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Nitrogen (N) and phosphorus (P) are fundamental for plant biomass production in grasslands, are often co-limiting, and have become major freshwater pollutants. By factorially applying gradients of N and P to field-based grassland mesocosms, we tested for saturating thresholds of plant uptake as nutrients increase and whether simultaneous and potentially additive growing-season demand reduces flows of dissolved nutrients to subsurface leachate. We quantified the seasonality of nutrient losses, differences in uptake by functional group (grasses, forbs), the impacts of increasing nutrients on root:shoot ratios, and contrasted vegetated and unvegetated treatments to isolate edaphic influences. Overall, most added nutrients were retained by plants and soil–80% for N and 99% for P. Co-limitation dynamics were powerful but asymmetrical with N additions reducing P in leachate, but P having little influence on N. N retention was primarily influenced by season—most N was lost prior to peak biomass when plant demand was presumably lower. Nutrients reduced root:shoot ratios by increasing foliage but with no detectable effect on retention, possible because root biomass remained unchanged. Similarly, there was no impact of functional group on nutrient loss. Despite substantial plant uptake, leachate concentrations of N and P still exceeded regional levels for safe drinking water and prevention of algal blooms. This work reveals how nutrient co-limitation can accelerate the capture of P by N in grasslands, indicating that plant uptake can significantly reduce dissolved subsurface nutrients. However, the offseason flows of N and the failure to meet regional water-quality standards despite capture levels as high as 99% reveal that vegetative-based solutions to nutrient capture by grasslands are important but likely insufficient without complimentary measures that reduce inputs.
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INTRODUCTION
Nutrient retention by plants is a critical ecosystem function, especially given dramatic anthropogenic increases in the inputs of nitrogen (N) and phosphorous (P) (Cordell et al., 2009; Stevens et al., 2015). This includes agricultural fertilization, which has increased crop yields in the past century but with accelerating environmental impacts (Sobota et al., 2015; McCann et al., 2021). The sole intent of fertilization is to trigger yield increases in crops, but a “retention gap” often occurs where upwards of 30%–50% of annually applied soluble inorganic fertilizer can be lost to leaching or volatilization (Bouwman et al., 2002; Good and Beatty, 2011; Mueller et al., 2012). This gap has resulted in N and P becoming major global pollutants, driven in part by their yearly addition to often nutrient-saturated farm soils (Drinkwater and Snapp, 2007). Reducing nutrient losses on farms will require a more complete understanding of the capacity for maximum plant uptake, by crops and by downslope amendments such as permanent-cover buffers (Blann et al., 2009; Noble et al., 2023).
The retention of N and P by plant uptake is often stoichiometrically regulated—they are required in combination and in different ratios, and are typically co-limiting such that the availability of one affects the uptake of the other (Elser et al., 2007; Harpole et al., 2011; Li et al., 2016). As such, the maximum capacity for plants to retain nutrients on farms may be determined in part by the availability of one or both nutrients (Greenwood et al., 2008; Hou et al., 2020). The power of N-P co-limitation for plant growth has been illustrated in global grasslands, with N-P additions on five continents increasing annual biomass by 48% compared to N alone (21% increase) and P alone (no detectable impact) (Carroll et al., 2022). This co-dependency suggests the potential for synergistic uptake, where their combined addition (as typically occurs in agriculture) triggers higher retention than would occur by adding one or the other in isolation. A challenge for maximizing co-dependent uptake, however, is that the magnitude and timing of uptake can vary widely by seasonal life stage (Niklas et al., 2005; Li et al., 2016; Deng et al., 2017; Jiang et al., 2019). Unfortunately, most farm nutrients are applied in single early-season pulses when plant demand is low. As well, uptake at peak biomass can be constrained in nutrient-saturated soils because resource limitations often shift to water, light, or other nutrients—declining root:shoot ratios may be associated with less nutrient demand (Harpole et al., 2017; Cleland et al., 2019). Given these complexities, the occurrence of “retention gaps” on farms is unsurprising, with more efficient and possibly complete utilization of soil nutrients by plants being dependent on the temporal dynamics of stochiometric uptake that can be difficult to determine (e.g., Penuelas et al., 2012).
