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Cycling of carbon (C), nitrogen (N), calcium (Ca), phosphorus (P), and sulfur (S) is an important ecosystem service that forest soils provide. Humans influence these biogeochemical processes through the deposition of atmospheric pollutants and site disturbances. One way to study these potential anthropogenic trajectories is through long-term monitoring in association with human-caused environmental gradients such as urban-rural gradients. The objective of this study was to characterize changes in surface soil chemistry of urban, suburban and rural forest patches in the Baltimore Metropolitan area. Soil composite samples (0–10 cm) were analyzed for macro- and micronutrients, pH, and C. A total of 12 sites in forest patches dominated by white oak (Quercus alba) and tulip poplar (Liriodendron tulipifera) were established in 2001, and resampled in 2018. We hypothesized that after almost two decades (1) concentrations of N, Ca, and P, as well as soil pH would be higher, especially in urban forest patches due to local deposition; (2) S levels would be lower due to decreased regional atmospheric deposition and; (3) total soil C would increase overall, but the rate of increase would be higher in the urban end of the gradient due to increased NPP. Overall, means of Ca concentration, pH, and C:N ratios significantly changed from 2001 to 2018. Calcium increased by 35% from 622 to 844 mg kg–1, pH increased from 4.1 to 4.5, and C:N ratios decreased from 17.8 to 16.7. Along the gradient, Ca, N, P, and S were statistically significant with Ca concentration higher in the urban sites; S and N higher in the suburban sites; and P lower in the urban sites. Confounding factors, such as different geologic parent material may have affected these results. However, despite the unique site conditions, patterns of surface soil chemistry in space and time implies that local and regional factors jointly affect soil development in these forest patches. The increase in pH and Ca is especially notable because other long-term studies demonstrated changes in the opposite direction.
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INTRODUCTION

Soils are considered relatively stable, barring a major disturbance or environmental change; however, in urban environments there are regional and local pressures related to air pollution, deposition, invasive species, and socio-economic factors which can affect change within relatively short periods of time. Long term research studies (>10 years) provide details of how soils are changing through time and the response of vegetation. There are few studies that use repeated soil sampling, retrospective studies, to observe temporal changes (Knoepp et al., 2019). In a world-wide inventory of over 200 long-term field studies, forest soils account for only 10%, and none of those were in urban environments (Richter and Yaalon, 2012). Some of these long-term studies have shown that the soil system is dynamic on a decadal time scale (Mobley et al., 2015). Retrospective studies, in which the researchers return to previously sampled sites several years later to resample the same location, have been conducted in Eastern US forests over various time periods (e.g., Bailey et al., 2005; Johnson et al., 2007; Bedison and Johnson, 2010; Lawrence et al., 2015). These studies are important for providing insight into the mechanisms or drivers of change as well as better predictions of future soil conditions and management planning in response to variation in climate, atmospheric inputs, vegetation composition, and microbial communities (Knoepp et al., 2019).

Natural pedogenic processes are disrupted by human influences (Bidwell and Hole, 1965). Human influence through disturbance and environmental change can lead to different trajectories of soil formation. Soil scientists are beginning to understand anthropogenic effects on soil forming processes but have little knowledge on how long it takes for urban environmental influences to elicit a measurable response in soil chemical properties. Urban-rural gradients have been used to investigate the urban context and its effect on ecosystems (McDonnell and Pickett, 1990) and provide useful data to frame additional hypotheses or to test management strategies (Pouyat et al., 2019). To further support management strategies, adding a temporal component to existing urban-rural gradients provides a new dimension to assess the effects of local and regional environmental factors on soil characteristics.

Local and regional environmental factors affect soil chemical properties such as nutrient concentrations, soil organic matter, and pH (Rustad et al., 2020). In atmospheric modeling studies “regional” is defined as 5–50 km and “local” as 1 km and street (Thunis et al., 2016). Regional factors, including natural soil forming factors, atmospheric deposition from distant sources or background deposition would impact soils at the metropolitan scale. At the finer scale, local factors such as parent material, site history, invasive species, polluting source or local deposition due to building construction or traffic, could produce different soil conditions, for example at forest patch scale (Trammell et al., 2021). Due to local and regional environmental effects, soil chemical properties may change over time. Many of these, such as carbon (C), nitrogen (N), sulfur (S), phosphorus (P), calcium (Ca) and pH are important factors for plant growth, microbial and faunal diversity, and overall soil health.

Acid precipitation is one example of a long-term regional effect that influenced soil nutrient concentration in the not-too-distant past and led to forest health decline. Soil pH affects all soil properties: chemical, physical, and biological (Weil and Brady, 2017). Acid deposition in the past led to soil acidification, lowering soil pH and decreasing exchangeable calcium (Kolb and Mccormick, 1993; Huntington et al., 2000; Bailey et al., 2004; Jenkins et al., 2005), magnesium, and potassium, thereby affecting forest productivity (Adams et al., 2000). This depletion of nutrients, especially Ca, has stressed forest trees, such as sugar maple (Kolb and Mccormick, 1993; Horsley et al., 2002; St Clair et al., 2008; Richardson and Friedland, 2016) and increased freezing injury in red spruce in the northeastern United States (Schaberg and DeHayes, 2000). The Clean Air Act Amendment of 1990 has led to reduced S deposition (less so for N) and today, the acidification of soil may be reversing in some areas (Lawrence et al., 2015). In urban environments, this accelerated depletion of cations from acid rain may be counterbalanced by atmospheric deposition of some cations such as Ca, which is derived from concrete and wallboard (Kuang et al., 2004; Nath et al., 2007). Gradient studies have shown higher Ca bulk deposition at the urban end of the gradient compared to their rural counterpart soils (Lovett et al., 2000; Pouyat et al., 2008).

