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Abstract

:

Whereas the impacts of N deposition on forest ecosystems have been well studied in remote areas in predominantly forested landscapes, we know relatively less about the impacts of N deposition on forests in heavily human-modified landscapes. We studied the influence of adjacent land use, local point sources, and woodlot stand structure on subcanopy N transport and enrichment via throughfall in three woodlot fragments in southern Lower Michigan, USA. We found that one site had markedly higher TF N concentrations compared to the other two; however, our data indicate that elevated TF concentrations resulted from differences in tree species composition, rather than differences in surrounding land use. Specifically, we observed that the local abundance of basswood (Tilia americana) was positively associated and the local abundance of northern red oak (Quercus rubra) was negatively associated with TF N concentrations. One site had markedly greater TF N fluxes compared to the other two, which was driven by a lack of understory vegetation, possibly due to higher deer browsing at this site. Together, the results of this study demonstrated that TF N concentrations and fluxes were more strongly influenced by the internal characteristics of fragmented woodlots, such as forest structure and species composition, than by the surrounding land use.
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1. Introduction


Anthropogenic nitrogen (N) emissions associated with motor vehicles, power plants, agriculture, and other human activities have resulted in elevated rates of N deposition to forest ecosystems on a global scale [1,2,3]. The effects of anthropogenic N deposition on forests can include changes in the composition of plant communities, disruptions in nutrient cycling, increased emission into the atmosphere of the greenhouse gas nitrous oxide (N2O), accumulation of N compounds in the soil, increased availability of N to primary producers, soil acidification, and increased susceptibility of plants to other stress factors [4,5,6,7,8]. Whereas the impacts of N deposition on forest ecosystems have been well studied in remote areas in predominantly forested landscapes, we know relatively less about the impacts of N deposition on forests in heavily human-modified landscapes. Unique considerations in these landscapes include forest fragmentation, resulting edge-interior gradients, and the importance of local sources of N emissions.



Forests of the eastern United States are highly fragmented due to roads, suburban development, and agriculture [9,10]. Forests of the Southern Great Lakes Ecoregion (southern Michigan, northern Indiana, and northern Ohio) are the most fragmented in the country, with most forest lands consisting of remnant patches surrounded by urban land, suburban development, or agriculture [9]. Fragmented forests have a greater proportion of “edge” habitat that is influenced by adjacent land uses and lower proportions of interior habitats that are less affected by surrounding land uses [11]. Another potential impact of fragmentation is that forest fragments may receive additional N deposition from local sources. In agricultural landscapes, adjacent croplands can heavily impact forest fragments through fertilizer drift. Honnay et al. [12] found higher levels of ammonium (NH4+) in the edge habitat compared to the interior habitat in five Belgian forest fragments and attributed this to an influx of agricultural fertilizers from adjacent croplands. Livestock is also a major source of volatile ammonia (NH3) in the atmosphere across the globe [13]. When NH3 is emitted into the atmosphere, it can be converted to NH4+ aerosols and washed out by rain or by dry deposition. Ammonia can then be deposited within a few kilometers of the source due to its short atmospheric lifetime [14]. Thus, forests near livestock farms can experience very high levels of N deposition, leading to negative effects on the ecosystem [15]. Automobiles can also be major sources of atmospheric NH3 since the introduction of catalytic converters, causing roadways and adjacent vegetative surfaces to serve as hotspots for N deposition in urban and suburban areas [16,17].



These numerous forms of land use in agricultural and urban areas lead to N deposition in forest fragments adjacent to or within proximity to the emissions sources. Once deposited in these fragmented forests, N in its various forms can be subsequently distributed below the canopy by several mechanisms, including throughfall (i.e., precipitation that interacts with foliar and woody surfaces in the canopy or passes through canopy gaps en route to the forest floor) [18,19,20]. Throughfall chemistry is often enriched relative to that of open precipitation and may vary spatially within a fragmented forest based on species composition and stand structure, among other factors [21,22]. This spatial variability in throughfall chemistry impacts nutrient delivery to forest soils, creating the potential for biogeochemical hotspots. Rainfall volume and the length of a dry period [23] have also been shown to have an impact on throughfall chemistry and the contribution of deposition and exchange processes of deposition under the forest.