Here, we use field-based grassland mesocosms to test these issues, exploring resource co-limitation, plant uptake, and the retention of nutrients from entering subsurface leachate. Foremost we measure nutrient loss in leachate across factorial gradients of added N and P, using application rates comparable to intensive agriculture (range: 0–20 g m−2). We quantify whether co-limitation impacts on retention are explicitly related to how N and P combine to affect overall plant production, on allocation to roots versus shoots, on whether N and P demands vary seasonally based on reductions of nutrient loads in leachate, and whether community composition (7 species of grasses, 7 species of forbs including 4 legumes, or a 14 species mix of both) alters these outcomes. We partner these treatments with unvegetated mesocosms with or without nutrients, to untangle background effects of soil processes on N and P flow rates (Burwell et al., 1977; Noble et al., 2023). Finally, we explore management implications, focusing on how early-season application, temporal patterns of biomass production by grassland, and species composition variously shape leachate concentrations, relative to established groundwater standards derived to protect drinking water and prevent algal blooms.
MATERIALS AND METHODS
Experiment design
Two hundred grassland mesocosms were established in 2018 with differing plant communities (4 levels including unvegetated) and nutrient additions (10 levels) at the rare Charitable Research Reserve (Cambridge, ON, Canada; 43 22 N, 80 21 W). Mesocosms were established in 19 L plastic buckets designed to capture leachate from the experimental plant communities (Supplementary Figure S1). A drainage spout was installed using a 50 cm 5/8″ inner diameter hose at the base of each mesocosm. These mesocosms were filled 30 cm of soil on top of a 5 cm layer of 3/4” inch aggregate stone to facilitate drainage. Sieved soil was acquired from the top 20 cm of an agricultural field, retired in 2007 from long-term corn-soy-wheat rotations (Harvey and MacDougall, 2014; 2015; 2018). After 2007, succession happened naturally, and the site is now characterized by oldfield taxa especially Solidago, Trifolum, and Symphyotrichum spp. The soils are well-drained luvisolic St Jacobs Loams (Agriculture and Agri-Food Canada, 2004). Filled mesocosms were arranged so that the drainage hose fed via gravity into a hand-dug hole (Supplementary Figure S1). Collection bags were attached to the end of each drainage hose.
Mesocosms were seed planted on 5 June 2018, with one of three randomly allocated experimental grassland communities plus a no-plant control. Grassland communities were all grasses (7 species: Bromus inermis, Dactylis glomerata, Echinochloa esculenta, Lolium multiflorum, Lolium perenne, Phleum pratense, Sorghum drummondii), all grassland forbs including legumes (7 species: Achillea millefolium, Brassica napus, Brassica oleracea, Medicago sativa, Trifolium hybridum, Trifolium pratense, Trifolium repens), or a 14-species combination of both (referred to as “both” for brevity in the figures). The unvegetated control treatment was unplanted. Mesocosms were hand weeded to maintain community composition. After planting, all mesocosms were watered daily for 2 weeks including the unvegetated controls.
Ten nutrient treatments began on 19 June 2018 once seeds had germinated. The treatments had variable N levels with constant P (0, 5, 10, or 15 g N m−2; 20 g P m−2), variable P levels with constant N (20 g N m−2; 0, 5, 10, or 15 g P m−2), both N and P at high levels (20 g N m−2; 20 g P m−2), or control levels with no N and P added (0 g N m−2; 0 g P m−2). The gradients of nutrient addition were designed to encapsulate i) recommended rates for crop fertilization [16.2 g N m−2 for corn (Ontario Ministry of Agriculture Food and Rural Affairs, 2018)], ii) levels of N and P commonly used in ecological nutrient studies [10 g N m−2 and 10 g P m−2 (Borer et al., 2017)], and iii) to maintain symmetrical levels of N and P addition. Fertilizer was added as urea (N) or triple super phosphate (P). After fertilizing, mesocosms were only watered to ensure plant survival. This was necessary in July which experienced a period without precipitation (Figure 1). As before, all mesocosms including the no-plant controls were equally watered. All watering events during this frame were adjusted to ensure that no water would percolate through the entire mesocosm and be lost as leachate. Treatments with plants (all grasses, all forbs, grasses and forbs) had 2 replicates per each nutrient treatment across 3 blocks for a total of 180 mesocosms (3 vegetated treatments X 10 nutrients treatments X 2 replicates X 3 blocks = 180). Treatments without plants had 2 replicates per nutrient treatment within only 1 block for a total of 20 mesocosms (180 + 20 = 200 total).
