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The effects of climate change are likely to be dependent on local settings. Nonetheless, the
compounded effects of global and regional stressors remain poorly understood. Here, we used

CO, vents to assess how the effects of ocean acidification on the seagrass, Posidonia oceanica, and
the associated epiphytic community can be modified by enhanced nutrient loading. P. oceanica at
ambient and low pH sites was exposed to three nutrient levels for 16 months. The response of P.
oceanica to experimental conditions was assessed by combining analyses of gene expression, plant
growth, photosynthetic pigments and epiphyte loading. At low pH, nutrient addition fostered plant
growth and the synthesis of photosynthetic pigments. Overexpression of nitrogen transporter genes
following nutrient additions at low pH suggests enhanced nutrient uptake by the plant. In addition,
enhanced nutrient levels reduced the expression of selected antioxidant genes in plants exposed to
low pH and increased epiphyte cover at both ambient and low pH. Our results show that the effects
of ocean acidification on P. oceanica depend upon local nutrient concentration. More generally, our
findings suggest that taking into account local environmental settings will be crucial to advance our
understanding of the effects of global stressors on marine systems.

Interactive and cumulative effects of global climate changes resulting from enhanced CO, emissions, such as sea-
water warming and ocean acidification (OA), have been extensively investigated in the last decade’ In contrast,
despite the recognition that human stressors on natural systems build-up from global to local scales, less attention
has been devoted to assess how the effects of global changes on marine systems can be modified by a regional or
local stressor®*.

Anthropogenic ocean acidification is among the major climate-related stressors in marine coastal ecosys-
tems (IPCC 2014). Increased partial pressure of CO, (pCO,) in seawater can have both positive and negative
impacts on marine primary producers>®. Negative effects have been widely recorded for calcifying macroalgae”®.
Seagrasses are generally carbon-limited under current pCO,, and may benefit from an increment in CO, and
HCO¢, although their response can differ among species as a result of variation in carbon concentration mech-
anisms’. The increase in DIC and CO, associated to OA can enhance nitrogen demand for plants!®!!. Previous
studies on terrestrial plants have shown that the initial stimulation of photosynthesis and growth at elevated CO,
levels were subsequently down-regulated as nitrogen content decreased'®!2. Therefore, the net effect of OA on
seagrasses may depend upon nitrogen availability.

Enhanced nutrient loading in coastal environments could be expected to generate!® or amplify!'* positive
effects of OA on the productivity of seagrasses. Mesocosm studies have found little evidence of positive effects
of OA on seagrasses to be sustained by nutrient enhancement®!>~”. The duration of these studies (24 days to
6 weeks) could be too short for enhanced pCO, to induce nutrient limitation, although responses are likely
species-specific, depending on the plant metabolism and growth dynamics. In addition, the effects of nutri-
ents have been generally assessed by comparing the performance of seagrasses between nutrient ambient versus
nutrient enhanced conditions, providing no information on how they can vary according to their concentration.
Whether enhanced nutrient availability may alleviate N limitation at low pH, excessive loading could negatively
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affect seagrasses through the reduction of carbon reserves and internal imbalance of other essential nutrients (e.g.
Cand P)!®1°,

OA can also affect seagrasses indirectly, through the modification of biotic interactions®!°. At ambient pH,
moderate or high nutrient concentrations have been widely shown to cause seagrass decline by promoting exces-
sive epiphyte proliferation?*?!. At pH levels predicted for the end of the century, the marked decline in the cal-
cifying component of the epiphytic assemblage??~>* may expose shallow-water plants to excessive light and UV
radiation stress?>?°. Under these circumstances, nutrient-induced proliferation of epiphytes might be beneficial
for the plants.

Plants react to stressful conditions, such as those induced by intense light, activating a series of response
mechanisms, in which many of the genes involved are highly conserved across species. Stress-responsive genes
include antioxidant and macromolecule damage sensors and genes coding for proteins that adjust cellular phys-
iology and metabolism in response to specific stressors. Recently, Lauritano, et al.”” compared the expression
of genes involved in the response to stress between plants collected at low natural pH, near volcanic vents, and
plants collected at normal pH conditions. These authors found increased expression of some antioxidant and
stress-related genes in epiphyte-free leaves of P. oceanica close to vents, suggesting overall negative effects of
increased CO, and low pH on plant physiology, possibly triggered by extensive leaf epiphyte loss?. In this light,
long-term studies encompassing seasonal variations in plant metabolism?® and epiphytic assemblage structure®,
as well as multiple levels of nutrient loading, appear necessary to improve our understanding of seagrass response
to OA.

In this study, we used CO, vents along the coast of Ischia Island (Italy) to assess how the effects of OA on the
seagrass, P. oceanica, and the associated epiphytic community can be modified by different nutrient concen-
trations. Submarine vents are characterized by the emissions into seawater of gases, predominantly CO,, and
they can be used to study the effects of naturally acidified seawater on biological communities as there are no
confounding gradients of temperature, salinity, hydrodynamic conditions and toxic hydrogen sulphide'****!. In
particular, previous studies carried out at Ischia Island vents have extensively demonstrated that areas exposed to
CO, bubbling do not differ from control areas in terms of temperature, hydrodynamic conditions, salinity, light
and total alkalinity, by virtue of the fact that they are just 10s of m apart!*3*323_Ag a consequence of temporal
fluctuations in pH and the presence of other components deriving from the volcanic activity, vents are not perfect
predictors of OA effects on marine systems'#*”**, On the other hand, they allow the integration of species inter-
actions and seasonal cycles, unlikely to be achieved under laboratory settings.

We exposed the slow-growing seagrass, P. oceanica, at either current sea pH (hereafter referred to as ambient
pH) or expected future pH (hereafter referred to as low pH), to different nutrient concentrations (control, mod-
erate and high enhancements) for 16 months. We assessed the response of P. oceanica to different combination
of pH and nutrient loading at the individual and community level, combining analyses of gene expression, plant
growth, photosynthetic pigment concentrations and epiphytic assemblage structure. The analysis of gene expres-
sion provides important insight for understanding how organisms react to environmental stimuli. We selected
target genes involved in response to stress (e.g. enzymes involved in the metabolism of the scavenger molecule
glutathione, detoxification of free radicals and general antioxidant) and in the transport of nitrogen thorough
plant tissues.

The effects of nutrient enrichment on the seagrass were expected to vary between ambient and low pH sites.
Specifically, we hypothesized that under nutrient concentrations unlikely to cause N- or P-limitation (such as
those found at our study site; see Materials and Methods section), both moderate and high nutrient enrichment
at ambient pH would negatively affect seagrass productivity, either directly (e.g. carbon reserves depletion)'® or
indirectly (e.g. via epiphyte overgrowth)®. At low pH, potential stimulation of plant photosynthesis and growth
can be hindered by either nutrient limitation'*!" or excessive light stress following leaf epiphyte loss**?>%. In this
case, a moderate increase in nutrient availability may promote seagrass productivity directly, likely by alleviating
N-limitation, and, indirectly, by reducing light/UV stress through the restoration of the epiphytic community. A
further increase of nutrient enrichment could be instead expected to have negative effects on plants also at low
pH, as a consequence of the excessive proliferation of leaf epiphytes. At the genetic level, we expected that plant
exposure to high nutrient loading and low pH could either result in increased expression of stress-responsive
genes, due to the cumulative effects of the two stressing conditions, or to the lowering of the antioxidant response,
due to a positive effect of N addition at high C concentration. Along this line, the expression of nitrogen trans-
porters was expected to increase as well at low pH, if plants were able to take advantage of enhanced nutrient
loading.

Results

Expression levels of the genes of interest (GOI). In order to assess the effects of experimental con-
ditions on the expression level of selected GOI (grouped in glutathione-related genes, other antioxidants and
nitrogen transporters), gene expression in P. oceanica plants collected after 16 months (July 2015) since the start
of the experiment was compared with the expression of plants collected in the same plot at time 0 (May 2014,
before adding nutrients; represented by the x-axis in Fig. 1). Glutathione-related genes were up-regulated at ambi-
ent pH (Fig. 1A; p <0.001 for GPX at both moderate and high nutrient levels and for GR at high nutrient levels)
and were down-regulated at low pH (Fig. 1B; p < 0.001 for GPX in both moderate and high nutrient enrichment
and for GST and GR at high nutrient levels, p < 0.01 for GR at moderate nutrient levels). In plots not exposed to
nutrient addition (CTRL), there were no significant changes, except for GPX that was down-regulated at ambient
pH condition (Fig. 1A; p <0.001) and GST down-regulated at low pH (Fig. 1B; p < 0.001). The expression of
other antioxidant genes, such as PrxQ and SOD, involved in free radical detoxification, increased under high
nutrient enrichment at ambient pH (Fig. 1C; p < 0.001 for both), while CAT and LBP did not show significant
changes. Atlow pH (Fig. 1D), PrxQ was significantly down-regulated at high nutrient levels (p < 0.001) and LBP
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Figure 1. Expression levels of the selected genes of interest at ambient pH or in the vicinity of the CO, vents
under three nutrient regimes (CTRL = control, High N = high nutrient enrichment; Mod N = moderate
nutrient enrichment), using as control condition plants collected at time 0 (represented in figure by the x-axis).
Genes are grouped for gene categories in glutathione-related genes at the ambient (A) and low pH sites (B),
other antioxidant genes at the ambient (C) and low pH sites (D), and nitrogen transporter genes at the ambient
(E) and low pH sites (F).

was down-regulated under moderate nutrient enrichment (p < 0.01). The expression of other antioxidant genes
did not change significantly. In plots without nutrient addition (CTRL), there were no significant changes in
antioxidant genes expression. The expression of the three nitrogen transporter genes decreased under moderate
and high nutrient enrichment at ambient pH (Fig. 1E; p < 0.001 for NRT2 under moderate nutrient enrichment,
NRT1_6.3 under high nutrient enrichment and NRT1_2.13 under both moderate and high nutrient enrichment;
p <0.01 for NRT2 under high nutrient enrichment and NRT1_6.3 under moderate nutrient enrichment). In
contrast, at low pH, NRT2 expression levels did not change significantly, while NRT1_6.3 and NRT1_2.13 were
both up-regulated under moderate and high nutrient enrichment (Fig. 1F; p < 0.001 for all). In plots not exposed
to nutrient addition (CTRL), there were no significant changes in the expression of nitrogen transporter genes.

