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Abstract:



Physicochemical and biotic factors influence the binding and dispersivity of soil particles, and thus control soil macroaggregate formation and stability. Although soil pH influences dispersivity, it is usually relatively constant within a site, and thus not considered a driver of aggregation dynamics. However, land-use change that results in shifts in tree-species composition can result in alteration of soil pH, owing to species-specific traits, e.g., support of nitrogen fixation and Al accumulation. In a long-term, randomized complete block experiment in which climate, soil type, and previous land-use history were similar, we evaluated effects of individual native tropical tree species on water-stable macroaggregate size distributions in an Oxisol. We conducted this study at La Selva Biological Station in Costa Rica, in six vegetation types: 25-year-old plantations of four tree species grown in monodominant stands; an unplanted Control; and an adjacent mature forest. Tree species significantly influenced aggregate proportions in smaller size classes (0.25–1.0 mm), which were correlated with fine-root growth and litterfall. Tree species altered soil pH differentially. Across all vegetation types, the proportion of smaller macroaggregates declined significantly as soil pH increased (p ≤ 0.0184). This suggests that alteration of pH influences dispersivity, and thus macroaggregate dynamics, thereby playing a role in soil C, N, and P cycling.






Keywords:


soil structure; soil pH; Oxisol; variable-charge soils; aluminum accumulator












1. Introduction


Soil structure is a ‘master integrating variable’ that is often linked to nutrient cycling because it is associated with so many soil properties, including water-holding capacity and stabilization of soil organic C (SOC) [1]. Soil structure can be characterized by the relationships among soil aggregates, which are defined as relatively discrete clusters of particles. Small aggregates may themselves be clustered into larger aggregates [2,3]. Aggregates in soils range in size from microns to millimeters in diameter, with macroaggregates generally defined as 0.25 to <8 mm. Aggregation dynamics are controlled by factors that affect binding/cementation, flocculation/dispersion, and arrangement of soil particles [4].



Cementing and binding agents can be of mineralogical or biotic origin. Highly weathered soils that are rich in Fe and Al oxides, e.g., Oxisols, allophanic soils, and Ultisols have very stable microaggregates [5,6,7]. Most interpret this as evidence that oxides and hydroxides of Al and Fe, as well as amorphous aluminosilicates, are the dominant stabilizing agents in these soils. In soils derived from volcanic mudflows, solid silt- to sand-size mineral grains appeared to provide the nuclei for aggregate development [8]. Biotic binding agents include fine roots, fungi, bacteria, and soil fauna. Microbial polysaccharides were important in stabilizing microaggregates (1–20 μm), while plant detritus served as nuclei for development of larger aggregates (20–300 μm), according to studies of a Mollisol and an Alfisol [9]. Compared with temperate-zone soils, aggregation in highly weathered tropical soils is expected to be controlled relatively more by mineralogical cementing [10].



Factors that disperse or flocculate soil clays, notably soil pH, also influence aggregate formation and stabilization [11]. Most conceptual frameworks of aggregate dynamics do not explicitly include this mechanism, however [1,10,12,13]. The inherent assumption is that site-level soil pH is relatively constant, and thus alteration of soil pH is not included as a driver of aggregation within a site that does not receive applications such as lime. This assumption of a relatively constant soil pH within a site may not apply under land-use change, especially where shifts in species composition occur. Given that plant species, especially trees, can alter soil pH [14,15,16], changes in species composition could influence aggregation via alteration of soil pH. Thus, including the effect of plant species on soil pH would improve our conceptual framework of aggregation dynamics.



The objectives of this study were to determine the extent to which vegetation type influenced macroaggregate structure in an Oxisol, and to evaluate the influence of binding agents, both mineralogical and biological, and alteration of pH on soil aggregation. In a unique tropical experimental field setting in which soil type, climate, forest age and previous land-use history were similar across plots [17], we assayed macroaggregate structure in six vegetation types. These included: four tree species, each grown in 25-year-old monodominant plantations; an unplanted Control that regenerated naturally; and a mature forest. All four of the tree species are broad-leaved, evergreen, and native, but differ in multiple traits that influence detrital inputs and decomposition [18,19,20]. One species, Pentaclethra macroloba (Willd.) Kuntze, is a nodulated legume, known to acidify soil at this site. Another species, Vochysia guatemalensis Donn. Smith, is an Al-accumulator, known to increase the soil pH [16].



We evaluated three hypotheses:

	
Macroaggregate size distribution and chemistry differ among the six vegetation types. The four species in plantations and the Control plots would have started with similar soil structure at the beginning of this experiment, 25 years prior to our study. Thus, observed differences among vegetation types in the chemistry and quantity of organic matter (OM) inputs [18,20] would influence soil aggregation, depending on the relative importance of their binding material in this soil. A lack of difference in macroaggregate structure would indicate over-riding control by mineralogical interactions.