While these and other studies have helped elucidate our understanding of subcanopy N flux via throughfall, they have predominantly focused on rural forests. As higher proportions of forested lands are fragmented to accommodate expansive development, there remains a need to understand how these processes behave in highly developed areas. To determine the relative impacts of adjacent land use, local point sources, and woodlot stand structure on subcanopy N transport and enrichment via throughfall, we based our study on three woodlots in southern Lower Michigan. Within each woodlot, we monitored N deposition in throughfall along the edge to interior gradients to test the following hypotheses:




	
N deposition to forest fragments, as evidenced by throughfall N composition, will vary by adjacent land use.



	
Nitrogen enrichment of throughfall is highest at the edge and decreases with distance from the edge.



	
Spatial variability in throughfall N enrichment is impacted by species composition.



	
Throughfall N concentrations, flux, and enrichment ratios will be higher for storm events with a longer antecedent dry period.



	
Higher rainfall intensity will result in higher throughfall N concentration, flux, and enrichment ratios.









2. Materials and Methods


2.1. Study Area and Experimental Sites


We conducted this study in East Lansing, Michigan, USA (42.7370° N, 84.4839° W). East Lansing has a population of 47,741 [24] and is within the larger Lansing capital metro area. The city is 226 m above sea level and has a cold and temperate climate (Köppen–Geiger climate classification Dfa). East Lansing is in the USDA Hardiness Zone 5. The mean annual rainfall for the region is 949 mm. September is the wettest month in the region (µprecipitation = 88.9 mm), while February is the driest month (µprecipitation = 48.3 mm). The average annual temperature is 9.4 °C in East Lansing, with July being the warmest month of the year (µtemperature = 21.3 °C) and January typically the coldest month (µtemperature = −6.2 °C).



We conducted this study in three woodlots on the East Lansing campus of Michigan State University (MSU), all of which are within a fragmented landscape with a mix of urban, residential, and agricultural land use. We selected the three woodlots (Biebersheimer, Hudson, and Lott North) from a pool of 25 MSU Campus Natural Areas to be as similar as possible in their structure and species composition, but to vary in terms of landscape context relative to local sources of N emissions. All three woodlots were mature, mesic forests dominated by sugar maple (Acer saccharum Marsh.), with northern red oak (Quercus rubra Lobatae.), American beech (Fagus grandifolia Ehrh), and basswood (Tilia americana Linden) as the next most dominant to varying degrees (Table 1). Whereas the three woodlots were similar in species composition and stand structure, they were selected to vary in their location relative to landscape features likely to serve as local sources of N deposition (Figure 1). Biebersheimer woodlot is in one corner of a “cloverleaf” interchange of two interstate highways and is hereon referred to as the highway site. Lott North has varied surrounding landscape features, including agricultural fields (corn–soybean rotation), other woodlots, and a section of interstate highway. It is hereon referred to as the mixed land use site. Hudson is surrounded by agricultural fields (corn–soybean rotation), plus MSU’s Dairy Cattle Facility is located 750 m due west of the edge of this woodlot. Hudson is hereon referenced as the agricultural site.




2.2. Sampling Design


At each experimental site, three transects were established perpendicular to the western forest edge, since the prevailing weather systems move from west to east. Along each transect, eight throughfall collectors were placed at distances of 0, 10, 20, 30, 40, 50, 75, and 100 m from the windward edge, for a total of 24 throughfall collectors within each site and 1 located outside the woodlot for open precipitation. Outside of each woodlot, a single collector was placed in an adjacent open field to measure and collect samples of open precipitation. Throughfall collectors consisted of 219 cm2 high-density polyethylene (HDPE) funnels that were each attached to 3.78L HDPE containers. Collectors were suspended on posts ca. 1 m above ground to prevent interference by wild animals and rain droplets from splashing back into the collectors. Inside each funnel, we placed a small piece of glass wool to prevent any debris from contaminating samples. The glass wool was replaced periodically throughout the study.




2.3. Sample Collection and Analysis


Sample collection was conducted on an event basis; we visited the sites and emptied collectors within 48 h after each storm event. For this study, we defined an event as a storm that produced a minimum of 1 cm of precipitation, followed by a dry period of 12 h or more. We conducted sampling between 23 May and 4 October 2019. To identify storm events during our study period, we utilized precipitation data from the MSU Enviroweather MSU Hort weather station (42.634° N, 84. 4870° S, https://enviroweather.msu.edu, accessed on 20 January 2023). This weather station is located near all our sites (0.6 km from the highway site, 0.8 km from the mixed land use site, and 3.2 km from the agricultural site). Actual sampling dates, precipitation amounts, and antecedent dry periods are provided in Table 2.



