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Mangroves are important coastal ecosystems of warm climatic regions that often grow in shallow saline or brackish waters of estuaries and river mouths which are affected by wide tidal intervals and receive abundant nutrient supply. However, mangroves also occur in areas of little tidal influence and devoid of riverine inputs, where they can develop a stunted plant form. Here we report that Avicennia marina trees in the fringe of the Red Sea have maximum heights toward the lower range of that reported elsewhere (average maximum canopy height of 4.95 m), especially in the central region, where mangroves are stunted with an average tree height of 2.7 m. Maximum tree height and chlorophyll a concentration correlated positively with nitrogen concentration in the leaves of A. marina. We conclude that the stunted nature of mangrove trees in the central Red Sea is likely driven by nitrogen limitation.
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INTRODUCTION

Mangroves are halophytic trees that can form extensive forests along tropical and subtropical coastlines. Mangroves are highly productive ecosystems (average of 218 ± 72 Tg C year–1; Bouillon et al., 2008) and intense carbon sinks (global average of >1,000 Mg C ha–1 mostly stored locally on their sediments; Donato et al., 2011), conforming to important Blue Carbon ecosystems (Macreadie et al., 2019). Mangrove habitats deliver many additional ecosystem services, such as the provision of important nursery habitat, protection of the coastline from erosion, and provision of thermal refuge for fauna (Mumby et al., 2004; Barbier et al., 2011; Giomi et al., 2019; Saderne et al., 2019b). Mangroves occur in 118 countries worldwide, covering an estimated global area of almost 140,000 km2 (Giri et al., 2011), which sharply declined in the second half of the 20th century at rates of 1–3% year–1 (Valiela et al., 2001), resulting in an estimated global decline in mangrove area of 30–50% over the past century (Donato et al., 2011).

Along the Red Sea coast, Avicennia marina mangrove forests—first known to Western science in the Red Sea by Pliny the Elder (23–79 AD)—grow from their northern latitudinal limit at 27.7°N (Hickey et al., 2017) to the Bab-el-Mandeb Strait, connecting the Red Sea to the Indian Ocean. Due to the small tidal range, they form a narrow belt in the region (Hickey et al., 2017). Red Sea mangroves cover about 135 km2 of the coastline and are slowly expanding (Almahasheer et al., 2016a), in contrast with their estimated global decline (Valiela et al., 2001; Hamilton and Casey, 2016). Mangrove trees in the Red Sea are suspected to be stunted as trees in the central Red Sea reach short heights of ∼2–3 m, whereas they have been observed to grow taller toward the southern Red Sea (Almahasheer et al., 2016b). The stunted nature of mangroves in the central Red Sea has been hypothesized to reflect nutrient limitation, rather than climatic constraints, as supported by strong evidence of nutrient (largely nitrogen and iron) limitation derived from the assessment of responses of seedlings to experimental nutrient inputs (Almahasheer et al., 2016b) and the analyses of leaf nutrient concentration (Almahasheer et al., 2016c). Experimental fertilization elsewhere demonstrate site-specific mangrove nutrient limitation by nitrogen—N, phosphorous—P, and/or iron—Fe (Feller, 1995; Feller et al., 2003; Lovelock et al., 2004, 2006; Naidoo, 2009), with N limitation associated previously with the height of A. marina trees in South Africa (Naidoo, 2009).

