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Tropical montane forests store large amounts of carbon (C), nitrogen (N), and phosphorus (P) in soil. These soil C, N, and P pools are vulnerable to increased losses due to the increasing local temperatures. To gain better insight into the effects of climate warming on biogeochemistry in montane forests in Africa, we established study plots along a natural climate gradient in Uganda between 1,250 and 3,000 m in the Rwenzori Mountains. We studied soil C, N, and P contents as well as 13C and 15N isotopic compositions and leaf nutrient contents. Further, we simulated climate warming by 0.9°C–2.8°C for 2 years by conducting in situ soil mesocosms translocation downslope. The results revealed that, along the elevational gradient, soil organic C increased six-fold from 2.6 ± 1.0% at 1,250–1,300 m to 16.0 ± 1.9% at 2,700–3,000 m, with a linear increase of 0.94% per 100 m of elevation increase. Similarly, soil total N increased five-fold, from 0.3 ± 0.1% to 1.3 ± 0.1%, with a linear increase of 0.07% per 100 m of elevation increase. Further, soil bio-available P increased three-fold, from 9.6 ± 5.2 mg kg−1 to 29.5 ± 3.0 mg kg−1, with a linear increase of 1.4 mg kg−1 per 100 m of elevation increase. Soil δ15N decreased linearly by 0.39‰ per 100 m of elevation increase, ranging from 8.9 ± 0.2‰ to 2.9 ± 0.7‰ at 1,250–1,300 m and 2,700–3,000 m, respectively. The accumulation of soil organic C and total N with elevation is due to slow microbial activity under lower temperature. Indeed, the soil δ15N indicated a more closed N cycling with increasing elevation. However, despite the increasing trend in soil C and nutrient status with elevation, leaf N and P contents decreased linearly with elevation. This is likely due to the impairment of nutrient uptake under low temperature and low pH. In addition, following 2 years of in situ soil warming, we found that the soil δ13C and δ15N values relatively increased. Generally, the results imply that warming triggered accelerated transformation processes of accrued soil organic matter.
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Introduction

Tropical forests are highly productive ecosystems, storing 25% of the terrestrial carbon (C) (1, 2), and harbor 96% of the world’s estimated 45,000 tree species (3). As such, they are important for global biodiversity and biogeochemical cycles (4, 5). However, these ecosystems are strongly threatened by global change, especially increasing global temperature and land use change (6). The current climate warming in the tropics—exacerbated by land use changes—has far-reaching consequences for biodiversity, ecosystem functioning and services, impacting both local and global populations (7). Moreover, unexpectedly, tropical montane forests, previously not considered to be vulnerable to land use change, have recently been subjected to high deforestation rates for conversion to agriculture. For instance, between the year 2014 and 2018, agricultural expansion at the expense of montane forests caused warming of up to 0.05 ± 0.01°C in the Albertine rift mountains of Africa, and warming of up to 2°C occurs under extensive deforestation (6). Such environmental factors are likely to change at high rates (8) and dramatically alter the cycling of C, nitrogen (N), and phosphorus (P), some of the key elements that support terrestrial ecosystems.

Globally, about 1,500 Pg of C and 136 Pg of N are stored in the uppermost meter of the soil layer, representing the largest terrestrial C and N pools (9, 10). However, these soil C and N pools are being lost due to climate warming and land use change involving deforestation of natural vegetation (i.e., indigenous forests, woodlands, and wetlands) for conversion to agricultural land (11). It is hypothesized that over the next 50–100 years, such climate warming due to anthropogenically induced production of greenhouse gases will increase global temperature by 2°C–5°C and up to 4°C–8°C in montane regions (12, 13). The increase in temperature leads to accelerated mineralization of accrued C and N in soil (14). Montane forests store particularly large amounts of accrued and partly undecomposed C in the soil (15–17). As such, if these ecosystems undergo warming, then large amounts of C stored in the soil can quickly be released into the atmosphere, potentially resulting in a strong warming positive feedback (12). Despite imminent threats of anthropogenically induced climate warming in Afromontane regions, there is still uncertainty on how these ecosystems will respond to such changes. Underlying this uncertainty is our limited understanding of how biogeochemical cycles and ecosystem dynamics will change. Elevational gradient transects can act as a long-term environmental gradients (18). As such, applying a short-term experimental warming superposed on this longer-term existing climate gradient along elevations might elucidate how soils and their biogeochemical cycles will respond to a century of rapid warming.