Unlike S, there are no common atmospheric gases containing P, however, atmospheric P in the form of particulate matter is deposited to the tree canopy (Newman, 1995), ultimately ending up in the soil. Urban areas have higher rates of atmospheric deposition of P compared to rural areas (Eisenreich et al., 1977). Soil P is affected by urbanization (Chen et al., 2010b,2014; Metson et al., 2015; Yesilonis et al., 2016) with higher P soil concentrations in urban soils of various cover types and land uses compared to rural soils (Zhang, 2004; Yuan et al., 2007; Chen et al., 2014; Foti et al., 2020). Comparisons of P concentrations in urban and rural forest soils yielded contradictory results with urban forests soils having higher (Zhang, 2004; Chen et al., 2010b) or lower (Baxter et al., 2002) P level that the rural forest patches.

Carbon and nitrogen pools have been shown to vary by annual (Knoepp and Swank, 1997) and decadal (Johnson et al., 2007) time scales. Urbanization adds another level to an already complex soil C and N temporal dynamic. The net effect of urban environmental interactions can either increase or decrease soil C pools; for example, plant growth, or net primary productivity (NPP) (Ziska et al., 2003), which ultimately affects soil C, may increase due to urban environmental factors. Passive recalcitrant pools of C were higher in urban forest soils compared to rural soils (Groffman et al., 1995). Black carbon, a component of the passive pool, from the burning of fossil fuels is enriched in urban soils (Wang, 2010). Even with the complex interaction of the urban environment, gradient studies have not shown differences in soil C concentrations (Pouyat and Carreiro, 2003; Chen et al., 2010a).

In urban areas, forest systems can experience N saturation where there is increased N atmospheric deposition (Agren and Bosatta, 1988; Aber et al., 1989, 1991). However, soil total N does not always reflect this deposition due to increased soil leaching caused by N-induced acidification (Huang et al., 2012), and possible soil compaction and management practices (Chen et al., 2010a). Gradient studies have shown rural sites higher in total N than urban sites (Huang et al., 2012) or no difference in total N (Pouyat et al., 1995).

Urban, suburban, and rural forest soils were examined in Baltimore City and Baltimore County, Maryland, United States to investigate soil changes of total C and N; nutrients P, S, and Ca; and pH over 17 years. Forest patches in Baltimore make up 34% of the City’s tree canopy. These considerable green spaces provide important ecosystem services, such as stormwater runoff reduction, water purification, food and habitat for animals, air temperature reduction, and C sequestration. Surface soil properties of 15 forest patches, arranged along an urban-rural gradient in Baltimore City and Baltimore County were assessed in 2001. In 2018, twelve of these sites were revisited and soils resampled.

The study objectives were to examine changes in forest soil properties over 17 years and to relate these changes to anthropogenic and natural soil forming factors. Regional and local effects should be more easily seen in forests compared to other land uses that have direct management and inputs, e.g., turf-grass parks or residential lawns. In general, we expected greater changes in the urban end of the gradient because local effects can induce more rapid shifts in soil conditions. In contrast, national policies that have influenced regional effects, i.e., reductions in S emissions, would impact all of patches along the urban-rural gradient.

We hypothesized that after almost two decades (1) concentrations of N, Ca, and P, as well as soil pH would be higher, especially in urban forest patches due to local deposition; (2) S levels would be lower due decreased regional atmospheric deposition and; (3) total soil C would increase overall, but the rate of increase would be higher in the urban end of the gradient due to increased NPP. These hypotheses were tested by comparing 2001 soil chemical properties to 2018. Similar concentrations between the years across the gradient imply environmental factors did not change or changed similarly at the local (urban vs. suburban vs. rural contexts) or regional (same across all sites) scale. However, concentration differences between the years along the gradient imply local effects in at least one of the land use contexts or regional effects over all the land use types caused the change.



MATERIALS AND METHODS


Study Area

Study sites are located in Baltimore City and Baltimore County, Maryland. This area lies within the upland portion of the Piedmont Plateau Physiographic Province (Edwards, 1981). The Piedmont Plateau is composed of hard, crystalline igneous and metamorphic rocks and extends from the inner edge of the Coastal Plain westward to Catoctin Mountain. The upland portion of the Plateau consists of schist, gneiss, gabbro, and other highly metamorphosed sedimentary and igneous rocks. In several places these rocks have been intruded by granitic plutons and pegmatites. Several domal uplifts of Precambrian gneiss mantled with quartzite, marble, and schist are present.

