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Anthropogenic activities have more than doubled the amount of reactive nitrogen circulating on Earth, creating excess nutrients across the terrestrial-aquatic gradient. These excess nutrients have caused worldwide eutrophication, fundamentally altering the functioning of freshwater and marine ecosystems. Riparian zones have been recognized to buffer diffuse nitrate pollution, reducing delivery to aquatic ecosystems, but nutrient removal is not their only function in river systems. In this paper, we propose a new conceptual framework to test the capacity of riparian corridors to retain, remove, and transfer nitrogen along the continuum from land to sea under different climatic conditions. Because longitudinal, lateral, and vertical connectivity in riparian corridors influences their functional role in landscapes, we highlight differences in these parameters across biomes. More specifically, we explore how the structure of riparian corridors shapes stream morphology (the river's spine), their multiple functions at the interface between the stream and its catchment (the skin), and their biogeochemical capacity to retain and remove nitrogen (the kidneys). We use the nitrogen cycle as an example because nitrogen pollution is one of the most pressing global environmental issues, influencing directly and indirectly virtually all ecosystems on Earth. As an initial test of the applicability of our interbiome approach, we present synthesis results of gross ammonification and net nitrification from diverse ecosystems.
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INTRODUCTION

In his seminal paper “The stream and its valley,” Hynes (1975) set the scene for an integrated approach to river systems, stipulating that rivers should not to be seen as aquatic ecosystems isolated from their terrestrial environment. Instead, rivers and streams both respond to and shape the catchment they drain. Despite Hynes' publication and Likens' innovative work at Hubbard Brook (Likens et al., 1970; Likens, 1984), riparian corridors have not been fully integrated into the conceptual models and methods of aquatic ecology, terrestrial ecology, or catchment hydrology, at least partially because of their intermediate (and methodologically awkward) status between aquatic and terrestrial environments. Two frameworks in stream ecology and fluvial morphology—the flood pulse concept (Junk et al., 1989) and the erosion-transition-deposition concepts (Leopold et al., 1964; Swanson et al., 1988; Church, 1992; Figure 1A)—consider riparian corridors and stream linkages from a physical perspective, emphasizing that river systems and their riparian zones are open ecosystems dynamically linked longitudinally, laterally, and vertically by hydrologic and geomorphic processes. Moreover, two central concepts in stream ecology—the river continuum concept (Vannote et al., 1980; Figure 1B) and nutrient spiraling theory (Webster, 1975; Newbold et al., 1981, 1983; Elwood et al., 1983; Minshall et al., 1983; Figure 1C)—have mostly considered the role of riparian corridors through their contribution to the organic matter supply in stream food-webs (but see Fisher et al., 1998). Yet, none of these concepts fully integrate riparian corridors with stream ecosystem functioning, or their role in controlling the diverse interactions between biotic and abiotic processes (Naiman and Décamps, 1997).
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FIGURE 1. (A) Erosion-transfer-deposition concept describing morphological regions along the river continuum. (B) River continuum concept predicting changes in biological communities along the longitudinal axis of rivers. (C) Nutrient spiraling concept. The spiral represents the cycling and transfer of nutrients and organic matter during its travel downstream. Tighter spiral represents faster cycling and longer residence time of nutrients or material in the riparian corridors compared to running waters (based data adapted from Vannote et al., 1980; Minshall et al., 1983; Church, 1992).



