likely to be fully developed, thus
minimizing a potential bias from lower density and biomass from meadows
potentially still in initial stages of development. Monitoring at Tagus
included twelve stations (Fig. 2b and Table 1). Stations “Al1” and “A12” were
inside the Tagus Estuary Natural Reserve and thus expected to be the most
pristine sites. Stations “Al3” and “Al4” were along the Alcochete city beach.

Al3 was next by the Alcochete village centre and with a small sewer dis-
charge. Stations “Sam1”, “Sam2”, “Sam3” and “Sam4” were next to the
Samouco locality, along a distance gradient from a small stream with
agricultural run-off. Station “Sex” was located at the Seixalinho wastewater
treatment plant (WWTP) runoff. Station “Rib1” was located at the Riber-
alves fish factory runoff, whereas “Rib2” and “Rib3” were approximately
300 m and 600 m away, respectively. All stations were located at the mid
intertidal. The Sado estuary monitoring included eight stations (Fig. 2c).
Station “ST” was along the main channel, closer to the estuary inlet and next
to the SolTroia tourist and residential development area. It was the only
station located at the lower intertidal limit, only exposed during spring tides.
Stations “Com1”, “Com2”, “Com3” and “Com4” were located along the
Comporta secondary channel whereas stations “Cr1”, “Cr2” and “Cr3” were
in the main channel next to the Carrasqueira village. All these stations were
located at the mid intertidal. Not all of these stations were sampled during
both summers. Some Z. noltei meadows monitored in 2021 were subse-
quently destroyed by intensive clam harvesting, being unavailable for
sampling in 2022 (Rib1, Rib2, and Com2), or we had difficulties returning
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there (Com1 and Com4). A few new stations were included in the sampling
campaign of 2022 (Al4, Sam4 and Rib3) to compensate with alternative
locations.

Field sampling and laboratorial analysis

Sampling occurred in July and August, the period when Zostera noltei
meadows peak in biomass, density, efficiency of space occupation, and
meadow condition***'. At each location, 6 cores were taken from the centre
of the meadow (or patch), away from the edges to avoid edge effects on the
seagrass variables: three cores for seagrasses and associated benthic mac-
rofauna, two cores for nutrients in the sediment porewater and one core for
sediment granulometry and organic matter (OM). All cores were taken
within 1 m* without interfering with each other. Additionally, three water
samples were taken for nutrient content.

Each PVC core for seagrasses (11 cm diameter, 20 cm depth) was
placed over the meadow and a small piece of wire was used to pull all
the leaves belonging to the shoots inside it. Then, the core was push
through the sediment. In the laboratory, each core was washed using
a 0.5mm filter and seagrasses removed. Later, the benthic macro-
invertebrates were sorted, isolated, and preserved for further mor-
phological identification to the lowest possible taxonomic level using
a stereomicroscope and identification keys. The Z. noltei, shoot and
node density, shoots per node, internode length, shoot length, sheath
length, leaf length, leaf diameter and counts of apical shoots were
estimated for each core with the aid of a magnifying glass and a
calliper. Finally, above-ground and below-ground biomass were
separated, dried in an oven for 48 h at 60 °C, and weighed (whole
sample and not individual-wise). Data about Z. noltei meadows from
other locations, as well as from other species, were also used for
comparison (data from WorldSeagrassBiomassDensity.xlsx*’).
Nutrients (ammonium, nitrites, nitrates, phosphate and silica) in the
sediment porewater were sampled at each location while exposed
during low tide. One core 5 cm wide and 10 cm deep was taken soon
after exposure and another core prior to the immersion. While the
meadows were immersed, each location was sampled for water
properties (temperature, ammonium, nitrites, nitrates, phosphate,
and silica) three times: soon after immersion, during peak high tide,
and soon before exposure. Temperature was recorded with a digital
thermometer to the decimal place. In the laboratory, samples were
filtered through a 0.45 um membrane (Whatman cellulose acetate) to
25ml plastic bottles and frozen until analysis. Nutrients were
determined by colorimetry in a Skalar autoanalyzer SAN +'*. Data
from subsequent samplings was averaged.