The Red Sea is characterized by a strong nutrient gradient, with nutrient-rich Indian Ocean waters entering the Red Sea in the south and waters becoming progressively oligotrophic toward the north due to the absence of riverine nutrient inputs (Raitsos et al., 2015). In fact, this latitudinal nutrient gradient is reflected in a decrease in sediment N stocks in mangroves and seagrass meadows from south to north and a subsequent increase in the sediment C/N ratio (Garcias-Bonet et al., 2019). Similarly, the stable N isotopic composition of Red Sea mangrove leaves and sediments, which become lighter toward the north, suggests a change in N sources from nitrates in the south to atmospheric N fixation in the north (Duarte et al., 2018; Garcias-Bonet et al., 2019). Therefore, nutrient limitation of mangrove stands is expected to increase from south to north along the Red Sea. However, salinity increases from the south to the hypersaline conditions in the north and temperature declines along the latitudinal gradient (Sawall et al., 2015; Saderne et al., 2019a; Anton et al., 2020). High salinity has been shown to also contribute to dwarfing of A. marina in South Africa (Naidoo, 2006) and to influence growth and leaf turnover of the mangrove Avicennia germinans in the Caribbean (Suárez and Medina, 2005). In the Red Sea, these latitudinal gradients could contribute to regulating the growth and the maximum height of A. marina.

Here we test the hypothesis that nutrient status is related to mangrove tree maximum height and plant performance (growth rate and photosynthesis rates), resulting in parallel increases in tree height, plant performance, and nutrient status southward along the Red Sea. We do so by measuring the nutrient concentration (N, P, and Fe) in leaves and sediments as well as the maximum tree height, growth rates, and photosynthetic parameters (Pmax and quantum yield) of A. marina in 18 stands along the Saudi coast of the Red Sea and testing the relationships between nutrient status and plant height and performance.



MATERIALS AND METHODS


Study Sites

We visited 18 mangrove stands along the Saudi coast in the Red Sea, spanning almost nine latitudinal degrees (from 18.009 to 26.915 latitude; Figure 1). Most study sites were visited during two cruises on board of the R/V Thuwal in February 2016 and March 2017, with each cruise spanning 2 weeks. Additionally, the sites in the central Red Sea were accessed using small local boats in November 2015 and April 2016. At each site, we surveyed the fringe zone and measured the maximum tree height, branch elongation, and internode production as proxies of growth and leaf fluorescence as proxy of leaf physiological performance. We also collected mangrove leaves and sediments to measure the nutrient concentration and the chlorophyll a (chl a) abundance of leaves.
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FIGURE 1. Map of the 18 study sites along the Saudi Arabian coast in the Red Sea. Additional information about the sampling locations can be found in Supplementary Table S1. The sites are numbered by increasing latitude.




Assessment of Mangrove Tree Height and Growth

Maximum tree height was estimated by measuring the height of the tallest three to four trees (except in two sites on which one and two trees were assessed) along 100 m of the fringing mangrove. Tree height was estimated by measuring the distance from the tree to the observer and the angle to the top of the tree, based on trigonometric principles and facilitated by an iPad application. On each tree stand, we measured the length of consecutive internodes along tree branches (and along the main axis) of A. marina from the apical meristem to the hypocotyl. The seasonality imprinted on the length of the internodes—the tree producing shorter internodes in winter and longer ones in summer—allowed the estimation of annual growth rates assessed as the number of internodes (number of internodes produced per year) and branch (including the main axis) elongation in between consecutive maxima or minima of internodal length (Coulter et al., 2001; Padilla et al., 2004; Almahasheer et al., 2016c).



In situ Physiological Performance of the Mangrove Leaves

In eight locations, chl a fluorescence measurements were performed in situ on the leaves of five to seven trees per site using a Pulse Amplitude Modulated Diving-PAM (Walz, Germany). All measurements were conducted for the leaves located at a medium height of the tree and exposed to full sunlight. Rapid light curves (RLCs; Ralph and Gademann, 2005) were generated after 5 min of dark adaptation of the leaves by applying a saturating pulse followed by a series of eight increasing actinic light intensities (μmol photons m–2 s–1). At the end of each interval, the effective quantum yield was recorded after illuminating the sample with a saturating light pulse. The relative electron transport rate (ETRr) was calculated at each increasing light intensity following Beer et al. (2001):
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where the average ratio of PSII reaction centers to PSI reaction centers was considered as 0.5 and the absorbance factor for mangrove leaves was estimated as 1 by measuring light transmission through the leaves of A. marina following Beer (1998). The RLCs were fitted to the eight ETRr measurements (μmol electrons m–2 s–1) per sample using the equations defined by Eilers and Peeters (1988); then, maximum ETRr was obtained from each curve. This maximum ETRr was used as a proxy of maximum productivity (or Pmax). Effective quantum yield efficiency (Y) was calculated as follows:
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where Fm is the maximal fluorescence in dark-adapted leaves and F0 is the initial fluorescence in dark-adapted leaves.