Mean monthly temperatures range from 5 to 31°C with an average rainfall of approximately 109 cm per year (NOAA, 2000). Soils in the area generally belong to the Manor-Glenelg and Urban Land-Legore Associations (Reybold and Matthews, 1976; Levin and Griffin, 1998). Manor-Glenelg soils are deep, well drained to somewhat excessively drained with a subsoil of loam to light silty clay loam. Urban Land-Legore soils are deep, well-drained, loamy soils that overlie semi-basic or mixed basic and acidic rock. Other series present in the study include Jackland Silt Loam and Relay Silt Loam.



Site Selection and Location

The sites used in this study have been selected for other studies to investigate soil nutrients, metals, earthworms, and nitrification rates along the urban-rural gradient. It was found that Pb and Cu decreased in soil concentration from the city core (Pouyat et al., 2008) and that the density and biomass of earthworms, dominated by European Lumbricidae, were higher in urban forests than rural forests along with higher potential N-transformation rates (Szlavecz et al., 2006). Potential study sites were selected using aerial photographs, topographic maps, and prior knowledge of the Baltimore metropolitan area. To reduce sources of variation, the following criteria were used to screen potential sites prior to inclusion in the study: (1) size ≥2 hectares, (2) overstory dominated by white oak (Quercus alba) and tulip poplar (Liriodendron tulipifera), (3) slopes <25%, and (4) an age of 50+ years with no visual signs of recent human disturbance and intensive management. Unlike managed parks with turf grass and planted trees often pruned and fertilized, our sites are patches of contiguous forest. Trees are only cut if they fall on a trail or a pavement at the edge.

A total of 15 sites met the selection criteria and were included in the 2001 study. Once selected for inclusion, each site was classified as urban, suburban, or rural based on distance from the city center (Inner harbor) and type of development in the surrounding area. The land-use types corresponded generally to Anderson Level II classes (Anderson et al., 1976). Urban sites were located within 9 km of the city center and surrounded by high-density residential (multiple-unit structures) and commercial structures; suburban sites were located between 10–19 km from the city center and surrounded by mid- to low-density residential and commercial structures; and rural sites were located >19 km from the city center and largely surrounded by agricultural land and low-density residential structures (houses on lots larger than an acre).

This urban-rural gradient design is confounded by different parent materials underlying the forest patches at either end, due to Baltimore’s complex geologic formations. All the urban plots are located on Baltimore gabbro complex while only one suburban site is located on this complex. The other suburban sites are located on Baltimore Gneiss and the Potomac group which consist primarily of variegated silt clay and mostly fine to medium sands. The rural sites are underlain by Lower peltic schist and Baltimore gneiss.

In 2018, 12 sites were revisited and sampled for soils (Figure 1); Gunpowder Falls and Druid Hill Forest were excluded because of original datasheet location ambiguity and Cross Country was excluded because generally it was a riparian site with noticeable signs of flooding. Soils were sampled in July in both years. Since the first sampling took place before accessible GPS, original hand drawn field maps, field notes, and the recollection of one of the coauthors who conducted the study in 2001, were referenced to find the original plot locations. This ensured that collection location and methods were comparable.
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FIGURE 1. Locations of urban, suburban and rural forest patches in Baltimore City and county. Each symbol indicates a forest patch (n = 12). Within each patch three plots were established.




Soil Sampling

At each site, a series of circular plots were established (11 m radius). Three plots were established for sites <100 ha in size and five plots were established for sites >100 ha. At each plot, one composite soil sample (0–10 cm) containing six subsamples using a 5 cm diameter stainless steel soil corer in 2001 and a 3 cm diameter stainless steel soil corer in 2018. A soil depth of 10 cm roughly corresponded to the division between A and B horizons.



Soil Processing and Analysis

The 2001 soil samples were stored in labeled Whirlpack® bags in banker boxes in a dark cool moisture-free room for 17 years. In 2018, both the archived 2001 samples and 2018 samples were digested using the same method done in 2001. Re-digesting archived samples reduces uncertainty by controlling for analytical bias (Lawrence et al., 2016). All data presented in this paper are from soils analyzed in 2018, i.e., 2001 soil samples were digested in 2018. Mineral soil samples were air-dried and sieved using a 2 mm screen. Prior to analysis, samples were further dried in an oven for 1 week (70°C). Soil pH was determined by glass electrode using an Orion pH meter using 1:2 soil-to-0.01 M CaCl2 solution. Organic matter content was determined by loss on ignition (470°C for 24 h) and calculated as a percent initial weight. Subsamples were ashed for 4 h at 475°C, hot digested with 7.7 N HNO3 for 25 min, filtered through #42 Whatman paper and brought up to 50 ml volume with DI water. Leachates were analyzed in the Cornell Nutrient Analytical Laboratory (3020-Elements in Digest) using an inductively coupled plasma optical emission spectrophotometer (SPECTRO CIROS CCD, Spectro Analytical Instruments, Kleve, Germany). Elemental data are presented as a concentration per dry weight of soil. Mineral soil was analyzed to determine acid soluble Ca, Fe, K, Mg, Mn, Na, P, S, and Ti. Nutrients of Ca, P, and S were used for our analysis because each could be anthropogenically deposited onto the soil surface. For carbon and nitrogen, both archived 2001 and recently sampled 2018 soils were finely ground, homogenized, and dried at 60°C before analysis and analyzed on a Thermo Flash EA 1112 Series NC Soil Analyzer.