[image: Figure 1]FIGURE 1 | Nutrient loss with shifting levels of co-limiting resources, for high P with increasing levels of N and for high N with increasing levels of P. For P, increasing levels of N reduces P levels in subterranean leachate (A). In contrast, N levels in leachate are unaffected by increased levels of P addition (A). For unvegetated mesocosms, N losses are significantly higher compared to vegetated mesocosms, indicating the importance of plant uptake on N (A,B). Unexpectedly, P levels in leachate were lower in mesocosms lacking vegetation (A,B). Error bars represent = 1 SE, and trendlines show significant linear relationships. In (A), N = 9 for mesocosms with plants, and N = 5 for bare soil mesocosms. In (B), N = 9 for mesocosms with plants, and N = 1 for bare soil.
Leachate sampling and processing
Leachate collection began starting 19 June 2018 and occurred three times, approximately every 3 weeks (Figure 1). Collections encompassed i) 19 June–10 July (21 days, 9.5 cm ambient precipitation), ii) 10 July–5 August (26 days, 8.0 cm), and iii) 5 August–22 August (17 days, 21.1 cm). Leachate was processed by lowering the pH to 2.0 with hydrochloric acid to preserve the sample until processing, and then refrigerated up to 48 h until analysis.
Leachate was analyzed for total N and total P at SGS Agri-Food Laboratories (Guelph, ON, Canada). Nitrogen was determined by NO—cadmium reduction (Standard Methods, 2006) and Kjeldahl N (Standard Methods, 2005) to 0.05 mg/L. In some instances, the level
Of N present in the samples was below the detectable level of 0.5. In these cases, N was recorded
As 0 mg/L. Total P was determined by inductively coupled plasma—mass spectrometry (U.S. EPA. 1994) to 0.003 mg/L. Below the detection limit, P was recorded as 0 mg/L.
Total N and total P leached throughout the experiment was approximated by taking the product of each collection period’s leachate nutrient concentrations by the maximum volume of leachate collected within the collection period. There was no difference in mean volume of leachate collected between the 4 communities at any collection date, and there was high correlation between the mean and maximum volume collected (r = 0.97). Given that this experiment was not designed to precisely measure the volume of leachate, but rather the nutrient concentrations, the maximum volume at each date is used to reduce any error associated with spillage of leachate in transportation to the laboratory. Statistical significance remained unchanged regardless if volume mean or max was used, or if total potential leachate (based on rainfall amount during each collection period) was used. This value is equivalent to a “loadings” basis to facilitate comparisons between this experiment and water quality reports and recommendations.
Biomass harvesting
At the conclusion of the experiment, above- and below-ground biomass were harvested separately to obtain the aboveground: belowground ratio (AG: BG). The aboveground fraction was clipped at the soil surface, oven dried at 40°C for 48 h and weighed. Roots were collected by passing the entire mesocosm’s soil through a sieve (1 mm diameter), after which collected roots were washed free of dirt, oven dried, and weighed. Biomass measurements are g per mesocosm, which is equivalent to g 0.07 m−2.
Soil and plant chemistry
On a subset of the treatments (treatments = 0 g N m−2 + 0 g P m−2; 0 g N m−2 + 20 g P m−2, 20 g N m−2 + 0 g P m−2, 20 g N m−2 + 20 g P m−2), two soil cores (2.5 cm diameter, 10 cm depth) were collected at the conclusion of the experiment. Cores were stored at 4°C until analysis, sieved to remove roots and plant biomass, air dried, and homogenized using a coffee grinder. After processing, soil available P was determined using the Mehlich 3 procedure (Frank et al., 2012). Aboveground biomass collected from the same subset of treatments was homogenized using a Wiley Mill, after which we used a sulfuric acid digestion and determined foliar % P colorimetrically with ammonium molybdate (Ogdahl et al., 2013).