Analysis of Elemental N, P, and Fe and the Concentration of chl a in the Mangrove Leaves

For the elemental analysis of C, N, P, and Fe, we analyzed two pairs of the first leaves from four to seven trees at each study site (except for two sites on which we analyzed only one sample and one site on which we analyzed two samples). The leaves were dried at 60°C and powderized using an agate mortar and pestle. The elemental nitrogen content was quantified from 8–9 mg of this powderized mangrove leaf tissue using the thermal conductivity detector of Organic Elemental Analyzer Flash 2000 (Thermo Fisher Scientific, MA, United States). The detection limit of this machine is 0.001 mg of organic N, and none of our samples was close to this value. Two to four sediment samples were collected per study site using cylindrical plastic cores of 9.5 cm in diameter by 30 cm in length containing at least 10 cm of sediment. The sediments were dried at 60°C and acidified with hydrochloric acid (3 M) to remove inorganic carbon. Sediment organic N content in 10–11 mg of the sediment samples was also assessed using Organic Elemental Analyser Flash 2000 (Thermo Fisher Scientific, MA, United States). For assessing the P and the Fe concentrations of the leaves and the sediments, 50–100 mg of powderized sample material was digested with 5 ml of HNO3 (69%) and 1 ml of H2O2 (30%) using a two-step temperature heating protocol [see Anton et al. (2018) for further details]. The samples were analyzed using an inductively coupled plasma-optical emission spectrometer (Varian Inc. model 720-ES, CA, United States).

The chl a concentration was assessed on the leaves of seven trees per site (except in three sites for which three, four, and five measurements were performed) by cutting a 1-cm-diameter disk of frozen leaf tissue. The samples were broken using beads on a TissueLyser II (Qiagen, Germany), and chl a was extracted by placing the sample overnight in 10 ml of 80% acetone in the dark. The pigment concentration was calculated spectrophotometrically by measuring the absorbance at 646-, 663-, and 710-nm wavelengths and calculating following Wellburn (1994) [see Anton et al. (2018) for further details].



Statistical Analyses

To assess the effect of latitude on different mangrove biological parameters (i.e., tree height, internode production, branch elongation, chl a concentration, Pmax, and quantum yield) and the elemental composition of the leaves (N, P, and Fe%) and the sediments (N, P, and Fe%), we first calculated the mean per site. We then ran independent models–linear, polynomial, and exponential—using latitude as a continuous predictor and the biological parameters (e.g., tree height, internode production, branch elongation, chl a concentration, maximum ETRr, and quantum yield) as continuous response variables. The three models that we compared were (1) simple regressions (y∼x), (2) polynomial type 2 models (y∼x + x2), and (3) exponential non-linear models with two parameters y∼a ∗ exp (b∗x). We used Akaike Information Criterion (AIC) to select the best model among those three for each relationship (Burnham and Anderson, 2004). To test the relationship between the elemental composition of the leaves and mangrove biological parameters, we also used the mean value per site and then ran the three types of models (linear, polynomial, and exponential as specified above) and selected the best one also using AIC.