Another core 5 cm wide and 10 cm deep was taken for grain size and
organic content. Grain size analysis was carried out by dry sieving, using the
protocol described in Gaudéncio et al."”. Sediment type was identified using
the percentage of fines and gravel according to Folk’s classification'*. Total
OM from sediment samples was estimated by mass loss on ignition in a
muffle furnace. Samples were oven-dried at 100 °C and weighed to estimate
the total weight of grains plus OM (Wr). Subsequently, the samples were
mashed up and then ignited at 450 °C to constant weight. They were
weighed again after cooling in a desiccator at room temperature (Wy). The
total OM content was calculated by the difference between the weight of the
oven-dried samples and the weight of the combusted ones (OM = Wr-Wy).
Later, it was converted to percentage organic matter (OM%) in the sample
(OM/ Wi x 100).

Seagrass biological indicator

The plant Interspecific Boundary Line (IBL) is the upper limit for the
biomass-density relation observed for any terrestrial plant on the planet,
thus representing the maximum possible efficiency of space occupation by
terrestrial plants™”. Conversely, IBLs specific for algae” as well as
seagrasses'” were found (Fig. 1). The seagrasses specific IBL has been
updated as more biomass-density data from seagrasses worldwide have been
gathered and analysed”®. This updated seagrass IBL is given by

log;oB = a + b-log; oD, where B is above-ground biomass in grams of dry
weight (g DW), D is shoot density (shoots:-m ™), a = 4.708 and b = —0.489.
Thirty years ago, Olesen and Sand-Jensen'? first tested the biomass-density
relations in seagrasses gathering Zostera marina Linnaeus, 1753 data from
29 studies in Europe, America, and Japan. However, they focused on the -3/2
power law—also known as the self-thinning law—driven by intraspecific
competition and the resulting density-dependent mortality’**. According
to this law, environmental constraints induce competition, whose strength is
reflected on the slope and intercept of the negative correlation log(Bio-
mass) = a + b-log(Density) obtained from time series of monospecific plant
stands. The basis is that the mortality of the weaker opens space for the
growth of the stronger. However, because seagrasses have modular con-
struction—a form of clonal growth—with shoots sharing the same rhizome
and root system, shoots do not compete but cooperate instead. Thus, the
self-thinning law (and intraspecific competition) does not apply to
seagrasses'” nor to other clonal macrophytes”®. Nevertheless, the
Interspecific Boundary Line (IBL) -ie., the maximum possible space
occupation—still applies to clonal macrophytes, as much as it does to non-
clonal (Fig. 1)***. The distance of a macrophyte stand to its IBL was
demonstrated as a robust biological/ecological indicator**. Clonal mac-
rophytes approach and depart this IBL in trajectories approximately per-
pendicular to it, ie. couple their biomass and density dynamics by
simultaneously increasing or decreasing them (Fig. 1)"*"". Curiously, this
pattern was originally reported by Olesen and Sand-Jensenl88 (their
Figs. 2, 3 and 4).

The actual efficiency of space occupation by a monitored seagrass
meadow is given by its observed distance (dgss) to the seagrass IBL
(Fig. 1)**. This distance corresponds to the space still free/available to be
occupied. As meadows grow approaching the IBL, this dgy, free space tends
to zero. To estimate dg, the observed shoot density (D) is first used to
estimate its theoretically correspondent maximum possible biomass (B)
from log;oB = a + b-log;oD. Then, the perpendicular distance between the
observation and the IBL is given by dgras = (long—logloB)«cosﬂ, with
0 =arctg(|b|) =0.455, and thus, cosd = 0.898.

Biodiversity indicators

The benthic macrofauna was characterized by several indicators, namely:
(i) the density, or total abundance standardized to m’ (ie,
individuals-m™).

(ii) the species richness (i.e., the number of species in the three cores).
(iii) the Simpson D index is a measure of species evenness. It estimates
the probability that two individuals consecutively randomly
picked from the sample belong to the same type. The Simpson
D ranges between 0 and 1, with 0 representing the maximum species
evenness.
the Shannon-Weiner (H) index is a measure of species evenness. It
estimates the uncertainty in predicting the type of the next randomly
chosen individual. The Shannon-Weiner (H) index ranges between 0
and o, with 0 representing the least species evenness and total certainty
in predicting the next randomly chosen individual because there is only
one species present.