Statistical analysis
Analyses were performed at the block-level, averaging over two replicate mesocosms for a total n = 100 (90 experimental, 10 no-plant controls). Averaging was necessary to account for missing data, particularly during the second leachate collection time point during which multiple mesocosms did not produce leachate.
Analyses were performed on two different subsets of the 10 experimental fertilizer levels. The “variable N” experiment consisted of plots where N fertilizer levels varied (0, 5, 10, 15, 20 g N m−2) and P fertilizer was held constant (always at 20 g P m−2). The “variable P” experiment consisted of plots where P fertilizer levels varied (0, 5, 10, 15, 20 g P m−2) and N fertilizer was held constant (always at 20 g N m−2). Treatments where no N nor P was added were used as a comparative measure, similarly with plots with a no-plant addition control.
For the leachate analysis in mesocosms grown with plants, concentration of N and P at each time point was analyzed in a 2-way ANOVA where community type and fertilizer treatment were fixed factors. Above- and below-ground biomass and their ratio were also evaluated within the same 2-way ANOVA. Significance of all factors was evaluated with Type II tests using the Anova function in the car package (Fox and Weisberg, 2011). When there was a significant community type × nutrient interaction, separate linear models evaluating the effect of the variable nutrient on a response variable were run each community type. When there was a significant, main effect of community type, Tukey’s post-hoc tests were run evaluating the response variable against the 3 community types.
We used a piecewise structural equation modeling (SEM) approach to assess the importance of biomass and leachate responses to fertilizer addition for each community type. Given that biomass production could play both explanatory and response roles, we used piecewise SEMs to disentangle the role of each variable (Grace et al., 2010). Specifically, we used the piecewiseSEM package (Lefcheck, 2016) to investigate how added N and P impacts nutrient retention via direct (fertilizer rate) and indirect (mediated by biomass uptake) pathways. We tested if community composition significantly varied, and finding a better association with an unconstrained model, we fitted unique models to each community type. In all cases, the initial model included the following links: 1) Total N leached is affected by N fertilizer rate, biomass production, and above-:belowground ratio, 2) Total P leached is affected by P fertilizer rate, biomass production, and above-:Belowground ratio, 3) biomass production is affected by N and P fertilizer rates 4) above-:Belowground ratio is affected by N and P fertilizer rates. Importantly, our initial model did not include links between N addition and P loss, or P addition and N loss, because we had no a priori expectation, or any biological hypothesis, that would directly link these outcomes. After specifying our initial model, we refined our model by dropping non-significant links (p < 0.05) in a stepwise fashion beginning with the least significant until the 𝚫AICc between subsequent models was <2. Final model fits indicated good fit with the data for all communities (grasses: Fisher’s C = 13.52, p = 0.484; forbs: Fisher’s C = 10.5, p = 0.398; both: Fisher’s C = 16.74, p = 0.403) where p-value >0.05 indicates good model fit (Shipley, 2009). The relative importance of direct effects is given by standardized coefficients for each path, and indirect effects can be determined by multiplying standardized coefficients.
Data analyses were performed using R version 3.5.1 (R Core Team, 2018). Leachate levels were compared with regional standards for standing non-running surface water (Canada, 2004), of 10 ppm (comparable to 10 mg L−1) for N and 0.02 ppm (comparable to 0.02 mg L−1) for P. Both have been shown to be minimum thresholds for triggering significant impacts on drinking water quality and aquatic processes including algal blooms (see Noble et al., 2023).