RESULTS

The mangrove stands ranged almost 10-fold in maximum canopy height from stunted (mean ± SD, 2.2 ± 0.20 m on site 10; Figure 2A) to tall (mean ± SD, 14.03 ± 2.32 m on site 5) A. marina trees. The tallest trees were found in one of the southern sites of the Red Sea (>13.5 m at site 5 in Al Lith, latitude 20.16° N), while the smallest canopies were found in the central Red Sea (slightly over 2-m tall at sites 7, 10, and 12, latitudes between 22.28 and 22.75 N, respectively; Figure 1 and Supplementary Table S1), with the mangrove trees near the latitudinal limit in the northern Red Sea having intermediate canopy heights (3.75 m in site 18; Figure 2A). However, small mangrove trees (<5 m) were also present in the southern Red Sea (Figure 2A). Consequently, there was no significant relationship between maximum tree height and latitude (p-values > 0.05; Figure 2A and Supplementary Table S2). While the internode production rates (9.19 ± 0.62 internodes branch–1 year–1) were rather uniform along the Saudi coast of the Red Sea (Figure 2C), the branch elongation rate was lowest in the central Red Sea (polynomial relationship; p = 0.041; Figure 2B and Supplementary Table S2).
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FIGURE 2. Latitudinal variability of maximum mangrove height (m; A), branch growth (cm year–1; B), internode rate (year–1; C), leaf N (%DW; D), leaf P (%DW; E), leaf Fe (%DW; F), chl a concentration (mg g–1 WW; G), and physiological performance parameters Pmax (H) and quantum yield (I). The black dots indicate the mean ± SE per site and the gray dots indicate raw measurements. The blue lines indicate significant fitted models (p < 0.05) and the standard error of the model is indicated in gray.


The mangrove leaves had low average concentrations of N (1.84 ± 0.65% DW; Table 1), P (0.07 ± < 0.03% DW; Table 1), and Fe (0.04 ± 0.02% DW; Table 1). The chl a concentration in the leaves was 0.39 ± 0.23 mg chl a g–1 WW, while the mean Pmax and quantum yield were 39.3 ± 6.8 μmol electrons m–2 s–1 and 0.75 ± 0.06, respectively (Table 1). The concentration of %N, %P, and %Fe in the sediments was (as %DW) 0.18 ± 0.16, 0.066 ± 0.022, and 0.55 ± 0.85, respectively (Table 1).


TABLE 1. Mean (±SD) and number of replicates of the response variables in 18 mangrove stands across the Saudi coast of the Red Sea.

[image: Table 1]The variability in the concentrations of N, P, and Fe in mangrove leaves, chl a concentration, and Pmax was uncoupled to the latitudinal gradient (p > 0.05; Figure 2 and Supplementary Table S2). Quantum yield increased linearly toward the southern Red Sea (linear relationship, p < 0.001, Figure 2I and Supplementary Table S2). There was no correlation between the concentrations of the various nutrient elements (i.e., N, P, and Fe) of the tree leaves nor between the nutrient concentration in the leaves and the sediment, except for the concentration of N and P in the leaves (Figure 3A and Supplementary Table S2), and the organic P in the leaves and the sediment (Figure 3E and Supplementary Table S2).
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FIGURE 3. Relationship between leaf N (%DW) and leaf P (%DW; A), leaf N(%DW) and leaf Fe (%DW; B), leaf P (%DW) and leaf Fe (%DW; C), leaf N (%DW) and sediment N (%DW; D), leaf P (%DW) and sediment P (%DW; E), and leaf Fe (%DW) and sediment Fe (%DW; F) on the mangrove stands in the Red Sea. The black dots indicate the mean ± SE per site and the gray dots indicate raw measurements. The blue lines indicate significant fitted models (p < 0.05) and the standard error of the models is indicated in gray.


The maximum canopy height and chl a concentration strongly increased with the concentration of N in the mangrove leaves (linear relationship, p < 0.001; Figures 4A,D, and Supplementary Table S2). Branch elongation rates and internode production were independent from N concentration in the leaves of mangroves (p > 0.05; Figures 4B,C, and Supplementary Table S2). The photosynthetic performance of the leaves (Pmax and quantum yield) varied greatly among stands, but both parameters were unrelated to N concentration in the mangrove leaves (p > 0.05; Figures 4E,F, and Supplementary Table S2).
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FIGURE 4. Relationship between carbon to nitrogen ratio in the mangrove leaves and mangrove height (A), branch growth (B), internode rate (C), chl a concentration (D), Pmax (E), and quantum yield (F) on mangrove stands in the Red Sea. The black dots indicate the mean ± SE per site and the gray dots indicate raw measurements. The blue lines indicate significant fitted models (p < 0.05) and the standard error of the model is indicated in gray.