	
Macroaggregate structure is correlated with fine-root growth, litterfall, fungal, and microbial effects on aggregation. Fine-root and litterfall additions are expected to bind aggregates and thus contribute to their stabilization via multiple chemical and physical mechanisms [11]. Fungal hyphae can reorient clay particles, bind particles with extracellular polysaccharides, and enmesh particles, thereby influencing soil aggregation [21] (Ternan et al., 1996). Mycorrhizal fungi can act at multiple scales, from the plant community to the soil mycelium, to influence soil aggregation [22]. In addition, microbial biomass C, rather than fungal hyphae alone, is often associated with factors that stabilize soil organic C (SOC), and could thus affect soil structure [23]. Microbial activity, however, differs temporally, and with aggregate size, soil type, cropping system and management [24,25].



	
Macroaggregate structure is correlated with soil pH. The tree species in this experiment have altered soil pH [16,26] and this could alter aggregation processes. Previously, it was hypothesized that in these variable-charge soils, changes in soil pH above or below the point of zero charge (PZC) would disperse colloids [16]. This effect on colloidal stability could thus influence macroaggregate stability.









2. Materials and Methods


2.1. Study Site and Experimental Design


This study was conducted in a tropical rainforest at La Selva Biological Station (10°26′ N, 83°59′ W) in Costa Rica. The mean annual temperature is 25.8 °C, and the mean annual rainfall is 4000 mm, with rainfall averaging >100 mm in any month [27]. The parent material is considered to be weathered andesitic/basaltic Pleistocene lava flows [28]. These soils may have received more recent inputs, ash or lahars, from nearby volcanoes [29]. The soil was classified as Mixed Haplic Haploperox [30]. Mean soil C and N concentrations in the surface (0–15 cm) layer range from 44 to 55 and 3.4 to 4.2 g/kg, respectively [26]. The point of zero charge (PZC) in these variable-charge soils has not been measured, but a reasonable assumption is that the PZC is ≤4, as it is in many comparable Oxisols [31,32].



The study site was deforested in ~1955 and pastured until abandonment in 1987 [20]. In 1988, a randomized complete block experiment containing four blocks was initiated. The experiment includes four species: Hieronyma alchorneoides L., Pentaclethra macroloba, a nodulated legume, Virola koschnyi Warb., and Vochysia guatemalensis, an Al-accumulator (see Russell et al. [20] for a more complete description). The site is hilly, with elevation ranging from 44 to 89 m. To ensure that topographic effects did not create a bias, each block was centered on a hilltop, and randomization of plot assignment to a species was stratified such that across the four blocks, each species was represented in each topographic position (hilltop, slope and slope bottom). In Block 3 of Vochysia, a stand-level lightning event killed nearly 75% of the trees in 2011, so that plot was not used for this study. Each plot was 50 × 50 m (0.25 ha) and divided into four quadrants. Trees were planted at a spacing of 3 × 3 m. For the first three years, understory vegetation was cleared manually. Trees were thinned by 50% at age four in Hieronyma and Vochysia, the fast-growing species. There was no other management of the plots, except for trail maintenance. For more information about the original design, see Russell et al. [20].



Two types of reference vegetation were also included to provide a basis of comparison for the four planted tree species. (1) An unplanted Control was contained within the original experimental design; (2) In the mature forest, we established a fifth block (150 × 200 m in size). Situated <150 m from the experimental plots, soil, climate, and vegetation prior to 1955 were similar to the adjacent experiment. We sampled four 50 m × 50 m plots randomly selected from within this block. Pentaclethra is the dominant species in La Selva mature forest, accounting for 36–38% of the estimated aboveground biomass of trees [33]. Thus, the complete study design included 23 plots (6 vegetation types x 4 blocks, less 1 plot for Vochysia).




2.2. Field Methods


Soil was sampled for macroaggregate analysis once in late January 2013, as previous studies indicated a lack of seasonal variation (data unpub.). Twenty subsamples were taken in the 0–15 cm layer, using a 3.2-cm diameter push-tube soil sampler at randomly selected locations within three of the four quadrants of each plot. The fourth quadrant was not sampled because soil compaction had occurred during recent erection of a moveable 40-m tower for canopy sampling. The 60 subsamples from each plot were composited into a single sample per plot and mixed well. A subsample of ~800 g of field-moist soil was gently passed through an 8-mm sieve. Of that sample, 150 g was stored at field moisture in the refrigerator at 3 °C for the macroaggregate analyses, while the remaining soil was air-dried for other measurements. Both field-moist and air-dried soils were transported to Iowa State University for subsequent analysis. Soil pH was determined on samples collected from the same depth interval in 2011 when all four quadrants of each plot were sampled.