Statistical Analysis

The data analysis for this paper was generated using SAS software, Version 9.4 (SAS, 2021). To determine the statistical difference between the years 2001 and 2018, gradient, and the interaction term of year × gradient, PROC GLIMMIX was used. Year was used as the repeated measure or the random factor and the distribution was considered normal. To visualize the differences in soil nutrients and metals among land use, principal component analysis (PCA) using PC-Ord. Correlations and box plots were created at the plot level using R version 3.6.0 software. Since changes could be seen at the plot level, plots were used to create the figures. For all the ANOVA’s, site level data was used to avoid pseudo-replication and artificially increasing statistical power.




RESULTS

To investigate the general patterns of some of the soil nutrient data, principal component analysis (PCA) revealed a separation between urban, suburban, and rural plots using the soil variables Ca, P, S, C, N, SOM, and pH from the 2001 and 2018 soil samples (Figure 2). For 2018, the first factor (PC1) loading on S, C, N, and SOM explained 52% of the variation of the dataset and seemed to separate the suburban from the urban and rural plots. The second factor (PC2) loading on pH and Ca explained 28% of the variation of the dataset and seemed to separate urban from rural plots in 2018. For 2001, the same variables loaded on the same factors (PC1 and PC2), but the variation explained was marginally different at 54% for PC1 and 22% for PC2.
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FIGURE 2. Principal Component Analysis indicates separation of urban, suburban and rural forests plots (n = 36). The soil variables Ca, P, S, C, N, SOM (soil organic matter), and pH were used from 2001 and 2018.


Overall means of Ca concentration, pH, and C:N ratios changed from 2001 to 2018. There were no significant changes for C, N, P, and S over this time period at P < 0.05. Calcium increased 35% (P = 0.01), pH increased 8.7% (P = 0.002), and C:N ratios decreased (P = 0.006) (Table 1). As for the gradient results, Ca, N, P, S, and SOM were significant, meaning that one of the locations along the gradient, i.e., urban, suburban, or rural, was different from the others.


TABLE 1. P values for repeated GLMM (SAS GLIMMIX) where “year” is for the years 2001 and 2018, “gradient” is the urban-rural gradient, and “year × gradient” is the interaction between year and gradient, i.e., urban 2001 versus urban 2018, at the site level (n = 12 sites).

[image: Table 1]
Even though differences were found related to regional effects (temporal differences of soil chemicals) and to local effects (differences along the gradient), there were no significant interactions for any of the variables, i.e., there were no differences at only one part of the gradient between years. In other words, the local effects did not produce an increase of a nutrient between the years at a rate different from another part of the gradient. Two of the three hypotheses were based on change that was supposed to be different for the urban areas compared to the rural areas, but none of those interactions were significant. Even though the data statistically did not support the hypotheses, there were trends.


Calcium and pH Increased After 17 Years

Of all the nutrients, Ca concentration showed the greatest differences between the years 2001 and 2018, with an overall mean increase from 622 ± 112 mg kg–1 in 2001 to 844 ± 154 (P = 0.011). The soil Ca concentration increased, although not statistically significant, from 2001 to 2018 in the urban sites from 932 ± 111 mg kg–1 to 1,238 ± 228 (Figure 3) which is a 33% increase relative to 2001 while the suburban had the greatest percentage jump at 58% followed by 15% increase in the rural sites. The gradient was also significant, where the urban (1,085 ± 131 mg kg–1) was 65% higher than the rural (381 ± 74) (P = 0.019).
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FIGURE 3. Change in eight soil properties between 2001 and 2018 along the urban-rural gradient. Box plots show changes at the plot level (n = 36) separately for rural (R), suburban (S), and urban (U).


The geology of the sites along the gradient may not be completely responsible for this change in Ca (Supplementary Figure 1). The greatest change in Ca between the years is found on gneiss rock type (rural and suburban sites) which is low in Ca, not the gabbro complex (all the urban sites and one suburban site) which is higher in Ca.

Because Ca is tightly coupled with organic matter (Likens et al., 1998), Ca concentrations were normalized to OM (using loss of ignition) which revealed a 1:1 relationship with the rural sites (r2 = 0.75, P = 0.0005) but less so for urban (r2 = 0.079, P = 0.35) and suburban (r2 = 0.23, P = 0.11) sites which show a greater deviation from the 1:1 line (Figure 4). For the urban sites, there is a higher ratio in 2018 than in 2001. Furthermore, there are low regression values between Ca and SOM (Figure 5).
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FIGURE 4. Correlation between surface soil calcium levels in 2001 and 2018. Ca concentrations are normalized by soil organic matter (SOM). Corresponding values are shown at the plot level (n = 36). The relationship is significant in the rural sites (r2 = 0.75, P = 0.0005), but not in the suburban (r2 = 0.23, P = 0.11), and urban (r2 = 0.079, P = 0.35) sites. The dotted line is the 1:1 line.
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FIGURE 5. Summary of all surface soil variables collected in 2001 (_01) and 2018 (_18) at the plot level (n = 36). Diagonal: histograms showing variability of each dataset. Lower left: correlation among all variables. Upper right: Pearson’s correlation coefficient. Significant correlations are in bold; *, **, and *** indicate P: < 0.05. < 0.01, and <0.001, respectively.