In this paper, we highlight the importance of taking longitudinal, lateral and vertical perspectives of riparian corridors into account to understand their functional role in landscapes. More specifically, we explore how the structure of riparian corridors shapes stream morphology (the river's spine), their multiple functions at the interface between the stream and its catchment (the skin), and their biogeochemical capacity to retain and remove nitrogen (the kidneys). Based on this background, we propose a new conceptual framework to test the capacity of riparian corridors to retain, remove, and transfer nitrogen along the continuum from land to sea under different climatic contexts. We focus on the nitrogen cycle for several reasons. First, nitrogen pollution is one of the most pressing global environmental issues, impacting virtually all ecosystems on Earth directly and indirectly (Steffen et al., 2015). Indeed, recent anthropogenic activities, including intensive agricultural and urbanization, have doubled reactive nitrogen circulating on the Earth, leading to excess nutrients transfer to freshwater ecosystems and ultimately causing the eutrophication of freshwater and marine aquatic ecosystems (Abbott et al., 2018b; Breitburg et al., 2018). Eutrophication causes anoxia, reduces aquatic biodiversity, decreases fish and shellfish stocks, and triggers harmful algal blooms with serious human health consequences (e.g., neurotoxins). Second, since the discovery of the nitrogen buffering capacity of riparian zones (Peterjohn and Correll, 1984), there has been much misplaced expectation that nutrient pollution could be solved with riparian corridors alone. To assess the true limits of riparian removal processes, common approaches across disciplines are needed. Third, most of the research on the nitrogen cycling in riparian zones is from temperate climatic conditions, which cannot be directly transferred to other biomes. Because the eutrophication crisis is truly global, affecting a broad variety of ecosystems from pole to pole, globally applicable methods and conceptual models are needed (Galloway et al., 2008; Seitzinger et al., 2010). Hence, tackling the complex problem of worldwide eutrophication, largely due to diffuse nitrogen pollution, requires a catchment perspective along the river continuum.

Riparian Corridors as the Spine of the River System

Riparian corridors are both a consequence of and a constraint on hydrology and fluvial morphology. The morphology of stream channels and floodplains is governed by the volume, velocity, and timing of river discharge and sediment delivery, together with the geological and geomorphological characteristics and sediment properties of the drainage basin. These conditions influence the development of riparian vegetation, which in turn alters water balance (i.e., evapotranspiration), transmission of flood pulses, and water temperature. Along the river continuum, three distinct geomorphic sectors can be identified (Figure 1A). Headwaters are typically steep (>4%) and occur in constrained valleys, resulting in high rates of erosion during floods, when coarse-grain particles can be mobilized. Narrow valley floors limit the accumulation of sediment, the development of riparian vegetation, and the size of riparian aquifers. In middle reaches of the river, there is a transition zone with decreasing gradient (between 4 and 1%) and lower sediment transport. The existence of meanders, multiple channels, and islands within the river bed allow the development of larger riparian corridors on finer sediment deposits, increasing water residence time in these system components. The depositional sector corresponds to lowland valleys with fine unstable sediment deposits, where riparian vegetation develops in patches within unconstrained channels.

The erosion-transition-deposition concept demonstrates how terrestrial geomorphology (hillslope gradient) and stream hydrogeomorphic drivers (flood regime) influence the development of riparian zones. These physical constraints control the distribution of grain sizes as well as the successional dynamics and structure of vegetation communities along the river continuum (Gregory et al., 1991; Corenblit et al., 2007). In turn, riparian vegetation modifies local geomorphology and sediment dynamics (erosion, transport, and deposition) by providing resistance to flow and associated erosion (Gurnell and Petts, 2006). These reciprocal interactions between geomorphology and vegetation exist in all ecosystems, but their effects on landform dynamics are particularly pronounced in riparian corridors because of their intrinsically dynamic nature and contrasting hydrologic conditions. Hence, feedbacks between geomorphic, hydrologic, and vegetation processes can create a distinct mosaic of soil and sediment textures from headwaters to lowland floodplains. This “spine” or physical structure of riparian corridors is not only a mechanical filter of energy and matter, but it also modulates the lateral exchange of nutrients and organic matter, the spatial patterns of redox conditions, and consequently, the cycling of nitrogen as we will see in the following sections.