For assessments of fungal abundance and microbial biomass C, soils were collected at four dates over two years: February 2012, September 2012, February 2013, and September 2013. At each date, we collected five soil cores (10 cm deep × 2.5 cm diameter) in each plot, which were located as one core randomly positioned in each of the four plot quadrants, plus a fifth core from a random position in the full plot. The cores were combined to create a single plot-level sample and homogenized by sieving to 2 mm. There were 23 soil samples per date for a total of 76 samples over two years. The homogenized soils were subsampled for quantification of fungal abundance and microbial biomass C, described below. See Kivlin and Hawkes [34,35] for additional details.



Fine litter production (litterfall of leaves, flowers, fruits, branches ≤1 cm diameter, and frass) was measured every two weeks for two years, 2011–2013, using four 1.3 × 0.4 m litter traps per plot as in Raich et al. [18]. The samples were dried at 65 °C soon after collection, weighed and then ground as described in Russell et al. [16].



Fine-root growth, as an assay for fine-root detrital inputs to soil, was measured in 2012–2013 (0–15 cm depth) using 2-mm mesh ingrowth cores as described by Valverde et al. [36] and Russell et al. [20]. Root ingrowth on a length basis was determined by elutriating the sample, separating roots from detritus, and quantifying root length with a WinRHIZO image analysis system (www.regentinstruments.com/products/rhizo/Rhizo.html).




2.3. Laboratory Analyses


Macroaggregate size distributions in the different vegetation types were evaluated by means of a wet-slaking method that is based on the quantification of the size (diameter) class of macroaggregates according to their ability to resist slaking in water [3]. Air-dried Oxisol samples are usually resistant to wet-sieving [10], so we modified the method of Elliott [3] by using field-moist samples. Before wet-sieving, the initial gravimetric soil moisture content of samples was determined to ensure that the variability in soil moisture did not exceed 10%. The soil moisture content was determined by drying 10-g subsamples at 105 °C for 48 h. The mean soil moisture content was 43% and ranged from 38 to 47% among the samples. Thus, we concluded that initial differences were small enough not to require moisture adjustments prior to wet-slaking. For the procedure, we weighed approximately 100 g of field-moist soil and recorded the mass of each sample to two decimal places. No additional water was added to the samples before wet-sieving. The weighed field-moist sample was then transferred to a Petri dish, 150 mm in diameter and 25 mm in height, that was lined with Whatman Number 1 filter paper and covered while awaiting analysis. We transferred one sample at a time to the top of a set of nested sieves with mesh sizes of 4, 2, 1, 0.5, and 0.25 mm. The nested sieves were held in place by a frame consisting of a round base, two rods as long as the nested sieves, and a clamping device at the top of the sieves that secured the rods. The nested sieves were attached to a lever that raised and lowered the sieves into a 38-L cylinder that was 2/3 filled with water. The set of sieves was then lowered into water just until all soil on all sieves was submerged at all points of lever movement. The sample was wet-sieved by gentle mechanical action that moved the set of sieves 11 cm at a constant rate of 118 cycles per minute in the water for 5 min.



The sample remaining on each sieve was then transferred to a separate aluminum pan. Soil materials that were lodged in the sieve were not included in any of the aggregate size distributions. Thus, the sum of the sample recovered in the 0.25–4.0 mm size distributions is a conservative measure of the total within that size range. We dried samples in a forced-air oven for 48 h. A drying temperature of 60 °C is often used in macroaggregate studies [3], but 55 °C was recommended to avoid N loss, given that samples would be subsequently analyzed for N (C. Cambardella, pers. comm.). The dried subsample within each size class was then weighed and finely ground to <0.25 mm in a mortar and pestle for analysis of C and N.



Total C and N in macroaggregates were measured by dry combustion, using a ThermoFinnigan Flash EA 1112 elemental analyzer (Thermo Fisher Scientific, Waltham, MA, USA). Total P was extracted in aqua regia (HCl:HNO3 = 4:1 by volume) following the method of Crosland et al. [37]. Phosphorus in the digests was determined by inductively coupled plasma atomic emission spectrometry (ICP-AES). Total organic P was determined by the ignition method [38], in which organic P in the soil is converted to inorganic P by oxidation at 550 °C. Phosphorus in ignited and unignited subsamples is then extracted with 0.5 N H2SO4 for 16 h. Phosphorus in the extracts was determined via ICP-AES. Organic P in the soil was calculated by subtracting P concentration in the unignited sample from P concentration in the ignited sample. Litterfall Al was measured by microwave-assisted acid digestion and analyzed using inductively coupled plasma optical emission spectroscopy [39]. Soil pH was measured using a stirred slurry of 10 mL sieved, air-dried soil in 25 mL deionized water [40,41].