Physiological response of P. oceanica to experimental treatments. The concentration of pigments
(umol g! chlorophyll g, b, carotenoids) in P. oceanica leaves varied according to pH conditions (Table 1). The
content of chlorophyll a, b and carotenoids was higher at ambient than low pH. Although the effects of nutrient
addition were not statistically significant, at low pH, there was a trend for pigment content to be higher under
elevated than ambient nutrient levels (Fig. 2A,B,C). In particular, a moderate supply of nutrients caused an incre-
ment of ~27% of chlorophyll a, ~29% of chlorophyll b and ~26% of carotenoids. Likewise, a high supply of nutri-
ents resulted in ~29% of chlorophyll @ and b and ~28% of carotenoids.

Plant growth and epiphyte assemblage structure. There was a significant interaction between pH and
nutrient enrichment on P. oceanica leaf growth (Table 1). Under control nutrient condition, leaf growth rate was
higher at ambient than at low pH conditions while, under elevated nutrient enrichment, there were no differences
in leaf growth between pH values (Fig. 3). At low pH, there was an increment (albeit not significant) of ~26%
and ~27% of plant leaf growth under moderate and high nutrient supply, respectively. In addition, at low pH, the
specific growth rate of P. oceanica was higher under high than moderate or control nutrient levels, while no differ-
ences were found among nutrient levels at ambient pH (Table 1; Supplementary Fig. S1).

The structure of the epiphytic community on P. oceanica leaves was influenced by both pH and nutrient lev-
els, but there were no effects of their interaction (PERMANOVA in Table 2a). The epiphyte assemblage differed
between pH values and between elevated and control nutrient treatments (pairwise test for pairs of levels of factor
nutrient) (Fig. 4). In addition, there were no significant differences in data dispersion for both pH and nutrient
conditions, indicating that different experimental treatments did not cause changes in the spatial heterogeneity of
epiphytic assemblage (PERMDISP in Table 2b).
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Chlorophyll a

pH 1 | 7746 7.440%%

Nutrient (Nu) 2 1.279 1.228

pH x Nu 2 1.848 1.775

Residual 12 1.041

Chlorophyll &'

pH 1 Jo192 12.096%*

Nutrient (Nu) 2 0.032 2.050

pH x Nu 2 0.035 2.221

Residual 12 0.016

Carotenoids

pH 1 4.007 11.788%*

Nutrient (Nu) 2 0.491 1.443

pH x Nu 2 0.483 1.421

Residual 12 0.34

Leaf growth SNK tests

pH 1 0.841 1.247 Control nutrient: ambient pH > low pH
Nutrient (Nu) 2 0.479 0.710 Moderate nutrient: ambient pH =low pH
pH x Nu 2 2.801 4.156* High nutrient: ambient pH =low pH
Residual 12 0.674

Specific leaf growth" SNK tests

pH 1 0.265 51.776%*% 4Ambient pH: control = moderate = high
Nutrient (Nu) 1 0.032 6.232%* Low pH: control = moderate < high
pH x Nu 2 0.019 93,628+

Residual 12 0.005

Encrusting coralline algae SNK tests

pH 1 48014 230.602%** ¢Ambient pH: control < moderate = high
Nutrient (Nu) 2 1584 7.606%* Low pH: control = moderate = high
pH x Nu 2 1436 €6.896%*

Plot (pH x Nu) 12 208 2.877%*

Residual 36 72

Total non-calcified algae™

pH 1 35.876 | f5.561* fpH: ambient > low

Nutrient (Nu) 2 36.408 85.643%* 8Nutrient: control < moderate =high
pH x Nu 2 17.907 2.775

Plot (pH x Nu) 12 6.452 3.032%*

Residual 36 | 2128

Total epiphytic assemblage'

pH 1 1.473 38,499k hpH: ambient > low

Nutrient (Nu) 2 0.450 111.774%* Nutrient: control < moderate = high
Ph x Nu 2 0.048 1.257

Plot (pH x Nu) 12 0.038 1.570

Residual 36 0.024

Table 1. ANOVAs on the effects of pH (ambient and low pH) and nutrient enrichment (control, moderate

and high) on the leaf content of chlorophyll g, chlorophyll b, carotenoids, the leaf growth and specific leaf
growth. Analyses of the percentage cover of encrusting coralline algae, non-encrusting algae and total epiphytic
assemblages on P. oceanica leaves also include the factor plot (3 levels, random and nested within the interaction
pH x Nutrients). ¥*P < 0.05; **P < 0.01; ***P < 0.001. SNK tests are included for significant factors or “pH

x Nu” interaction. 'Data log (x + 1) transformed to satisfy parametric test assumptions. "Data sqrt (x+ 1)
transformed to satisfy parametric test assumptions.

There was a significant interaction between pH and nutrient enrichment on the cover of encrusting coralline
algae: both moderate and high nutrient enrichment increased the cover of this group at ambient pH, while they
had no effect at low pH (Table 1, Fig. 5A).

Total cover and cover of non-calcified algae (filamentous algae, foliose algae and the brown crust Myrionema)
were greater at ambient than low pH (Table 1, Fig. 5B,C) and increased under both moderate and high nutrient
enrichment (Table 1, Fig. 5D,E).
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Figure 2. Mean content (pmol/g, +SE, n=12) of (A) chlorophyll a, (B) chlorophyll b and (C) carotenoids
at different combinations of pH (ambient and low pH) and nutrient enrichment (control, moderate, high).
Different lower case letters indicate significant differences between pH treatments.
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Figure 3. Leaf growth of P. oceanica (mg DW/ shoot day, mean, +SE, n=9) for different combinations of pH
(ambient and low pH) and nutrient enrichment (control, moderate, high). Letters above columns indicate the
outcome of SNK tests; different letters indicate significant differences. Lower case letters show the comparison
between pH treatments within each nutrient condition, while capital letters show the comparison among
nutrient treatments within each pH condition.
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pH 1 40086 34.437%%*
Nutrient (Nu) 2 3094.8 2.659%*
pH x Nu 2 1728.2 1.485
Plot (pH x Nu) 12 1164.1 | 1.781%*
Residual 36 653.78

Total 53

Pairwise test for pairs of

levels of factor nutrient 4 P
High vs Control 2.028 0.008
High vs Moderate 1.039 0.401
Moderate vs Control 1.557 0.067
(b) PERMDISP: deviations from centroid
Source of variation Pseudo-F P

pH 2.977 0.126
Nutrient 0.123 0.908

Table 2. (a) PERMANOVA and (b) PERMDISP on the effects of pH (ambient and low pH), nutrient enrichment
(control, moderate, high) and plot (3 levels) on the epiphyte assemblage on P. oceanica leaves. Pairwise tests for
pairs of levels are reported for the factor Nutrient enrichment. *P < 0.05, **P < 0.01, ***P < 0.001.
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Figure 4. MDS ordination on untransformed data obtained from Bray-Curtis dissimilarities showing
differences in leaf epiphytic assemblages between low pH and ambient pH (respectively black and grey symbols)
and among nutrient enrichment levels (circle control nutrient, triangle down = moderate nutrient enrichment
and triangle up = high nutrient enrichment).

Discussion

Long-term nutrient enrichment modulated the effects of ocean acidification on P. oceanica. At low pH, nutri-
ent addition enhanced plant growth and photosynthetic pigment content. In contrast, at ambient pH, elevating
nutrient levels increased the expression of selected antioxidant genes, indicating a response of plants to stressful
conditions.

Seagrasses can be expected to benefit from OA since their productivity is likely carbon-limited under current
CO, concentration®. Short-term laboratory studies have shown an increase in seagrass productivity and biomass,
as well as a decrease in chlorophylls and leaf nitrogen, at low pH>>%*. In contrast, long-term experiments have
found no differences in the growth rate of seagrasses at elevated CO, concentration, possibly due to nutrient lim-
itation'">*’. Evidence from terrestrial studies suggests that the initial increase of plant productivity triggered by
high CO, levels can be reverted following photosynthesis acclimation, resulting in reduced growth and biomass
of non-fertilized plants over longer periods of time'°.