RESULTS
Regulation of N loss by treatment
Overall N loss was not influenced by P additions (Figure 1; Supplementary Table S1). Temporally, nearly all N loss occurred before grassland plants had reached maturity (Figure 2). The period of greatest N loss was during the first month (average 105.0 mg L−1 in leachate across all treatments with 20 g N m−2 added—Figure 2). During this period, we did see evidence of co-limitation dynamics where P additions slightly reduced N losses (Figure 2; Supplementary Table S1), but the effect was not sufficiently strong to influence overall N loss (Figure 1; Supplementary Table S1). Following the first month, leaching losses of N dropped (Figure 2, average 0.5 mg L−1 loss for both the second and third month). During the second month, we saw that communities dominated by grasses had less leaching than communities with both grasses and forbs (Supplementary Table S1, Tukey’s post-hoc, p = 0.046). During the third month, adding P actually increased N leaching losses (Supplementary Table S1, linear post-hoc p = 0.009). The nearly undetectable levels of N leaching during the second and third months, however, left the total N leaching losses unaffected by adding P or manipulating community composition (Supplementary Table S1). Supplemental results show that greater N additions meant more N loss overall, but the magnitude of this effect was much smaller than the overall temporal patterns linked to plant development and uptake (Supplementary Figure S2A; Supplementary Table S1). Bare soil mesocosms lost more N than did any treatment with plants present (Figure 1). N loss occurred even in mesocosms where no N was applied (∼2 g m−2 total throughout the experiment; Figure 1B, Figure 2A).
[image: Figure 2]FIGURE 2 | Average concentration by time of nitrogen and phosphorus in leachate, for N losses with increasing P addition and P losses with increasing N addition. Temporal patterns for bare soil mesocosms (square points) and nutrient control mesocosms (grey points, 0 g N m−2 and 0 g P m−2) are shown for comparative purposes. Error bars = 1 SE, and trendlines show the average trend in nutrient losses for the focal mesocosms (solid line) as well as the bare soil and nutrient controls (dashed). Most N was lost early in the year prior to peak plant growth, regardless of P levels. Most P was lost later in the growing season, when mesocosm biomass was at its peak.
Regulation of P loss by treatment
Overall P leaching was reduced by N additions (Supplementary Table S1; Figure 1A, brown points). This trend emerged after the first month (Supplementary Table S1). Temporally, P loss accelerated throughout the growing season (Figure 2B). During the first month, we found that grass communities had higher P losses than those with only forbs (Supplementary Table S1, Tukey’s post-hoc p = 0.027) or with grasses and forbs growing together (Tukey’s post-hoc p = 0.038). Supplemental results show that adding more P meant greater P loss (Supplementary Figure S2B; Supplementary Table S1). Unexpectedly, bare soil mesocosms lost less P than did any treatment even with plants present—rather than retaining P by plant uptake, the presence of vegetation increased P loss to leachate (Figure 1).
Functional groups and root:shoot allocation with nutrients
There was no overall effect of functional group on nutrient loss across our three experimental plant communities, although vegetation (compared to bare soil controls) consistently reduced N losses and facilitated P losses (Figure 1). The different functional groups did vary in the magnitude to which biomass production and allocation patterns mechanistically influenced overall nutrient leaching (Figure 3). In grass communities, N additions increased plant biomass that subsequently led to higher P demand and less P lost in leachate (Figure 3). In contrast, N additions had little direct effect on forb biomass production, and therefore did not influence overall P leaching (Figure 3). In all cases, fertilizer application shifted allocation towards greater relative investment in shoots (Figure 3). While relative reduced root allocation was a consequence of N addition, this did not result in increased N leaching likely because total root biomass did not change—changes to root:shoot ratios strictly involved changes in foliar biomass.
[image: Figure 3]FIGURE 3 | Best-fit path models showing the links between experimental N and P additions, biomass production, ratios between above and belowground biomass (AG: BG), and amounts of N and P leached within the grass (A), forb (B) and grass + forb (C) communities. Arrow thickness is proportional to the standardized path coefficients, with the directionality and size given within boxes along the arrow. Asterisks indicate significance level of linkages (*<0.05, **<0.01, ***<0.001), and dashed lines are used when significance of paths is >0.05. R2 values are given within the boxes containing endogenous variables.