To quantify fungal hyphae, soils were first air-dried for 24 h and ground with a mortar and pestle to disrupt clay aggregates. Hyphae were extracted from soil using 3% sodium hexametaphosphate, collected via vacuum filtration, stained with acid fuchsin, and quantified by microscopy at 160× with at least 100 fields of view per sample [42,43]. Both septate (decomposers and pathogens) and aseptate (arbuscular mycorrhizal fungi) hyphae, as well as all hyphae inside of soil aggregates, were recorded and summed for total abundance, which is reported as length per g dry soil. Microbial biomass C (MBC) was quantified as the difference between chloroform fumigated and unfumigated soils extracted in a 1:5 ratio of 0.5M K2SO4 [44,45]. Microbial biomass data are reported as μg C per g dry soil. Carbon was quantified by combustion (Apollo 9000 TOC Analyzer, Teledyne Tekmar, Mason, OH, USA) [34,35].




2.4. Data Analysis


The experimental unit was the plot. For variables with multiple measurements per plot, the plot mean was used in the analysis. Inclusion of the mature forest in analyses resulted in a randomized incomplete block design. Blocks were treated as a random effect. We tested for homogeneity of variances and normality of distributions. For Al in litterfall, the variances were heterogeneous, so tests were performed on natural log-transformed data. Computations were done using a generalized linear model with both random and fixed effects, the Statistical Analysis System (SAS) mixed model [46]; inclusion of the mature forest required use of the Satterthwaite adjustment for degrees of freedom. Pairwise comparisons for significant overall F-tests were performed using p-values adjusted by Tukey’s Honestly Significant Difference method.



To test for differences among the vegetation types in macroaggregate size distributions and element (C, N, P) content (H1), we analyzed response variables for the five macroaggregate size classes in the six vegetation types. This Analysis of Variance (ANOVA) model included terms for size class (S), vegetation type (V) and S × V interaction. The response variables regarding macroaggregates were: fraction of total sample; C, N, inorganic P and organic P content; and C:N. The S × V interactions were significant; therefore, separate ANOVAs were conducted for each macroaggregate size class.



To evaluate the strength of the four hypothesized biotic effects on macroaggregate fractions (H2), we tested the four factors simultaneously by conducting partial regression residual analysis. This analysis quantifies the effect of a particular explanatory variable after the effects of all the other explanatory variables in the model have been taken into consideration [47]. This multiple regression model included one response variable, the fraction of macroaggregates within a size class. The four predictor (=explanatory) variables tested were: (a) fungal hyphae in aggregates (mm g−1 dry soil); (b) microbial biomass C (μg C g−1 dry soil); (c) fine-root growth (length basis, 0–15 cm depth, cm m−2 yr−1); and (d) Al flux in fine litterfall (kg ha−1 yr−1). With n = 23 plots for these analyses, it was not appropriate to include more explanatory variables in the model. For all explanatory variables, we used the mean over all sample times in this analysis. Exploratory analyses of microbial variables indicated that results were relatively invariable, regardless of whether we used the values from one sample time that occurred <1 month after macroaggregate sampling or mean values over the four sample times. Results were also similar between the variables of total hyphae and hyphae within aggregates. Of these two variables, we report only the latter, with values based on the mean of four sample times. Pearson correlational analyses were conducted to test for relationships between the fraction of macroaggregates within the smallest size class and soil pH.





3. Results


3.1. Macroaggregate Size Distribution and Element Concentrations under Different Vegetation (H1)


In the surface horizon, the largest three size classes of water-stable macroaggregates (4–8, 2–4, and 1–2 mm) accounted for 72% of the total dry mass of aggregates, with no significant differences among the vegetation types in any of these three size classes (Figure 1a). In the smallest size classes, however, vegetation (V) had a significant impact on the fraction within the size class (S), with the effect of vegetation differing by size class (p = 0.0012, S × V) (Table 1, Figure 1a). In the mature forest, the fraction of macroaggregates in the 0.5–1.0-mm size class was significantly higher than in the other vegetation types, with the exception of Pentaclethra, which is the dominant species in the mature forest. In the 0.25–0.5-mm size, the vegetation types differed with: Mature forest > Pentaclethra > Vochysia > Hieronyma, Virola and Control (Figure 1b).


Figure 1. Effect of vegetation type on macroaggregate size distributions. (a) All size classes; (b) Detail of smaller size classes with significant differences denoted by letters.
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Table 1. Statistical results (p values) for analysis of macroaggregates by size class.





	
Response Variable

	
Explanatory Variable




	
Size (S)

	
Vegetation (V)

	
S × V






	
Fraction (g g−1 dry soil) 1

	
<0.0001

	
0.8952

	
0.0012




	
C (g kg−1)

	
0.3155

	
0.0781

	
0.9935




	
N (g kg−1)

	
0.7791

	
0.0478

	
0.9984




	
C:N

	
0.0420

	
0.0024

	
0.9367




	
Inorganic P (mg kg−1) 2

	
0.7682

	
0.0008

	
0.9750




	
Organic P (mg kg−1)

	
0.9019

	
0.0006

	
0.9998




	
C Fraction (gC g−1 dry soil)

	
<0.0001

	
0.5782

	
0.2863




	
N Fraction (gN g−1 dry soil)

	
<0.0001

	
0.2100

	
0.3230




	
Inorganic P Fraction (gP kg−1 dry soil)

	
<0.0001

	
0.0039

	
0.8511




	
Organic P Fraction (gP kg−1 dry soil)

	
<0.0001

	
0.0003

	
0.7911








1 ‘Fraction’ refers to the proportion of the total dry soil contained with a given size class of macroaggregate. 2 For P, only the three largest size categories (4–8, 2–4, and 1–2 mm) were included in the analysis due to insufficient material in the two smallest size classes.