Therefore, to gain insight into the response of soil chemical properties along environmental gradients, we investigated: (i) present-day topsoil C, N, and P contents along a long-term climate gradient in Afromontane elevational gradient; (ii) the corroborating leaf N and P status along the elevational gradient; and (iii) response of soil properties to short-term experimental in situ warming by 0.9°C–2.8°C following an in situ soil mesocosm transplant downslope for a period of 2 years.



Materials and methods


Study area and general setup

The Rwenzori Mountains National Park is located at the border between the Democratic Republic of the Congo and Uganda at latitudes of 0°06′ south and 0°46′ north and longitudes of 29°47′ west and 30°11′ east, covering nearly 1,000 km2. Because of its fragile montane ecosystem, species biodiversity, and endemism, it received a National Park status in 1991 and also was recognized as a world heritage site by the United Nations Scientific, Educational and Cultural Organization (UNESCO) in 1994. The region experiences a moist tropical climate, locally affected by altitude and topography. Annual rainfall varies with elevation, with the heaviest amounts on the eastern slope. Recent rainfall data from the Uganda Wildlife Authority from 2012 to 2015 showed mean annual rainfall ranging between 1,570 ± 334 mm at 1,760 m and 1,806 ± 322 mm at 4,230 m (all elevations refer to above sea level (a.s.l.)).

On the lower foot of the Rwenzori Mountains is the Kibale Forest National Park, located in the Kabarole and Kamwenge districts of western Uganda, covering 795 km². Kibale Forest National Park forms the premontane part of the studied elevational gradient at elevation between 1,250 and 1,300 m. The southern end of this park lies on the floor of the Albertine rift system. The climate is moist tropical and temperatures stay nearly the same almost year-round as it is close to the equator. Recent temperature data recorded using thermocron iButton sensors DS1921G-F5 (iButton, Thermocron Baulkham Hills, Australia), installed at 5-cm soil depth from November 2017 to August 2019, show an average temperature of 19.5°C in the park (Figure 1). The average annual rainfall is 1,365 ± 53 mm and the average air temperature is 27.8 ± 0.74°C (data from 1992 to 2012, Kyembogo weather station in Kabarole district located 20 km from the park, at elevation of 1,400 m, Ministry of Water and Environment). Dominant tree species and soil type for different altitudes in the Rwenzori mountains and the Kibale Forest National Park are listed in Table 1.




Figure 1 | The height profile of the Rwenzori elevational gradient starting from nearby premontane Kibale Forest National Park (1,250–1,300 m a.s.l.) onto the Rwenzori Mountains National Park (1,750–3,000 m a.s.l.). Mean annual in situ temperatures for each of the five elevation clusters are indicated. The setup of in situ warming through downslope translocation of soil cores to the immediate lower elevation cluster is illustrated on the left side of the scheme. Different colors on the elevation axis represent the color code for each elevation cluster throughout the manuscript.




Table 1 | Elevation clusters for the studied plots in the east-facing slope of Rwenzori mountains, extending to Kibale Forest National Park, ranging from premontane forest to upper montane forest with major soil type and dominant tree species.



To study soil and leaf chemistry under a long-term climate gradient, coupled with the changes in soil chemical properties following short-term experimental warming, we established 20 permanent sample plots. The plots were established along an elevational gradient from Kibale Forest National Park at 1,250 m to 3,000 m in the Rwenzori Mountains. In each of five elevation clusters, four replicated sample plots were established in close proximity within similar environmental conditions. Each permanent sample plot measures 40 m by 40 m. Four permanent sample plots are located in the premontane Kibale Forest National Park, and a total of 16 permanent sample plots (four at each elevation cluster) are located at different elevation clusters in the Rwenzori Mountains National Park (Table 1, Figure 1). The plots were established in mostly undisturbed and closed-canopy forests, although plots 1 and 2 showed signs of disturbance, likely from landslides.