DISCUSSION
Overall, we observed significant retention of nutrients in mesocosm grassland, based on nutrients added as a one-time early-season input comparable to typical agricultural management. Nutrient concentrations detected in leachate during the growing season revealed the capture of ∼80% added N and ∼99% retention of added P. The mechanisms of retention, however, differed substantially and involved both vegetative and soil-based processes. First, the interaction between N and P were highly asymmetric—N additions reduced P leaching but there was no reciprocal effect of P additions on N loss. Second, there were significant temporal influences on both nutrients but in the opposite direction: nearly all N loss occurred before the mesocosm grassland had reached maturity while P loss was highest at peak biomass. Finally, we observed proportional linkages between higher application rates and greater leaching losses, especially for N. There was no overall effect of functional group among our three experimental plant communities. In total, our work shows that terrestrial nutrient retention can be immediately increased by establishing permanent vegetation cover and leveraging co-limitation dynamics to maximize biomass production–plants reduced N leaching to negligible levels as they matured, with N-driven biomass growth creating greater P demands and therefore reduced P leaching. On the other hand, despite these trends, nutrient concentrations in leachate still exceeded regional standards for water quality (even with ∼99% capture of P). These results strongly suggest that nutrient uptake by grasslands, while highly effective (e.g., planted riparian grassland buffers), is unlikely to stem nutrient losses in conventional agriculture, without complementary measures that reduce the amounts added and adjust the time of application towards periods of peak plant activity.
We observed strikingly different models of nutrient retention for N and P, both functionally and temporally. For N, plant maturity was the largest factor controlling retention, such that low plant biomass early in the growing season coincided with the greatest losses to leachate. Early season leachate concentrations for N, sometimes exceeding 105 mg L−1, were well above recommended guidelines for safe drinking water (<10 mg L−1) (Canada, 2019). Following the first month, leaching losses of N dropped to negligible levels (average 0.5 mg L−1 loss for both) in accordance with previous work showing that inorganic N is readily taken up by phenologically active plants (Hooper and Vitousek, 1998).
During the second month, we saw that communities dominated by grasses had slightly lower leaching than communities with both grasses and forbs, potentially because grasses may have had faster root biomass production than forbs although this was not tested. The nearly undetectable levels of N leaching during the second and third months, however, left the total N leaching losses unaffected by adding P or community composition. Our soils do not appear to be strongly P limited given that P addition did not significantly increase biomass production, so perhaps it is not surprising that P additions did not reduce N loss. The ability of plants to uptake N, and therefore reduce leaching losses throughout a growing season, was contrasted by the patterns seen in the bare soil mesocosms. Not surprisingly, fertilized bare soil lost up to 2.5 x more N than any treatment with plants present.
Temporally, total N loss corresponded in part with precipitation, with the first and third collection dates associated with appreciably more rainfall than the second (Supplementary Figure S3). This observation aligns with previous work showing that precipitation pulses can facilitate nutrient movement during the growing season (Congreves et al., 2016; Bowles et al., 2018; Noble et al., 2023). Finally, N loss to leachate occurred even in mesocosms where no N was applied. Soil used in this experiment had been farmed and fertilized for decades until 2007, suggesting nutrient legacies given that nutrient cessation occurred more than a decade prior to our experiment (see also Mazzorato et al., 2022). They may also reflect N loss associated with microbial decomposition (e.g., Craine et al., 2007), although we did not quantify N volatilization rates. Regardless, these results for N loss suggest that retention is best maximized by the presence of mature, phenologically active vegetation.
For P, in nearly all cases including both vegetated and unvegetated mesocosms, retention was at least 99% based on the difference between levels of fertilization and levels measured in leachate. This finding supports previous reports of P being typically less mobile than N via binding to soil (Burwell et al., 1977; Noble et al., 2023). However, three notable findings emerged from our work, despite the high levels of retention for P. Foremost, we found that overall P loss was reduced by N additions suggesting strong nutrient co-limitation. There were lower levels of P remaining in the soil at the conclusion of the experiment when N was added (Supplementary Figure S4), showing that N additions further limit P leaching losses. Mechanistically, more plant biomass (driven by N additions) likely meant higher demand, and thus uptake, for P. Alternatively, N additions have been shown to increase root and soil phosphatase activity (Marklein and Houlton 2012; Deng et al., 2017), which can also facilitate plant P uptake although we did not evaluate enzyme production here. While foliar plant %P was reduced with added N (Supplementary Figure S5), accounting for additional biomass production meant that P held in plant tissues was still greater when N was added. The temporal signature of P loss reinforces that biomass production demands P, and compliments previous findings of widespread N and P co-limitation on primary production (Elser et al., 2007; Harpole et al., 2017; Carroll et al., 2022). It also provides new evidence that co-limitation dynamics can impact nutrient retention in nutrient-rich systems.