Concentrations of N, organic P and inorganic P in aggregates differed significantly among vegetation types (Table 1; Table A1). Nitrogen concentrations were higher in Vochysia than in Hieronyma, Pentaclethra and Virola (Figure 2a). Hieronyma had the highest C:N values, whereas Pentaclethra, the mature forest and Control had the lowest (Figure 2a). Both organic and inorganic P concentrations were highest in Virola and lowest in the mature forest and Control (Figure 2b).


Figure 2. Effect of vegetation type on: (a) N concentrations (left y-axis) and C:N (right y-axis) and (b) Organic P (left y-axis) and Inorganic P (right y-axis).
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Table A1. Macroaggregate dry mass and elemental concentration by diameter size class and vegetation type in experimental site in Costa Rica. ‘Fraction’ refers to the proportion of the total dry soil mass recovered after wet sieving. Means (±S.E.) are for n = 4 samples (3 in Vochysia) from the 0–15 cm depth.





	
Vegetation

	
Size Class

	
Fraction of Dry Mass

	
C

	
N

	
C:N

	
Organic P

	
Inorganic P




	

	
mm

	
g/g

	
g/kg

	
g/kg

	

	
mg/kg

	
mg/kg






	
Hieronyma

	
4–8

	
0.227 ± 0.012

	
48.85 ± 1.87

	
3.57 ± 0.09

	
13.71 ± 0.45

	
247.81 ± 36.39

	
110.97 ± 13.19




	

	
2–4

	
0.246 ± 0.014

	
48.85 ± 2.22

	
3.53 ± 0.13

	
13.85 ± 0.43

	
283.93 ± 19.23

	
113.16 ± 15.27




	

	
1–2

	
0.196 ± 0.009

	
50.78 ± 2.37

	
3.58 ± 0.13

	
14.17 ± 0.45

	
292.23 ± 10.48

	
119.34 ± 12.73




	

	
0.5–1

	
0.109 ± 0.008

	
52.51 ± 2.57

	
3.65 ± 0.16

	
14.44 ± 0.68

	
323.97

	
125.28




	

	
0.25–0.5

	
0.057 ± 0.009

	
54.93 ± 2.36

	
3.75 ± 0.12

	
14.68 ± 0.53

	
318.39

	
108.47




	
Pentaclethra

	
4–8

	
0.221 ± 0.029

	
48.20 ± 4.95

	
3.61 ± 0.37

	
13.35 ± 0.09

	
400.50 ± 103.38

	
175.37 ± 66.12




	

	
2–4

	
0.251 ± 0.010

	
46.08 ± 3.53

	
3.57 ± 0.24

	
12.87 ± 0.24

	
390.63 ± 101.75

	
160.37 ± 55.96




	

	
1–2

	
0.191 ± 0.010

	
46.94 ± 3.33

	
3.57 ± 0.27

	
13.17 ± 0.21

	
304.86 ± 142.77

	
258.00 ± 101.07




	

	
0.5–1

	
0.125 ± 0.007

	
46.94 ± 3.64

	
3.60 ± 0.26

	
13.64 ± 0.20

	
488.09

	
156.27




	

	
0.25–0.5

	
0.077 ± 0.005

	
49.16 ± 3.74

	
3.75 ± 0.24

	
13.51 ± 0.36

	
408.80

	
164.50




	
Virola

	
4–8

	
0.243 ± 0.015

	
49.76 ± 1.81

	
3.56 ± 0.09

	
13.98 ± 0.36

	
428.60 ± 12.71

	
139.40 ± 10.64




	

	
2–4

	
0.256 ± 0.008

	
50.14 ± 2.29

	
3.60 ± 0.08

	
13.90 ± 0.35

	
412.34 ± 162.27

	
240.51 ± 99.42




	

	
1–2

	
0.199 ± 0.007

	
50.31 ± 3.02

	
3.55 ± 0.14

	
14.16 ± 0.41

	
524.92 ± 96.56

	
232.16 ± 92.47




	

	
0.5–1

	
0.111 ± 0.007

	
51.79 ± 3.14

	
3.63 ± 0.15

	
14.24 ± 0.51

	
535.67

	
234.02




	