Topsoil physicochemical properties

A plot-level composite soil sample was collected by taking one sample from each of the four 20 m by 20 m sub-plots within each permanent sample plot. Subsequently, the samples were homogenized. Soil sampling was done for the top 30-cm depth. The collected composite soil samples were oven-dried at 60°C for 3 days and after sieved through 2-mm mesh size. Roots were manually removed and the samples were ground. Subsequently, the C, total N contents, and δ15N stable isotope composition were determined using an elemental analyzer (automated nitrogen carbon analyzer; ANCA-SL, SerCon, Cheshire, UK), coupled to an isotope ratios mass spectrometer (IRMS; 20-20, SerCon, Cheshire, UK). For mineral N determination, mineral N (ammonium and nitrate) was extracted by shaking 5 g of dried soil with 20 ml of 0.5 M KCl (1:5 w/v) at 125 rotations per minute for 2 h. The solution was filtered, and mineral N concentration in the filtrate was measured using continuous flow autoanalyzer (Skalar Inc., The Netherlands).

Soil bio-available P was determined using the anion exchange membrane resin strip method (19). Resin strips were first activated by immersing in 500 ml of 0.5 M NaHCO3 (pH 8.5) for 1 h for regeneration into the bicarbonate form. This process was repeated four times using fresh solution of 0.5 M NaHCO3. P was extracted from dried soil by shaking 1 g of sample and two pre-activated resin membranes in 30 ml of deionized water, end over end, for 16 h at room temperature. The resin strips were then removed, and P retained was extracted by shaking the resin strips in 20 ml of 0.5 M HCl, end over end, for 16 h. Finally, soil bio-available P was determined using the standard phosphate calorimetric kit, and the absorbance was measured using a UV 1600 PC spectrophotometer, USA, at 650-nm wavelength. All samples were replicated three times.

To measure soil pH, 5 ml of the oven-dried soil was brought into suspension with 25 ml of 1 M KCl (1:5 v/v) and shaken end-over-end for 1 h. Subsequently, the suspension was left to settle for 2 h, and then, soil pH was measured in the supernatant using a pH glass electrode, model 920A, Orion, England.

To determine the bulk density of the soil, the soil samples were collected from the permanent sample plots using Kopecky ring of 100 cm3 by volume. The total fresh weight of the sample was then recorded, and after, a sub-sample of about 20 g was oven-dried at 105°C for 24 h, and dry weight was taken. From the obtained dry weight of the sub-sample, the dry weight of the entire soil volume in the Kopecky ring was calculated. Finally, the bulk density was calculated as mass of oven-dried soil divided by the total volume of the soil sample.



Leaf C, N, and δ15N

To determine leaf N and P, we collected 10 fully expanded and intact sun-lit leaves from at least three individual trees per species per plot. The leaves were sampled from dominant tree species that make up at least 50% of the cumulative basal area per elevation cluster. For each selected species per plot, a minimum of three individual trees were sampled as replicates. The leaves were air-dried and later oven-dried at 60°C for 48 h, and the dry mass was determined. The leaves were then ground, and subsequently, C and N contents and δ15N stable isotope composition of leaf samples were analyzed using elemental analyzer (automated nitrogen carbon analyzer; ANCA-SL, SerCon, Cheshire, UK), coupled to IRMS (20-20, SerCon, Cheshire, UK).

For determination of the leaf P content, the ground leaf of each sample was dry-ashed at 550°C for 5.5 h. The ash was dissolved in 2M HCl solution and subsequently filtered through a P-free filter paper. Total P was determined from the filtrate by atomic absorption spectroscopy method no. G-103-93 Rev.2 (Multitest MT7/MT8) (20).

For each tree species considered in a plot, weighted average of the basal area contributions relative to total basal area of the plot was used to transform the leaf traits into community-weighted values (21). The community weighted mean for each trait was assumed to equal the sum of weighted basal area contributions for each species considered in the plot divided by number of species considered:

	

where:

w  is the community weighted mean value for trait x;

wi is the basal area fractions of species I;

xi is the mean value of trait x for species I;

N is the number of species.



