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Red Sea mangroves occur in an oligotrophic sea without permanent freshwater inputs. Understanding the mechanisms to cope with nutrient limitation is, therefore, important to understand their distribution and nutrient dynamics in coastal ecosystems. We measured total number of meristems to estimate their leaves production and nutrients (N, P, and Fe) as a function of age in Avicennia marina leaves. Then estimated resorption rates; the recovery of nutrients from senescing leaves before they are shed in a total of 91 leaf from four different mangroves stands in the Central Red Sea. We found that the concentration of N and P but not Fe declined with age. Nutrient content also declined in the older leaves with high resorption capacity of 69 and 72% in N and P vs. low resorption of 42% in Fe. The role of Fe resorption is poorly studied in plants, nevertheless, this study could provide an insight into our knowledge of iron resorption in the mangroves, which has never been assessed before. The leaf nutrient export flux from senescing leaves in monospecific stand of Avicennia marina was 9, 0.4 and 1 g m−2 year−1 for N, P, and Fe respectively, suggesting mangrove litter-fall to be an important source of bioavailable iron in particular, due to its low resorption, to the adjacent oligotrophic ecosystem.
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INTRODUCTION

Nutrient resorption, the recovery of nutrients from senescing leaves before they are shed, is a key internal strategy allowing plants to avoid losing nutrients (Aerts and Chapin, 1999). The withdrawal of nutrients from senescing leaves allows plants to reuse them again (Aerts and Chapin, 1999) to reproduce structures and new leaves (Chapin and Van Cleve, 2000; Ochieng and Erftemeijer, 2002). And to conserve nutrients to consequently, influences different processes as competition, nutrient uptake, and productivity (Killingbeck, 1996). Also, at the ecosystem level, nutrient resorption influences nutrient cycling (Aerts and Chapin, 1999).

Nutrient limitation is prevalent among plant communities, including mangroves e.g. (Koch and Snedaker, 1997). Mangroves have different strategies to cope with nutrient limitation, including shifts in biomass allocation, such as increasing root biomass in mangrove seedlings when the nutrients or light are low (McKee, 1995) or, conversely, enhancing the growth rate of shoots compared to roots in response to nutrient enrichment (Lovelock et al., 2009). Ultimately, nutrient limitation (Naidoo, 2009), and other factors result in mangrove dwarfing.

Nutrient limitation in mangrove seedlings and trees has generally been studied in terms of nitrogen and phosphorus limitation (Boto and Wellington, 1983; Naidoo, 1987, 2009; Feller, 1995; Koch and Snedaker, 1997; Feller et al., 1999, 2003a,b; Lovelock et al., 2004, 2006, 2007; Alongi, 2011). Additionally, iron has also been found to be limiting (Alongi, 2010; Almahasheer et al., 2016b), and it has been suggested that the low availability of the three elements may be the reason for mangroves absence in several coastlines otherwise having conditions suitable for mangrove growth (Sato et al., 2011). Nutrient resorption may be, therefore, a key strategy for mangroves to grow in oligotrophic environments, such as the Red Sea (Almahasheer et al., 2016b).

Resorption may occur throughout a leaf's life, especially as leaves become increasingly shaded (Wright and Westoby, 2003), however, sun leaves and shade leaves did not affect nutrient resorption efficiency in some evergreen plant whereas the location did (DOGAN et al., 2015). Resorption mechanisms have been extensively studied in terrestrial and aquatic ecosystems (see reviews in Killingbeck (1996) and Hemminga et al. (1999). Resorption values usually ranged from 50 to 90% of N and P from different plant species (Aerts and Chapin, 1999).