At each collection date, we made volumetric measurements for throughfall for each collector. We also collected a 50 mL subsample of throughfall, storing these samples in clean HDPE vials for later laboratory analysis. Collectively, throughfall volume and hydrochemical data were used to determine the total throughfall depth and solute flux, respectively. To analyze our samples, we conducted colorimetric analyses for NH4+ concentration according to [25] and for NO3− according to [26]. Throughfall fluxes (TF) of NO3− and NH4+, as well as total inorganic N, were determined using Equation (1):


TF Flux = Volume (L) × Concentration (mg L−1)/Funnel Area (m2)



(1)







For throughfall, we also calculated the flux-based enrichment ratio, a metric used to quantify the degree to which the chemical composition of precipitation (e.g., throughfall) is modified due to its interaction with foliar and woody components of the canopy [27,28,29]. Flux-based enrichment ratios for our study were calculated following [22,24,25,26,27,28,29]:


Et = (CtT)/(CpPg)



(2)




where Et is the flux-based enrichment ratio of throughfall (unitless), Ct is the solute concentration in throughfall (mg L−1), T is the depth equivalent of throughfall (cm), Cp is the solute concentration of open collector rainfall (mg L−1), and Pg is the depth equivalent of open collector rainfall (cm). The enrichment ratio determines the degree to which the forest canopy serves as a source or a sink for NH4+ and NO3−. While all enrichment ratio values are positive, Et observations > 1 indicate a net contribution of N from the canopy to throughfall, whereas Et values < 1 indicate net uptake of N by the canopy from the incident precipitation.




2.4. Tree Species Influence


To quantify the potential influence of local variability in tree species composition within woodlots on throughfall concentrations, fluxes, and enrichment ratios, we measured the size and species of trees surrounding each collector. We used circular plots (8 m), centered on each collector, and measured the distance and diameter at breast height (dbh; 1.37 m) of every overstory tree (≥10 cm dbh) within an 8 m radius of the collector and measured the distance and dbh for every understory tree (<10 cm dbh) within a 3 m radius of the collector. For the three edge collectors (0 m on transect) at each woodlot, we sampled half-circles on the interior side. To assess the local influence of different species on each collector, we adapted the simple competition index of [30] as an “influence index”, as indicated in Equation (3):


Di/Disti



(3)




where Di = dbh (cm) of tree i and Disti = distance (m) from the collector to tree i. This index assigns greater influence to trees that are larger and closer to the collector and a smaller influence to trees that are smaller and more distant. Sugar maple, American beech, northern red oak, and basswood were the only species that occurred frequently enough for analysis.




2.5. Statistical Analysis


We used Kruskal–Wallis tests to determine differences among the three woodlots by hypothesis 1 using GraphPad Prism 9.3.1. Statistical outliers were identified by the ROUT test (Q = 0.1%) and removed [31]. For hypotheses 2 and 3, we analyzed throughfall concentrations, fluxes, and enrichment ratios using a mixed effects model, with date treated as a random effect. The following terms were treated as fixed effects: Site, Distance, Site x Distance interaction, Maple Influence, Basswood Influence, Beech Influence, and Red Oak Influence. The mixed-effects model was conducted with RStudio version 1.2.5033. The following packages were used for running the linear models with random effects: lme4, lmerTest, and the ggpairs functions for the graphs with GGally and ggplot2. The significance level was set at (p < 0.05)



We also investigated the influence of abiotic and biotic factors on the throughfall concentration, fluxes, and enrichment ratio to evaluate hypotheses 4 and 5. Accordingly, for the model, the following terms were treated as fixed effects: site, antecedent dry period, and rainfall intensity, with date treated as a random effect. The antecedent dry period was defined as the amount of time (days) that had elapsed between the end of one storm event and the beginning of a new one. Rainfall intensity was calculated by dividing precipitation depth by storm duration, as outlined in Equation (4):


Rainfall intensity = Precipitation depth (cm)/duration (hrs)



(4)









3. Results


3.1. Patterns in Throughfall Concentration, Fluxes, and Enrichment Ratios among Sites


The mixed land use had the highest volumes of TF due to lower canopy interception; across the study period, TF volumes averaged 53.4% of the gross precipitation at the agricultural site, 60.7% at the highway site, and 87.5% at the mixed land use site. Across all sampling dates, the throughfall NO3− concentrations were highest at agricultural and highway and lowest at mixed land use (Figure 2). The agricultural throughfall NO3− concentrations were significantly higher than those at both mixed land use (p < 0.0001) and highway (p < 0.001; Figure 2A). The highway NO3− concentrations trended higher than those at mixed land use, though this difference was not statistically significant (p = 0.065; Figure 2A).



