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Abstract

:

The cycling of essential nutrients is central to mangrove productivity. A mass balance shows that mangroves rely on soil ammonification, nitrification, and dissimilatory reduction to ammonium for available nitrogen. Mangroves are often nutrient limited and show tight coupling between nutrient availability and tree photosynthesis. This relationship and, thus, forest productivity can be disrupted by various disturbances such as deforestation, changes in hydrology due to impoundments, land-use change, increasing frequency and intensity of storms, increasing temperatures, increasing atmospheric CO2 concentrations, and a rising sea-level. Deforestation and hydrological changes are the most devastating to soil nutrient-plant relations and mangrove productivity. Land-use changes can result in positive and negative impacts on mangroves and can also results in increasing frequency of storms and intensity of storms. Increasing temperatures and atmospheric CO2 levels have an initially enhanced effect on mangroves and microbial transformation rates of nitrogen and phosphorus. The effects of rising seas are complex and depend on the local rate of sea-level rise, the soil accretion rate, the subsidence or uplift rate, and the tidal position. If mangroves cannot keep pace with a sea-level rise, seaward mangroves will likely drown but landward mangroves will expand and show enhanced growth and more rapid nutrient cycling if space permits.
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1. Introduction


Mangrove forests and their associated waterways are dominant ecosystems in the subtropics and tropics and line most of the world’s coastlines at low latitudes. Mangroves inhabit over 152,000 km2 of coastal area but occupy <1% of the world’s coastal zones [1,2]. These tidal forests are the only woody halophytes that live in salt water and provide a wide variety of ecological and economic goods and services [3]. They act as habitats for terrestrial and marine flora and fauna, as ecosystem engineers shaping and maintaining the intertidal zone, as a renewable resource of wood and fuel, and as key accumulation sites for soils, sediment particles, and associated elements [3].



Mangrove forests are the most productive plants in the sea with average rates of gross and net primary production of 4.6 kg C ha−1 year−1 and 1.9 kg C ha−1 year−1, respectively [4]. These rapid rates of productivity drive high requirements for nutrients and trace elements to sustain growth, production, and physiological maintenance. These high requirements translate into rapid uptake of soil nutrients that are transformed by Archaea, bacteria, fungi, protozoa, and microalgae. There are tight links between carbon fixation and nutrient cycling [5].



Mangrove forests, living at the dynamic interface between land and sea, are subject to various disturbances that vary in time and space and occupy a harsh environment, which is daily subjected to tidal changes in temperature, water and salt exposure, and varying degrees of anoxia [3,4]. Mangroves are, thus, robust and highly adaptable to changing conditions [6]. A variety of features of mangroves contribute to their resilience to disturbance. These features are: (1) a large reservoir of below-ground nutrients that serve to replenish nutrient losses, (2) rapid rates of nutrient flux and microbial decomposition that facilitate rapid biotic turnover, (3) complex and highly efficient rates of water-use and nutrient-use efficiency that allow internal reuse of resources to augment recovery, (4) simple architecture that leads to rapid reconstruction and rehabilitation post-disturbance, (5) redundancy of keystone species, which can lead to restoration and recovery of key structures and function, and (6) negative and positive feedback that provides stability to help dampen changes in the ecological steady-state [3,6]. This is not to say that mangroves always recover from disturbances. Deforestation and impoundments are devastating for mangrove forests.



Mangroves are currently being strongly affected by various human-induced disturbances including increased sedimentation and nutrient inputs, impoundments, deforestation, increased frequency and intensity of storms, increasing temperatures, increasing atmospheric CO2, and a sea-level rise. Several reviews have focused on the impact of climate change on mangrove forests [6,7,8], but none have examined in detail the impact of both climate and various other disturbances on these tidal ecosystems. The object of this review is to critically assess the actual and potential impacts of global change on nutrient dynamics in mangrove ecosystems. The focus is on nutrient dynamics because of the close links between nutrients and mangroves and its centrality to mangrove ecosystem dynamics.




2. Mangroves and Nutrients


Mangroves present an apparent paradox in that they are highly productive and rich in carbon while nutrient-poor. Many studies of mangrove nutrition have focused on how mangroves can sustain high rates of productivity in the face of nutrient limitation [9]. Evidence to date suggests that high productivity in mangroves is achieved when nutrients limit growth through highly efficient nutrient cycling and nutrient retention mechanisms [10].