Moreover, N resorption reported in different mangrove species in Kenya ranging from 53 to 69% (Rao et al., 1994), similarly, a review by Reef et al. (2010) reported resorption values in different mangrove species around the world with N resorption ranging from <5 to 69%. And up to 72% for P resorption by Alongi (2002), also P resorption has been reported for a number of Avicennia marina stands (Rao et al., 1994; Ochieng and Erftemeijer, 2002; Alongi et al., 2005; Lovelock et al., 2007, 2010, 2011; Zhou et al., 2010; Wei et al., 2015). Additionally, iron resorption in mangroves has not been assessed as yet. Moreover, mangroves play an important role in the biogeochemical cycle as a source of nutrients to costal ecosystems (Hussain and Badola, 2008), yet the amount is linked to the hydrology of mangrove forests and varies among the different types of mangroves (Twilley and Day, 1999). For e.g. the export of biomass and nutrients from the Matang Mangroves through leaf litter alone was around 3.9 and 0.1 tons ha−1 year−1respectively (Gong and Ong, 1990), whereas, mangrove leaf nutrient export flux from the Red Sea remains unknown.

Here we examine the rate of leaf nutrient resorption and the loss of nutrients involved with leaf shedding in Avicennia marina growing in the oligotrophic Red Sea. By comparing resorption values of Avicennia in the Red Sea to results reported for Avicennia stands elsewhere when possible. Finally, we determine the amount of nutrients export flux per m−2 year−1 supplied by falling senescing leaves of Avicennia marina in the central Red Sea and their stoichiometric ratios.

MATERIALS AND METHODS

Study Area

The Red Sea ranks amongst the most oligotrophic seas due to lack of river runoff and low nutrient supply (Mandura, 1997), and mangrove trees have been shown to be strongly nutrient limited, particularly by iron, in the Central Red Sea (Almahasheer et al., 2016b). Mangroves in the Central Red Sea develop as dwarf trees (<2 m height) along a narrow belt. The Central Red Sea is the most oligotrophic part of the basin indicative of low Chl a concentrations Sea (Raitsos et al., 2013). And the low nutrient concentration could be due to the absence of riverine inputs and limited exchange with Indian ocean (Thompson et al., 2013). Avicennia marina in the Central Red Sea is subjected to extreme arid condition with salinity above 38 psu and water temperature as high as 35°C (Almahasheer et al., 2016c). This study was conducted in ten trees within four different locations in the Central Red Sea. Mangrove locations were composed of monospecific stands of Avicennia marina, away from human disturbances in Khor Alkharar (22°58′14.81″N 38°50′44.27″E), and close to petrochemical activities in Petro Rabigh (22°45′5.81″N 39° 0′46.90″E), while those at Economic City lagoon (22°23′31.10″N 39°7′49.07″E) are under development. Those at Thuwal Island (22°16′54.42″N 39° 5′6.12″E) are less impacted by human activities (22°16′54.42″N 39° 5′6.12″E, Figure 1). Additional information about the study locations and their environmental conditions are described in (Almahasheer et al., 2016b,c).
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FIGURE 1. Location of the Central Red Sea mangrove stands sampled.



Sampling Leaves and Sediment in Mangrove Stands

Leaves and sediment cores were collected in 2014 and 2015 from each location. A total of two to three long axillary branches in each location were randomly selected, to collect a total of 91 leaves from 10 trees. The collected leaves were gently washed with sea water and numbered in the field based on their location in nodes along the axillary shoot starting from the first leaf near the meristem to the last attached senescing leaf. Sediments were sampled from the same locations using 170 cm long PVC cores, with a total of 26 sediment core (6 cores at Khor Alkharar, 4 cores at Petro Rabigh, 8 cores at Economic City and 8 cores at Thuwal Island). Sediments cores were sliced into 1 cm or 3 cm slices down to (24–27 cm compressed, which is equivalent to 26–45 cm decompressed), depending on the core-type (Almahasheer et al., 2017). The slices were dried in the oven at 60°C to constant weight, after measuring their fresh volume to calculate bulk density. The sediments were then subsampled for chemical analyses (C, N, P, and Fe). Then to allow direct comparisons among locations, nutrient stocks in sediment samples at depth (26–45 cm decompressed) were standardized to 30 cm.