However, the NO3− fluxes at the mixed land use site were significantly higher than those at the highway site (p < 0.0001; Figure 2C). The nitrate enrichment ratios were highest at the agricultural site compared to both the highway (p < 0.001) and mixed land use (p < 0.001; Figure 2E) sites. There was not a significant difference in the NO3− enrichment ratios between the highway and mixed landscape (p = 0.498; Figure 2E). While the enrichment ratio ranges did vary considerably in the agricultural (0.40–6.75), highway (0.1–4.02), and mixed land use (0.01–4.00) sites, the median enrichment ratio for NO3− was less than 1.0 for all the sites, indicating that the tree canopies at all 3 sites tended to serve as a sink, rather than a source for incoming NO3−. The median enrichment ratios were much lower for highway (0.15) and mixed land use (0.08), compared to agricultural (0.68), implying that the forest canopy at agricultural was a notably weaker sink for NO3−.



The concentration of NH4+ in throughfall was higher at the agricultural site (Figure 2) when compared to the mixed land use and highway sites with (p = 0.0002). The fluxes of NH4+ in the throughfall followed were higher for the mixed landscape site when compared to the agricultural and highway sites (p < 0.0001; Figure 2D). In our observations, we found that there was no difference in the NH4+ fluxes for the agricultural and highway sites (p > 0.999; Figure 2D). The NH4+ enrichment ratios were higher in the agricultural site compared to the highway (p < 0.0001) and mixed landscape sites (p < 0.0001; Figure 2F), with median values of 0.16 at the agricultural, 0.06 at the highway, and 0.08 at the mixed landscape sites. There was no statistically significant difference in the NH4+ enrichment ratios between the highway and mixed landscape sites (p > 0.999; Figure 2F). The ammonium fluxes and concentrations were higher in the open collectors than those found within the interior of the woodlots, indicating a net removal of NH4+ by forest canopies at all three sites.



For the open precipitation collectors, the median for the NO3− concentrations was 0.05 mg L−1 for all three sites, whereas the median NH4+ concentration in the open precipitation was comparable at 0.08 mg L−1 at the agricultural, 0.20 mg L−1 at the highway, and 0.12 mg L−1 at the mixed landscape sites. For the open precipitation, there was no significant relationship for the NO3− concentrations in the agricultural (p = 0.64), highway (p = 0.8204), and mixed land use (p = 0.95) sites, and for the NO3− fluxes agricultural (p = 0.57), the highway (p = 0.35) and mixed land use (p = 0.92) sites. There was no significant difference in open precipitation NH4+ concentrations among the three sites, (p > 0.05, at all sites), nor were there significant differences in NH4+ fluxes among the three sites (p > 0.05).




3.2. Spatial Patterns in Throughfall N within Woodlots


Within the study woodlots, the throughfall concentration, flux, and enrichment ratios of NO3− were influenced both by the position relative to the edge and by the local tree species composition around each collection point. At the agricultural site, the distance from the woodlot edge had a significant effect (p = 0.002) on the NO3− concentrations in the throughfall, with higher concentrations near the edge and lower concentrations in the interior, but these patterns were not observed for the mixed land use and agricultural sites (Figure 3). We found that there was no significant effect of distance from the woodlot edge on the NO3− flux (p = 0.20) or NO3− enrichment ratio (p = 0.73).



Local tree species composition had a significant effect on the NO3− concentrations in the throughfall, with NO3− concentrations increasing with increasing basswood influence (p < 0.001) and decreasing with increasing red oak influence (p = 0.03; Figure 4). It should be noted that basswood was present in all three woodlots; however, we did not encounter any red oak at the agricultural woodlot (Table 1). No other tree species had a significant effect on the NO3− concentrations, nor were there any significant interactions among species. The throughfall fluxes of NO3− were influenced by basswood (p = 0.007) and slightly by red oak (p = 0.082), with higher fluxes associated with greater basswood influence and lower fluxes associated with higher red oak influence. There were no effects of tree species’ local abundance on the NO3− enrichment ratio.