Owing to their estuarine and marine existence, mangroves are generally not limited by the relatively large quantities of sulfur, boron, potassium, magnesium, and sodium in seawater but are frequently limited by nitrogen and phosphorus. Iron and copper have been found to be limiting for mangroves in mesocosm studies [11,12]. The critical need for nitrogen and phosphorus has been repeatedly demonstrated in field and laboratory studies [9]. A key role in mangrove nutrition is the interactive effects between different nutrients and environmental factors such as salinity, soil type and texture, and frequency of tidal inundation. The effects of added nitrogen and phosphorus vary among species. Fertilization studies demonstrate either nitrogen or phosphorus limitation or both depending on species composition, the extent of terrigenous input, soil fertility and texture, the soil redox status, salinity, and the frequency of tidal inundation [13]. Plant-soil relations can be greatly disturbed by altering hydrology and the construction of impoundments. Flooding and draining of tidal waters are of prime importance on mangrove growth and nutrient use since tidal changes relate to an exchange of nutrients and other materials and to rates of sediment and nutrient input.



High photosynthetic rates by mangroves is supported by a high requirement for nutrients, which implies high nutrient-use efficiencies and high rates of leaf resorption. Nutrient-use efficiency for nitrogen in mangroves is, at the upper end of the range, for other tropical forests [4]. However, nutrient-use efficiency for phosphorus in mangroves is well within the range of values of other tropical forests [4]. Mangroves must be efficient to survive when living in oligotrophic, anoxic soils and waters and being continually inundated by tides. In such habitats, it is clearly advantageous to have mechanisms to conserve limiting nutrients. Efficient utilization of nutrients as an apparent strategy relates well to the generally low concentrations of nutrients in mangrove leaves and other tree parts and the generally high efficiency with which nitrogen and phosphorus are resorbed from leaves [9,10].



Mangroves have other mechanisms to retain nitrogen and phosphorus including a large reservoir of dead roots and tight immobilization of available solutes [4]. Phosphorus is tightly immobilized to inorganic phases such as soil aluminum, iron, calcium, and sulfides and dissolved nitrogen in soil is mainly in the form of ammonium rather than nitrite and nitrate [14,15]. Residence times of the available nitrogen and phosphorus pools are short in keeping with the generally rapid rates of nutrient recycling [16].



There are species-specific differences in nutrient-use efficiency especially in arid-zone forests. In arid Western Australia, Alongi et al. [17] measured mean residence times for both nitrogen and phosphorus of 2–4 years in Rhizophora stylosa Griff. forests, whereas the residence times were shorter (<2 years) in Avicennia marina (Forsk.) Vierh. stands. These differences may reflect the fact that A. marina trees are more efficient at utilizing nitrogen and phosphorus solutes since A. marina soils are less anoxic than soils of R. stylosa. Other reasons may explain species differences in nutrient use such as differences in the way species allocate nutrients, differences in the proportion of energy and nutrients vested in chemical defenses, differences in leaf life spans, and differences in soil physico-chemistry and biogeochemistry [9].



Most mangrove trees are evergreen with sclerophyllous leaves and high root/shoot ratios. Sclerophylly is a trait related to low soil nutrient availability especially low phosphorus as well as to low water availability and to high-salinity environments since sclereophyllous leaves can lose much of their water content and can exhibit extremely low leaf water potentials [10]. Sclerophylly has also been linked to leaf longevity and to ecosystem nutrient retention. The capacity to sustain low growth rates and reduced nutrient requirements as mangroves do in arid or high-intertidal environments are an adaptation to low-nutrient habitats [18]. Mangroves have root/shoot ratios that are often an order of magnitude greater than those of tropical terrestrial forests. Such high root/shoot ratios are in part an adaptation to salty environments but can vary between mangrove species over time and with forest structure. This results in non-linear relationships between root/shoot ratios and soil conditions. The high root biomass in mangroves is generally conducive to nutrient capture and uptake from low-nutrient soils [9,10].