Laboratory Procedures

Each leaf sampled was individually photographed, dried at 60°C till constant weight, then each leaf was weighted before grinding with a mortar. We then weighted approximately 2 mg of each powdered leaf to the nearest 0.001 mg with an ultra-micro balance in a pre-combusted aluminum capsule, which was then used to determine the concentration of C and N on a FLASH 2000 CHNS Analyzer (Zimmermann et al., 1997). For C and N analyses in the sediment, 1 g of dried ground samples was acidified with 1 M HCl to remove inorganic carbon, centrifuged (3,500 RPM; 5 min) and the supernatant with acid residues was removed using a pipette, then washed in deionized water once, the residues were centrifuged again and the supernatant removed. The residual samples were re-dried (70°C) and encapsulated for C and N analysis using a Thermo Delta V Conflo III coupled to a Costech 4010 at the UH Hilo Analytical Laboratory, USA. The C and %N was calculated for the bulk (pre-acidified) samples.

For Iron and phosphorus concentrations, 0.50 mg dry weight (DW) of each powdered leaf were digested in 6 ml HNO3 and 2 ml of H2O2 following Spalla et al. (2009), and 200 mg of sediment were digested in 6 ml of HNO3 and 2 ml of HCL following the EPA method 3052 (Kingston and Walter, 1995). The samples were let to cool then diluted with Mili-Q water to be subsequently analyzed by Inductively Coupled Plasma-Optical Emission Spectrometry (Varian Inc. model 720-ES). Analyses of replicates (two replicates between each 20 sample with total of 10) and reference materials (e.g., BBOT and Sulfanilamide in the leaves, NIST 8704 in the sediment for N and C; and Inorganic Ventures and PerkinElmer's Pure Plus for P and Fe in the leaves and sediment) were carried out to ensure reproducibility of the results. Then, mean (±SE) of nutrient concentration (g DW Kg−1) and accumulated stock per unit area (i.e., cumulative mass; Kg m−2) in the top 30 cm of the sediment was estimated from the four locations.

The nutrient content in mg leaf−1 was calculated as the product of the nutrient concentration in mg g DW−1 and the total dry mass in g DW leaf−1 of the leaves Lin and Wang (2001; Figure 2). We also calculated the nutrient resorption after Lin and Wang (2001) and Lovelock et al. (2004), as the ratio between the difference in average nutrient content in mg leaf−1 from a fully developed or mature leaf and that of senescing leaves, free of grazing damage, and reported this as a percent. Leaf age was estimated using the plastochrone interval approach, i.e., the time in between development of a new node supporting a new leaf pair (Erickson and Michelini, 1957; Duarte et al., 1994; Coulter et al., 2001). Avicennia marina produced 9.59 nodes year−1, resulting in an estimated plastochron interval of PI = 38 days (Almahasheer et al., 2016c), the time interval between production of two consecutive leaf pairs along a branch.
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FIGURE 2. Diagram of calculations used to estimate leaf export flux (mg element m −2 year −1) and leaf nutrient resorption (%).



Estimating Nutrient Fluxes With Leaf Loss

To calculate the leaf export flux of nutrients in senescing leaves in mg element m−2 year−1, we multiplied the mean nutrient content of each element in the senescing leaves with leaves produced m−2 year−1. We simply estimated number of leaves produced m−2 year−1 after Coulter et al. (2001), which is the product of the number of meristems m−2 multiplied by the number of internodes produced per meristem per year multiplied by two which is the number of leaves per meristem (Figure 2). Specifically, (1) we used a line transect of 3 m wide by 5–15 m long in two locations (n = 74 trees for Khor Alkharar and n = 153 tree for Thuwal Island, Table 1) to measure each tree/ seedling girth and number of meristems, then used as regression analysis to get the total number of meristems in the two locations (Figure 3). Then (2) we used the number of internodes year−1 for the same two locations above that were obtained from (Almahasheer et al., 2016c) (9.56 node year−1 for Khor Alkharrar and 9.72 year−1 for Thuwal Island), and multiplied by 2 which is number of leaves per node, following Duke and Pinzon (1992) as the rates of annual node production = half of leaf production.