(v) The AMBI index estimates the ecological status of a biotope by
accounting the biodiversity of species and their abundances, as well as
their perceived sensibility to environmental factors'”".

The M-AMBI (Multivariate AMBI) is a multimetric index based on the
macroinvertebrate communities and designed to meet the needs of the
WED. It uses a multivariate approach integrating the response of three
selected metrics, ie. species richness, Shannon’s diversity and
AMBII72,173.

(iv)

(vi)

Permutation tests inferring statistical significances

A 3-way permutation test, with factors ‘substrate’, ‘estuary’ and ‘nutrients’,
was performed comparing among the nutrients in the Tagus and Sado
estuaries, Dadae Bay’’, Barang Lompo and Gusung Tallang’. Only these
sites were compared because they were the only ones that had
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measurements for all substrates and nutrients. The data was log-
transformed for homoscedasticity.

In all analyses, statistical significances were estimated by permutation
tests'™. These are non-parametric alternatives to the traditional parametric
tests (e.g. ANOVA) where the null hypothesis of no differences between
groups is simulated by randomly permuting the observations among all
groups. Then, to simulate the null hypothesis, the observations were ran-
domly permuted among the treatments of each factor. The null hypothesis
was simulated 9999 times. Adding the observed h, to the 9999 simulations of
hy gives 10000 iterations. The significance of h, was given by the proportion
of times that hy was larger than h,.

Quantile regressions

Usually, regressions aim at the central tendency of the bivariate (in simple
regressions) or multivariate (in multiple regressions) distributions, in linear
or non-linear, model 1 (minimizing the error in y) or model 2 (simulta-
neously minimizing the error in x and y) regressions. Such are the cases of
Ordinary Least Squares (OLS), Weighted Least Squares (WLS), Iterative Re-
weighted Least Squares (IRLS), Principal Components Analysis (PCA),
Reduced Major Axis (RMA) and Errors-in-Variables, to name a few. Often,
these have closed form analytical solutions, which are often given by the
Least Squares method.

Quantile Regression is a particular type of regression that aims not at
the central tendency but at any given quantile of the bivariate distribution'".
The coefficients yielding the i™ quantile line are found by optimization/
search algorithms minimizing the quantile loss function. Quantile Regres-
sions can be fit to linear"”**'® and non-linear forms'*. Linear Quantile
Regressions have been used to find the Interspecific Boundary Lines (IBL) of
plants'®, algae®, and seagrasses***. In these cases, the upper boundary has
been estimated by extreme upper quantiles (e.g., the 99.5% quantile). Here,
2nd and 3rd order polynomial Quantile Regressions were used to estimate
the dgyae dependency on nutrients. Because the objective was to find the
boundary to the minimum dgy,s—corresponding to the minimum space left
free/available consequence of the maximum efficiency-of-space-occupation
—the 0.5% quantile was generally used. Notice on the respective figures that
the dgrs vertical axis is inverted. Quantile Regressions are numerically
unstable when there is large scatter and/or the bivariate distribution is
severely skewed. The stabilizing solution applied here and elsewhere'****’
was to select only the n observations closer to the desired boundary. For that,
here, x was aggregated into intervals and from each interval were selected the
n observations with lower dgp.g. A preliminary curve was estimated, from
each were selected the N observations closer to it. From these N observations
was estimated the definite curve. Quantile Regressions are also numerically
unstable when very extreme quantiles are inferred from small data sets.
Therefore, when the data selection procedure yielded small sets, the
Quantile Regressions were applied estimating more moderate quantiles
(1-2%).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The original contributions presented in the study are provided online at
https://doi.org/10.5281/zenodo.13880753.

Code availability

All analysis was made in Matlab ® Mathworks. Regression fitting and its
statistical inference from Monte Carlo methods were done from scripts
developed from Vieira and Creed"”™'”, currently available at https://doi.
0rg/10.13140/RG.2.2.28182.36169.
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