The efficiency of soil microbial metabolic processes is also an effective nutrient conservation strategy. A large proportion of root respiration goes towards the uptake and assimilation of nitrogen especially ammonium. Ammonium is preferentially taken up when compared with nitrite and nitrate as the uptake of ammonium requires the least energy investment for mangroves [9,10]. As pointed out by Reef et al. [9], the large root biomass in mangroves may overcome the relative immobility of soil ammonium by the large volume of soil covered by the roots.



The nitrogen cycle is understood well enough to construct a preliminary global nitrogen budget (Figure 1). The budget [19] shows that (1) 2687 Gg N year−1 is required to sustain mangrove net primary production, (2) nitrogen burial equates to about 25% of total nitrogen input, (3) nitrogen fixation is <5% of total nitrogen input, (4) about 40% of nitrogen input required for total mangrove net primary production is vested in below-ground root production, (5) about 50% of nitrogen required for mangrove net primary production is vested in litter, (6) net tidal export equates to about 55% of nitrogen vested in mangrove net primary production, (7) <10% of mangrove nitrogen is lost via denitrification and N2O emissions, and (8) nitrogen fluxes are in net balance since the net gain (351 Gg N year−1) is very small compared to total inputs and outputs and sources of error [19].



The mangrove nitrogen mass balance estimates, although preliminary, have some implications for the impacts of global change in mangroves. First, it is reasonably clear that most nitrogen to sustain mangrove net primary production is the net result of soil ammonification, nitrification, and/or dissimilatory nitrate reduction to ammonium. Global changes that affect rates of ammonification or dissimilatory nitrate reduction such as massive soil disturbance will likely have significant impacts on mangrove productivity. Second, soil microbial processes such as nitrogen fixation and denitrification and anammox play a comparatively small role in nitrogen dynamics in mangroves so factors that can change rates of such processes will probably have little impact on mangrove nitrogen dynamics. Third, a substantial fraction of total nitrogen input is buried in mangrove soils (Figure 1), which suggests that burial is a significant nitrogen conservation mechanism. Fourth, global changes that affect below-ground root production and plant litter will likely have a substantial impact on net primary productivity. Fifth, global changes that affect tidal exchange such as changes to hydrology and construction of impoundments will very likely have significant impacts on the balance of nitrogen dynamics of mangrove forests. Sixth, at present, nitrogen fluxes in mangrove ecosystems are roughly in overall balance. Global changes may enhance or negatively affect this balance and, thus, the survival of mangrove ecosystems. Some global changes such as temperature increases will likely have little impact on mangroves whereas some changes such as deforestation have a substantial impact.



In contrast, the cycling of phosphorus and other possible limiting nutrients such as iron and copper are poorly known in mangrove soil and waters. The phosphorus cycle is presumably tightly linked to soil geochemical processes and the low available phosphorus concentrations (phosphate, organic phosphorus) suggest low nutrient availability [15]. It is clear that more research is needed regarding the impact of disturbances on the cycling of phosphorus, iron, and copper and their interactions with soil geochemistry.




3. Construction of Impoundments and Deforestation


Two of the most devastating impacts on mangrove ecosystems are deforestation and the construction of impoundments. Impoundments involve the enclosure of mangroves for the purpose of limiting the movement of water to control problems such as insect infestations, e.g., mosquitoes. Impounding mangroves involves the alteration and disturbance of soil horizons and subsequent change in soil biogeochemistry and geochemistry.



Deforestation is occurring at a rate of about 1% to 2% of total area per year [2]. The loss of trees results in the decline of forests but, in the process of cutting trees, the soil horizons are greatly disturbed, which results in the loss of soil and changes in rates and pathways of soil microbial processes. In deforested mangrove soils, concentrations of porewater ammonium are high due to lack of uptake by tree roots but nitrogen fixation rates are low, which suggests surface soil disturbance [20,21,22,23]. Removal of mangroves results in equivalent removal of reactive nitrogen [24] as well as an increase in dissolved inorganic nitrogen concentrations in tidal creeks due to drainage of degraded mangroves [25]. The few data available also indicate that concentrations of soluble reactive phosphate are lower in deforested areas due to changes in soil geochemistry [26].