Table 1. Mean ± SE (median) for the Avicenna marina girth, total number of meristems produced, tree density and leaves production in from two different locations in the Central Red Sea.
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FIGURE 3. Regression analysis for the Avicenna marina girth and total number of meristems produced in (A) Khor Alkharar and (B) Thuwal Island.



Statistical analyses, including descriptive statistics, linear regression analyses of leaf age vs. element, general linear models to test differences among stands, and Tukey HSD posthoc test to assess pairwise differences were carried out using JMP, a computer program for statistics developed by the SAS Institute.

RESULTS

Leaf Production and Nutrient Concentration

The number of meristems in Avicennia marina trees increased with tree girth both in Khor Alkharar and Thuwal Island (R2 = 0.95, F = 1350, P < 0.0001; and R2 = 0.98, F = 8809 and P < 0.0001, respectively; Figures 3A,B). When combined with tree density, girth distribution and previous estimates of nodes production (Table 1), these relationships allowed to estimate that Avicennia marina in Khor Alkharar produced 7871.5 leaves m−2 year−1 and the stand in Thuwal Island produced 7345.2 leaves m−2 year−1, which, provided the life span of Avicennia marina leaves is ≤1 year, is equivalent to the leaf litter fall fluxes, as grazing losses were minimal.

The average leaf nitrogen concentration in mg N g DW−1 tended to be low and was significantly higher in Petro Rabigh compared to the other mangrove stands, where average leaf nitrogen content did not differ significantly among these locations (Table 2A). Similarly, the average leaf phosphorous concentration was also low (Table 2A). Leaf P concentration and content did not vary significantly among stands (Table 2A). Likewise, the average leaf iron concentration was very low (Table 2), and both the average leaf iron concentration and content were higher in Petro Rabigh and Economic City compared to Khor Alkharar, while Thuwal Island showed intermediate values (Table 2A).


Table 2. (A) Mean (±SE) for nutrients concentration (mg g DW−1), nutrients content (mg leaf−1) and (B) nutrients resorption (%) in Avicennia marina leaves from four different locations in the Central Red Sea, and the results (F-ratio) from ANOVA and Tukey HSD post hoc tests for differences in nutrient concentrations among locations.
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The nitrogen and phosphorous concentration in the leaves declined with leaf age as a result of either or both the dilution or leaching of nutrients as the leaves mature and expand (Figure 4). However, iron concentration was stable or tended to increase with leave age (Figure 4). The leaf nutrient content was highly variable between trees, with a general trend to decline in leaves around 200 days old in most of the trees suggesting a retrieval of nutrients from old leaves before these are shed (Figure 5). The trends in elemental concentration and content with leaf age were described, based on regression analysis (Tables S1, S2 and Figures S1, S2). The leaf P: Fe ratio declined sharply with leaf age from 20 in young leaves to around 3 in mature 200 days old then a ratio of 1 in senescing leaves, similarly, N: Fe also declined sharply from values of >1,000 to 100 in mature leaves of 200 days old then 50 in senescing leaves. Contrary, the leaf N: P ratio showed a general trend to increase from values of 30 in young leaves to around 40 at mature leaves of 200 days old and remained the same in senescing leaves (Figure 6).
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FIGURE 4. Accumulation rate of nutrients concentration (Difference in mg g DW−1 to the value of the first leaf) with the age of Avicennia marina leaves in the Central Red Sea, each smoothed line present one tree branch in a tree.
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FIGURE 5. Accumulation rate of nutrients content (difference in mg leaf−1 relative to the value of the youngest leaf) with age of Avicennia marina leaves in the Central Red Sea, each smoothed line present one tree branch in a tree.
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FIGURE 6. Change in the leaf N: P, N: Fe, and P: Fe ratio with age of Avicennia marina leaves in the Central Red Sea. * for senescing leaves, ▴ for mature leaves. Solid line shows a smoothed line for trees within a location.