For the study, we found that there was no significant effect of distance from the woodlot edge on the NH4+ concentrations (p = 0.22), NH4+ flux (p = 0.67), or NH4+ enrichment ratio (p = 0.55). For the NH4+ concentration analysis, the site (p < 0.001) and sugar maple abundance (p = 0.021, Figure 4) were the only significant effects. Sugar maple abundance was associated with higher concentrations of NH4+ in throughfall. Sugar maple was the most dominant and widely distributed species across all three of our woodlots, with a sugar maple tree occurring within 8 m of 66 of the 72 (92%) collectors deployed within the woodlots, with most collectors having multiple sugar maple trees within 8 m. In contrast, other tree species were much less abundant and generally occurred as scattered individuals. Overall, only 20 of 72 collectors (28%) had a basswood tree within 8 m, and only 15 of 72 (21%) had a red oak within 8 m. No other tree species had a significant effect on the NH4+ concentrations, flux, and enrichment ratio, nor were there any significant interactions among species. The enrichment ratio analysis for NH4+ was found to be significant for only one site (p < 0.001). There were no effects of tree species’ local abundance on the NH4+ enrichment ratio.




3.3. Temporal Variability in Throughfall N


We investigated drivers of the temporal variability of the throughfall chemistry by assessing the relative impacts of rainfall intensity and antecedent dry periods. A detailed description of the rainfall patterns during the study period is presented in Table 2. Rainfall intensity had no apparent effect on NO3− concentration (p = 0.69), NO3− flux (p = 0.72), or enrichment ratio (p = 0.963). Similarly, there were no effects of rainfall intensity on NH4+ concentration (p = 0.72), NH4+ flux (p = 0.77), and NH4+ enrichment ratio (p = 0.61). For the antecedent dry period, there was no significant relationship found with NO3− concentration (p = 0.62), NO3− flux (p = 0.77), or enrichment ratio (p = 0.31). Similarly, there was no significant relationship between the length of the antecedent dry period and NH4+ concentration (p = 0.56), NH4+ flux (p = 0.58), or NH4+ enrichment ratio (p = 0.59).





4. Discussion


We hypothesized that N deposition to forest fragments would vary with adjacent land use and landscape context. In apparent support of this, we found that the agricultural woodlot, our site most strongly associated with row-crop agriculture and livestock operations, had the highest TF concentrations of NO3− and NH4+. However, examination of the net fluxes and enrichment ratios of NO3− and NH4+ suggests that internal characteristics of the woodlots—species composition and forest structure—may be additional drivers of TF N dynamics that are more important than the surrounding landscape context. Throughfall concentrations of NO3− and NH4+ were consistently higher at agricultural compared to the highway and mixed land use site; however, these were associated with consistently higher enrichment ratios at the agricultural site and not higher N concentrations in incoming precipitation (Figure 2) as would be expected if adjacent agricultural sources were driving this pattern. This suggests that the higher TF NO3− and NH4+ concentrations at agricultural woodlots were due to an effect of the forest canopy rather than an effect of the surrounding landscape. Individual values of enrichment ratios at agricultural site spanned a broad range but were consistently higher than at the other woodlots. For example, enrichment ratios for NO3− ranged between 0.40 and 6.75 (median = 0.68) at the agricultural, 0.01 to 4.02 at highway (median = 0.15), and 0.01 to 4.00 at mixed land use (median = 0.08), indicating that the forest canopy at the agricultural consistently allowed a greater proportion of incoming NO3− to pass through in throughfall, and even contributed foliar NO3− to incoming precipitation to a greater degree than the other woodlots. Thus, differences in throughfall NO3− concentrations among the sites appear to be attributable to differences in rainwater interactions with the forest canopy. These interactions could include differences in foliar N uptake, foliar N leaching, dry deposition, and subsequent wash-off, or some combination of all three [32,33,34,35].



Our model indicated that basswood abundance was positively associated, and northern red oak negatively associated, with TF NO3− concentrations and fluxes. Basswood was abundant at the agricultural woodlot, and red oak was absent (Table 1), suggesting that the higher TF N concentrations at agricultural woodlot may result from differences in tree species composition and abundance. This finding is likely attributable to differences in leaf chemistry, morphology, and physiology among the three most dominant tree species across our woodlots: sugar maple, basswood, and northern red oak. Basswood has twice the total leaf N concentration and 30 times higher leaf nitrate reductase activity than red oak and sugar maple [36]. Similarly, [37] documented that oaks typically have low foliar nitrate reductase activity levels. Nitrate reductase is the enzyme that catalyzes the first step in the process of NO3− assimilation, therefore very high leaf nitrate reductase activity in basswood indicates the presence of N in the form of NO3− in basswood leaves [38], which would be susceptible to leaching through contact with incoming precipitation. In contrast, low leaf nitrate reductase activity in northern red oak and sugar maple, suggests low levels of foliar NO3− susceptible to leaching.