DISCUSSION

Mangrove stands are the only forests growing along the extremely arid and oligotrophic coast of the Red Sea. The A. marina maximum canopy height was overall low in the Red Sea, with a mean maximum tree height (±SD) of 4.95 ± 3.59 m and a maximum of 14 m along the sites sampled in the Red Sea. While the northern and southern regions had, on average, taller although variable maximum tree heights, the shortest trees in the Red Sea were found in central Red Sea, with a mean maximum of 2.7 m. In this central region, branch growth calculated from internode observations (Almahasheer et al., 2016c) was also smaller than that in the northern or the southern regions. These small canopy of A. marina growing in the fringe of the central Red Sea (maximum canopy 2.7 m) are three and five times shorter than those reported in South Africa (maximum canopy height of 10 m; Naidoo, 2006) and Kenya (14 m; Dahdouh-Guebas et al., 2004), respectively. In addition, the A. marina trees in the Sundarbans in the Bay of Bengal (India) were described with a maximum tree height that ranged from 4.9 to 10.6 m (Ray et al., 2011), also supporting the stunted nature of the tree canopies in the central Red Sea.

Stunted mangroves have been previously reported in areas with similar characteristics as those found in the Red Sea basin, such as arid environment [e.g., Arabian Gulf in the United Arab Emirates (Saenger et al., 2004)], the south coast of Puerto Rico (Cintron et al., 1978), and karstic areas (e.g., in the Caribbean; Lara-Domínguez et al., 2005; Spalding, 2010; Lovelock et al., 2015). The Red Sea is characterized also by a moderate salinity gradient (Raitsos et al., 2013; Anton et al., 2020), with Indian Ocean waters entering the Red Sea in the south and waters becoming progressively saltier due to evaporative losses toward the north (ranging from ∼36‰ in the southern part to 41‰ around the Gulf of Suez in the north). Salinity has been shown to influence the growth of Avicennia spp. in other locations (Suárez and Medina, 2005; Naidoo, 2006), with a maximal growth of A. marina expected to occur outside this range (in 50–75% seawater; Nguyen et al., 2015). In our study, the maximum height of A. marina trees was unrelated to latitude, suggesting a lack of a major influence of salinity on mangrove height in the Red Sea Basin. A recent global analysis (Simard et al., 2019) determined that mangrove canopy height is generally driven by environmental factors associated to latitude (such as precipitation and temperature) and predicted a maximum tree height of 12–23 m for Red Sea latitudes (27–18°N). Hence, the maximum mangrove tree height that we found in the Red Sea (14 m) falls within the lower range of those expected based on relationships derived for mangrove forests worldwide—with only one site within this range and the remaining 13 sites (93% of the study locations) beneath the lower bound (12 m) of the predicted range. This shortness of mangrove trees in the Red Sea, especially in the central area, points out that constraints other than climatic factors lead to stunted mangroves.