Riparian Corridors act as a Skin for River Systems

Analogously to the skin of vertebrate animals, riparian corridors act as semipermeable membranes that control the exchange of energy and matter between their surrounding environment and protect stream ecosystems from external disturbances. Riparian tree canopy regulates light and associated heat input to the stream, and roots protect river banks from erosion. Riparian vegetation slows flow during floods, causing sedimentation that maintains the floodplain. The riparian zone is not only an important source of organic matter and nutrients for streams and rivers—the unidirectional view already invoked by the river continuum concept (Figure 1B, Vannote et al., 1980)—but also a sink of these elements. Riparian zones are recipients of organic matter and nutrients from both stream and surrounding catchment, and these elements can be repeatedly mineralized, immobilized, or transported within and along riparian corridors. For instance, nutrient spiraling theory postulated that the interaction of stream water with adjacent riparian ecosystems can result in major changes in nutrient cycling and retention (Figure 1C, Minshall et al., 1983; Naiman and Décamps, 1990; Fisher et al., 1998). Since the 1980s, it has been known that riparian ecosystems have a large capacity to retain and remove nitrogen originating from upslope, highlighting their potential to regulate the exchange of material between terrestrial and aquatic ecosystems (Lowrance et al., 1984; Peterjohn and Correll, 1984; Jacobs and Gilliam, 1985; Burt et al., 2010 for a review). The bidirectional nature of the lateral exchange of material (from the catchment to the stream and vice versa) and their unique ecological and functional characteristics make riparian corridors quintessential ecotones (Naiman and Décamps, 1990).

Continuing with the skin metaphor, riparian corridors control the bidirectional exchange of energy and material between the stream and the catchment along the river continuum. These exchanges vary from headwaters to lowland floodplains in timing and magnitude depending on flood regime, predominant paths of delivery (i.e., surface, subsurface), and the form of elements delivered (i.e., particulate/dissolved, organic/mineral). In the upstream sections (erosion sectors), the transfer of carbon and nitrogen is dominated by inputs from the catchment to the stream (Abbott et al., 2018a), largely particulate and dissolved organic matter from riparian leaf litter and root inputs (Wallace et al., 2015). The transfer of dissolved nitrogen from uplands to the riparian zone via subsurface or deep groundwater flow can also be important, particularly in agricultural catchments. In the other direction, stream contributions to the riparian zone of particulate organic nitrogen can be substantial, but mainly during floods (Tabacchi et al., 1998; Pinay et al., 2002). Conversely, downstream sections (transition and deposition sectors) receive mostly dissolved and particulate organic and inorganic nitrogen from the stream, in particular during floods (Tabacchi et al., 1998; Pinay et al., 2002; Raymond et al., 2016). These downstream sections also receive dissolved nitrogen via subsurface flow through the hyporheic zone (Pinay et al., 1998; Kolbe et al., 2016). The lateral transfer of nitrogen from the upslope to the riparian corridors is very limited in these lower sections of the river. However, riparian corridors are not inert physical boundaries between aquatic and terrestrial environment, they also process the matter and energy during their transfer (Figure 1C). This functional component of the riparian corridors will be developed in the following section using nitrogen as an example.

Riparian Corridors Function as Kidneys of River Systems

In a landscape context, riparian corridors are analogous to kidneys because they filter surface and subsurface inputs and reduce sediment and contaminant transport (e.g., Mitsch and Gosselink, 2015). Regarding nitrogen, many studies after Peterjohn and Correll (1984) have shown the potential of riparian zones to recycle and remove part of the nitrogen loads received from both upstream and upslope ecosystems (Figure 1C). Despite the growing evidence at plot and field scales demonstrating the importance of floodplains on nitrogen cycling and removal, river systems have largely been considered as passive conduits of matter and energy from the catchments to the sea (Brookshire et al., 2009; Goodale et al., 2009). This view is certainly changing, and several recent syntheses based on mass balance analysis have revealed that river systems (including riparian zones) can permanently remove, or at least temporarily retain, part of the carbon, nutrients, and pollutants they receive from terrestrial ecosystems (Cole et al., 2007; Bernal et al., 2015, 2018). For instance, freshwater ecosystems cover < 3% of the global land surface, but receive 3.7–4.5 Pg C yr−1 from terrestrial ecosystems; a flux similar in magnitude to the total global land sink (Aufdenkampe et al., 2011). Streams, rivers, lakes, and wetlands outgas 2.1 Pg of this carbon as carbon dioxide (CO2), and sequester from 0.5 to 1.5 Pg in sediment. These global estimates suggest that < 25% of terrestrial carbon input reaches the ocean and that river networks can play a fundamental role on the global carbon cycle (Raymond et al., 2013).