To further investigate calcium sources, corresponding concentrations of nutrients from possible sources were examined with the idea that strong relationships between certain elements would imply sources. For example, calcium increased in 2018 from 2001 but there was not a corresponding increase in Mg or S (Supplementary Figure 2). Mg shows a strong 1:1 relationship between the years except for two urban plots. A similar relationship is found between Ca and SO42–.

As soil Ca concentrations increase, Ca replaces H ions on the soil particle surfaces. This relationship is most evident in the urban sites, which accumulated Ca ions and lost H ions (Figure 6A). Urban plots accumulated Ca from 0–275% and correspondingly decreased in H ions from 40–98%. Calcium was correlated with pH in both years, e.g., in 2018, r = 0.85 and in 2001, r = 0.76 (Figure 5). The pH increased from 4.14 ± 0.14 in 2001 to 4.5 ± 0.16 in 2018, representing 8.7% increase in pH reflecting a 56% decrease of H ions (Figure 6B).
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FIGURE 6. Change in surface soil calcium levels and pH in urban, suburban and rural forest patches. (A) Change in Ca and change in H+ concentrations from 2001 to 2018. Points represent plot level data (n = 36). (B) Correlation between soil pH in 2001 and 2018 at the plot level (n = 36). The dotted line is the 1:1 line and the solid line is the regression line.




Sulfur and Phosphorus Concentrations Were Highest in the Suburban Land Use

Sulfur and phosphorus concentrations did not significantly change after 17 years; however, means along the gradient were significantly different. Sulfur and phosphorus had relatively high concentrations in the suburban sites and both were strongly correlated with soil organic matter. For sulfur, the suburban land use type was significantly different than the U and R land use types (P = 0.024), with the concentration of 258 ± 15 mg kg–1 being 24 and 26% higher, respectively. Similarly, for phosphorus, the suburban and rural land use types were significantly higher than the urban (P = 0.019) type at 363 ± 28 and 287 ± 16 mg kg–1, respectively compared to 220 ± 15 mg kg–1. Both P and S are correlated with SOM (Figure 5) so it is not surprising that the change in S and P over the 17 years and the change of SOM over the 17 years are correlated (Figure 7). The distance from the city showed a polynomial fit for both S, P, and SOM (Figures 8A,B,D). For Ca, a log transformation of the data and distance was the best fit (Figure 8C).
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FIGURE 7. Correlation between the change in sulfur (A), phosphorous (B) and the change is soil organic matter from 2001 to 2018. Points represent plot level data (n = 36).
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FIGURE 8. Concentration of some four surface soil characteristics along the urban–rural gradient, expressed as the distance from the city center. Points represent plot-level data (n = 36). Only 2018 data are shown. Equations for S (A), P (B), and SOM (D) represent polynomial best fit, and Ca (C) is represented by linear regression of log-transformed Ca concentration and distance from the city center.




Soil Organic Matter Was Highest in the Suburban Land Use

As with S and P, C and N may be in a steady state, or there is high variability, because concentrations have not changed from 2001 to 2018 (Supplementary Figure 3). There seems to be an overall decrease in carbon, but not statistically significant from 3.9% ± 0.50 to 3.6 ± 0.24, which is also reflected in lower organic matter concentrations from 7.3% ± 0.69 to 6.9 ± 0.41. Nitrogen did not show change at 2.1 g kg–1 for both years. However, even with these stable C and N concentrations between the years, the C:N ratios were statistically significant (P = 0.006) at 17.8 ± 0.56 in 2001 and 16.7 ± 0.47 in 2018 which is a 5.9% decrease in the ratio.

The gradient was statistically significant for N (P = 0.034), where the suburban was approximately 30% higher at 2.7 ± 0.24 g kg–1 than both the urban and rural, 1.8 ± 0.092 and 2.0 ± 0.19 respectively. However, neither C or C:N ratios were significant for the gradient. SOM has lowest concentrations in the urban sites (P = 0.054) compared to suburban, 6.0% ± 0.26 for the urban site which is 45% lower that the suburban sites, 8.7 ± 0.72.




DISCUSSION

Regional and local environmental factors affect soil chemical properties such as nutrient concentrations, soil organic matter, and pH. Over time these factors can create a measurable change in soil conditions along urban-rural environmental gradients (McDonnell and Pickett, 1990). We examined soil properties after two decades along an urban-rural gradient and the results show that surface soil Ca, pH, and C:N ratios are changing over time (Table 1 and Figure 3). The general premise for resampling was the idea that the soils in the urban environment would show measurable change after 17 years via local effects (hypothesis 1 and 3), e.g., urban 2018 would have a higher C, Ca, N, and P concentrations compared to the urban 2001 concentrations, while their rural counterparts would not show any measurable change after only 17 years, and suburban soils fall in the middle. The inference is that these urban environmental pressures would result in relatively rapid changes in soil chemistry. Unfortunately, this was not found to be statistically significant (p < 0.05). The third hypothesis was not confirmed either, meaning that S did not decrease over the years due to decreased regional effects, e.g., atmospheric deposition. While differences between the years were not detected at the urban end of the gradient for these nutrients, it is predicted if current trends continue, clearer patterns and significant differences will emerge. However, along the gradient, P (urban concentration was lower than in suburban and rural sites), S (suburban higher than urban and rural), Ca (urban higher than rural), N (suburban higher than rural) and SOM (suburban higher than urban) were significantly different. The general patterns of the 2001 and 2018 soil concentration data of the PCA analysis showed S, C, N, and SOM separating suburban plots from urban and rural plots; and pH and Ca separating urban and rural plots (Figure 2).