	
0.25–0.5

	
0.054 ± 0.002

	
52.00 ± 2.43

	
3.67 ± 0.08

	
14.15 ± 0.41

	
509.14

	
240.11




	
Vochysia

	
4–8

	
0.285 ± 0.021

	
52.50 ± 2.61

	
3.92 ± 0.22

	
13.41 ± 0.31

	
233.30 ± 8.44

	
100.00 ± 5.52




	

	
2–4

	
0.270 ± 0.010

	
53.10 ± 2.02

	
3.82 ± 0.18

	
13.91 ± 0.22

	
232.07 ± 15.32

	
102.48 ± 5.44




	

	
1–2

	
0.171 ± 0.009

	
53.19 ± 2.16

	
3.87 ± 0.18

	
13.77 ± 0.27

	
290.10 ± 24.19

	
99.88 ± 6.75




	

	
0.5–1

	
0.099 ± 0.003

	
57.76 ± 2.01

	
4.17 ± 0.19

	
13.85 ± 0.15

	
293.99

	
102.09




	

	
0.25–0.5

	
0.050 ±0.009

	
57.10 ± 1.98

	
4.10 ± 0.26

	
13.98 ± 0.41

	
356.02

	
100.18




	
Control

	
4–8

	
0.244 ± 0.008

	
47.45 ± 2.51

	
3.58 ± 0.13

	
13.23 ± 0.33

	
242.59 ± 48.55

	
103.52 ± 18.15




	

	
2–4

	
0.262 ± 0.014

	
47.22 ± 1.69

	
3.62 ± 0.14

	
13.05 ± 0.21

	
228.57 ± 47.77

	
104.40 ± 23.58




	

	
1–2

	
0.202 ± 0.006

	
48.63 ± 2.60

	
3.65 ± 0.16

	
13.30 ± 0.22

	
207.83 ± 43.05

	
95.42 ± 22.29




	

	
0.5–1

	
0.111 ± 0.002

	
49.56 ± 2.95

	
3.66 ± 0.17

	
13.53 ± 0.34

	
166.38

	
81.69




	

	
0.25–0.5

	
0.053 ± 0.004

	
50.96 ± 2.60

	
3.72 ± 0.14

	
13.70 ± 0.28

	
260.81

	
60.83




	
Mature Forest

	
4–8

	
0.219 ± 0.021

	
50.85 ± 2.97

	
3.94 ± 0.17

	
12.88 ± 0.29

	
221.43 ± 26.57

	
72.51 ± 5.47




	

	
2–4

	
0.224 ± 0.014

	
50.43 ± 2.76

	
4.00 ± 0.13

	
12.59 ± 0.31

	
214.55 ± 34.30

	
76.75 ± 9.96




	

	
1–2

	
0.190 ± 0.007

	
47.54 ± 2.79

	
3.74 ± 0.16

	
12.71 ±

	
257.37 ± 18.74

	
69.18 ± 8.14




	

	
0.5–1

	
0.142 ± 0.012

	
46.87 ± 3.18

	
3.67 ± 0.14

	
12.74 ±

	
158.26

	
68.30




	

	
0.25–0.5

	
0.096 ± 0.007

	
47.04 ± 2.76

	
3.74 ±0.12

	
12.57 ±

	
251.20

	
78.68








Notes. Sample mass in the two smallest size classes was insufficient for analyses of P in all blocks. Values represent the composited samples across blocks of a given species and size class. 








All values represent the mean across all size classes of macroaggregates, given no significant differences among size classes for these variables. Small letters denote differences among vegetation types in N and Organic P concentrations; capital letters signify differences for C:N and inorganic P.



Concentrations of C, N, organic P and inorganic P did not differ significantly among the macroaggregate size classes (Table 1; Table A1). Thus, larger macroaggregates (>1 mm), which accounted for the majority of the water-stable aggregates (72%), contained the largest fraction of macroaggregate C, N and P, (Figure 3 and Figure 4, calculated from Table A1, as the product of the element concentration within a size class and the fraction of total soil within that size class, respectively). These data are expressed as the fraction of total soil, with means across all vegetation types, given no significant differences among vegetation types. The differences in elemental concentrations translated into significant effects of the vegetation on the N and P (organic and inorganic) fractions, but not on C fractions contained in macroaggregates (Table 1).


Figure 3. Fractions of C and N contained in macroaggregate size classes. Significant differences among size classes for C (left) are denoted by small letters, for N (right) by capital letters.
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Figure 4. Fractions of organic and inorganic P contained in macroaggregate size classes. Significant differences among size classes for organic P (left) are denoted by small letters, for inorganic P (right) by capital letters.
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3.2. Biotic Effects on Macroaggregate Size Distributions (H2, H3)


We evaluated several biotic factors that could potentially differ among the vegetation types and thus influence macroaggregate formation differentially: fungal hyphae within aggregates; microbial biomass C; fine-root growth; and flux of Al in litterfall (Table A2). These explanatory variables were included in the multiple regression model for which the response variable was the fraction of total macroaggregate dry mass contained within a size class (Table A1). Fine-root growth was significantly correlated with the dry mass macroaggregate fraction in two size classes (4–8 and 1–2 mm) (Table 2). The flux of Al in litterfall was significantly correlated with the dry mass macroaggregate fraction in the smallest size classes (0.25–0.5 mm) (Table 2).