CO, vents can be used to evaluate in situ the performance of plants adapted to long-term elevated CO,. Previous
evidence from tropical and temperate volcanic vents suggests that seagrasses have successfully adapted to live under
permanent low pH condition, resulting in higher shoot density and biomass compared to current pH levels!43%,
Nonetheless, evidence of enhanced photosynthesis and growth near vents remain somewhat elusive!***4!. In our
study, nutrient supply may have released P. oceanica from nitrogen limitation, ultimately fostering leaf growth.
Although we did not measure N leaf content, over-expression of nitrogen transporter genes (i.e. NRT1_6.3 and
NRT1_2.13, in particular), caused by nutrient additions at low pH, suggests enhanced N intake by plants, likely in
attempt to balance the C increase. At ambient pH, nitrogen transporter gene expression was down-regulated irre-
spective of nutrient levels, suggesting no need of increasing nitrogen uptake under current C concentration.

Pigment content in P, oceanica was smaller at low than ambient pH. This may be an acclimation strategy con-
sisting in the degradation of excess light-harvesting pigments under nutrient limitation***. Supply of nutrients was
somewhat effective in enhancing pigment concentration in P. oceanica leaves at low pH. Similar positive effects of
nutrient addition on photosynthetic pigments have been reported for nutrient limited seagrasses in the tropics*
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Figure 5. Mean percentage cover (+SE, n=18) of (A) encrusting coralline algae, (B) non-calcified algae and

(C) total of epiphytes for different combinations of pH (ambient and low pH) and nutrient enrichment (control,

moderate, high). Lower case letters in (A) illustrate the outcome of SNK comparing nutrient treatments within
each pH level, whilst capital letters in (B) and (C) indicate the differences between pH treatments. Percentage

cover of (D) non-calcified algae and (E) total of epiphytes under different nutrient enrichment (control,

moderate, high). Data are means + SE (n=36 as pH conditions were pooled). Lower case letters illustrate the

outcome of SNK comparing nutrient treatments. Different letters indicate significant differences.

and suggest that chlorophylls and carotenoid synthesis in P. oceanica may be dependent on nutrient availability. As
proposed by Agawin, et al.* for tropical seagrasses, enhanced carbon assimilation by P. oceanica following nutrient
deficiency alleviation may, at least in part, result from enhanced synthesis of photosynthetic pigments.

The positive effect of nutrient addition on the performance of marine plants at low pH is in contrast with
previous findings from other temperate coastal regions. Evidence from kelp-dominated systems indicates that
compounded effects of OA and nutrient enrichment can promote the proliferation of opportunistic filamentous
algae at the expense of encrusting forms and, indirectly, of kelp®. Our results suggest that the effects of global cli-
mate change may depend on local environmental settings and species life-traits, thus complicating management

strategies.
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Ocean acidification and nutrient enrichment altered the structure of the epiphytic assemblage on P. oceanica
leaves. Coralline algae are particularly susceptible to low pH, due to their high magnesium skeleton®!42223, We
documented a decline in the cover of encrusting coralline algae from ~40% at ambient pH to nearly 1% at low pH.
Nutrient enrichment increased the abundance of encrusting coralline algae at ambient pH, but, in accordance
with previous long-term studies?, they did not at low pH.

Non-calcified algal cover was smaller at low than ambient pH, in line with the findings of Martin, et a
Other studies have documented positive effects of OA on filamentous algal epiphytes®?’, inferring that these algal
forms would be able to increase their photosynthetic rates under enhanced carbon concentration*’. However,
primary producer response to increased CO, seems to be species-specific and there is limited information on
the carbon acquisition pathway of many species®. The decrease of non-calcified epiphytes on P. oceanica leaves at
low pH could be an indirect consequence of the loss of encrusting coralline algae that, acting as pioneers in the
colonization of seagrass leaves*, may enhance their suitability as habitat for other epiphytic groups.

Nutrient-induced proliferation of leaf epiphytes at ambient pH has been recorded for a variety of seagrasses*’~#,
including P. oceanica®'. In our study, both moderate and high nutrient enrichment were effective in promoting the
development of non-calcified epiphytic algae also at low pH, ultimately enhancing total epiphyte cover to values
matching those found at ambient pH and nutrient concentration. Such a response is in contrast with the results of
Campbell and Fourqurean®, who found no effect of long-term nutrient supply on the epiphyte assemblage sup-
ported by plants of the tropical seagrass, Thalassia testudinum, maintained at low pH. This contrast could be due
to variations in life-traits (e.g. leaf-growth rates) between temperate and tropical seagrasses. Alternatively, it could
be only apparent, as it may be the result of the different procedures used to enhance nutrient levels: in the case of
Campbell and Fourqurean®, nutrient pellets were left loose on the bottom of plots, while, in this study, they were
contained in mesh bags suspended within or slightly above the seagrass canopy (see methods). The release of nutri-
ents directly into the water column may have had elicited a stronger response by the epiphytes growing on the leaves.

Overgrowth by epiphytes under eutrophic conditions is widely acknowledged among the major causes of sea-
grass decline®. However, the sign and strength of species interactions is not invariant, but likely to vary according
to environmental conditions™ and to the relative abundance of interacting species®'. Previous laboratory studies
have shown that seagrasses may rely primarily on shading by a thick layer of leaf epiphytes to dampen the negative
effects of high light intensity and UV radiation®. Thus, both the uncontrolled proliferation and the total loss of
epiphytes are likely detrimental to seagrasses: in the first case, the plant would be light limited, in the second, it
would be exposed to photo-inhibition due to excessive light intensity and damage from UV-B rays, especially in
shallow water populations®>*®. Hence, at low pH, the increase in the cover of leaf epiphytes generated by nutrient
enrichment, although moderate, may have indirectly contributed to enhance leaf growth of P. oceanica by reduc-
ing light stress®. Indeed, although shallow P. oceanica plants are adapted to live in high-light conditions, they acti-
vate specific mechanisms of defence from excessive light, that are modulated during the daily cycle®***. However,
further manipulative experiments are needed to assess the role of epiphytes as light screen on seagrass leaves.

Atlow pH, we observed a down-regulation of the antioxidant LBP under moderate nutrient enrichment con-
dition and of the glutathione-related enzymes GPX and GR under both moderate and high nutrient enrichment
(Fig. 1). Likewise, there was a reduction in GST and PrxQ expression under high nutrient enrichment (Fig. 1).
These patterns indicate that enhanced nutrient supply can cause a reduction in the stress response machinery in
plants exposed to OA, even considering that plants close to the vents may be locally adapted to low pH.

At ambient pH, we found no effects of nutrient enrichment on P. oceanica leaf growth rate and photosynthetic
pigment content. Seagrasses exposed to chronic nutrient enrichment often show reduced biomass and growth
rate and enhanced epiphyte loading and shoot mortality®. However, these variables do not always respond con-
sistently to nutrient enrichment and, in some cases, seagrasses can develop mechanisms to regulate nitrogen and
phosphorus metabolism under elevated nutrient loading® or accumulate excess nutrients in the rhizomes when
plants are not nutrient-limited*. In addition, epiphytes can decrease nutrient uptake by seagrass leaves®”*® either
by creating a physical barrier between the water column and active uptake sites on leaf surface or by a more rapid
use of available nutrients®*. In our study, the proliferation of epiphytes on seagrass leaves, generated by elevated
nutrient enrichment at ambient pH, did not translate into negative effects on the leaf growth rate or pigment con-
tent as reported for other seagrasses*”*8. However, nutrient enrichment at ambient pH caused an increase in the
expression of antioxidant (i.e. PrxQ and SOD) and glutathione-related enzymes (i.e. GPX and GR), indicating a
response of the plant to stress, possibly due to the proliferation of leaf epiphytes®! or as a consequence of internal
C-limitation and/or carbohydrate reserve depletion'®!?, among many other pathways. Although our study cannot
provide evidence of the underpinning mechanisms, down- and up-regulation of stress-related genes induced
by nutrient addition at low and ambient pH, respectively, strongly suggests that the physiological response of P
oceanica to nutrient loading is dependent upon pH levels and vice versa.

Final expression levels of target genes under enhanced nutrient loadings were estimated, separately for each
pH level, using the expression of plants collected at time 0 (before adding nutrients) as the reference condition.
Since the pre-nutrient addition and the final sampling were performed at different times of the year (May and July,
respectively), variation in gene expression could be affected also by seasonality. However, significant variation in
target gene expression in plants not exposed to nutrient addition (CTRL) emerged only for GPX at ambient pH
and GST at low pH (Fig. 1), suggesting that the response to nutrient addition of most of the genes investigated was
not biased by seasonality. In addition, the expression of GPX at ambient pH significantly decreased from time 0 to
the final sampling time in the control (Fig. 1), while the opposite pattern emerged under both moderate and high
nutrient concentrations, further indicating that variation generated by nutrients was considerably greater than
natural variation at the scale of the month.

In summary, our study suggests that nutrient enrichment may have positive effects on P. oceanica at low pH,
by fostering leaf growth rates. The antagonistic effects of OA and nutrient loading on leaf growth are likely the
result of direct effects on the physiology of P. oceanica and indirect effects on the epiphytic community. On the
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one hand, over-expression of genes involved in the transport of nitrogen suggests that nutrient enrichment allows
the plant to reduce the nitrogen deficiency caused by OA. On the other, by slightly enhancing epiphyte cover,
nutrient inputs at low pH could reduce the exposure of the plant to light stress>>. Further experimental studies
are, however, warranted to identify the mechanisms underpinning the positive effects of nutrients supply on P
oceanica at low pH.