N and P resorption was detected in all sampled trees, whereas Fe resorption was not detected in one out of the 10 trees (Table 2B). There was no significant difference in resorption efficiency between locations for either N, P, or Fe (Table 2B). Hence, we calculated the grand mean (±SE) of resorption to be 69 ± 4% N, 72 ± 2% P and 42 ± 5% Fe, with Fe having lower resorption efficiency compared to N and P. Resorption efficiency was independent of the maximum nutrient concentration and, therefore, independent of the nutrient status of the plants. However, resorption of N and P were significantly correlated (rN−P = 0.8, P = 0.004), whereas that of Fe with either N or P was not significant (rFe−P = 0.6, P = 0.08; rN−Fe = 0.4, P = 0.29). Moreover, leaf stoichiometry (1918 C:36 N:1 P: 0.5 Fe for all leaves, Figure 7) showed a shift from mature leaves (1715 C: 39 N:1 P:0.5 Fe) to senescing leaves (4213 C:40 N:1 P: 1.1 Fe) involving a decrease in N/Fe and P/Fe ratios by half during senescence (Figure 7).
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FIGURE 7. The average nutrient input from senescing leaves in Central Red Sea mangroves and the stoichiometric ratios of the leaf export flux (mature, senescing and average of all ages).



Nutrient Concentration and Accumlated Stock in the Sediment

Both sediment nutrient concentration in g DW Kg−1 and accumulated nutrient stock in sediment (Kg m−2) averaged over the top 30 cm of sediment did not differ significantly among sites for both nitrogen and phosphorous, whereas the iron sediment concentration was significantly higher in Petro Rabigh, followed by Economic City, Khor Alkharar, and mangroves in Thuwal Island showing the lowest Fe sediment stocks (Table 3).


Table 3. Mean (±SE) of nutrient concentration (g DW Kg−1) and accumulated stock (Kg m−2) in the top 30 cm of the sediment from four different mangrove locations in the Central Red Sea and the results (F-ratio and results from post-hoc Tukey HSD analysis) from ANOVA to tests for differences between locations.
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DISCUSSION

Avicennia marina in the Central Red Sea was characterized by low nutrient concentrations, as expected from the oligotrophic nature of this ecosystem. The average leaf nitrogen concentration in mg N g DW−1 tended to be low, about half of the levels of 2% N of DW considered to represent nitrogen-sufficient plants, similarly, the average leaf phosphorous concentration was also low, about 1/3 of the 0.2% P of DW considered to represent P-sufficient plants (cf. Almahasheer et al. (2016b). And about half of the concentrations that was found the same species in Kenya of about 20 mg g DW−1, yet comparable to other species e.g., Xylocarpus granatum, Lumnitzera racemosa, Sonneratia alba in Kenya (Rao et al., 1994). Whereas, leaf nutrient content was highly variable between sites which could be due to different nutrient inputs. The N and P resorption efficiency were in the range of previous estimates of nutrient resorption in Avicennia marina elsewhere (Table 4), which, in turn, are in the higher range of nutrient resorption efficiency reported for aquatic and terrestrial plants (Hemminga et al., 1999; Chapin and Van Cleve, 2000; Reef et al., 2010). However, to the best of our knowledge, iron resorption had not been previously assessed in mangroves. Our results reveal a low iron resorption efficiency (≤42%) for Avicennia marina in the Central of the Red Sea, about half that for N and P. The comparatively low efficiency in iron resorption, compared to N and P resorption helps explain experimental results reporting that iron additions resulted in significantly taller plants compared with complete fertilizer additions, and consistent with the biogenic nature of the sediments in the Red Sea (Almahasheer et al., 2016b), similar to the iron deficiency of seagrass growing above carbonate sediments reported in the Mexican Caribbean (Duarte et al., 1995). These results also support the findings of a mesocosm experiment (Alongi, 2010) reporting that mangroves growth in some forests may be limited by the rate at which iron is solubilized by iron- reducing bacteria. Particularly when considering the high sediment Fe stock in this study of 1 Kg m−2 compared to around 0.1 Kg m−2 for N and P respectively.