Nitrogen transformation processes such as denitrification decline in impounded and cleared forests due to surface disturbance of the soil [23,27]. In impounded forests where nitrate was added over a two-year period, the responses of mangroves were insignificant or minor when compared with microbial responses [27]. Denitrification rates increased significantly and nitrous oxide emissions were nearly six times higher in fertilized plots. Nitrogen fixation was lower in fertilized plots. These results suggest that nitrogen-limited impounded mangroves are likely to be long-term sinks for any increases in nitrogen loading [28]. In impoundments where alteration of hydrology results in increased seasonal flooding, the waterlogged soil shows higher soil ammonium, lower nitrate, and lower nitrification and denitrification while plant growth and nitrogen uptake increased especially in dwarf and sparse forest types [23].



More stressful physicochemical conditions result from either incomplete tidal flushing or excessive removal (export) of debris and surface soil due to hydrologic alteration [29]. Local or regional factors such as the salinity regime act together with forest history to control turnover rates of organic matter including soil nitrogen.




4. Land-Use Change


Changes in land-use in coastal watersheds is increasingly resulting in rises in inputs of up-river sediments and associated nutrients to mangrove forests. These changes are most often due to poor land practices and deforestation and subsequent erosion of forest soil horizons. While sediment and nutrient enrichment can result in an increase in mangrove mortality [30], such changes can also result in the enhancement of mangrove growth and photosynthesis. The net positive or net negative result likely depends on the amount of sediment and nutrient loading.



Mangroves receiving higher than normal nutrient and sediment loads tend to accumulate organic matter with high rates of sediment accumulation [31]. In an impacted mangrove forest in Brazil, for example, Sanders et al. [31] found that organic carbon and total nitrogen stable isotopes reflect an increased presence of organic matter originating with either phytoplankton, benthic algae, or other allochthonous source within the more rapidly accumulated sediments. This result suggests that the accumulation of organic matter in impacted mangroves may be enhanced through the addition of autochthonous and allochthonous organic matter.



Land-use change resulting in eutrophication may negatively affect mangrove forests by modifying internal carbon and nutrient cycling. Litter decomposition exerts a strong influence on these processes and is potentially modified by eutrophication. In a long-term experiment with nutrient fertilization, Keuskamp et al. [32] found that decomposers were always nitrogen-limited regardless of the effects on the net production of the trees, which leads to a differential nutrient limitation between decomposers and mangroves where the forests were phosphorus-limited. In these latter stands, phosphorus fertilization caused a change in litter quality, which resulted in higher rates of decomposition.



Eutrophication often results in higher rates of nitrogen transformation in mangroves. Weng et al. [33] found that ammonium and nitrate addition resulted in faster rates of ammonification and denitrification from mangrove soils. Furthermore, nitrogen additions change the composition of root exudates. Maher et al. [34] observed that pristine mangrove waters are a sink of nitrous oxide but noted that measurements in impacted mangroves suggest that mangrove waters are a source of nitrous oxide. Thus, eutrophication appears to change mangrove waters from a sink to a source of nitrous oxide to the atmosphere, which represents a “positive feedback to climate change.”



Reduction in freshwater flow also results in significant changes in mangrove nutrient cycles. For instance, in the southern Everglades and Florida Bay which have experienced a nearly 50% reduction in freshwater flow resulting in increased salinity and landward expansion of the mangrove forest [35], soils showed uptake of soluble reactive phosphorus, dissolved organic carbon and nitrite + nitrate, and release of ammonium to the overlying tidal water. Enrichment of phosphorus had no effect on dissolved inorganic nitrogen or dissolved organic carbon flux, which suggests that rapid phosphorus uptake may be geochemically mediated with the potential for the mangroves to sequester phosphorus.



Eutrophication impacts on mangroves can be complex and influenced by such factors as tidal inundation frequency, intertidal position, soil type and texture, salinity, and species composition. In fertilization experiments along latitudinal and tidal gradients, Feller et al. [36] found that patterns of nutrient limitation and primary productivity varied by tidal zone and latitude. Nutrient enrichment had complex effects on nutrient conservation with the addition of nutrients having dramatic effects on growth and nutrient recycling even though the pattern “depended on location, site characteristics, and the nature of nutrient limitation.” Rates of nutrient transformation vary in pristine and impacted mangroves depending on factors such as the degree of tidal inundation frequency, tidal position, and soil and nutrient input. Reis et al. [37], for example, found that fringe forests exhibit higher rates of nitrogen transformation than basin forests and this, undoubtedly, will hold true if the mangroves were affected by a land-use change.