OA and nutrients have been previously shown to have synergistic negative effects on other key habitat-forming
primary producers in coastal areas. Our results, while supportive of the interactive nature of nutrients and OA,
bring some evidence that their net effect on marine primary producers is not necessarily synergistic. This sug-
gests that generalizing the effects of these stressors across species characterized by different life-traits may be a
daunting task.

In contrast to our predictions, heavy nutrient loading did not have direct or indirect negative effects on P
oceanica close to the CO, vent, since leaf growth and pigment content tended to increase under both moderate
and high nutrient levels. In our experiment, nutrient enhancement was likely not effective in generating concen-
trations high enough to be detrimental to P. oceanica. This could also explain the lack of a dose-dependent effect
of nutrient enrichment on all the response variables analysed. Identifying the concentration threshold at which
the effect of nutrients on P. oceanica switch from positive to negative will be a crucial step to gain a comprehensive
understanding of the response of this seagrass to OA. In addition, although our study suggests that P. oceanica
may benefit from enhanced nutrient loading under future pH conditions, other global (e.g. seawater warming)
or regional stressors (e.g. sedimentation, inorganic pollution, mechanical disturbance), as well as biotic interac-
tions'®, may modify the direction and magnitude of their outcome in unpredictable ways. More experimental and
modelling (e.g. pathway analysis) work is, therefore, necessary to improve our ability to forecast the response of
seagrass beds to future multiple stressor scenarios.

Management of local stressors can represent a valid tool for mitigating the impacts of global changes.
For instance, reducing nutrient loading and sedimentation rates has been shown to foster the persistence of
canopy-forming seaweeds in the face of OA and seawater warming®®2. While this management strategy can be
profitable when negative effects of global and local stressors are synergistic, it seems hardly practicable in cases,
such as that documented by our study, in which local stressors alleviate negative effects of global stressors®.
Given the cumulative nature of human impacts and the high small-scale variation in life-traits present in coastal
environments, one size fits all strategies are unlikely to be successful for sustaining the functioning of marine
ecosystems in the face of climate changes.

Materials and Methods

Study site and experimental design. This study was carried out in seagrass meadows at CO, vents off
the Castello Aragonese isle (Ischia Island, 40°43/51.01”N, 13°57/48.07"E; Tyrrhenian Sea, Italy), from April 2014
to July 2015. At this site, volcanic vents influence carbonate chemistry, creating a gradient of decreasing pH along
a shallow rocky bottom. P. oceanica forms dense and continuous meadows along this pH gradient, where shoot
density was ~30% higher at low than ambient pH conditions'*. We identified two levels of pH across the seagrass
meadow: ambient pH site and low pH site, the latter reflecting the pH level predicted by the end of the century.
In order to measure the relative change in pH between sites, water samples were taken from the water column at
10 dates chosen at random between May and October 2014. At each date, five replicate water samples were taken
at each site using a 125 ml bottle, just above P. oceanica leaves. Measurements were made using a Mettler Toledo
SG2 pH meter, which measures to 0.01 units equipped with an InLab 413 electrode and calibrated regularly using
NIST-traceable buffers. Although this approach does not measure the total hydrogen ion concentration, it meas-
ures the relative change in pH between sites®’. The average pH (£SE) at the ambient site was 8.09 £ 0.006 while
that at the low pH site was 7.78 & 0.047 (n=50).

Seawater temperature was continuously monitored using a HOBO data logger, which was positioned between
the two sites throughout the experiment. Temperature varied between 14 and 26 °C, with warmest water occur-
ring in August and coldest water temperature in February—March. Temperature is not expected to differ between
sites, at a depth of 2.5-3.5 m. The salinity regime around Ischia is typical for Tyrrhenian coastal water and varies
generally between 37.0 and 38.5%.

The effects of nutrient supply (control vs. moderate vs. high) and OA (ambient vs. low pH) on P. oceanica
and the associated epiphytic community were evaluated in an orthogonal combination. In April 2014, nine
50 x 50 cm plots, about 3 m apart, were marked at their corners with iron rebars at a depth of ~3 m within P
oceanica patches, at each of the two experimental sites. Three plots were then randomly assigned to each of three
nutrient addition levels (control vs. moderate vs. high), for a total of 18 replicate plots (2 pH levels x 3 nutrient
levels x 3 replicated plots). Elevated nutrient enrichments were designed to replicate conditions comparable to
those recorded in urban areas?!. Nutrient levels were elevated using slow release fertilizer pellets (Osmocote 6
months, 17:11:10N:P:K) contained in plastic net bags (1-mm mesh size). The high and moderate levels of nutrient
addition were, respectively, achieved by deploying 400 g (three mesh bags containing 133 g each) and 200 g (three
mesh bags containing 67 g each) of fertilizer, fixed in the middle of each plot by means of iron rebars. Nutrient
bags were suspended within the P. oceanica canopy, at a distance of ~10 cm from the bottom, and replaced every
two months in order to ensure the maintenance of experimental conditions. The weight of fertilizer in each
nutrient bag was measured at the third decimal by means of a precision scale before deployment. Upon retrieval,
nutrient bags were dried in a muffle for 28 hours at 60 °C and the amount of fertilizer that had not dissolved was
re-weighted in order to estimate the average nutrient release rate per day over the duration of the experiment®.
The amount of fertilizer released (g- m~2 - day~! nitrogen and phosphate, based on volumetric ratio) was signifi-
cantly greater under high (nitrogen: 1.923 £ 0.135; phosphate: 1.244 + 0.087, n = 24) than under moderate nutri-
ent supply (nitrogen: 1.175 % 0.095; phosphate: 0.760 = 0.062, n=24) (F, y=101.3151; P < 0.001). By contrast,
there was no difference in the amount of nutrient released between pH levels (see Supplementary Fig. S2). In
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addition, in order to estimate the concentration of nutrients, seawater samples were taken from the water column
in each experimental plot using a 60 ml syringe, at three dates chosen randomly across the study period (May
2014, June and July 2015). Samples were immediately filtered (0.45 pm) and frozen prior to transport to the labo-
ratory for analysis. At ambient pH, total inorganic nitrogen concentrations (jumol/L nitrates, nitrites and ammo-
nia) were 3.85+0.612, 3.84 £ 0.52 and 5.29 +0.63 and phosphate concentration (pmol/L) were 0.103 +0.02,
0.174+£0.031, 0.172 £ 0.044 for control, moderate and high nutrient treatments, respectively (data are mean £ SE
values averaged across the three sampling dates; n = 18). At low pH, total inorganic nitrogen concentrations
were 4.46 +0.91, 5.44 4+ 0.91 and 5.94 £ 0.65 and phosphate concentration were 0.172 + 0.044, 0.290 £ 0.075,
0.474 4 0.146 for control, moderate and high nutrient treatments, respectively. Natural nutrient concentrations at
this site are comparable to those recorded in other peri-urban areas in the NW Mediterranean®"*” and are, there-
fore, unlikely to be limiting for P. oceanica. This species forms, in fact, luxuriant meadows in many oligotrophic
areas across the Mediterranean®.

RNA extraction and cDNA synthesis. For each of the 18 experimental plots, 3 intermediate leaves (the
second-rank leaf in the shoot) were randomly sampled at the beginning (April 2014) and at the end of the exper-
iment (July 2015). Tissue from each leaf (at least a triplicate for each site and for each condition) was collected
and rapidly cleaned from epiphytes with a razor blade, towel-dried and immediately stored in RNAlater®© tissue
collection solution (Ambion, life technologies). Samples were then transported to the laboratory, preserved one
night at 4°C and stored at —20 °C until RNA extraction. For the RNA extraction, portions (about 5cm) of sea-
grass leaf tissue were grinded into a fine powder with mortar and pestle in presence of liquid nitrogen. About
100 mg of powered tissue were used for the RNA extraction using AurumTM Total RNA Mini Kit (BIO-RAD) as
in Mazzuca, et al.%. After lysis solution, samples were homogenized using the Qiagen Tissue Lyser and Tungsten
Carbide Beads (3mm) (Qiagen) for 3 min at 20.1 Hz. RNA quantity was assured by Nano-Drop (ND-1000 UV-Vis
spectrophotometer; NanoDrop Technologies) monitoring the absorbance at 260 nm, while purity was determined
by monitoring the 260/280 nm and 260/230 nm ratios using the same instrument. Both ratios were about 2.0. All
samples were free from protein and organic solvents used during RNA extraction. RNA quality was evaluated
by agarose gel electrophoresis that showed intact RNA, with sharp ribosomal bands. Total RNA (500 ng) was
retro-transcribed into cDNA with the iScriptTM c¢cDNA Synthesis Kit (BIO-RAD) following Dattolo, et al.??,
using the GeneAmp PCR System 9700 (Perkin Elmer). The reaction was carried out in 20 ul final volume with 4 ul
5 X iScript reaction mix, 1 ul iScript reverse transcriptase and DNase-free H,O. The mix was first incubated 5 min
at 25°C, followed by 30 min at 42 °C and finally heated to 85 °C for 5 min.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). Expression level anal-
yses were performed for specific genes of interest (GOIs) (See Table 3 and Supplementary Table S1 list selected
genes of interest, their functions and primer information): the glutathione related enzymes glutathione synthase
(GSH-S), glutathione peroxidase (GPX), glutathione reductase (GR) and glutathione S-transferase (GST), the anti-
oxidant enzymes catalase (CAT), superoxide dismutase (SOD), luminal binding protein (LBP) and Peroxiredoxin
Q (PRXQ)*7% and three nitrate transportes (NRT1_6.3, NRT1_2.13 and NRT2). Glutathione-related and the other
antioxidant enzymes were selected in order to study the cellular response to oxidative stress, while nitrate transport-
ers were selected to investigate variations in nitrogen uptake upon nutrient-enrichment. Primers for three nitrate
transporters were designed with primer 3 (http://bioinfo.ut.ee/primer3/) and validated as in Serra, et al.”". Oligo
for the other genes are reported in Lauritano, et al.?” (Table 3). RT-qPCR was performed in MicroAmp Optical
384-Well reaction plate (Applied Biosystem, Foster City, CA) in a Viia7 real-time PCR system (Applied Biosystem)
as in Lauritano, et al.”. Plants collected at TO were used as the control condition. Gene expression levels were ana-
lyzed using the REST tool (Relative Expression Software Tool)”>. Three biological replicates were used for each site
and condition, and three technical replicates were used for each biological replicate. Data were normalized using as
reference genes the three most stable genes in these conditions”. In a previous study a panel of seven putative refer-
ence genes (RGs) was in fact screened (eukaryotic initiation factor-4A, ubiquitin, ribosomal protein 123, elongation
factor 1-alpha, glyceraldehyde 3-phosphate dehydrogenase, ribosomal RNA 18 S and ubiquitin-conjugating enzyme
NTUBC2) and results showed that the most stable were L23, eukaryotic initiation factor-4A, ribosomal protein L23
and ubiquitin-conjugating enzyme NTUBC2%. Statistical analyses were performed using GraphPad Prim statistic
software, V4.00 (GraphPad Software).