In addition to higher leaf N and NO3− concentrations, basswood, and sugar maple also tend to have thinner leaves, with less of a waxy cuticle. Oaks, tend to have smaller crowns and waxier leaf surfaces that help shed intercepted rainfall [26]. With oaks having thicker, waxier, less permeable leaves [37], they are less likely to leach internal nutrients to incoming precipitation and less likely to collect dry deposition in dry periods between precipitation events. Therefore, these patterns suggest that high N fluxes at agricultural woodlot can be attributed to species composition rather than its surrounding land use. These findings aid in our understanding of how species composition might influence solute fluxes in the canopy by way of throughfall.



Another noteworthy difference among our woodlots was that the mixed land use consistently had the lowest concentrations of NO3− and NH4 in TF yet had TF fluxes of NO3− and NH4+ that were equivalent to or higher than the other two woodlots (Figure 2). To have equivalent or higher fluxes with lower concentrations TF volumes must be higher. Indeed, this is what we observed with 87% of gross precipitation passing through the canopy as TF at the mixed land use, compared to 50%–60% at the agricultural and highway sites. There is unlikely to be any difference in the amount of incoming precipitation among the three sites because they are all so close together. Differences in overstory structure do not appear to explain the higher TF volumes at the mixed land use because basal area and tree density are all very similar among the woodlots (Table 1). In contrast, the understory structure and composition were markedly different at the mixed land use compared to the other two woodlots.



The mixed land use site had only 368 stems per hectare of understory trees compared to 988 and 1449 for highway and agricultural woodlots. In addition, understory trees were much smaller at mixed land use with a mean diameter of 3.4 cm compared to 4.15 cm and 5.12 cm at the agricultural and highway. Thus, it appears likely that a lack of interception by the understory leaf area at the mixed land use site explains the higher TF volumes and N flux at this site.



Comparing our data on solute concentrations, fluxes, and enrichment ratios to other published studies indicates that our observations generally fall within the range of those found in the literature. In an oak–hickory forest, NO3− concentrations ranged from (0.10–0.25 mg L−1) which overlaps well with the range of our observed values (0.14–0.26 mg L−1) [22]. In contrast, the oak–hickory forest in the southern United States found that TF NH4+ concentrations averaged (0.53.0 mg L−1) depending on the species studied [22]. Our study observed a range of TF NH4+ concentrations from 0.56 to 1 mg L−1. The highest NH4+ values were associated with two species (Quercus shumardii and Quercus stellata), whereas NH4+ concentrations associated with other oak and hickory species were comparable to our results [22].



4.1. Edge Effect


In contrast to other studies, we observed little sign of edge effects on throughfall N in our woodlots. We observed a significant effect of distance from the woodlot edge for NO3− concentrations, and fluxes at one of our three sites (Agricultural; Figure 3), and we found no significant effect of edge-to-interior distance on NH4+ in TF at any of our sites. For NO3− at the agricultural, the magnitude of the edge-to-interior effect was comparable to what has been observed in other studies. At the agricultural woodlot, we observed an approximately 50% decline in NO3− concentrations from the forest edge to the interior, and a 40% decline in TF fluxes of NO3−. In comparison, there was a 55% decline in fluxes of NO3− and NH4+ along a 60 m transect from the edge to the interior of a pine forest in southern Sweden [39]. Similarly, there was a 60% decline in TF fluxes of NO3− along a longer 800 m transect from the edge to the interior of 6 spruce forests and 1 mixed spruce–beech in Southern Bavaria [40]. It is unclear why we observed a distinct edge effect at the agricultural site and not at any of the other sites. Many factors can influence the penetration depth of TF deposition from the edge, including the ion under consideration [40,41,42]; meteorological conditions, stand density [43,44,45], such as wind speed and direction [46,47]; and edge structural features, such as the leaf area index and of these factors, one that is suggested by our data is the differences in vegetation structure at the forest edge among our woodlots. Our stand inventories for the three sites indicated that while there were no significant differences in the density of overstory trees along the woodlot boundaries (i.e., trees located between 0–3 m from the edge), the density of understory vegetation along the boundary was higher at the agricultural site compared to the two other sites. To confirm the difference in vegetation structure, we looked at the basal area (BA) and trees per hectare (TPH) of the three sites (Table 3).