Ultimately, the effects of land-use change and the resulting eutrophication will likely lead to changes in rates and pathways of nutrient transformation processes in mangroves. These effects will likely, in turn, affect rates of net primary productivity and survival of specific mangrove species. Clearly, more data are needed regarding the effects of eutrophication on soil-plant relationships in relation to global change.




5. Increased Frequency and Intensity of Storms


Climate change predictions are for the increased frequency and intensity of storms especially in the wet tropics. Arid regions will become more arid [38]. The impacts of such disturbances on mangroves can be gleaned from studies on the impacts of floods and cyclones (hurricanes, typhoons) on mangrove structure and function. Intense storms can have deleterious effects of mangrove forests especially on canopy structure. What effect such disturbances have on nutrient cycling and the relationship between soil nutrients and mangrove productivity is poorly understood.



Intense storms and flooding may relieve nutrient limitation in mangroves [39]. Tropical cyclones usually result in pulses of freshwater and sediments delivered in floodwaters to the coastal zone. In arid regions, these pulses may be particularly important for the maintenance of mangrove productivity. On the arid coast of Western Australia, Lovelock et al. [39] found that growth of trees was enhanced by a cyclone and nutrient limitation was eased by sediment and associated nutrients delivered by the cyclone. In addition, before the cyclone, the efficiency of resorption of phosphorus and nitrogen from senescent leaves was higher than after the cyclone, which suggests an enhancement of nutrient availability. In impounded mangroves subject to increased summer flooding, there was higher soil ammonium, lower soil nitrate, and lower nitrification and denitrification due to intense soil disturbance [23]. Therefore, mangroves disturbed by impoundments and land-use change will likely be severely impacted by increased storm frequency and intensity.



Monsoons play an important role in mangrove seasonality and this is likely to increase in importance with increasing precipitation. For instance, denitrification is lowest during the monsoon season when compared with pre-monsoon and post-monsoon periods [40]. The influence of limiting substrates is most important during the monsoon season and post-monsoon season. Soil disturbance is likely to be the main cause of the lower denitrification rates due to lower salinity and dilution of soil porewater solutes.



Flooding has been found to affect soil extractable phosphate in mangroves, which, in turn, affects mangrove nutrient limitation and availability [41]. In mangroves of the Bragança Peninsula, North Brazil, patterns of soil redox and soil extractable phosphate confirmed that both parameters are greatly influenced by flooding. Under waterlogged, flooded conditions, there was a net release of extractable phosphate due to reduction-induced solubilization of P-Fe/Al and increased phosphorus availability for trees. Variations in redox and extractable phosphate were reflected in patterns of leaf phosphorus concentrations. The forest structure appeared to be influenced by waterlogged conditions, pore water salinity, and phosphorus dynamics. Phosphorus availability plays an important role in controlling mangrove species distributions even though comparatively few data exist on this topic. Thus, disturbances to the nutrient dynamics of mangrove ecosystems by increased frequency and intensity of storms may have a significant effect on mangrove community structure and photosynthesis.




6. Increasing Temperatures


The planet is being subject to increasing temperatures and this trend is predicted to continue in forthcoming decades and into the next century [38]. Mangroves will respond similarly to other organisms following a sigmoid curve in which an initial rapid rise in physiological processes (e.g., growth rate, respiration) slows, plateaus, and then declines when a critical lethal threshold is reached and then exceeded [10]. Presumably, mangroves and their associated food webs respond so, but the critical temperatures at which organisms exceed the functional threshold and die are likely >33 °C [10,42]. Photosynthetic rates for most mangrove species peak at temperatures at or below 30 °C. CO2 assimilation rates of many species decline sharply or gradually when the temperature increases from 33 °C to 35 °C [42]. Photo-inhibition often depresses photosynthesis since mid-day declines have been observed, which ensures the survival of leaf photochemical machinery.