Chlorophylls and carotenoids determination. At the end of the experiment (July 2015), the content of
chlorophylls and carotenoids was assessed in three leaves (the second youngest leaf of different shoots), randomly
sampled in each experimental plot. Leaves were washed, scraped with a razor blade to remove epiphytes and
freeze-dried. Dried leaves were ground for 15sec in a steel balls mill (Retsch GmbH & Co. KG, Haan, Germany)
cooled with dry ice. Leaf powder was stored at — 30 °C until analysis.

Aliquots of 2 mg powder were extracted with 2mL of acetone:Tris 0.5 M (80:20, v-v), adjusted to pH 7.8 with
HCI, by mixing on a magnetic stirrer for 30 min in a cold room (5 °C). After centrifuging for 5min at 7750g, 5°C,
supernatant absorbance was measured spectrophotometrically at 470 nm, 537 nm, 647 nm, and 663 nm, against a
solvent blank. Calculations, corrected for anthocyanins, were made after Sims and Gamon’. All extractions were
repeated four times.

Plant growth and epiphyte assemblage structure. Leaf growth rate was measured in June 2015, at the
seasonal peak of growth. In situ, all leaves of three shoots, randomly chosen within each plot, were punched at the
same time, just above the ligula of the most external leaf, with a hypodermic needle”. Marked shoots were collected
after 30 days (July 2015, at the end of the experiment). In the laboratory, epiphytes were gently removed with a razor
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Glutathione-related Enzymes

Functions

Primers

Glutathione S-transferase (GST)

Detoxification

Lauritano et al.”’

Glutathione peroxidase (GPX)

Glutathione oxidation

Lauritano et al.?’

Glutathione synthase (GSH-S)

Glutathione synthesis

Lauritano et al.”

Glutathione reductase (GR)

Glutathione reduction

Lauritano et al.?’

Antioxidant enzymes Functions Primers

Catalase (CAT) Detoxification free radicals Lauritano et al.”’
Superoxide dismutase (SOD) Detoxification free radicals Lauritano et al.”’
Peroxiredoxin Q (PrxQ) Antioxidant Lauritano et al.”’

Luminal binding protein (LBP)

Antioxidant/Stress protein

Lauritano et al.”’

Nitrate transporters Functions Primers

Displays dual affinity for nitrate in
NRT16.3 the high and low affinity ranges, is See supplementary table
involved in nitrate sensing

NRT1_2.13 Low-affinity nitrate transporters See supplementary table

NRT2 High-affinity nitrate transporter See supplementary table

Table 3. List of selected genes of interest, their function and primer information.

blade. Leaf tissue of each shoot was divided into newly produced (i.e. leaf material below the hole) and older tissue
(i.e. leaf material above the hole) and dried at 60° for 24 h. Leaf growth rate (mg DW - shoot ! day ') was expressed
as the weight of new tissue produced divided by the time elapsed between the two sampling events (30 days). Specific
growth rate (%; day~!) was calculated as the shoot growth rate divided by shoot biomass per 100.

We used the same shoots to estimate epiphyte abundance on leaves. At the end of the experiment (July 2015),
prior to measure leaf growth, epiphyte abundance was visually estimated by examining the oldest part (the apical
10 cm from the tip) of the two external leaves of sampled shoots. Animals and macroalgae were identified at the
levels of genera or species, when possible, under a dissecting microscope. Abundance was expressed as percentage
cover of the proportion of the leaf surface colonised by each species®”’¢. Data from the two leaves within each
shoot were then averaged and covers standardized per 10 cm? of leaf area. For analysis, macroalgal epiphytes were
divided into calcified (mostly encrusting corallines) and non-calcified forms.

Statistical analysis. The effects of OA and nutrient treatments on seagrass physiology (photosynthetic
pigments) and plant growth were tested using a two-way ANOVA. The model included two factors: pH (fixed,
with two levels: ambient and low pH), nutrient addition (fixed, with three levels: control, moderate and high).
Cochran’s C-test was used to check for homogeneity of variances and, when necessary, data were log- or square
root transformed. All variables were also individually checked for normality, using both an exploratory data anal-
ysis procedure (Q-Q plots) and a parametric test (Shapiro Wilks test) and, when necessary, data were transformed
to achieve normality (see Supplementary Fig. S3). Student-Newman-Keuls (SNK) tests were used for comparison
of the means.

Effects of OA and nutrient treatments on epiphytic assemblages were tested by means of a permutational mul-
tivariate analysis of variance (PERMANOVA)” performed on a Bray-Curtis dissimilarity matrix of square root
transformed data. The model included three factors: pH (fixed, with two levels: ambient and low pH), nutrient
addition (fixed, with three levels: control, moderate and high) and plot (random, nested in pH x nutrient addi-
tion). Pairwise a posteriori comparison was performed to assess differences among factor levels. Permutational
analyses of multivariate dispersion (PERMDISP) were performed to evaluate whether different experimental
treatments caused changes in the spatial heterogeneity of epiphytic assemblages. Data were square root trans-
formed to avoid significant multivariate dispersions of data.

Finally, components of the epiphyte community were divided into broad morphological groups of encrust-
ing coralline algae, non-calcified epiphytic algae and total epiphytic assemblage (algae plus animals). The per-
centage cover of each of the two epiphytic morphological groups (calcified and non-calcified), as well as that of
the entire epiphyte assemblage, was analysed using a three-factor ANOVA with the same design described for
PERMANOVA.

Data Availability. The datasets generated during and/or analysed during the current study are available from
Figshare https://figshare.com/s/601a42447636b5a2abe7.

References

1. Kroeker, K. J., Kordas, R. L., Crim, R. N. & Singh, G. G. Meta-analysis reveals negative yet variable effects of ocean acidification on
marine organisms. Ecol Lett 13, 1419-1434, https://doi.org/10.1111/j.1461-0248.2010.01518.x (2010).

2. Wernberg, T., Smale, D. A. & Thomsen, M. S. A decade of climate change experiments on marine organisms: procedures, patterns
and problems. Global Change Biology 18, 1491-1498, https://doi.org/10.1111/j.1365-2486.2012.02656.x (2012).

3. Russell, B. D., Thompson, J.-A. I, Falkenberg, L. J. & Connell, S. D. Synergistic effects of climate change and local stressors: CO, and
nutrient-driven change in subtidal rocky habitats. Global Change Biology 15, 2153-2162, https://doi.
org/10.1111/j.1365-2486.2009.01886.x (2009).

4. Helmuth, B. et al. Climate change and latitudinal patterns of intertidal thermal stress. Science 298, 1015-1017, https://doi.
org/10.1126/Science.1076814 (2002).

SCIENTIFICREPORTS |7: 13732 | DOI:10.1038/s41598-017-14075-8 11


http://S3
https://figshare.com/s/601a42447636b5a2abe7
http://dx.doi.org/10.1111/j.1461-0248.2010.01518.x
http://dx.doi.org/10.1111/j.1365-2486.2012.02656.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01886.x
http://dx.doi.org/10.1111/j.1365-2486.2009.01886.x
http://dx.doi.org/10.1126/Science.1076814
http://dx.doi.org/10.1126/Science.1076814

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

. Hofmann, L. C. & Bischof, K. Ocean acidification effects on calcifying macroalgae. Aquat Biol 22, 261-279, https://doi.org/10.3354/

ab00581 (2014).

. Koch, M., Bowes, G., Ross, C. & Zhang, X. H. Climate change and ocean acidification effects on seagrasses and marine macroalgae.