Some of natural and anthropogenic nitrogen is recycled and retained in upland soils (Sébilo et al., 2013; Van Meter and Basu, 2017), but a significant proportion is transferred to riparian and aquatic ecosystems (Abbott et al., 2018b). The high metabolic activity of riparian zones contributes to both high nitrogen retention via biological assimilation, long term storage in riparian soils, and high nitrogen removal during transit from land to sea, especially via denitrification (Boyer et al., 2006). However, this filtering capacity can be partially counterbalanced by organic matter mineralization that can liberate nitrogen, particularly in nitrogen saturated ecosystems (Sabater et al., 2003; Taylor and Townsend, 2010). In fact, carbon and nitrogen cycles are fundamentally coupled in aquatic and terrestrial ecosystems, and the quality of organic matter and C:N ratios can profoundly influence nitrogen cycling. Microbes can mineralize carbon and assimilate nitrogen when carbon is not limiting (C:N ratios in excess microbial metabolic need), while nitrification and denitrification are favored when nitrogen is abundant and the C:N ratio is below microbial demand (Taylor and Townsend, 2010). These stoichiometric constraints result in a trade-off between organic carbon concentration and mineral nitrogen concentration (both of which can cause water quality problems), with both ammonia and nitrate decreasing when organic carbon is abundant (Taylor and Townsend, 2010). This general pattern appears to hold across a wide range of terrestrial and aquatic ecosystems, suggesting that large inputs of nitrogen or carbon to floodplain systems could change substrate stoichiometry and impact ecosystem respiration and nitrogen retention and removal. For instance, Rosemond et al. (2015) found that average residence time of terrestrially-derived particulate organic carbon decreased by half under high nitrogen availability during a long-term experiment manipulating low-order streams with various nitrogen applications. Under anoxic conditions, however, stoichiometric constraints of carbon and nitrogen supply are often secondary to redox conditions in controlling overall nitrogen uptake and loss (Helton et al., 2015). This is because nitrate is not only used by organisms as a nutrient source (assimilation), but also as electron acceptor in the place of oxygen during denitrification (dissimilation). Thus, low redox can lead to decreases in nitrate when organic carbon availability is high, though lack of oxygen can also lead to ammonia accumulation due to the absence of nitrification (Hedin et al., 1998; Helton et al., 2015).

Stoichiometric and redox controls on nitrogen retention and removal, and thus the role of riparian corridors as kidneys of river systems, can shift along the lateral and longitudinal axes from headwaters to lowland floodplains (Tabacchi et al., 1998). Because riparian corridors occur in downslope landscape positions, they accumulate fine sediment, near-surface soil water, and groundwater flowpaths (McClain et al., 2003), setting the stage for high rates of biogeochemical processes including gross nitrogen mineralization, nitrification, and denitrification compared to the rest of the catchment (Brinson et al., 1984; Brinson, 1993; Hedin et al., 1998). However, the balance between these different biogeochemical processes depends on a suite of environmental conditions in the riparian zone such as nitrogen supply, substrate stoichiometry, and hydrologic regime (e.g., floods, water table position). Differences in the frequency and duration of flood events between the erosion, transition, and depositional sectors and in the associated redox conditions can influence the nitrogen cycle in riparian corridors, creating distinct mosaics of oxic and anoxic conditions prone to nitrification and denitrification processes, respectively (Hefting et al., 2004; Abbott et al., 2018a). Shorter flood periods in the upstream sections would lead to more spatially homogenous redox conditions compared to the downstream parts, where less frequent but longer events favor the development of local anoxia in a heterogeneous geomorphic context.

The distribution of soil and sediment texture also contributes to the spatial heterogeneity of redox conditions and thus, mediates denitrification activity. A paired study comparing riparian soils with different texture but exposed to the same flood regime showed minimal denitrification for < 65% of silt and clay content, while above that threshold, denitrification increased linearly (Pinay et al., 1995, 2000). Similarly, significant non-linear relationships have been also found, for instance, between denitrification rates and soil texture in floodplains across Europe and elsewhere, with fine textured soils (i.e., high in silt and clay) being more prone to denitrification (e.g., Pinay et al., 2007; Malone et al., 2018). These examples highlight that geomorphic conditions and the configuration of soil textures associated with flood regime and vegetation structure (the spine), together with the bidirectional lateral exchange of materials (the skin), control gaseous, and hydrological nitrogen losses, ultimately influencing nitrogen retention in riparian soils and sediments.