Table A2. Four biological factors and soil pH data used in evaluating relationships with macroaggregate structure.





	
Vegetation

	
Hyphae in Aggregates

	
Microbial Biomass C

	
Fine-Root Growth

	
Al in Litterfall

	
Soil pH




	

	
mm g−1 Dry Soil

	
μg C g−1 Dry Soil

	
cm cm−2 yr−1

	
kg Al ha−1 yr−1

	






	
Hieronyma

	
16,588 ± 1150

	
1022 ± 108

	
99 ± 8

	
10 ± 2

	
4.43 ± 0.05




	
Pentaclethra

	
19,201 ± 818

	
933 ± 49

	
70 ± 9

	
8 ± 1

	
4.14 ± 0.02




	
Virola

	
17,438 ± 1853

	
781 ± 180

	
91 ± 9

	
14 ± 1

	
4.40 ± 0.06




	
Vochysia

	
12,021 ± 1818

	
1171 ± 33

	
181 ± 15

	
180 ± 17

	
4.71 ± 0.08




	
Control

	
15,420 ± 1543

	
949 ± 139

	
106 ± 10

	
83 ± 14

	
4.53 ± 0.03




	
Mature Forest

	
16,548 ± 721

	
1033 ± 89

	
94 ± 11

	
2 ± 1

	
4.34 ± 0.01








Notes. Values represent means (±S.E.) over all sample times. Data were published previously [16,34]. Data are for the 0–15-cm interval.







Table 2. Relationships between macroaggregate size fractions (g g-1 dry soil) and four biological factors.





	
Explanatory Variables 1

	
Macroaggregate Size Class (mm)






	

	
4–8

	
2–4

	
1–2

	
0.5–1.0

	
0.25–0.50




	

	
p-value 2




	
Hyphae in Aggregates

	
0.2185

	
0.9067

	
0.4062

	
0.6491

	
0.9383




	
Microbial Biomass C

	
0.7711

	
0.7080

	
0.2663

	
0.7559

	
0.2316




	
Fine Root Growth

	
0.0013

	
0.8827

	
0.0077

	
0.7732

	
0.5268




	
Al in Litterfall

	
0.7450

	
0.1382

	
0.4991

	
0.1079

	
0.0201








1 The variables included: fungal hyphae within macroaggregates (mm g−1 dry soil); microbial biomass C (μg C g−1 dry soil); fine root growth (cm cm−2 yr−1); and Al flux in litterfall (kg Al ha−1 yr−1). All belowground measurements are for the 0–15 cm depth interval. 2 The p values are results of partial regression analysis (n = 23 plots). 








The effect of vegetation on soil pH influenced macroaggregate fractions in the smallest size classes (Table 3; Table A2). Across all plots, macroaggregates <1 mm in diameter declined with increasing soil pH (Figure 5a,b). These two macroaggregate size classes were the smallest measured in this study. All data are for the 0–15 cm mineral soil layer. Results are based on Pearson’s analyses.


Figure 5. Correlations between soil pH and C contained in macroaggregates. (a) Data are for the smallest size fractions, 0.25–0.50 mm and (b) Size fractions 0.5–1.0 mm.
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Table 3. Relationships between macroaggregate fractions (g g−1 dry soil) and soil pH.





	
Test Statistic

	
Macroaggregate Size Class (mm)






	

	
4–8

	
2–4

	
1–2

	
0.5–1.0

	
0.25–0.50




	
p

	
0.5240

	
0.4122

	
0.5489

	
0.0563

	
0.0055




	
r

	
0.1400

	
0.1794

	
0.1319

	
0.4032

	
0.5595












4. Discussion


4.1. Cementing Effect of Soil Mineralogy


The similarly high proportion of larger macroaggregates (1–8 mm) across all vegetation types indicated that mineral interactions were relatively more important than biotic factors in binding soil particles in this Oxisol. This was expected under the current conceptual framework [10,13], and given the presence of Fe and Al oxides in this soil. However, total Fe (hydr)oxide content does not always correlate with aggregate stability. Duiker et al. [48] found that the crystallinity of the Fe (hydr)oxides was important; poorly crystalline (hydr)oxides, with their larger and more reactive surface area, had a higher degree of aggregation than crystalline Fe (hydr)oxides, even when present in lower concentrations.



The similarities among the macroaggregate size classes in elemental concentrations and C:N in this study indicated a lack of aggregate hierarchy resulting from the cementing effect of the mineral interactions. These results were consistent with those from another Oxisol in which oxides were the stabilizing agent [10]. Macroaggregate size in our study thus did not appear to represent stages of formation or decomposition of aggregates as in conceptual models for temperate soils (e.g., [1]).