Global Change Biology 19, 103-132, https://doi.org/10.1111/j.1365-2486.2012.02791.x (2013).

. McCoy, S. J. & Kamenos, N. A. Coralline Algae (Rhodophyta) in a Changing World: Integrating Ecological, Physiological, and

Geochemical Responses to Global Change. Journal of Phycology 51, 6-24, https://doi.org/10.1111/jpy.12262 (2015).

. Kuffner, I. B., Andersson, A. J., Jokiel, P. L., Rodgers, K. S. & Mackenzie, F. T. Decreased abundance of crustose coralline algae due to

ocean acidification. Nat Geosci 1, 114-117, https://doi.org/10.1038/ngeo100 (2008).

. Ow, Y. X,, Collier, C. J. & Uthicke, S. Responses of three tropical seagrass species to CO, enrichment. Marine Biology 162, 1005-1017,

https://doi.org/10.1007/500227-015-2644-6 (2015).

Stitt, M. & Krapp, A. The interaction between elevated carbon dioxide and nitrogen nutrition: the physiological and molecular
background. Plant Cell Environ 22, 583-621, https://doi.org/10.1046/].1365-3040.1999.00386.X (1999).

Alexandre, A., Silva, J., Buapet, P, Bjork, M. & Santos, R. Effects of CO, enrichment on photosynthesis, growth, and nitrogen
metabolism of the seagrass. Zostera noltii. Ecol Evol 2, 2620-2630, https://doi.org/10.1002/ece3.333 (2012).

Reich, P. B. et al. Nitrogen limitation constrains sustainability of ecosystem response to CO,. Nature 440, 922-925, https://doi.
org/10.1038/nature04486 (2006).

Campbell, J. E. & Fourqurean, J. W. Effects of in situ CO, enrichment on the structural and chemical characteristics of the seagrass
Thalassia testudinum. Marine Biology 160, 1465-1475, https://doi.org/10.1007/s00227-013-2199-3 (2013).

Hall-Spencer, J. M. et al. Volcanic carbon dioxide vents show ecosystem effects of ocean acidification. Nature 454, 96-99, https://doi.
org/10.1038/nature07051 (2008).

Martinez-Crego, B., Olive, I. & Santos, R. CO, and nutrient-driven changes across multiple levels of organization in Zostera noltii
ecosystems. Biogeosciences 11, 7237-7249, https://doi.org/10.5194/bg-11-7237-2014 (2014).

Tomas, F,, Martinez-Crego, B., Hernan, G. & Santos, R. Responses of seagrass to anthropogenic and natural disturbances do not
equally translate to its consumers. Global Change Biology 21, 4021-4030, https://doi.org/10.1111/gcb.13024 (2015).

Ow, Y. X. et al. Nitrate fertilisation does not enhance CO, responses in two tropical seagrass species. Sci Rep-Uk 6, https://doi.
org/10.1038/Srep23093 (2016).

Invers, O., Kraemer, G. P, Pérez, M. & Romero, J. Effects of nitrogen addition on nitrogen metabolism and carbon reserves in the
temperate seagrass Posidonia oceanica. ] Exp Mar Biol Ecol 303, 97-114, https://doi.org/10.1016/j.jembe.2003.11.005 (2004).
Burkholder, J. M., Mason, K. M. & Glasgow, H. B. Water-Column Nitrate Enrichment Promotes Decline of Eelgrass Zostera Marina
- Evidence from Seasonal Mesocosm Experiments. Marine Ecology Progress Series 81, 163-178, https://doi.org/10.3354/Meps081163
(1992).

Ralph, P. J., Tomasko, D., Moore, K., Seddon, S. & Macinnis-Ng, C. M. O. Human Impacts on Seagrasses: Eutrophication,
Sedimentation, and Contamination. 567-593, https://doi.org/10.1007/978-1-4020-2983-7_24 (2006).

Balata, D., Piazzi, L., Nesti, U., Bulleri, E & Bertocci, L. Effects of enhanced loads of nutrients on epiphytes on leaves and rhizomes of
Posidonia oceanica. Journal of Sea Research 63, 173-179, https://doi.org/10.1016/j.seares.2009.12.001 (2010).

Martin, S. et al. Effects of naturally acidified seawater on seagrass calcareous epibionts. Biol Letters 4, 689-692, https://doi.
org/10.1098/rsbl.2008.0412 (2008).

Campbell, J. E. & Fourqurean, J. W. Ocean acidification outweighs nutrient effects in structuring seagrass epiphyte communities. J
Ecol 102, 730-737, https://doi.org/10.1111/1365-2745.12233 (2014).

Burnell, O. W, Russell, B. D., Irving, A. D. & Connell, S. D. Seagrass response to CO, contingent on epiphytic algae: indirect effects
can overwhelm direct effects. Oecologia 176, 871-882, https://doi.org/10.1007/s00442-014-3054-z (2014).

Trocine, R. P, Rice, J. D. & Wells, G. N. Inhibition of Seagrass Photosynthesis by Ultraviolet-B Radiation. Plant Physiol 68, 74-81,
https://doi.org/10.1104/Pp.68.1.74 (1981).

Brandt, L. A. & Koch, E. W. Periphyton as a UV-B filter on seagrass leaves: a result of different transmittance in the UV-B and PAR
ranges. Aquat Bot 76, 317-327, https://doi.org/10.1016/s0304-3770(03)00067-6 (2003).

Lauritano, C. et al. Response of key stress-related genes of the seagrass Posidonia oceanica in the vicinity of submarine volcanic vents.
Biogeosciences Discussions 12, 4947-4971, https://doi.org/10.5194/bgd-12-4947-2015 (2015).

Pergent, G. & Pergent-Martini, C. Leaf Renewal Cycle and Primary Production of Posidonia oceanica in the Bay of Lacco Ameno
(Ischia, Italy) Using Lepidochronological Analysis. Aquat Bot 42, 49-66, https://doi.org/10.1016/0304-3770(91)90105-E (1991).
Mazzella, L., Scipione, M. B. & Buia, M. C. Spatio-Temporal Distribution of Algal and Animal Communities in a Posidonia oceanica
Meadow. Mar Ecol-P S Z N 110, 107-129, https://doi.org/10.1111/].1439-0485.1989.Tb00069.X (1989).

Kroeker, K. J., Micheli, E, Gambi, M. C. & Martz, T. R. Divergent ecosystem responses within a benthic marine community to ocean
acidification. P Natl Acad Sci USA 108, 14515-14520, https://doi.org/10.1073/pnas.1107789108 (2011).

Milazzo, M. et al. Ocean acidification affects fish spawning but not paternity at CO, seeps. P Roy Soc B-Biol Sci 283, https://doi.
org/10.1098/Rspb.2016.1021 (2016).

Garrard, S. L. et al. Indirect effects may buffer negative responses of seagrass invertebrate communities to ocean acidification. ] Exp
Mar Biol Ecol 461, 31-38, https://doi.org/10.1016/j.jembe.2014.07.011 (2014).

Cigliano, M., Gambi, M. C., Rodolfo-Metalpa, R., Patti, F. P. & Hall-Spencer, ]. M. Effects of ocean acidification on invertebrate
settlement at volcanic CO, vents. Marine Biology 157, 2489-2502, https://doi.org/10.1007/s00227-010-1513-6 (2010).

Cox, T. E. et al. Effects of ocean acidification on Posidonia oceanica epiphytic community and shoot productivity. J Ecol 103,
1594-1609, https://doi.org/10.1111/1365-2745.12477 (2015).

Jiang, Z. ]., Huang, X. P. & Zhang, J. P. Effects of CO, enrichment on photosynthesis, growth, and biochemical composition of
seagrass Thalassia hemprichii (Ehrenb.) Aschers. ] Integr Plant Biol 52, 904-913, https://doi.org/10.1111/j.1744-7909.2010.00991.x
(2010).

Zimmerman, R. C., Kohrs, D. G., Steller, D. L. & Alberte, R. S. Impacts of CO, enrichment on productivity and light requirements
of eelgrass. Plant Physiol 115, 599-607 (1997).

Palacios, S. L. & Zimmerman, R. C. Response of eelgrass Zostera marina to CO, enrichment: possible impacts of climate change and
potential for remediation of coastal habitats. Marine Ecology Progress Series 344, 1-13, https://doi.org/10.3354/meps07084 (2007).
Russell, B. D. et al. Future seagrass beds: can increased productivity lead to increased carbon storage? Mar Pollut Bull 73, 463-469,
https://doi.org/10.1016/j.marpolbul.2013.01.031 (2013).

Sunday, J. M. et al. Ocean acidification can mediate biodiversity shifts by changing biogenic habitat. Nature Climate Change 7, 81-85,
https://doi.org/10.1038/nclimate3161 (2016).

Olive, L. et al. Linking gene expression to productivity to unravel long- and short-term responses of seagrasses exposed to CO2 in
volcanic vents. Sci Rep 7, 42278, https://doi.org/10.1038/srep42278 (2017).

Takahashi, M., Noonan, S. H. C., Fabricius, K. E. & Collier, C. J. The effects of long-termin situ CO2 enrichment on tropical seagrass
communities at volcanic vents. ICES Journal of Marine Science: Journal du Conseil 73, 876886, https://doi.org/10.1093/icesjms/
fsv157 (2016).