A Way Forward: A New Concept of the Potential for Nitrogen Retention and Supply Along the Riparian Continuum

By now, you hopefully agree with us that riparian corridors are key landscape elements, regulating continental nitrogen transfer to the atmosphere and oceans. Yet, even for the converted, the high spatiotemporal variability of interactions between physical and biological processes at the reach scale still hampers scaling up processes such as nitrogen retention or removal to larger scales (Groffman et al., 2006; Pinay et al., 2015). Moreover, the variability of environmental conditions and rates of nitrogen processing within riparian corridors are even more daunting when comparing systems from different climatic regions (Décamps et al., 2004). While riparian zones have been well-studied in temperate regions, in other regions there is evidence that riparian corridors may function fundamentally differently concerning carbon and nutrient dynamics (e.g., Bernal et al., 2007). Therefore, we are left with a paradox: multiscale and cross biome understanding is needed but comprehensive study of the different processes involved in riparian nitrogen cycling is only feasible at relatively small plot scales. Indeed, so far, the evaluation of the buffering capacity of riparian zones has focused on very detailed, small-scale hydrological and biogeochemical assessments, which revealed that removal capacity is intrinsically dependent on the ratio between the residence time of nitrate in the riparian zone and the denitrification rate (i.e., the Damköhler ratio; Sabater et al., 2003; Ocampo et al., 2006; Oldham et al., 2013; Pinay et al., 2015). Yet, simply examining the variability of a particular process (e.g., denitrification) at relatively small scales does not adequately quantify the potential of riparian corridors to buffer nitrogen inputs or supply nitrogen to stream food webs at catchment scale.

Because anthropogenic inputs of reactive nitrogen to aquatic ecosystems are increasing all over the world, there is an urgent need to evaluate the intrinsic capacity of riparian zones to retain or remove nitrogen. In the final section of this paper, we argue that this evaluation needs to be done along the river continuum because, as explained above, biogeochemical processes are controlled by hydro-geomorphic drivers, which vary from small headwater streams to large lowland rivers (Thomas et al., 2016). Therefore, we need to develop a comparative approach across biomes to evaluate the intrinsic capacity of riparian corridors to buffer nitrogen loads under different climatic conditions.

In this context, we propose that the capacity for nitrogen retention, removal, and transport of riparian corridors both along the river continuum and under different climatic conditions could be meaningfully characterized using gross ammonification and net nitrification. These two essential processes of the nitrogen cycle together are indices of inorganic nitrogen inputs and outputs. The associated methods are well-known and widely used in soil science, but have been less implemented in riparian zones, with the notable exception of Brinson et al. (1984), who used long-term nutrient additions to evaluate the nutrient assimilative capacity of an alluvial floodplain swamp. Although measurements of gross nitrification and net nitrification cannot quantify the realized in situ buffering capacity of riparian zones, they allow comparison of potential buffering and leaching across stream orders and biomes.