Soil mesocosm transplants for short-term soil warming study

To experimentally simulate short-term climate warming and assess the response of topsoil (0–10 cm) C, N, and P, and soil pH, in each permanent sample plot, we transplanted intact soil cores of 16-cm diameter by 25-cm length. These soil cores were taken using a metallic soil corer in which a plastic Polyvinyl chloride (PVC) tube of 16-cm diameter by 25-cm length was inserted to collect the intact soil mesocosms. In each plot, four soil mesocosms were transplanted within the same plot (control) and another four were translocated to the plot of lower elevation cluster (warmed). This means that the highest elevation cluster did not receive translocated soil cores from another site and therefore only had a total of 16 controlled soil mesocosms but had soil cores translocated to the lower elevation cluster below it. On the other hand, the lowest elevation cluster only received the 16 soil transplants from the elevation cluster above it, whereas no cores of the cluster itself were translocated. Each cluster therefore had a total of 16 warmed and 16 control soil cores, except the lowest cluster that had no warmed soil transplants. The schematic display of the soil warming experiment by downslope translocation with average annual in situ soil temperatures at 5-cm depth is shown in Figure 1.

After 2 years of in situ incubation of both control and warmed soil cores, the soil cores were collected. The top 10 cm of the soil samples were collected for determination of C, N, and P contents, soil pH, and C and N isotope compositions. The four plot-level soil mesocosm transplants of the same treatment were homogenized. Therefore, in each elevation cluster, a total of four replicated composite samples per treatment were used. The homogenized soil samples were air-dried, after sieved through 2-mm mesh size. Roots were manually removed, and the samples were ground. Subsequently, the C, N, and P contents, as well as δ13C and δ15N stable isotope compositions, were determined as described above. The soil mesocosms that were translocated from higher to lower elevation clusters were warmed by about 0.9°C to 2.8°C on average for 2 years (Figure 1).



Data analysis

To determine whether there was a difference in topsoil physicochemical properties and leaf chemistry along the elevational gradient, we grouped the permanent sample plots into five elevation clusters (Table 1), with each elevational cluster consisting of four nearby study plots within similar elevations and environmental conditions. We employed analysis of variance (ANOVA) to check differences in mean of the studied variables among the five elevation clusters in the study transect. Subsequently, post hoc analysis for multiple comparisons was performed using the Tukey’s honest significance test to explicitly reveal which clusters differ from each other. We used quantile–quantile and residual plots to check that data followed assumptions of ANOVA.

In addition, we checked whether elevational change had an effect on the selected parameters in topsoil and leaf chemistry. Here, we used the linear mixed effect model regression “lme4” package in R software, in which the studied variables along the elevational gradient were predicted using elevation as a fixed effect and elevational cluster as a random effect, to control for spatial clustering of plots within a cluster. In this approach, we used type III ANOVA with Satterthwaite’s approximation method in the linear mixed effect model to estimate the P-values. In each linear mixed effect model, both marginal and conditional R-square values (  and  , respectively) were obtained following Nakagawa and Schielzeth (22).

To assess the effect of short-term soil warming on C, N, and P and soil pH at each elevation cluster, we performed a non-parametric Wilcoxon test to compare control and warmed soil mesocosm per elevation cluster. In addition, to check the relative change in the studied variables along the elevational gradient, we fitted a linear mixed effect regression for control and warmed treatments. All data were analyzed using R software version R 3.5.1 (R core development team, 2018), using a 95% confidence interval.