Gordillo, E. J. L., Figueroa, E L. & Niell, E. X. Photon- and carbon-use efficiency in Ulva rigida at different CO2 and N levels. Planta
218, 315-322, https://doi.org/10.1007/s00425-003-1087-3 (2003).

SCIENTIFICREPORTS |7: 13732 | DOI:10.1038/s41598-017-14075-8 12


http://dx.doi.org/10.3354/ab00581
http://dx.doi.org/10.3354/ab00581
http://dx.doi.org/10.1111/j.1365-2486.2012.02791.x
http://dx.doi.org/10.1111/jpy.12262
http://dx.doi.org/10.1038/ngeo100
http://dx.doi.org/10.1007/s00227-015-2644-6
http://dx.doi.org/10.1046/J.1365-3040.1999.00386.X
http://dx.doi.org/10.1002/ece3.333
http://dx.doi.org/10.1038/nature04486
http://dx.doi.org/10.1038/nature04486
http://dx.doi.org/10.1007/s00227-013-2199-3
http://dx.doi.org/10.1038/nature07051
http://dx.doi.org/10.1038/nature07051
http://dx.doi.org/10.5194/bg-11-7237-2014
http://dx.doi.org/10.1111/gcb.13024
http://dx.doi.org/10.1038/Srep23093
http://dx.doi.org/10.1038/Srep23093
http://dx.doi.org/10.1016/j.jembe.2003.11.005
http://dx.doi.org/10.3354/Meps081163
http://dx.doi.org/10.1007/978-1-4020-2983-7_24
http://dx.doi.org/10.1016/j.seares.2009.12.001
http://dx.doi.org/10.1098/rsbl.2008.0412
http://dx.doi.org/10.1098/rsbl.2008.0412
http://dx.doi.org/10.1111/1365-2745.12233
http://dx.doi.org/10.1007/s00442-014-3054-z
http://dx.doi.org/10.1104/Pp.68.1.74
http://dx.doi.org/10.1016/s0304-3770(03)00067-6
http://dx.doi.org/10.5194/bgd-12-4947-2015
http://dx.doi.org/10.1016/0304-3770(91)90105-E
http://dx.doi.org/10.1111/J.1439-0485.1989.Tb00069.X
http://dx.doi.org/10.1073/pnas.1107789108
http://dx.doi.org/10.1098/Rspb.2016.1021
http://dx.doi.org/10.1098/Rspb.2016.1021
http://dx.doi.org/10.1016/j.jembe.2014.07.011
http://dx.doi.org/10.1007/s00227-010-1513-6
http://dx.doi.org/10.1111/1365-2745.12477
http://dx.doi.org/10.1111/j.1744-7909.2010.00991.x
http://dx.doi.org/10.3354/meps07084
http://dx.doi.org/10.1016/j.marpolbul.2013.01.031
http://dx.doi.org/10.1038/nclimate3161
http://dx.doi.org/10.1038/srep42278
http://dx.doi.org/10.1093/icesjms/fsv157
http://dx.doi.org/10.1093/icesjms/fsv157
http://dx.doi.org/10.1007/s00425-003-1087-3

www.nature.com/scientificreports/

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Gordillo, F. J. L., Jimenez, C., Figueroa, E L. & Niell, E. X. Effects of increased atmospheric CO, and N supply on photosynthesis,
growth and cell composition of the cyanobacterium Spirulina platensis (Arthrospira). J Appl Phycol 10, 461-469, https://doi.
org/10.1023/A:1008090402847 (1998).

Agawin, N. S. R., Duarte, C. M. & Fortes, M. D. Nutrient limitation of Philippine seagrasses (Cape Bolinao, NW Philippines): In situ
experimental evidence. Marine Ecology Progress Series 138, 233-243, https://doi.org/10.3354/Meps138233 (1996).

Raven, J. A. Inorganic carbon concentrating mechanisms in relation to the biology of algae. Photosynth Res 77, 155-171, https://doi.
org/10.1023/A:1025877902752 (2003).

Lepoint, G., Jacquemart, J., Bouquegneau, J. M., Demoulin, V. & Gobert, S. Field measurements of inorganic nitrogen uptake by
epiflora components of the seagrass Posidonia oceanica (Monocotyledons, Posidoniaceae). Journal of Phycology 43, 208-218, https://
doi.org/10.1111/.1529-8817.2007.00322.x (2007).

Bryars, S., Collings, G. & Miller, D. Nutrient exposure causes epiphytic changes and coincident declines in two temperate Australian
seagrasses. Marine Ecology Progress Series 441, 89-103, https://doi.org/10.3354/meps09384 (2011).

Wear, D. ., Sullivan, M. J. & Moore, A. D. & Millie, D. E Effects of water-column enrichment on the production dynamics of three
seagrass species and their epiphytic algae. Marine Ecology Progress Series 179, 201-213, https://doi.org/10.3354/Meps179201 (1999).
Burkholder, J. M., Tomasko, D. A. & Touchette, B. W. Seagrasses and eutrophication. ] Exp Mar Biol Ecol 350, 46-72, https://doi.
0rg/10.1016/j.jembe.2007.06.024 (2007).

Brooker, R. W. et al. Facilitation in plant communities: the past, the present, and the future. ] Ecol 96, 18-34, https://doi.org/10.1111/
j.1365-2745.2007.01295.x (2008).

Bulleri, E, Cristaudo, C., Alestra, T. & Benedetti-Cecchi, L. Crossing gradients of consumer pressure and physical stress on shallow
rocky reefs: a test of the stress-gradient hypothesis. ] Ecol 99, 335-344, https://doi.org/10.1111/j.1365-2745.2010.01750.x (2011).
Dattolo, E. et al. Response of the seagrass Posidonia oceanica to different light environments: Insights from a combined molecular
and photo-physiological study. Mar Environ Res 101, 225-236, https://doi.org/10.1016/j.marenvres.2014.07.010 (2014).
Procaccini, G. et al. Depth-specific fluctuations of gene expression and protein abundance modulate the photophysiology in the
seagrass Posidonia oceanica. Sci Rep 7, 42890, https://doi.org/10.1038/srep42890 (2017).

Dattolo, E., Marin-Guirao, L., Ruiz, ]. M. & Procaccini, G. Long-term acclimation to reciprocal light conditions suggests depth-
related selection in the marine foundation species Posidonia oceanica. Ecol Evol 7, 1148-1164, https://doi.org/10.1002/ece3.2731
(2017).

Burkholder, J. M., Glasgow, H. B. & Cooke, J. E. Comparative Effects of Water-Column Nitrate Enrichment on Eelgrass Zostera
Marina, Shoalgrass Halodule Wrightii, and Widgeongrass Ruppia Maritima. Marine Ecology Progress Series 105, 121-138, https://
doi.org/10.3354/Meps105121 (1994).

Alcoverro, T., Manzanera, M. & Romero, J. Nutrient mass balance of the seagrass Posidonia oceanica: the importance of nutrient
retranslocation. Marine Ecology Progress Series 194, 13-21, https://doi.org/10.3354/Meps194013 (2000).

Johnstone, I. M. Papua New Guinea seagrasses and aspects of the biology and growth of Enhalus acoroides (L.f.) Royle. Aquat Bot 7,
197-208, https://doi.org/10.1016/0304-3770(79)90022-6 (1979).

Cornelisen, C. D. & Thomas, F. . M. Ammonium and nitrate uptake by leaves of the seagrass Thalassia testudinum: impact of
hydrodynamic regime and epiphyte cover on uptake rates. ] Marine Syst 49, 177-194, https://doi.org/10.1016/j.jmarsys.2003.05.008
(2004).

Sand-Jensen, K. Effect of epiphytes on eelgrass photosynthesis. Aquat Bot 3, 55-63, https://doi.org/10.1016/0304-3770(77)90004-3
(1977).

Cornelisen, C. D. & Thomas, F. I. M. Ammonium uptake by seagrass epiphytes: Isolation of the effects of water velocity using an
isotope label. Limnol Oceanogr 47, 1223-1229 (2002).

Sureda, A., Box, A., Terrados, J., Deudero, S. & Pons, A. Antioxidant response of the seagrass Posidonia oceanica when epiphytized
by the invasive macroalgae Lophodadia lallemandii. Mar Environ Res 66, 359-363, https://doi.org/10.1016/j.marenvres.2008.05.009
(2008).

Strain, E. M. A., Thomson, R. J., Micheli, E,, Mancuso, F. P. & Airoldi, L. Identifying the interacting roles of stressors in driving the
global loss of canopy-forming to mat-forming algae in marine ecosystems. Global Change Biology 20, 3300-3312, https://doi.
org/10.1111/gcb.12619 (2014).

Brown, C. J., Saunders, M. I, Possingham, H. P. & Richardson, A. J. Managing for Interactions between Local and Global Stressors
of Ecosystems. Plos One 8, https://doi.org/10.1371/journal.pone.0065765 (2013).

Zeebe, R. E. & Sanyal, A. Comparison of two potential strategies of planktonic foraminifera for house building: Mg2+ or H+
removal? Geochim Cosmochim Ac 66, 1159-1169, https://doi.org/10.1016/S0016-7037(01)00852-3 (2002).

Lorenti, M., Buia, M. C., Di Martino, V. & Modigh, M. Occurrence of mucous aggregates and their impact on Posidonia oceanica
beds. Sci Total Environ 353, 369-379, https://doi.org/10.1016/j.scitotenv.2005.09.025 (2005).