4.2. Temporal Variability


When evaluating the throughfall solute concentration and flux, we investigated the relationship between the antecedent dry period and rainfall intensity for NO3− and NH4+ concentrations, flux, and enrichment ratios. We found that neither the antecedent dry period nor rainfall intensity significantly impacted the throughfall chemistry at our three sites. This was surprising because many studies have found that TF concentrations of solutes are higher following longer antecedent dry periods [21,48,49] and/or during lower-intensity precipitation events [21,50]. The antecedent dry periods from our study are short but are similar to those found in the literature [49], and yet are shorter when they are compared to other studies [48]. One possible reason why we did not observe an effect of antecedent dry period is that the relationship between antecedent dry period (and other storm characteristics) and solute concentration and flux are easier to assess for those solutes that pass through the canopy with minimal or no stomatal uptake or other canopy exchange processes beyond wash-off (e.g., SO42− and Na+) [51]; NO3− and NH4+ are not such solutes, as their presence in throughfall reflects a series of canopy exchange processes. Another possible explanation is that we sampled a single time at the end of each storm event. Previous studies that have observed relationships between rainfall intensity and throughfall chemistry utilized intra-storm sampling to characterize these temporal patterns [48,51]. Perhaps another reason why we did not observe temporal variability in our study is the fact that the quantity of rainfall varied between precipitation events, and we did not consider other meteorological factors (e.g., wind direction and direction, and duration). Past studies have found relationships between throughfall chemistry and the antecedent dry period, and the rainfall intensity utilized multiple intra-storm samplings of the throughfall [21,48,51,52,53].





5. Conclusions


This study evaluated N deposition in fragmented forests, local tree species effects, and spatial and temporal variability in throughfall N composition. The results of this study suggest that TF N concentrations and fluxes were more strongly influenced by the internal characteristics of the woodlots, such as forest structure and species composition, than by the surrounding land use. Throughfall NO3− concentration and fluxes were higher under basswood and lower under red oak, whereas TF NH4+ was positively related to the local abundance of sugar maple. These results expand our understanding of how different tree species can affect nutrient fluxes in forest ecosystems. Stand density also impacted the spatial variability in throughfall, with NO3− and NH4+ tending to be higher in stands characterized by lower-density or absent understory vegetation, the latter of which may be attributed to deer browsing. We did not consider stemflow, which is an important factor in subcanopy nutrient flux, and variability in stemflow chemistry can be impacted by species heterogeneity. Incorporating stemflow in studies helps to investigate variability in subcanopy nutrient flux. Although we did not find a significant relationship between throughfall N composition and either antecedent dry period or rainfall intensity, future work would benefit from continued investigation into meteorological factors that impact subcanopy N fluxes. Our findings highlight the fact that even in highly human-modified environments where atmospheric deposition of N can be relatively high, stand structures have an important role in determining the subcanopy distribution of N via throughfall.
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Figure 1. Study Area. 
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Figure 2. Box-whiskers plots showing differences among sites in the concentration (A,B), fluxes (C,D), and enrichment ratios (E,F) of NO3− and NH4+. Lines connect sites that were significantly different from each other, and the asterisks show the level of statistical significance. (p = 0.05, p < 0.01, *** p < 0.001, **** p < 0.0001). 
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Figure 3. Average concentration, fluxes, and enrichment ratio of NO3− and NH4+ from distance from the edge during the sampling period (May–October 2019). 
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Figure 4. Visualization of significant species’ effects on throughfall N from the mixed-effects model. Asterisks (*) indicate outliers. Influence of basswood and red oak is shown with box-whisker plots showing TF NO3− concentration and fluxes for collectors that had a basswood tree within 8 m, red oak within 8 m, neither species within 8 m, nor both species within 8 m. The influence of sugar maple is visualized as a scatter plot of TF NH4+ concentrations against sugar maple influence. 
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Table 1. Overstory species composition and structure of the three woodlots. Data are for all trees ≥ 10 cm dbh. Relative density is the percentage contribution of each species to total trees per hectare, whereas relative dominance is the percentage contribution of each species to the total stand basal area.
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Site