Table 4. Comparison of nutrients resorption in Avicennia marina leaves from different locations worldwide.
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The changes in N and P concentration with leaf age indicate that there is a dilution effect where an increased leaf mass can be sustained with the same amount of N and P. However this is not observed with iron, where concentration remains stable or increases, possibly because the concentration of iron is already very low in young leaves and may not be possible to decrease it further and maintain leaf functionality. Aerts and Chapin (1999) proposed that foliar N: P mass ratios <14 point at N limitation, whereas foliar ratios > 16 would indicate P limitation. This ratio has been used to show N limitation in Avicennia marina (Wei et al., 2015) and situations where the N:P ratio of mature leaves was higher than the one of young and senescent leaves (Zhou et al., 2010). However, N: P ratios should only be used to diagnose nutrient limitation when factors other than N or P are unlikely to be limiting (Güsewell and Koerselman, 2002). Hence, the prevalence of iron limitation in Central Red Sea renders the N: P ratios of limited diagnostic power. Rather, leaves N: Fe and P: Fe ratios should be taken in account.

The overall mean of 1918 C: 36 N:1 P: 0.5 Fe in our study revealed nutrient depletion, and was higher than those reported for both plankton 106 C:16 N:1 P (Redfield, 1963) and seagrass of 474 C:24 N:1 P (Duarte, 1990), yet, lower than terrestrial plant litter 3007 C:45 N:1 P (McGroddy et al., 2004). Whereas, C: N: P: Fe ratio in our study of (4213 C:40 N:1 P: 1.1 Fe) in senescing leaves was quite comparable to Avicennia marina senescent leaves in Kenya of 3869 C:52 N:1 P.

Also because of the poor resorption of iron during leaf senescence and the lack of dilution of iron, as opposed to N and P, during leaf development, the export flux of senescing leaves contains a high amount of iron of 1 g m−2 year−1 (Figure 7). Specifically, leaf stoichiometry (1918 C:36 N:1 P: 0.5 Fe for all leaves, Figure 7) showed a shift from mature leaves (1715 C: 39 N:1 P:0.5 Fe) to senescing leaves (4213 C:40 N:1 P: 1.1 Fe) involving a decrease in N/Fe and P/Fe ratios by half during senescence, indicative of poor resorption of iron during leaf senescence. Hence, the leaf export flux involved a comparatively high amount of Fe (Figure 7). This points at very high differential iron loss relative to N and P with leaf shedding. Therefore, leaf shedding represents a significant source of iron to the Red Sea, an oligotrophic ecosystem without rivers and where the annual budget of nutrients input from the Indian Ocean is considered to be null or even negative (Bethoux, 1988; Souvermezoglou et al., 1989). The leaf export flux of senescing leaves in this study was 813, 9, 0.4, and 1 g m−2 year−1 for C, N, P, and Fe respectively, which is extremely low when compared to the lower estimate of biomass and nutrients from the Matang Mangroves through leaf litter of about one billion g m−2 year−1 (Gong and Ong, 1990).

When considering the nutrient export with leaf shedding (Figure 7), extrapolated to the total area covered by mangroves in the Red Sea of around 135 km2 (Almahasheer et al., 2016a), This result in nutrient inputs from mangrove leaf litter (from the senescing leaves) release is 1,214 tons N, 59 tons P and 120 tons Fe. Although nitrogen fixation rates in Red Sea mangroves have not yet been quantified, nitrogen inputs are likely supported by nitrogen fixation from the atmosphere as the δ15N values in leaves, stems, roots and seeds of Avicennia marain in Central Red Sea were 1.7 ± 0.2 (Almahasheer, 2016), indicative of an atmospheric origin of nitrogen.

In summary, our results show that Avicennia marina in the Central Red Sea is able to support a tight nitrogen and phosphorus economy, reflected in the dilution of N and P during leaf development followed by high (about 70%) resorption capacity during leaf senescing, and ranged from 50 to 90% of N and P from different plant species (Aerts and Chapin, 1999). In contrast, however, iron is continuously supplied during leaf development and resorption efficiency is poor. As a result, the plants experience differentially high Fe, compared to N and P, losses, with leaf litter produced by mangroves representing a main source of bioavailable Fe for the Red Sea ecosystem.
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