Carnell, P. E. & Keough, M. J. Spatially variable synergistic effects of disturbance and additional nutrients on kelp recruitment and
recovery. Oecologia 175, 409-416, https://doi.org/10.1007/s00442-014-2907-9 (2014).

Balata, D., Bertocci, I., Piazzi, L. & Nesti, U. Comparison between epiphyte assemblages of leaves and rhizomes of the seagrass
Posidonia oceanica subjected to different levels of anthropogenic eutrophication. Estuar Coast Shelf S 79, 533-540, https://doi.
0rg/10.1016/j.ecss.2008.05.009 (2008).

Telesca, L. et al. Seagrass meadows (Posidonia oceanica) distribution and trajectories of change. Sci Rep 5, 12505, https://doi.
0rg/10.1038/srep12505 (2015).

Mazzuca, S. et al. Establishing research strategies, methodologies and technologies to link genomics and proteomics to seagrass
productivity, community metabolism, and ecosystem carbon fluxes. Front Plant Sci 4, https://doi.org/10.3389/Fpls.2013.00038
(2013).

Lauritano, C., Procaccini, G. & Ianora, A. Gene expression patterns and stress response in marine copepods. Mar Environ Res 76,
22-31, https://doi.org/10.1016/j.marenvres.2011.09.015 (2012).

Serra, I A. et al. Reference genes assessment for the seagrass Posidonia oceanica in different salinity, pH and light conditions. Marine
Biology 159, 1269-1282, https://doi.org/10.1007/s00227-012-1907-8 (2012).

Lauritano, C., Carotenuto, Y., Procaccini, G., Turner, J. T. & Ianora, A. Changes in expression of stress genes in copepods feeding
upon a non-brevetoxin-producing strain of the dinoflagellate Karenia brevis. Harmful Algae 28, 23-30, https://doi.org/10.1016/].
hal.2013.05.004 (2013).

Pfaffl, M. W,, Horgan, G. W. & Dempfle, L. Relative expression software tool (REST (c)) for group-wise comparison and statistical
analysis of relative expression results in real-time PCR. Nucleic Acids Res 30, https://doi.org/10.1093/Nar/30.9.E36 (2002).

Sims, D. A. & Gamon, J. A. Relationships between leaf pigment content and spectral reflectance across a wide range of species, leaf
structures and developmental stages. Remote Sens Environ 81, 337-354, https://doi.org/10.1016/S0034-4257(02)00010-X (2002).
Zieman, J. C. Methods for Study of Growth and Production of Turtle Grass, Thalassia testudinum Konig. Aquaculture 4, 139-143,
https://doi.org/10.1016/0044-8486(74)90029-5 (1974).

Prado, P,, Alcoverro, T. & Romero, ]. Seasonal response of Posidonia oceanica epiphyte assemblages to nutrient increase. Marine
Ecology Progress Series 359, 89-98, https://doi.org/10.3354/meps07438 (2008).

Anderson, M. J. A new method for non-parametric multivariate analysis of variance. Austral Ecol 26, 32-46, https://doi.org/10.111
1/].1442-9993.2001.01070.Pp.X (2001).

SCIENTIFICREPORTS |7: 13732 | DOI:10.1038/s41598-017-14075-8 13


http://dx.doi.org/10.1023/A:1008090402847
http://dx.doi.org/10.1023/A:1008090402847
http://dx.doi.org/10.3354/Meps138233
http://dx.doi.org/10.1023/A:1025877902752
http://dx.doi.org/10.1023/A:1025877902752
http://dx.doi.org/10.1111/j.1529-8817.2007.00322.x
http://dx.doi.org/10.1111/j.1529-8817.2007.00322.x
http://dx.doi.org/10.3354/meps09384
http://dx.doi.org/10.3354/Meps179201
http://dx.doi.org/10.1016/j.jembe.2007.06.024
http://dx.doi.org/10.1016/j.jembe.2007.06.024
http://dx.doi.org/10.1111/j.1365-2745.2007.01295.x
http://dx.doi.org/10.1111/j.1365-2745.2007.01295.x
http://dx.doi.org/10.1111/j.1365-2745.2010.01750.x
http://dx.doi.org/10.1016/j.marenvres.2014.07.010
http://dx.doi.org/10.1038/srep42890
http://dx.doi.org/10.1002/ece3.2731
http://dx.doi.org/10.3354/Meps105121
http://dx.doi.org/10.3354/Meps105121
http://dx.doi.org/10.3354/Meps194013
http://dx.doi.org/10.1016/0304-3770(79)90022-6
http://dx.doi.org/10.1016/j.jmarsys.2003.05.008
http://dx.doi.org/10.1016/0304-3770(77)90004-3
http://dx.doi.org/10.1016/j.marenvres.2008.05.009
http://dx.doi.org/10.1111/gcb.12619
http://dx.doi.org/10.1111/gcb.12619
http://dx.doi.org/10.1371/journal.pone.0065765
http://dx.doi.org/10.1016/S0016-7037(01)00852-3
http://dx.doi.org/10.1016/j.scitotenv.2005.09.025
http://dx.doi.org/10.1007/s00442-014-2907-9
http://dx.doi.org/10.1016/j.ecss.2008.05.009
http://dx.doi.org/10.1016/j.ecss.2008.05.009
http://dx.doi.org/10.1038/srep12505
http://dx.doi.org/10.1038/srep12505
http://dx.doi.org/10.3389/Fpls.2013.00038
http://dx.doi.org/10.1016/j.marenvres.2011.09.015
http://dx.doi.org/10.1007/s00227-012-1907-8
http://dx.doi.org/10.1016/j.hal.2013.05.004
http://dx.doi.org/10.1016/j.hal.2013.05.004
http://dx.doi.org/10.1093/Nar/30.9.E36
http://dx.doi.org/10.1016/S0034-4257(02)00010-X
http://dx.doi.org/10.1016/0044-8486(74)90029-5
http://dx.doi.org/10.3354/meps07438
http://dx.doi.org/10.1111/J.1442-9993.2001.01070.Pp.X
http://dx.doi.org/10.1111/J.1442-9993.2001.01070.Pp.X

www.nature.com/scientificreports/

Acknowledgements

We sincerely thank Marlene Jahnke for sampling support, the staff of Villa Dohrn (Ischia, NA, Italy) of
the Stazione Zoologica Anton Dohrn for their support in fieldwork, Luca Rindi and Martina Dal Bello for
constructive comments. The authors gratefully acknowledge financial supports from MIUR through the PRIN
2010 project TETRIS and from the University of Pisa through the PRA 2015 project. The research has been also
partially supported by the Italian Flagship Project Ritmare (MIUR).

Author Contributions

EB., C.R. and G.P. conceived the ideas and designed methodology; C.R., C.L., M.C.B., A.C,D.E,EB., G.P, LT,
G.P, EB. collected the data; C.R. and C.L. analysed the data; EB. and C.R. led the writing of the manuscript; all
authors contributed critically to the drafts and gave final approval for publication.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-017-14075-8.

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

CEE | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS |7: 13732 | DOI:10.1038/s41598-017-14075-8 14


http://dx.doi.org/10.1038/s41598-017-14075-8
http://creativecommons.org/licenses/by/4.0/

	Nutrient Loading Fosters Seagrass Productivity Under Ocean Acidification

	Results

	Expression levels of the genes of interest (GOI). 
	Physiological response of P. oceanica to experimental treatments. 
	Plant growth and epiphyte assemblage structure. 

	Discussion

	Materials and Methods

	Study site and experimental design. 
	RNA extraction and cDNA synthesis. 
	Reverse transcription-quantitative polymerase chain reaction (RT-qPCR). 
	Chlorophylls and carotenoids determination. 
	Plant growth and epiphyte assemblage structure. 
	Statistical analysis. 
	Data Availability. 

	Acknowledgements

	Figure 1 Expression levels of the selected genes of interest at ambient pH or in the vicinity of the CO2 vents under three nutrient regimes (CTRL = control, High N = high nutrient enrichment Mod N = moderate nutrient enrichment), using as control conditio
	Figure 2 Mean content (μmol/g, +SE, n = 12) of (A) chlorophyll a, (B) chlorophyll b and (C) carotenoids at different combinations of pH (ambient and low pH) and nutrient enrichment (control, moderate, high).
	Figure 3 Leaf growth of P.
	Figure 4 MDS ordination on untransformed data obtained from Bray-Curtis dissimilarities showing differences in leaf epiphytic assemblages between low pH and ambient pH (respectively black and grey symbols) and among nutrient enrichment levels (circle cont
	Figure 5 Mean percentage cover (+SE, n = 18) of (A) encrusting coralline algae, (B) non-calcified algae and (C) total of epiphytes for different combinations of pH (ambient and low pH) and nutrient enrichment (control, moderate, high).
	Table 1 ANOVAs on the effects of pH (ambient and low pH) and nutrient enrichment (control, moderate and high) on the leaf content of chlorophyll a, chlorophyll b, carotenoids, the leaf growth and specific leaf growth.
	Table 2 (a) PERMANOVA and (b) PERMDISP on the effects of pH (ambient and low pH), nutrient enrichment (control, moderate, high) and plot (3 levels) on the epiphyte assemblage on P.
	Table 3 List of selected genes of interest, their function and primer information.