Gross ammonification (Figure 2) is the total amount of organic nitrogen mineralized into ammonium (Hart et al., 1994), and is therefore an indicator of the amount of nitrogen available for biological uptake, microbial transformation (gross nitrification), and removal from the ecosystem as gas products via nitrification and denitrification. Anammox, the conversion of ammonium and nitrite to nitrogen gas under anaerobic conditions, is believed to play a minimal role in the riparian nitrogen cycle (Hamilton et al., 2016), though this assumption may be worth testing in some environments. In most ecosystems, mineralization of organic matter is the primary source of nitrogen, and the availability of nitrogen determines the rate of primary production (Vitousek and Field, 1999). The link between ammonification (mineralization) and primary production (plant growth) is less direct in extremely nitrogen-rich environments, such as agricultural catchments where anthropogenic fertilizers are the major nitrogen source, or in extremely nitrogen-poor environments, where plants can directly take up some organic nitrogen compounds (Schimel and Bennett, 2004). But extreme cases aside, gross ammonification is a proxy of primary production. Gross ammonification can be estimated by isotopic dilution methods (Hart et al., 1994), and can be compared for instance to remotely-sensed estimates of net plant production to relate biomass accrual to nitrogen uptake by vegetation (Pettorelli et al., 2005).
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FIGURE 2. Schematic representation of the nitrogen cycle in riparian corridors. Solid, dashed, and dotted arrows represent, respectively, processes that transform, remove, and retain nitrogen from the riparian soil. Briefly, inorganic nitrogen is produced in the riparian soil via gross ammonification. The proportion of ammonium ([image: image]) and nitrate ([image: image]) in the soil depends on gross nitrification and dissimilatory nitrate reduction (DNRA). Outputs of inorganic nitrogen from the riparian soil are assimilatory uptake by biota (i.e., retention), anammox, denitrification (only for nitrate), and leaching toward the stream. Therefore, net nitrification can be a proxy of the potential nitrogen loss of riparian corridors. Moreover, the hydrological connections between uplands, riparian corridors, and streams can transport nitrogen from one system to the other (gray arrows).



Net nitrification (Figure 2) is a useful complement to gross ammonification because it indicates the amount of nitrate remaining in the system after biological uptake. Net nitrification rates can be high even in mature forest systems (Stark and Hart, 1997), leading to gaseous losses during nitrification but mostly during denitrification, which is a dissimilatory anaerobic pathway (see Burt et al., 2010 for a review). Net rates of nitrification can be calculated from the changes of nitrate pool sizes over the course of in situ incubation of soils samples in polyethylene bags for several weeks (Eno, 1960; Malone et al., 2018) or even a day (Ross et al., 2006). Such measurement of net nitrification is only a potential rate (Hart et al., 1994) and can be interpreted as a proxy of potential nitrate contribution to the subjacent soil or adjacent stream (Ross et al., 2012).

Therefore, the potential for nitrogen retention potential (plant and microbial uptake) and/or removal (denitrification) of the riparian system can be inferred from the difference between gross ammonification and net nitrification. Moreover, the difference between gross ammonification and biological uptake, which could be estimated by net biomass accrual, could be used as an approximation of the potential nitrogen loss of riparian corridors, either by denitrification or leaching. Whether nitrate will be lost as gas to the atmosphere, or leached as nitrate laterally will ultimately depend on soil or sediment redox conditions.

These functional properties, i.e., primary production, nitrogen removal capacity, and inorganic nitrogen supply to aquatic food webs, are key features of riparian systems that have primarily been quantified individually and mostly at the reach scale. Estimating these key processes together along the river continuum and across climatic gradients would greatly improve our understanding of how potential nitrogen retention, removal and transfer to aquatic ecosystems are spatially organized in nested catchments of the Earth. This would provide a basis for predicting which of these processes vary in response to climate change (i.e., temperature and hydrological cycles) and anthropogenic disturbance (i.e., increasing nutrient loading or disturbance). Studies available in the literature support the idea that the potential for nitrogen retention of riparian soils could vary greatly across biomes. In our meta-analysis of published gross ammonification in riparian zones, we found substantial differences among climatic regions, with gross ammonification inversely related to aridity (Figure 3). Broadly, rates of gross ammonification range from 1-4 mg N/kg soil/day in dry systems (MAP < 600 mm; Shaw and Harte, 2001; Stark and Norton, 2015) to 8–10 mg N/kg soil/day and >15 mg N/kg soil/day in temperate and tropical systems (MAP > 1,000 and 2,000 mm, respectively; Purwanto et al., 2005; Matheson et al., 2012). In contrast, net nitrification rates in riparian soils show an optimum under mediterranean climatic conditions (Figure 3).
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FIGURE 3. (a) Gross ammonification and (b) net nitrification rates in riparian soils under different climatic conditions: tropical (Trop), temperate (Temp), mediterranean (Med), arid (Arid), and boreal/artic (Boreal). Bars are mean values and error bars are standard deviations. Data are extracted from Bowden (1986); Pinay et al. (1995); Frank and Groffman (1998); Groffman et al. (2001); Clément et al. (2002); Adair et al. (2004); Hefting et al. (2004); Purwanto et al. (2005); Schade and Hobbie (2005); Bechtold and Naiman (2006); McMillan et al. (2007); Kiese et al. (2008); Shah and Dahm (2008); Sotta et al. (2008); Kachenchart et al. (2012); Koyama et al. (2012); Matheson et al. (2012); Smith et al. (2012); Lohse et al. (2013); Lupon et al. (2016), Van Cleve et al. (1993), and Wray and Bayley (2008).