4.2. Binding Effects of the Biota


Despite the strong potential for oxides to affect aggregation in this Oxisol, biotic factors exerted an influence over the smaller macroaggregates (0.25–1 mm) in this experiment, as indicated by significant differences among tree species in these size classes. These aggregates comprised the smallest proportion of the total soil in the Vochysia treatment, and the largest fraction in the Pentaclethra treatment (Figure 1a). Of the potential explanatory biotic factors that we evaluated, only fine-root growth and Al flux in litterfall were significantly correlated with macroaggregate structure. The quantity and chemistry of plant detritus have been shown to influence aggregation in numerous studies cited by Bronick and Lal [11]. In addition, plant roots can perform multiple tasks that would bind soil particles, including realigning and fastening them together and exuding chemical cementing agents [11]. Thus, it is reasonable that differences among the tree species in fine-root growth [16] were correlated with macroaggregate structure. Similarly, Rillig et al. [22] found that aggregation increased with root length density.



Microbial factors (fungal abundance and microbial biomass C) were not correlated with macroaggregate structure (Table 2). While soil microbial processes and their interactions with plants can also influence binding, and thus aggregation, differences in microbial community composition and function were not strongly correlated with tree species at our study site [34,35]. Studies at other sites have had similar results [49,50]. Thus, it is not surprising that these variables were not correlated with macroaggregate structure. For fungal taxonomic richness and phylogenetic diversity, the relationships with tree species composition were also not significant [34,35]. Similarly, microbial community composition was poorly predicted by plant species composition and functional traits in a study at Barro Colorado Island, Panama, [51].




4.3. Dispersivity (pH) Effects of Tree Species


Of the many factors that influence soil structure, soil pH has been noted, but is often overlooked [11], and is not generally included in conceptual frameworks of controls over aggregation (e.g., [1,13]. In previous studies at our site, we found that the planted tree species significantly altered soil pH. At the start of this experiment in 1988, mean (±S.E.) soil pH across this site that had been in pasture for >30 years was 4.52 (±0.02) [17]. After 25 years under the mono-dominant plantation treatment of Pentaclethra, the nodulated legume, soil pH had declined to as low as 4.08 in one plot (treatment mean ± S.E.: 4.14 ± 0.02), and under Vochysia, the Al-accumulating species, soil pH had increased to as 4.85 in one plot (treatment mean: 4.71 ± 0.08) (Table A2; [16]. These pH changes over time occurred without additions of lime or other chemicals. Other studies of nodulated legumes that support microbial N2 fixation have demonstrated that ammonification and subsequent nitrification are increased by these species, therefore releasing H+ and acidifying soil [52]. At the other end of the spectrum of species effects on soil pH, species that accumulate Al could take up H+ as a consequence of changing the equilibrium between Al minerals and soluble Al [53]:


Al(OH)3 + 3H+ ⇌ Al3+ + 3H2O



(1)







In a previous study, we hypothesized that in these variable-charge soils, the observed range of pH values under the different vegetation types—nearly one pH unit—would be sufficient to create observable differences in aggregation and dispersion of soil colloids across vegetation types. We predicted that aggregation would be greatest at the hypothesized PZC of ≤4 and would decrease as pH increased [16]. In this study, the Pentaclethra treatment had the lowest soil pH and the highest fraction of macroaggregates <1 mm, whereas Vochysia had the highest pH and lowest fraction of macroaggregates in this smaller size range (Figure 1). The result that across all treatments the smallest macroaggregate fractions declined with increasing pH (Figure 5) is consistent with the hypothesis that aggregation would be negatively correlated with soil pH in this variable-charge soil.





5. Conclusions


This long-term tropical experimental setting allowed us to test whether biotic effects exerted control over macroaggregate structure in an Oxisol in which Fe and Al oxides were expected to be the major cementing agents. We found no significant differences among vegetation types in water-stable macroaggregate fractions for aggregates >1 mm, but for aggregates ≤1 mm, differences were significant. Biotic factors that could mediate these effects, e.g., fine-root growth and Al in litterfall, were significantly correlated with several size classes of macroaggregate fractions, but microbial and fungal abundance within macroaggregates had no significant correlation. After 25 years of growth, the planted tree species had altered soil pH by a range across all plots of nearly one pH unit. These differences in pH were correlated with smaller aggregate fractions (p = 0.0563, r = 0.40 for 0.5–1.0 mm size; p = 0.0055, r = 0.56 for 0.25–050 mm size), suggesting an important linkage between these two master soil variables, pH and macroaggregate structure, such that both were influenced by tree species. Increases or decreases in pH mediated by plant traits could release elements that are physically protected within macroaggregates and thereby influence soil C, N and P cycling.
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