Increases in temperature are likely to result in faster growth, reproduction, photosynthesis and respiration, changes in community composition, diversity, and a poleward expansion of latitudinal limits [43,44]. Mangroves are currently expanding into higher latitudes in North America, New Zealand, Australia, Southern Africa, and Southern China. This global expansion is most likely the result of increases in mean sea surface temperatures. Expansion of mangroves at the expense of salt marshes is the net result of complex ecological interactions [44]. Mangrove expansion results in more carbon, nitrogen, and phosphorus storage in soils and above-ground and below-ground biomass than in the salt marshes they are displacing, which suggests greater nutrient retention with rising temperatures [43,44].



Temperature increases are likely to result in faster rates of nutrient cycling including rates of soil nitrogen and phosphorus transformation processes. Microbial growth and rates of transformation processes are closely and positively linked to changes in temperature [45]. However, it is unlikely that nutrient-use efficiency is tightly linked to temperature since photosynthetic efficiency likely asymptotes at temperatures below 33 °C [10,18]. Tropical organisms including plants are closer to their upper thermal thresholds than boreal and temperate organisms and are, thus, more vulnerable to increases in temperature.




7. Increasing Atmospheric CO2


Higher atmospheric CO2 concentrations can result in increased growth of mangroves even though the responses are species-specific. Species’ responses are confounded by variations in salinity, nutrient availability, and water-use efficiency [46,47,48,49]. Laboratory data show that mangrove responses in most instances will be complex with some species thriving while others decline or exhibit no or little change.



The coastal location may be an important determinant in the mangrove response given the interactive effects of increased CO2 with salinity and nutrient availability. Based on the ability of each species to respond to spatial and temporal differences in drivers such as salinity and nutrient availability in relation to increasing CO2 levels, species patterns within estuaries may change.



Nutrient availability will vary in relation to frequency of tidal inundation, soil type, and texture as well as soil accretion rates and the geochemical and biogeochemical composition of dissolved and particulate nutrients and other compounds such as sulfides and iron oxide complexes [14,15]. The inputs of nutrients ultimately depend on the accumulation of nutrient elements from the land and the sea. Transformation of organic nitrogen to ammonium via ammonification and release of phosphate and dissolved organic phosphorus are similarly dependent on microbial breakdown of extractable phosphorus compounds [15].



Nutrient availability and cycling are unlikely to be directly affected by increases in atmospheric CO2 but will probably be affected depending on the response of mangrove species. Enhanced growth of mangroves will likely result in increased utilization of nutrients such as ammonium and phosphate, which results in more rapid cycling of these essential elements [10,42]. Experiments by Reef et al. [49] show that the effects of CO2 on mangrove growth are more greatly enhanced in the presence of additional nutrients, which is high nutrient availability. Conversely, a decline in mangrove growth will probably translate into decreased utilization and a possible buildup of dissolved soil nutrients, which is similar to the buildup of soil ammonium when mangroves are deforested [12]. Most nitrogen and phosphorus will likely remain immobilized.




8. Rising Sea-Level


Sea levels are rising due to thermal expansion of the oceans and the melting of polar and land ice due to increasing temperatures [50]. The rise in the sea level is not uniform due to differences in water density due to varying sea temperatures and the weight of ice sheets as well as water buildup. Mangroves have had to adjust to rises and falls in the sea level since the sea level has waxed and waned over geological time in relation to alternating periods of warming and glaciation [51].



Mangrove surface elevation relative to the sea level is affected by several local and regional short-term and long-term processes. These include subsidence, eustatic changes in the sea level, isostatic changes, changes in the subsurface volume of fluids, accretion of fine sediment particles, litter, algal mats, erosion, subsurface expansion due to root growth, subsidence due to compaction, and drainage of pore water and microbial decomposition [51]. How mangroves may change in relation to the rates of the sea level rise depends greatly on differences in the rates of soil accretion and tectonic uplifting or subsidence [52]. Terrestrial plants will invade from landwards as the mangrove forest recedes, but intertidal mud and sand flats will likely continue to accrete if mangrove forest growth rises at a rate exceeding the local rate of the sea level rise. Conversely, the forest will likely survive if the rate of soil accretion equals the rate of a sea level rise. If the rate of soil accretion is slower than the rate of the sea level rise, the forest will probably drown seawards but invade land newly flushed by tides. Because of local geomorphological features, actual changes may deviate from these scenarios especially in the face of severe storms that may affect short-term rates of the sea level.