Regional Effect Between the Years

In our study, calcium concentration and pH of surface soils increased and C:N ratio decreased over 17 years. Soil Ca concentrations are a result of native parent materials, acidic deposition, and Ca deposition. A regional effect would be an overall reduction in acidic deposition (mostly from S), while local factors would include Ca deposition (urban dust and construction activities) and S emissions from diesel. Since the pH of the soil is closely linked to the concentration of Ca2+, Mg2+, and other cations, the addition of Ca subsequently raises pH, for example, in Germany, a repeated liming study from 1983 to 2015 increased pH in the mineral soil by 0.3–1.2 pH units (Jansone et al., 2020). We found a pH change at the lower end of that range, an increase of 0.4, suggesting Ca is an important component responsible for this change. The soil pH affects the health and establishment of both flora and fauna, including crop yields, crop suitability, plant nutrient availability, and soil micro-organism activity, which influences key soil processes. For example, soil pH has been shown to be strongly associated with the establishment of invasive vegetation in forest patches (Trammell et al., 2021).

Most previous studies of forest soil in the Atlantic region reveal a decrease of Ca concentrations and pH in the surface horizon (Knoepp and Swank, 1994; Blake et al., 1999; Bailey et al., 2005; Bedison and Johnson, 2010). In the Adirondacks mountains, New York, calcium significantly decreased in surface layer (0–10 cm) from 1932 to 1984 (52 years) and 1932 to 2006 (74 years) (Bedison and Johnson, 2010). Further south in the Allegheny National Forest of Pennsylvania, but still north of the Baltimore sites, from 1967–1997 (30 years), research found significant decreases in exchangeable Ca and Mg concentrations and pH (Bailey et al., 2005). And, finally, sites south of Baltimore, at Coweeta Hydrologic Laboratory in western North Carolina from 1970–1990 (30 years), research showed the A horizon (0–12 cm) decreased in pH, Ca and Mg (Knoepp and Swank, 1994; Table 2). At a higher latitude and different continent, at the Rothamsted Experimental Station, United Kingdom, the pH of the surface soil of Geescroft Wilderness plots (Quercus robur) with a distinct 2–3 cm layer of accumulated litter and little ground vegetation cover had fallen from 6.2 to 3.8 from 1883 to 1991 (108 years) (Blake et al., 1999). A review of soils in North America has shown a general trend of lower pH and Ca values over time (Lawrence et al., 2013). More recent studies, however, have found that the current trend in the Northeastern United States is the increase, not decrease, in pH in the O and B horizons (the surface A horizon was not discussed) suggesting the reversal of forest-soil acidification due to a decrease in sulfate deposition (Lawrence et al., 2015) which supports the recovery of Ca in soils as a regional effect.


TABLE 2. Comparison of retrospective studies investigating soil Ca and pH.
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We acknowledge that change in soil pH might be an artifact of long-term soil storage. There are documented soil storage transformations related to ionic activity and oxidation of organic matter (Bartlett and James, 1980). Prodromou and Pavlatou-Ve (1998) found that the pH for topsoils (0 ± 30 cm) after 20 years of air-dry storage had decreased 0.3 units in soils that were acid to neutral pH. Another study showed stored samples with an original pH < 5.5, which are similar to our soil pH values, from Rothamsted experiments, changed a maximum of only 0.2 units during storage (Blake et al., 1999). Given the range and direction of change, we are confident that an increase of 0.4 pH units reflect actual change in our forest sites.

Even though there were non-significant results of C and N between the years, there was a significant decrease in forest floor C:N ratios as N concentrations generally trended toward an increase. One study in Germany in Scot pine forests found a similar decrease in C:N ratios between 1974 and 2004 in forest surface soils (0–20 cm) as N was enriched at a greater rate compared to C, coupled with base cation losses in the soils. Both of the forests in the German study showed a decrease of the forest floor C:N ratio from 35.4 to 29.2 for one forest and from 36.5 to 23.0 for the other (Prietzel et al., 2006), which were much higher than our values of 17.8 and 2001 and 16.7 and 2018. Contrary to these results, Johnson et al. (2007) found an increase in C:N ratios in Tennessee forest soils due to higher C values and slightly lower N values between 1972 and 2004. The lower N concentrations were not attributed to changes in vegetation or detritus N storage, atmospheric deposition, or leaching, but instead to high variability.