	
Dominance

	
Stand Density (Trees ha–1)

	
Basal Area

(m2 ha−1)

	
Rel. Density

(%)

	
Rel. Dominance

(%)






	
Highway Woodlot

	
Acer saccharum

	
76.7

	
12.6

	
27.8

	
39.4




	
Quercus rubra

	
62.2

	
9.8

	
22.6

	
30.8




	
Fagus grandifolia

	
37.3

	
2.8

	
13.5

	
8.8




	
Tilia americana

	
29

	
1.5

	
10.5

	
4.6




	
Prunus serotina

	
20.7

	
1.3

	
7.5

	
4.0




	
Acer rubrum

	
6.2

	
1.0

	
2.3

	
3.2




	
Populus deltoides

	
6.2

	
1.0

	
2.3

	
3.0




	
Carya spp.

	
16.6

	
0.8

	
6.0

	
2.5




	
Liriodendron tulipifera

	
6.2

	
0.7

	
2.3

	
2.1




	
Ulmus spp.

	
6.2

	
0.3

	
2.3

	
0.9




	
Juglans nigra

	
2.1

	
0.1

	
0.8

	
0.4




	
Ostrya virginiana

	
6.2

	
0.1

	
2.3

	
0.2




	

	
Total

	
275.6

	
32.0

	




	
Mixed Landuse Woodlot

	
Acer saccharum

	
93.3

	
14.0

	
35.4

	
45.5




	
Tilia americana

	
51.8

	
4.8

	
19.7

	
15.6




	
Quercus rubra

	
20.7

	
3.1

	
7.9

	
10.2




	
Acer nigrum

	
18.7

	
2.4

	
7.1

	
7.9




	
Prunus serotina

	
12.4

	
2.2

	
4.7

	
7.0




	
Fagus grandifolia

	
18.7

	
1.8

	
7.1

	
7.9




	
Carya spp.

	
24.9

	
1.5

	
9.4

	
5.0




	
Ulmus spp.

	
12.4

	
0.8

	
4.7

	
2.6




	
Ostrya virginiana

	
10.4

	
0.1

	
3.9

	
0.4




	

	
Total

	
263.2

	
30.9

	




	
Agricultural Woodlot

	
Acer saccharum

	
93.3

	
14.0

	
35.4

	
45.5




	
Fagus grandifolia

	
51.8

	
4.8

	
19.7

	
15.6




	
Tilia americana

	
20.7

	
3.1

	
7.9

	
10.2




	
Acer nigrum

	
18.7

	
2.4

	
7.1

	
7.9




	
Prunus serotina

	
12.4

	
2.2

	
4.7

	
7.0




	
Fagus grandifolia

	
18.7

	
1.8

	
7.1

	
7.9




	
Carya spp.

	
24.9

	
1.5

	
9.4

	
5.0




	
Ulmus spp.

	
12.4

	
0.8

	
4.7

	
2.6




	
Ostrya virginiana

	
10.4

	
0.1

	
3.9

	
0.4




	

	
Total

	
225

	
28.1
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Table 2. Total precipitation (Pg), rainfall intensity, and antecedent dry period for the study period.
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	Date
	Pg (mm)
	Site Sampled
	Rainfall Intensity (mm h−1)
	Antecedent Dry Period (Days)





	25 May–25 May 2019
	2.0
	Agricultural

Highway

Mixed landscape
	2.0
	1



	1 June–4 June 2019
	23.1
	Agricultural

Highway
	1.35
	5



	5 June–6 June 2019
	14.7
	Agricultural

Highway

Mixed landscape
	14.7
	1



	24 June–25 June 2019
	8.1
	Agricultural

Highway

Mixed landscape
	1.16
	4



	26 August–28 August 2019
	9.7
	Agricultural

Highway
	1.21
	12



	29 August–30 August 2019
	2.5
	Agricultural

Highway
	0.83
	1



	11 September–12 September 2019
	15.2
	Agricultural

Highway

Mixed landscape
	1.9
	2



	27 September–1 October 2019
	43.2
	Highway

Mixed landscape
	1.14
	5



	2 October–3 October 2019
	28.2
	Highway

Mixed landscape
	1.48
	1
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Table 3. Vegetation data from the tree plots per site that were located right along the woodlot’s boundary.
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	Site
	BA
	TPH





	Agricultural
	4.2
	3773



	Highway
	1.8
	1650.7



	Mixed land use
	0.4
	353.7
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