The existence of relic pollen and peat deposits suggests that mangroves have undergone dramatic changes due to changes in the sea level. The geological record and present distribution of mangroves indicate that they have survived past changes in the sea level [51]. Peat deposits indicate that mangroves have not kept pace with a sea level rise since the rate of the sea level increased beyond a critical threshold at which mangroves were not able to keep up. Modern evidence indicates that mangrove responses to a sea level rise corresponds roughly to patterns of a surface elevation change. Lόpez-Medellin et al. [53] found, for example, that, along the Pacific coast of Mexico, a rise in the sea level due to warm waters of El Niño have drowned mangroves fringing the shore but has resulted in a net increase in mangroves being driven inland. Whether or not mangroves will survive in a given locale depends on local factors such as geomorphology, which makes it difficult to offer simple prognostications on survival or loss. However, there are two regions where survival will be difficult, which includes river deltas and low islands. On low islands in the Pacific, mangroves are being drowned due to a lack of sediment input and due to landward expansion being obstructed because of coastal development. In many deltas of large tropical rivers, subsidence, which is a decline in sediment input due to damming and sea-level rise, storms, and cyclones enhance subsidence. This results in a shift of mangroves landwards but with a net contraction. An analysis of the soil accretion rate versus the rise on a mean sea level shows that roughly half the world’s mangroves will not easily survive unless they can invade landwards [7].



Mangroves vary greatly in how they respond to a sea level rise and the effect of tidal flooding and such responses appear to be species-specific [52]. For example, Avicennia marina is highly tolerant to prolonged water logging, but responses are highly variable in relation to the water depth of immersion and the length of time as well as salinity, temperature, and other environmental factors [54,55]. There may be other biological responses of mangroves to waterlogging. Mangroves have been shown to exhibit differences in morphology and anatomy in relation to global change. Leaf anatomy, vascular vessel densities, diameter, grouping and length, and fiber wall thickness in a large number of species are affected by waterlogging and salinity. Avicennia marina and Laguncularia racemosa L. also demonstrate modified bark anatomy in response to prolonged flooding as well as the formation of hypertrophied lenticels, adventitious roots, and increased aerenchyma development in the bark. Undoubtedly, there are physiological adaptations to prolonged waterlogging that have direct relevance to a sea level rise.



If the rate of soil accretion and uplift does not keep pace with the sea level rise, seaward mangroves will likely drown and high intertidal mangroves are predicted to progress landwards assuming that space permits [51]. In this scenario, there are likely to be drastic changes in nutrient dynamics including exchange with coastal seas and land. Drowning of seaward mangroves will result in the formation of peat deposits. Once available nutrients are exhausted and trees are dead. These peat deposits will result in a net burial of large amounts of refractory dissolved and particulate nitrogen and phosphorus and other nutrient elements, but no net exchange with the land and the sea [56]. The survival of inland mangroves will be enhanced once frequency of tidal inundation increases with an enhancement of rates of nutrient cycling with an increase in tidal wetting. Wetting will likely result in an increase in N2O emissions and an increase in transformation rates of nitrogen such as ammonification, nitrification, and denitrification [23]. In degraded mangroves, Weis et al. [57] found that seaward mangroves still not covered by a sea level rise received their nitrogen and phosphorus supply from nitrogen fixation and phosphorus import from the sea while landward mangroves increasingly covered their nitrogen and phosphorus demand from allochthonous sources and recycling of soil organic matter. Such differences are likely to hold true for mangroves subject to a sea level rise even though there will continue to be large spatial and temporal variations in emissions and rates of dissolved and particulate nutrient flux. For example, inland mangroves that are newly and more frequently wetted by rising tides would be expected to initially export comparatively large amounts of litter that built up on the dry forest floor. Similarly, there will be large litter losses from drowned forests. Gaseous nitrogen fluxes (N2O and nitrogen fixation) will probably be the greatest during a low tide when soils are exposed in inland mangroves.