Results


Baseline soil parameters

The soil organic carbon (SOC) content increased along the elevational gradient from 2.6 ± 0.1% at lowest elevation cluster of 1,250–1,300 m to 16.0 ± 1.9% at the highest elevation cluster of 2,700–3,000 m (SI Table 1). Further, the SOC increased linearly by 0.94 ± 0.10% per 100 m of elevation increase ( = 0:86, P = 0.003; Figure 2A, Table 2). Similarly, soil total N increased along the elevational gradient from 0.3 ± 0.1% at 1,250–1,300 m to 1.3 ± 0.1% at 2,700–3,000 m (SI Table 1). Soil total N linearly increased at a rate of 0.07 ± 0.01% per 100 m of elevation increase ( = 0:87, P < 0.001; Figure 2B, Table 2). On the other hand, soil mineral N showed no variability along the elevational gradient, ranging between 63.2 ± 10.9 mg kg−1 and 84.0 ± 8.1 mg kg−1 (P = 0.115; Figure 2C, Table 2, SI Table 1). In addition, soil bio-available P showed the highest value of 29.5 ± 3.1 mg kg−1 at 2,700–3,000 m and lowest value of 9.6 ± 5.2 mg kg−1 at 1,250–1,300 m (SI Table 1). Along the elevational gradient, bio-available P increased linearly by 1.4 ± 0.00 mg kg−1 per 100 m of elevation increase ( = 0:60, P < 0.001; Figure 2D, Table 2).




Figure 2 | Fixed effect estimates of elevation (per 100-m elevation increase) for topsoil physicochemical properties: soil organic carbon (SOC) (A), soil total nitrogen (STN) (B), soil mineral nitrogen (C), soil resin phosphorus (Presin) (D), soil δ15N (E), soil C:N (F), soil pH-KCl (G), and soil bulk density (H). The slope of the linear mixed effect model estimates per 100 m of elevation increase is indicated (black solid line for a significant effect and black dashed line for no significant effect), as well as the marginal R2  , representing the fraction of the response variable explained by elevation. Plots from montane forest clusters (from 1,750 to 3,000 m a.s.l.) were compared with a nearby premontane forest (separated by vertical dashed line) at an elevation of 1,250–1,300 m a.s.l.




Table 2 | Fixed effect estimates of elevation (per 100 m) for response variables; soil organic carbon (SOC), soil total nitrogen (STN), soil mineral N, soil bio-available P (Presin), soil δ15N, soil C:N, leaf N, leaf P, leaf N:P, leaf C:N, soil pH and soil bulk density (BD) with associated standard error (SE), P-value, marginal coefficient of determination  , and conditional coefficient of determination  .



On the other hand, soil δ15N showed the highest value of 8.9 ± 0.2‰ at 1,250–1,300 m and declined to values between 7.4 ± 1.0 to 4.1 ± 0.4‰ at mid-elevations between 1,750 and 2,500 m, and the lowest value of 2.9 ± 0.7‰ at 2,700–3,000 m (SI Table 1). Soil δ15N decreased linearly by 0.4 ± 0.1‰ per 100 m of elevation increase ( = 0:83, P < 0.001; Figure 2E, Table 2). Further, the ratio of soil carbon-to-nitrogen (C:N) showed higher values of 12.0 ± 1.1 to 12.5 ± 0.7 from 2,000 to 3,000 m and lower values of 9.2 to 9.7 from 1,250 to 1,750 m (SI Table 1). Along the elevational gradient, soil C:N increased linearly by 0.3 ± 0.1 per 100 m of elevation increase ( = 0:66, P < 0.001; Figure 2F, Table 2).

Furthermore, soil pH showed the highest value of 5.4 ± 0.3 at 1,250–1,300 m and decreased to values of ca. 4.0 ± 0.1 in mid-montane forest at elevation clusters of 1,750–2,200 m, which further decreased to the lowest value between 3.6 ± 0.1 and 3.4 ± 0.2 at elevation clusters of 2,500–3,000 m (SI Table 1). Soil pH decreased linearly by 0.13 ± 0.02 per 100 m of elevation increase (P < 0.001; Figure 2G, Table 2). Finally, soil bulk density decreased along the elevational transect, with highest value of 1,039 ± 93 kg m−3 at 1,250–1,300 m, which decreased to 769 ± 129 kg m−3 at 1,750–1,850 m, and the lowest values ranging from 513 ± 67 to 448 ± 76 kg m−3 between elevation clusters of 2,000–3,000 m (SI Table 1). Soil bulk density decreased linearly by 41 ± 7 ± 6.82 kg m−3 per 100 m of elevation increase (P < 0.001; Figure 2H, Table 2).