Mangrove height varied almost 10-fold along the Red Sea (ranging from 2.2 to 14.1 m among stands), allowing us to explore what might control maximum tree height. In contrast to previous suggestions (Almahasheer et al., 2016b) of A. marina tree height said to increase with decreasing latitude, we found the minimum values in the central Red Sea, with a mean of 2.7-m-tall trees at about 22.5°N. In the central Red Sea, we also found lower branch elongation rates. The strong positive relationship between maximum tree height and N concentration in the leaves indicates that N availability, rather than latitude-driven climatic factors, could regulate A. marina canopy height in the Red Sea. We could not, however, test for the relationship between maximum tree height and %N in the mangrove leaves within sites as we did not pair these two measurements at the tree level, yet leaf nitrogen concentration was variable within the mangrove stands (coefficient of variation ranging from 9 to 39%), suggesting that nitrogen status varies within stands and may also help explain the variability in tree height within locations. We, therefore, suggest that future studies pair nitrogen concentrations in leaves with tree height measurements on the same location to ascertain if nitrogen status can also explain the variability within mangrove stands. The P and the Fe concentrations in the leaves were low (mean 0.066 and 0.042% DW for P and Fe, respectively) when compared with the concentrations reported in A. marina in South Africa (0.37% DW P; Naidoo, 2006) and other mangrove species elsewhere (e.g., Rhizosphora spp. in Australia; Boto and Wellington, 1983). However, these two nutrients did not show any clear pattern along the latitudinal Red Sea gradient and were not related to maximum tree height, indicating that they are unlikely to limit the growth of A. marina in the Red Sea. Similar to maximum tree height, chl a concentration in the mangrove leaves increased linearly with N concentration, providing evidence for the importance of N potentially limiting pigment concentration, which ultimately could influence mangrove maximum height. In fact, lower chlorophyll concentration has been reported in stunted A. marina trees as compared to taller ones in South Africa (Naidoo, 2006). The chl a concentration in the leaves of A. marina reported here (mean 0.39 mg g–1 WW) was low compared with the concentrations reported for the same species in the Arabian Gulf which ranged 0.42–0.69 mg g–1 WW (Abou Seedo et al., 2018).

The central Red Sea is possibly the most oligotrophic region within the basin as the southern area receives nutrient inputs from the Indian Ocean and modest runoff, whereas the northern region receives nutrient inputs from winter overturning and moderate upwelling (Edwards, 2013; Sola et al., 2019). These known oceanographic patterns match one latitudinal pattern, branch growth, in our study. Nutrient limitation—specifically by iron—was identified for mangrove seedlings in the central Red Sea based on nutrient concentrations in the leaves and on fertilization experiments (Almahasheer et al., 2016b). While Fe-limited growth has been previously reported for the seedlings of several mangrove species elsewhere (Alongi, 2010), the maximum height of mangrove trees in the Red Sea appears to be driven by nitrogen limitation instead of Fe or P. This finding is consistent with that of Feller et al. (2003), who reported strong N limitation of tree growth on Rhizophora mangle in the Caribbean. Similarly, the growth of juvenile stunted 1-year-old trees of A. marina is N-limited in South Africa (Naidoo, 2009).

The potential N limitation reported here in central Red Sea mangroves contrasts with the recently suggested P and Fe deficiency (based on leaf content), but not of N, of seagrass meadows throughout the Red Sea (Anton et al., 2020). This apparent differential nutrient status between mangroves and seagrass meadows within the region might derive from a differential sediment composition or requirements between these two biogenic habitats. Seagrass meadows in the Red Sea grow in sediments that are more carbonate-rich than those of mangroves, where inorganic P and Fe may be bound in unavailable forms (Duarte et al., 1995; Brodersen et al., 2017; Anton et al., 2020). Therefore, these two nutrients (P and Fe) are likely to be less available in seagrass compared to mangrove sediments in the Red Sea. In addition, sediments on the fringing mangroves in the Red Sea are more depleted in N relative to organic carbon than seagrass sediments (Garcias-Bonet et al., 2019), providing further evidence for inorganic N to be a limiting source for mangroves in the basin. Nevertheless, the mean Fe concentration in the Red Sea mangrove sediment was 0.58 ± 0.85%, which is much lower than the mean for marine sediment (4.1% DW; Bowen, 1979), and within the lower end of the global range for mangrove sediments (0.14–14.6% DW; Billah et al., 2014), highlighting the overall extremely oligotrophic conditions for mangroves in the Red Sea. This is indeed expected due to the lack of rivers and, therefore, riverine inputs to the Red Sea, which are major sources of Fe and P inputs to coastal waters elsewhere (Doney, 2010).