As a basis for discussion and debate, we present a conceptual figure describing how gross ammonification, net nitrification, plant uptake, and denitrification could differ along river continuums and biomes (Figure 4). This conceptual figure is based on some published evidences and our own expertise, and represents a first attempt at describing general patterns, which need to be challenged with real data in future studies. Among the lines of evidence, we know that the size of riparian forests tends to increase from upstream to downstream sections due to topographic constraints, potentially increasing primary production and associated nitrogen uptake and carbon production along the river continuum. This idea is supported by general patterns of increasing mineralization along the stream network associated with a shift toward fine-textured soils (Evans and Schoenholtz, 2011; Noe et al., 2013). There is also evidence that changes in soil texture and soil moisture content along riparian corridors can influence their nitrogen removal potential, which tends to increase in the transition and depositional sections as compared to erosional sections (Noe et al., 2013). As with mineralization, the potential for nitrogen retention and removal can vary dramatically between climatic regions, especially because denitrification, one of the main processes responsible for nitrogen removal, is highly dependent on soil moisture conditions and nitrate supply. In tropical and temperate regions, denitrification can account for up to half of the total ecosystem nitrogen losses (Hefting et al., 2004; Houlton et al., 2006; Fang et al., 2015). We hypothesize that denitrification represents a significant part of the N cycling in tropical riparian zones, whatever the stream order (McClain et al., 1994; Décamps et al., 2004; Houlton et al., 2006). Indeed constant humid conditions maintain soil moisture to a high percentage of saturation promoting the coexistence of aerobic and anaerobic microsites, which favor both nitrification and denitrification (Hefting et al., 2004). Under temperate conditions, strong seasonal shifts in rainfall and soil moisture patterns entail a decrease in denitrification activity in riparian zones along larger streams (Pinay et al., 1995, 2000; Tabacchi et al., 1998). Based on existing published data, we forecast that denitrification is not significant in riparian zones along low stream order streams under Mediterranean, arid or arctic climate due to low water availability and/or short residence time of water and solutes (Jones et al., 2005; Bernal et al., 2007; Mu et al., 2017; Poblador et al., 2017). Therefore, we forecast that in Mediterranean and arid regions, denitrification rates are consistently low compared to more humid catchments (Holmes et al., 1996; Bernal et al., 2007; Harms and Grimm, 2010; Lupon et al., 2015; Poblador et al., 2017). Yet, the capacity for denitrification can rapidly increase once waterlogged conditions develop in riparian zones (Harms et al., 2009). Indeed, along larger stream orders under these climatic conditions, soil development, including accretion of fine sediment texture and organic matter increase the water residence time and in turn denitrification capacity (Fang et al., 2015; Tiwari et al., 2017; Malone et al., 2018). We recognize that many ecological and climatological dynamics interrupt these broad patterns, which we present only as general predictions to be tested across biomes.
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FIGURE 4. Conceptual representation of gross ammonification (solid black line), net nitrification (dashed black line), plant uptake (green surface), and denitrification (gray surface) in riparian corridors along river continuum under different climatic conditions. Explanations for these hypothesized trajectories are given in the text.