For the nutrients and properties such as S, P, C, N, and SOM that did not change over time, possible explanations include: (1) the soil has reached a steady-state, i.e., these systems are already saturated with a particular nutrient; 92) changes are occurring at slower rates (different rates for different chemical variables) than what can be detected after 17 years; (3) detectable change occur but at a smaller time period, e.g., seasonally or biannually; or finally, (4) the inherent spatial variability is too high as to mask any detectable temporal change.



Local/Urban Effects

Local factors, e.g., site history, local polluting sources, or anthropogenic environmental effects related to urban land uses, could affect sites differently along the gradient. Local effects influenced Ca, N, P, and S, meaning that one of the locations along the gradient, i.e., urban, suburban, or rural, was different from the others. Calcium concentration were higher at the urban sites; sulfur and N were significantly higher in the suburban soils compared to the urban and rural forest soils; and finally, P was lower in the urban forest soils compared to the suburban and rural forest soils.

Calcium is accumulating on forest soils in higher concentrations found in the urban environments compared to the rural. This was expected as earlier results of the same sites showed Ca was correlated with distance from city core (r2 = 0.44, p = 0.0098) (Pouyat et al., 2008). In Baltimore, to establish a gradient on one rock type is very challenging due to differences in geologic types separated by the piedmont and the coastal plain physiographic regions. The parent material is different in our urban-rural gradient with the urban sites underlain by geology higher in base cations, i.e., gabbro, compared to the rural end of the gradient, i.e., gneiss (Pouyat et al., 2009). One study showed that the weathering rinds of gabbro contained about 10 times more CaO than granite, 8.7% compared to 0.81%, respectively (Fritz, 1988), which may confound the gradient results.

Ca bulk and throughfall deposition (Lovett et al., 2000; Juknys et al., 2007) as well as road dust samples (Apeagyei et al., 2011) have been shown to be higher in urban areas compared to rural. This was supported in a separate study in Baltimore that found riparian samples were higher in Ca closer to the mouth of the watershed/city center compared to the rural end of the watershed (Bain et al., 2012). Also, this was reflected in Baltimore and Philadelphia forest sites where the urban sites had elevated calcium compared to reference forest soils (Sonti et al., 2019). However, there are other explanations for soil Ca concentrations, for example, for forest plots across northern Delaware and southeastern Pennsylvania, plant invasion and site history explained soil Ca trends better than urban metrics and parent material (Trammell et al., 2021).

For those studies that have higher Ca concentrations in the urban sites, atmospheric deposition enriched in Ca-rich dust from concrete and wallboard may be a source (Kuang et al., 2004; Nath et al., 2007). Cement which is composed of 60–65% lime (CaO) and only trace amounts of Mg and S may be a main source because there was no relationship between Ca and Mg or S (Supplementary Figure 3). Similarly, Bain et al. (2012) found that high Ca levels independent of Mg or S concentrations indicated a substantial input of relatively pure Ca to Baltimore riparian sediments associated with urban areas. However, because of this weak relationship with Mg, parent material may not be a major source of Ca.

In Adirondack forest soils, OM was correlated with Ca (Likens et al., 1998) and any change in OM status affected Ca concentrations. In our study, Ca is decoupled from OM in both the urban and suburban forests, which suggest that leaf litter and organic matter accumulation are not a strong driver of this change (Figure 4). While forest age and dominant tree species composition were controlled in the experimental design, the relative abundance of tree species varies by site and by plot. Tree species take up varying concentrations of nutrients in leaf tissue, e.g., Liriodendron tulipifera has high Ca (White et al., 1988; Ma et al., 2014) compared than Quercus spp., and the deposition of these leaves on the soil surface will have an effect on the nutrient concentration of the soil. Along the same line, vegetation change (Templeton et al., 2019), dieback and replacement may have occurred, affecting soil chemical properties locally.

The local effect on sulfur was greatest in the suburban sites. The gradient was significant because the suburban sites had higher concentrations of S relative to urban and rural sites. One possible reason is that the suburban sites had higher organic matter concentrations relative to the urban because the cycles of S are closely linked to organic matter (Scherer, 2009; Kovar and Grant, 2011) mediated by microorganisms (McGill and Cole, 1981). Organic sulfur can make up more than 90% of forest soil sulfur (Bettany et al., 1973; Schindler et al., 1986). Soils can retain and adsorb 48 to 61% of the deposited sulfate (Dail and Fitzgerald, 1999; Cai, 2010), and lower soil pH values have been shown to increase the adsorption sulfates in the soil (Chao et al., 1964). For our soils, pH was not correlated to sulfur which may indicate that, overall, the soil pH for the forest plots were not low enough to have a bearing on the adsorption of sulfate. Even though average traffic counts are slightly lower in the suburban sites compared to the urban sites [46,676 to 49,463 vehicles day–1, respectively (Pouyat et al., 2008)], the higher SOM concentrations may retain more of the S released from diesel fuel in the local area. It wasn’t until after 2010 that the EPA required all highway diesel vehicles to use Ultra Low Sulfur Diesel fuel (EPA, 2022).