Forest leaf chemistry

Leaf N decreased along the elevational gradient, with a higher value of 3.4 ± 0.0% at 1,750–1,850, and decreased to 2.7 ± 0.1% at 1,250–1,300 m and 2.4 ± 0.1% at 2,000–2,200 m, and decreased further to values between 1.9 ± 0.3% and 1.6 ± 0.1% between 2,500 and 3,000 m (SI Table 1). Leaf N decreased linearly by 0.11 ± 0.04% per 100 m of elevation increase (P < 0.001; Figure 3A, Table 2). Meanwhile, leaf P decreased along the elevational gradient, with the highest value of 0.3 ± 0.0 mg g−1 at 1,750–1,850 m, and decreased to 0.2 ± 0.0 mg g−1 at 1,250–1,300 and 2,000–2,200 m, and the lowest value of 0.1 ± 0.0 mg g−1 at 2,700–3,000 m (SI Table 1). Leaf P decreased linearly by 0.02 mg g−1 per 100 m of elevation change (P < 0.001; Figure 3B, Table 2). Further, leaf N:P varied when comparing premontane forest cluster at elevation of 1,250–1,300 m with the rest of the higher elevation clusters from elevation of 1,750–3,000 m (P < 0.001; Figure 3C, SI Table 1). In addition, leaf δ15N decreased from 6.1 ± 0.2‰ at 1,250–1,300 m to 3.5 ± 0.5‰ at 1,750–1,850 m and continued to decrease from elevation cluster of 2,000–3,000 m (SI Table 1). Leaf δ15N tended to decrease linearly by 0.36 ± 0.06‰ per 100 m of elevation increase (P = 0.08; Figure 3D, Table 2). Finally, leaf C:N ratio increased with elevation, with the highest value of 30.7 ± 2.6‰ at the highest elevation cluster of 2,700–3,000 m and the lowest values between 13.7 ± 0.04‰ and 17.2 ± 0.8‰ at elevation clusters between 1,250 and 1,800 m (SI Table 1). Leaf C:N linearly increased by 1.1 ± 0.3 per 100 m of elevation change (P < 0.001; Figure 3E, Table 2).




Figure 3 | Fixed effect estimates of elevation (per 100-m elevation increase) for response parameters: leaf N (A), leaf P (B), leaf N:P (C), leaf δ15N (D), and leaf C:N (E). The slope of the linear mixed effect model estimates per 100 m of elevation increase is indicated (black solid line for a significant effect and black dashed line for no significant effect), as well as the marginal   , representing the fraction of the response variable explained by elevation. Plots from montane forest clusters (from 1,750 to 3,000 m a.s.l.) were compared with a nearby premontane forest (separated by vertical dashed line) at an elevation of 1,250–1,300 m a.s.l. .





Effect of in situ soil warming on soil chemical properties

After about 2 years of in situ soil warming, SOC, δ13C, total N, δ15N, bio-available P, and pH were assessed in both control and warmed soil. At each elevation cluster no significant difference in the measured soil chemical properties was detected, except for soil pH at 2,500–2,600 m (SI Table 2). However, along the entire elevational gradient, the linear mixed effect model regression generally revealed a trend that warmed soil tended to have relatively lower SOC, total N, and resin P (except at 2,700–3,000 m, where it was the reverse) (Table 3, Figures 4A, C, E, respectively). In addition, warmed soil showed relatively higher enrichment in both soil δ13C and δ15N relative to control (Table 3, Figures 4B, D, respectively). Similarly, soil pH was relatively higher in warmed soil as compared with control (Figure 4F, Table 3).


Table 3 | Fixed effect estimates of elevation (per 100 m) following in situ soil warming for response variables: organic carbon (SOC), δ13C-SOC, soil total nitrogen (STN), δ15N, bio-available P (Presin), and pH.