Our hypotheses about nitrogen cycling in arctic and boreal riparian zones are particularly speculative due to relatively few studies compared to other biomes and typically low nitrogen concentrations which can limit parameterization of some of these processes. Boreal systems are characterized by very low temperatures, short growing seasons, and low mean annual precipitation (MAP = 600–800 mm). Boreal and arctic regions are also characterized by extreme nutrient limitation and episodic water and elemental flux due to long periods of subzero temperature and large spring floods (Petrone et al., 2006; Holmes et al., 2012). Because inorganic nitrogen concentrations are so low, nitrogen-fixing riparian vegetation (e.g., Alnus sp. or Dryas sp.) often dominates floodplains, increasing carbon and nitrogen availability simultaneously, as water moves downstream (Ruess et al., 2013; Taylor, 2013; Malone et al., 2018). Furthermore, headwater aquatic primary production (algae) is often phosphorus limited, resulting in rapid nitrification of what little ammonium makes it to the stream channel, though nitrogen demand increases as rivers meet the sea (Holmes et al., 2012; McClelland et al., 2012). There is evidence that rapid climate change at high latitudes and associated permafrost degradation are increasing nitrogen availability and potentially induce shifts in the nitrogen cycle (Jones et al., 2005; Abbott et al., 2015; Voigt et al., 2017). Particularly, increased nutrient delivery to riparian zones and stream networks from degrading permafrost could enhance or suppress nitrogen uptake depending on the nutrient stoichiometry. Denitrification, which is currently low or absent in many arctic and boreal systems, could increase due to higher available nitrogen in conjunction with extremely biodegradable carbon inputs from permafrost degradation (Abbott et al., 2014; Larouche et al., 2015).

We hypothesize that the potential for nitrogen retention and/or removal of riparian zones increases with stream order regardless of latitude. This idea is supported by the erosion-transition-deposition concept, the distribution of soil and sediment textures along the river continuum, and the relationship between denitrification and content of silt and clay. This statement is also supported by the few examples of longitudinal variations in microbial rates reported in the literature. For instance, Noe et al. (2013) reported significant differences in ammonification and nitrification rates between riparian plots located in 4th vs. 5th stream orders. In particular, ammonification rates in riparian soils increased along the stream network (likely due to high clay content), but nitrification rates decreased as soil moisture content increased in the 5th order floodplains. A possible exception to this general trend is so-called 0-order streams at the terrestrial-aquatic transition, which often have high retention capacity (Harms and Ludwig, 2016) due to longer residence times and local accumulation of fine sediment.

Despite the existence of multiple lines of evidence, there are still severe knowledge gaps, and data is lacking especially from high and low-latitude ecosystem. Moreover, the impact of climate change and anthropogenic pressures on the buffering capacity of riparian corridors at local and regional scales remain highly uncertain. We acknowledge that the trajectories depicted in Figure 4 are hypothetical and need to be confronted with real data. Yet, the objective of this intellectual exercise is to encourage readers to challenge the proposed ideas by undertaking systematic and comparable measurements of gross ammonification, plant accrual, and net nitrification along stream orders and biomes. The elaboration of sound data-based global pattern of riparian zone retention, removal, and transfer of nitrogen would acknowledge that riparian zone removal potential in different regions varies in magnitude and sign, and will certainly respond differently to both climatic and anthropogenic pressures.

CONCLUSIONS

Anthropogenic and climatic changes all over the planet call for a comparable approach to quantify the role of riparian zones in different biomes in order to predict the impacts of these changes on stream ecosystem functioning and water quality. This manuscript reviews the gradual interest in riparian zone functioning over the last 40 years and stresses the riparian corridor as a key structural component of stream ecosystems, but also as interface between the catchment and its draining streams. We acknowledge that so far, most research and modeling have focused on temperate regions (Décamps et al., 2004). Recent work on other biomes reveal some commonalities, but also significant differences in key processes, notably related to energy and matter cycling. Moreover, the position along the river continuum is likely to influence riparian zone functioning.

Here, we propose a conceptual model and a set of hypothesis regarding changes in riparian primary production, nitrogen removal capacity, and inorganic nitrogen supply to stream food webs across stream orders and biomes. To test this hypothesis, we suggest the systematic analysis of a series of proxies such as gross ammonification, vegetation accrual and net nitrification, which are relatively easy to estimate by using well-known empirical methods. Quantifying these key processes along river continuum and across climatic gradients will provide valuable insight into how riparian zones will respond to climate change and anthropogenic disturbances.
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