Second, we found that plants appeared to facilitate small amounts of P loss based on comparisons with bare-soil mesocosms. Given the sensitivity of P solubility to pH (e.g., Penn and Camberato, 2019), one possible explanation is the acidification of the rhizosphere by plant activity. Plant-derived acidification cans occur by a range of possible mechanisms, including ammonium uptake, root exudation, and oxidization (Hinsinger, 2001). Consequentially, this may lead to greater P loss later once plants have developed root systems, an effect that may be magnified in the relatively confined area of the mesocosm containers (Supplementary Figure S1). This effect also appears to vary by vegetation type. During the first month, we found that grasses had higher P losses than communities grown with only forbs or with grasses and forbs, potentially because grass dominated communities established roots more quickly. An alternative possibility for unexpectedly high flows of P to subsurface water is macropores, which can form on clay-dominated soils during periods of summer drought (Noble et al., 2023). However, none were observed in our mesocosms.
Third, regardless of P retention approaching 100% the quantity of P leached from the system still exceeded levels necessary to maintain uncontaminated freshwater based on a threshold of 0.02 mg L−1 (Canada, 2004). This was true even when supplemental P was not added to the mesocosms—during the third month, P averaged 2.0 mg L−1 in leachate with fertilization and 0.60 mg L−1 without. While surface flows and sediment loss are the primary mechanisms by which P moves from terrestrial to aquatic systems (Gaynor and Findlay, 1995), these results show that P loss via leaching pathways cannot be disregarded as a threat to water quality (Noble et al., 2023). Given that we saw that adding more P fertilizer meant more P loss (Supplementary Figure S1B), we conclude that P leaching can be lowered by reducing P inputs.
The strong connection between plant growth and nutrient uptake is to be expected, given the need for both N and P for photosynthesis. However, we did not observe higher retention with greater functional group richness despite predictions that niche complementarity may elevate community-level nutrient foraging (Tilman et al., 1997; Cardinale et al., 2011). The greatest driver of vegetative-based retention was whether the plant community was present or absent, with the functional composition of our three communities being relatively unimportant. We did see some limited trends relating the presence of grasses or forbs. Communities grown with grasses had stronger biomass responses to N fertilizer additions, which subsequently was linked to less P loss via greater plant demand and uptake for P. In contrast, N additions had little direct effect on forb biomass production, and therefore did not influence overall P leaching. The forb community contained several N fixing species, which may have contributed to the lower sensitivity of biomass production to added N (You et al., 2017). Fertilizer application also shifted allocation towards greater relative investment in shoots, would be expected as mineral nutrient additions increased (Bloom et al., 1985; Ziter and MacDougall, 2013; Borer et al., 2014; Cleland et al., 2019; Eskelinen et al., 2022). However, this did not result in increased N leaching possibly because root biomass remained unchanged.
To conclude, these results reveal the potential for herbaceous vegetation to capture large percentages on dissolved plant-available forms of N and P at shallow depths in soils (30 cm deep), including feedbacks where higher N triggers elevated uptake of P (Cooper et al., 2017). This is consistent with numerous studies showing the effectiveness of farm and forest buffers for nutrient capture (e.g., Blann et al., 2009; Weigelhofer et al., 2012; Noble et al., 2023). It also reveals a paradoxical dynamic where nutrient additions could potentially act to stem nutrient losses in some circumstances, at least for dissolved P (Yang et al., 2018). Our factorial isolation of the relative effects of vegetation and soil was helpful to isolate retention mechansims, given that non-vegetative factors can also seasonally affect nutrient flows (e.g., drought-soil interactions in summer). Our non-vegetative plots showed that higher N flows occurred even without N addition, while also showing unexpectedly lower flows with P compared to vegetated mesocosms. The former is consistent with findings of high influxes of dissolved nutrients into open waters when plants are seasonally inactive (Noble et al., 2023). Finally, we also observed that nutrient concentrations in leachate often exceeded regional water-quality standards even with P capture at 99%. Clearly, vegetation alone cannot solve nutrient losses on managed landscapes unless partnered with measures that better match peak uptake with the timing, amount, and ratio of added nutrients (Noble et al., 2023).
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