Mangroves growing on peat deposits show severe phosphorus limitation [58]. Low phosphorus availability is associated with reduced remobilization of nitrogen and accumulation of potassium in senescent leaves. Remobilization of nitrogen and phosphorus indicate complete resorption before leaf abscission. Peat deposits are, thus, poor substrates for regrowth of mangroves, which means it is unlikely that newly formed peat deposits during a sea level rise will result in any significant growth of marine plants including microalgae or waterlogged mangroves or significant transformation of nutrients via microbial growth. Only a small fraction of nitrogen will be lost from the peat deposits to adjacent tidal waters [59].



In areas where mangroves are slowly drowning such as in the Sundarbans, living forests still act as a sink for atmospheric nitrogen and water column dissolved inorganic nitrogen [60]. The nitrogen stored by plant uptake of NOx, NH3 from the atmosphere, nitrogen fixation, and sediment-water exchange are about twice as large as that of recycled nitrogen from litter and could account for 74% of the nitrogen required for net production. Most nitrogen is conserved in living biomass rather than in soil. Sundarbans mangroves generally conserve nitrogen but conserve only 0.2% of the annual river flux of nitrogen. Eventual loss of these mangroves to a sea level rise will likely result in little conservation of nitrogen since most nitrogen in biomass will be lost as floating debris to the adjacent coastal ocean.




9. Predictions


In pristine mangroves, the largest inputs of nitrogen are soil ammonification, nitrification, uptake of dissolved inorganic nitrogen via tides, and dissimilatory nitrate reduction to ammonium while the largest loss of nitrogen is through tidal export. Global change impacts on these processes are predicted to affect nutrient cycling and mangrove productivity. Like tides, the impacts of global change on mangroves wax and wane. Some impacts are predicted to have deleterious consequences on nutrient cycles and, thus, on forest productivity. Other impacts are expected to have positive effects on nutrient cycles and production while some impacts are unlikely to have any clear effects on mangrove ecosystems. Deforestation and changes in hydrology in the construction and maintenance of impoundments have severe consequences for mangrove survival (Table 1). Subsequent formation of peat deposits implies that subsequent mangroves will be dwarf forests due to peat being a poor substrate for growth.



Some land-use changes such as additional inputs of sediment and nutrients will probably have positive effects on mangrove nutrient cycles while some changes such as eutrophication will have negative consequences (Table 1). The same holds true for increased frequency and intensity of storms. Increases in rainfall in arid-zone areas are predicted to relieve nutrient limitation and enhance mangrove growth while more severe tropical cyclones will likely have negative effects. Increasing temperatures and atmospheric CO2 concentrations are predicted to initially have positive consequences for nutrient cycles and mangrove productivity even though more data are needed to properly assess their effects. The effects of a rising sea level are complex likely due to both positive and negative consequences depending on several co-factors such as the rates of subsidence, the soil accretion rate, and the tidal position. If soil accretion rates and uplift keep pace with a rise in the sea level, there may be no clear impacts on nutrient cycling and mangrove forest structure and function. If accretion and uplift do not keep pace, seaward mangroves will drown but high intertidal mangroves will likely progress landwards assuming space is available.



At present, there are still substantial limitations to our knowledge of the impacts of global change on mangroves and their relationships with nutrients. More data are needed on the impacts of various scenarios of a sea level rise on mangrove-nutrient relations as well as the impacts of the increased frequency and intensity of storms. Future research should focus on development of experimental approaches to test the effects of these global impacts on mangrove-nutrient relations, as most data is descriptive.
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Figure 1. Nitrogen mass balance for the world’s mangrove ecosystems. Units are Gg N year−1. NPP = net primary production. The model assumes a global mangrove area of 152,000 km2 [2]. Data modified from Alongi [19]. 
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Table 1. Impacts of global change on mangrove nutrient cycling. “+” = stimulatory, “−” = deleterious.
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	Disturbance
	Nitrogen Cycling
	Phosphorus Cycling





	Deforestation/Construction of Impoundments
	−
	−



	Land-Use Change
	+ −
	+ −



	Increased Frequency/Intensity of Storms
	+ −
	+ −



	Increasing Temperatures
	+
	+



	Increasing Atmospheric CO2
	+
	+



	Rising Sea Level
	+ − 0
	+ − 0
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