Discussion


Present-day C, N, and P status along elevational gradient

The increase of SOC and total N with elevation reported in our study is consistent with findings from other elevational gradients in montane forests (15–17, 23). SOC accumulation along elevational gradient occurs due to the slower decomposer activities under colder conditions at higher elevations as compared with lower elevations (24, 25), resulting in C and N buildup in organic matter (26). In addition, C buildup with increasing elevation is partly attributed to increasing C:N of organic matter, indicating presence of more N depleted substrate with increasing elevation, possibly giving declined mineralization rates (27, 28). Furthermore, the observed decrease in soil pH along the elevational gradient favors organic C accumulation (29, 30). Although the increasing trend in SOC and soil total N content with elevation corroborates findings from a number of elevational transect studies (15–17, 31), other authors have found no relation between SOC and elevation (32, 33). The variations suggest significant influence of local environment in terms of climate, soil properties, and vegetation composition on C and N cycling. Mineral N showed no variation along the transect, despite the increasing trend in total N, indicating accumulation of organic N in mature forest ecosystem (14). Some mature forest ecosystems exhibit a closed N cycle, as such only a minimal portion of the accumulated total N (less than 1%) is released annually (14).

In support of more conservative nutrient cycling in montane forests, soil δ15N revealed a negative relationship with elevation, suggesting a more open N cycle (i.e., relatively more N losses) at lower elevations as compared with higher elevations. Several studies have indicated soil δ15N as proxy for N availability, where higher δ15N values indicate higher relative rates of gross mineralization, nitrification, denitrification, and   leaching (34, 35). Ecosystems with more conservative N cycling show less N losses (e.g.,   and gaseous N) that are depleted in 15N (34, 36). Hence, upon an acceleration of the N cycle, soil δ15N increases because 15N-depleted N species are lost from the ecosystem (37). In agreement with this study, several authors reported decreasing δ15N values with increasing elevation and decreasing mean annual temperature (26, 34, 38, 39). Generally, lower elevation sites are characterized by low C:N ratio and high δ15N values. To the contrary, higher elevation sites are characterized by higher C:N ratio and low δ15N. These results indicates that colder higher elevation sites have developed a more closed, conservative N cycle in comparison to lower elevation sites (35).

Our observation of increasing bio-available P with elevation corroborates results reported by Tan and Wang (32). Low bio-available P at low elevation is likely due to depletion of primary minerals due to acidification (40). This is likely coupled with elevated fixation of P by aluminum and iron, which are common in highly weathered soils (41, 42). At the premontane forest, the lowest bio-available P was detected likely due to P fixation by aluminum complexation (which peaks at pH of 5.5). As pH drops below 5.5 along the elevational gradient, soil bio-available P increases as pH decrease was not sufficient to cause second high fixation from iron complexation (which peaks at pH 3.5) (43).

Our result revealed that both leaf N and P decrease with elevation despite the observed increase in soil-bio-available P and similar mineral N status along the transect. The decrease in leaf N and P status can be explained by increasing stress conditions such as declining soil pH and temperature along the elevational gradient. Low temperature has been shown to cause remarkable decrease in soil nutrient uptake by plants (44). Similarly, nutrient contents in plants decrease with decreasing soil pH (45, 46). Further, the contradictory trend in leaf N and P with soil N and P along elevation is likely associated to change in plant species from a more acquisitive to a more conservative species (47). In addition, the leaf N:P had no trend along the elevational gradient but revealed a significant decline when comparing premontane forest with montane forest (SI Table 1). For these two groups, the leaf N:P ratio suggests that plants incorporated more P than N in montane forest compared with premontane forest, hence indicating lower P relative to N availability in premontane forest as compared with montane forest. The lack of significant linear trend in leaf N:P along the elevational gradient is consistent with some elevational transect studies (48, 49). Further, leaf C:N decreased along the elevational gradient in a similar trend with soil C:N. This indicates that leaf litter is driving C:N in the topsoil. As such, leaf nutrient composition influences soil nutrient composition (50, 51). Similarly, leaf δ15N tended to decrease with elevation in a similar trend with soil δ15N. Leaf δ15N clearly reflected the isotopic signature of the source pools of N, indicating that plants draw N from a pool with δ15N signature similar to the bulk isotopic signature in the soil (52).