The N concentrations in mangrove sediments were more variable (coefficient of variation, mean 89%) than those in mangrove leaves (coefficient of variation, mean 35%), and leaf N did not correlate with sediment organic N in the Red Sea. This may be due to the high loss rates of nitrogen in mangrove sediments, which often support high denitrification and anammox rates (Fernandes et al., 2012; Cao et al., 2017; Xiao et al., 2018), although these have not yet been resolved for the mangrove sediments in the Red Sea. Sediment concentrations are not subject to biological constraints; however, N content in the leaves is constrained by minimum functional requirements. N limitation, thus, is reflected in low mangrove canopy heights, while keeping N levels above minimum requirements for functional mangrove leaves. In addition, the variation in sediment nitrogen concentration could have been partially affected by the variation in sediment bulk density, which ranged from 0.7 to 1.2 g cm–3 across our study sites (Garcias-Bonet et al., 2019). Bulk density has been shown to negatively correlate with soil nitrogen in coastal biogenic habitats (Fourqurean et al., 2012), although we did not find a correlation between bulk density and the concentration of N in the sediment or the mangrove leaves (linear regression; p = 0.122 and 0.874, respectively). Nevertheless, bulk density could have influenced the amount of nitrogen available in the sediment to our mangrove stands in the Red Sea as, for the same nitrogen concentration (%N), bulky sediments contain more nitrogen per volume of sediment than coarse ones.

We found that N concentration in the mangrove leaves was not related to differences in photosynthetic leaf performance, such as Pmax and quantum yield. This lack of relationship of Pmax and quantum yield with increasing N content in the mangrove leaves was expected since these relationships are commonly reported as positive (Reich et al., 1994) in fast-growing species but can be weak in woody trees (Wright and Westoby, 2001), such as A. marina. In fact, a similar finding was reported for blades of seagrasses and macroalgae in the Red Sea (Anton et al., 2018), where Pmax and iron blade concentration were unrelated.

Since four electrons move through PSII for each O2 produced, ETR (μmol electron m–2 s–1) can be divided by four to obtain a rough estimation of plant productivity (in μmol O2 m–2 s–1; Figueroa et al., 2003). On this basis, the mean Pmax of 39.31 μmol electrons m–2 s–1 for Red Sea mangrove leaves can translate to 9.8 μmol O2 m–2 s–1, which is about half the mean net productivity of A. marina of 22 μmol CO2 m–2 s–1 reported in Australia (Alongi, 2009). In addition, the mean ETR values reported here are three times lower than those reported in fringing A. marina mangroves in South Africa ∼120 μmol electrons m–2 s–1; Naidoo, 2006), providing further evidence of limiting mangrove productivity in the Red Sea.

In conclusion, the A. marina trees in the central Red Sea basin can be classified as stunted when compared to those across the broad biogeographical range of this species. Our results suggest the maximum tree height and the pigment concentration to be N-controlled rather than being regulated by latitude-driven climatic parameters or other inorganic nutrients such as P or Fe. Our results fill a gap of understanding mangrove ecology in the Red Sea, where most studies have been performed in the central region (Almahasheer et al., 2016b, c, 2017), by providing baseline information on mangrove tree structural and physiological parameters along a large latitudinal range, which highlights the important role of N as a predictor of mangrove maximum canopy height in the largely oligotrophic Red Sea.
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FIGURE S1 | Photosynthetic active radiation vs relative electron transport rate (ETRr) on eight study sites obtained using pulse amplitude modulated diving (Walz, Germany). Rapid light curves were fitted to the eight ETRr measurements per sample using the equations defined by Eilers and Peeters (1988), and then maximum ETRr was obtained from each curve.

TABLE S1 | Study site information. Figure 1 shows the study locations in a map.

TABLE S2 | Results of the statistical analyses associated to Figure 2, Figure 3, and Figure 4.
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n indicates the number of study locations.