Phosphorus concentrations were found to be the lowest in the urban sites. In oak forests along an urban-rural gradient in the New York City metropolitan region, rural sites had four times the amount of extractable phosphorus than urban sites, 100 mg kg–1 compared to 23 mg kg–1, respectively (suburban was not reported) (Baxter et al., 2002). The authors suggest the local effects of earthworm presence in the urban sites and not in the rural sites, and difference in litter quality explain the results. These trends of lower concentrations in urban than in rural agree with our study, although we acknowledge that different forms of P were extracted in the two studies. Another study in China investigated an urban rural gradient that contained two types of forest: (1) conifer and broadleaf mixed forest, and (2) evergreen and broadleaf forest (Chen et al., 2010b). For the conifer and broadleaf mixed forest, the total extracted phosphorus at the urban end of the gradient was 300 mg kg–1, suburban 100 mg kg–1, and rural 110 mg kg–1 with the urban being the highest. For the evergreen and broadleaf forest, the concentrations were 410, 75, and 110 mg kg–1 for urban, suburban, and rural sites, respectively. The authors attribute imported food, and various anthropogenic waste deposits to the high P concentrations at the urban end of the gradient. Contrary to that study, our gradient results show lower concentrations in the urban (220 mg kg–1) and higher for the suburban and rural (363, and 287 mg kg–1, respectively).

The top three 2018 plots (3–5 plots per site) for P content in our dataset were in three suburban sites: two plots in Lake Roland, and one plot in Druid Ridge Cemetery. The Lake Roland plots were downhill of a residential area where there appeared to be some domestic dumping, and Druid Ridge Cemetery showed evidence of dumping of various organic and inorganic materials. Nine of the top 13 plots with the highest P concentrations for 2018 reside on the Baltimore gneiss rock type which, strangely enough, does not contain high levels of P indicating that P is primarily of anthropogenic origin. Plots were selected that were not affected by the forest edge and therefore away from dumping, but it is inherently hard to avoid anthropogenic artifacts and disturbance in urban areas.

Soil organic matter concentrations were significant along the gradient with the highest value in the suburban sites. For SOM, a possible explanation for the higher suburban OM is higher plant productivity due to mild heat island effects while maintaining intermediate OM decay rates relative to urban and rural soils (Trammell et al., 2017). A study investigating the interior forest soils under American beech (Fagus grandifolia) and tulip poplar (Liriodendron tulipifera) along an urban-rural gradient in Newark, DE, found the suburban plots had higher OM percentages of approximately 8.7 ± 1 compared to the urban end of the gradient at approximately 5.0 ± 0.9 for urban (Rosier et al., 2021). These numbers are surprising close to our numbers of 8.7 ± 0.72 for the suburban and 6.0 ± 0.26 for the urban. It would be expected that SOM and C are correlated (r2 = 0.79 for both 2001 and 2018 at the plot level), so it was surprising that C was not statistically significant.

In line with our study results, urban-rural gradient studies have shown no difference in C along the gradient; for example, Pouyat and Carreiro (2003) did not find a significant difference even though there was a possible trend where urban had a higher soil C concentration compared to suburban and rural, 6.5 ± 0.9 g kg–1, 4.7 ± 0.3, and 5.1 ± 0.9, respectively. Baltimore values compared to New York values were much higher at 32 ± 1.3, 47 ± 6.4, and 32 ± 2.8 g kg–1, for urban, suburban, and rural, respectively. Our higher suburban values were also similar to another study that found higher suburban soil C values, even though high variability did not produce significant results for their study (Chen et al., 2010a).

As for total N, higher concentrations of nitrogen were found in the suburban sites (42% higher than both urban and rural) similar to Chen et al. (2010a) which found 58% higher concentrations (than both urban and rural). Our results may be related to high organic matter concentrations. However, other studies have shown that total soil N pools are related to elevated atmospheric N deposition in urban areas, for example, for a gradient in New York, the rural sites trended lower at 0.21 g kg–1 compared to the urban sites of 0.29 g kg–1 (Pouyat et al., 1995). While other results show the opposite, where the total N in rural sites (0.27 g kg–1) were higher than the urban sites (0.21 g kg–1) (Huang et al., 2012). Both of these studies have lower total N concentrations to our sites with a range of 1.9 to 2.7 g kg–1.




CONCLUSION

We examined patterns of soil properties in multiple dimensions: spatially, i.e., along and urban-rural gradient, and temporally, i.e., the change of these properties over two decades. Local (1 km and street) and regional (5–50 km) effects influenced the change of pH, Ca concentrations, and C:N ratios in Baltimore forest soils after only 17 years. Local effects influenced Ca, N, P, and S, meaning that one of the locations along the gradient, i.e., urban, suburban, or rural, was different from the others. Sulfur and N were significantly higher in the suburban soils and P was lower in the urban forest soils compared to the suburban and rural forest soils. Increased Ca concentrations and soil pH values are especially notable because these properties affect biogeochemical processes, plant community structure and productivity, and soil bacterial, fungal, and faunal assemblages. Some trends in relation to changes may become clearer over time. Future work that includes additional data collection, such as fine scale atmospheric deposition data, as well as detailed assessment of soil carbon forms and fluxes, will provide insight to the mechanisms of these spatio-temporal patterns. Knowing the direction and magnitude of change, these forest systems can be more efficiently managed.
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