Effect of in situ warming on soil chemical properties

Comparisons of control and warmed treatment (2 years, ca. 0.9°C–2.8°C) for each elevation cluster revealed no significant differences, although warmed soil tended to have lower SOC and nutrient contents. The lack of significant difference may be due to the short warming period of the experiment. In addition, high spatial variability in samples (due to variation in slopes and aspects) often precludes powerful statistical tests for small treatment effects (53), as is usually the case in warming experiments. Further, warming may result in a trade-off effects on soil organic C and nutrient contents. For instance increased mineralization rates upon warming are expected to reduce organic C and increase soil mineral N and P contents. Similarly, higher input and turnover of more nutrient-rich litter at lower elevations (47) are expected to increase organic C, N, and P contents. However, increased mineralization rate of organic materials is associated with increased losses of organic C, N, and P (54). In addition, higher nutrient uptake by the more acquisitive plants at lower elevations (where warmed soil mesocosms were translocated) is expected to reduce soil nutrient contents. As such, the trade-off effects of these processes likely dampened the net effect of warming on C, N, and P biogeochemistry. However, the fix effect estimates seem to indicate a trend of relative changes along the elevational gradient upon warming (Table 3). In situ warming led to a relatively higher organic matter transformation in warmed as compared with control soil (Figure 4B). The apparent increase in C and N transformation processes upon warming indeed led to relative depletion of SOC and total N in warmed soil as compared with control (24, 25). This was corroborated by higher δ13C and δ15N values in warmed relative to control soil (Figures 4B, D, respectively). Higher transformation processes of C and N are associated with stronger isotopic fractionation (38), as a result of discrimination against 13C an 15N (55, 56).




Figure 4 | Warming response of soil chemical properties along the Rwenzori elevational gradient; soil organic carbon (SOC) (A), soil δ13C (B), soil total nitrogen (STN) (C), soil δ15N (D), soil resin P (E), and soil pH-KCl (F). Warmed soil (red line) and control (blue line). Mean values were calculated from composite soil samples per elevation cluster (n = 4). The error bars indicate the standard deviation from the mean.



Further, for the soil resin P, warming seems to lead to a mixed effect. In the lower elevations, the increased transformation processes resulted in relative depletion of P in warmed as compared with control. However, in the higher elevations, warming led to relative increase in P in warmed soil as compared with control. The increase in soil available P may be a result of the increased mineralization of organic materials upon warming in higher altitudes. The apparent increase in soil P status upon warming, however, seems to disappear quickly in the warmer elevations as compared with colder elevations. This is likely due to the depletion of accrued organic matter at higher temperatures (14), higher P fixation as usually the case in highly weathered tropical soils, and higher P uptake by more acquisitive plants species at lower elevations. This result indicates that (albeit more experimental data are needed from more locations) warming seems to exacerbate soil P limitation in the lower premontane forests while even further boosting the soil P status in the higher elevations. This is consistent with the observed increasing P levels with elevation (Figure 2D).

Finally, we acknowledge that gross mineralization rate measurement based on 15N dilution method would have been a good additional measurement to give more information on the effect of in situ warming on soil organic matter transformation. However, we did not do this because of logistics as in situ labeling is difficult to organize in these fields.




Conclusion

This study assessed the following: (i) the contents of C, N, and P in soil and leaf along an Afromontane elevational gradient; and (ii) the effects of soil warming on soil chemical properties along the same elevational gradient. The baseline elevational status of C, N, and P in soil and leaf documented in this study is vital for future monitoring of the effect of climate change on biogeochemical cycles of C, N, and P and evolution of soil pH in a century of rapid warming. The results showed evidence of a more closed C and N cycling with increasing elevation. In addition, the results indicated a switch to a more open C and N cycling upon warming. Generally, the results imply that warming leads to accelerated transformation processes of accrued organic materials, leading to increased C and N losses. Similarly, the increase in mineralization of organic materials upon warming appears to exacerbate P limitation in premontane forest but enhances P availability at high elevations of montane forests. The observed effect of short-term warming was likely dampened by the trade-off effects of increased microbial transformation of organic matter upon warming, coupled with the higher input of more nutrient-rich litter at lower elevations versus increased C and nutrient losses and high nutrient uptake at lower elevations.
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