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Abstract:

 Historic fire suppression and intensive forest management in longleaf pine (Pinus palustris) sandhill forests has resulted in hardwood encroachment and degradation of this fire-dependent ecosystem. Active management is now required to restore native community structure and composition, but little is known about the long-term impacts of typical restoration techniques on ecosystem properties. In 1994, the Longleaf Pine Restoration Project (LPRP) was established in fire-excluded longleaf pine sandhills of Eglin Air Force Base, Florida, to explore the effects of restoration treatments on plant and animal community composition and soil processes. Experimental treatments applied included three hardwood reduction techniques and delayed burn. Reference sites were concurrently monitored. Fifteen years later, we revisited the LPRP plots to determine whether soil processes showed lasting treatment effects. This study showed that there were no differences in soil C and N between the reference and the fire-suppressed plots prior to the treatments, suggesting that soil C and N were relatively resistant to degradation. This study also showed that the restoration treatments had a significant effect by reducing soil C, but this effect was only short-lived (<3 years). In addition, a MRPP (multi-response permutation procedure) analysis showed that only the herbicide treatment was still different from the reference plots 15 years after the initial treatments. Thus, this study suggests that repeated fires (or lack of) or hardwood removal treatments have little detectable effect on soil nutrients in these nutrient-poor ecosystems.
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1. Introduction

Prior to European settlement, large parts of the southeastern United States were dominated by fire-maintained longleaf pine (Pinus palustris Mill.) forests [1,2]. Decades of intensive agricultural land use and fire suppression, however, have led to a 97% decline (i.e., from 38 Mha to 1.2 Mha) in the spatial extent of longleaf pine forests [2,3,4]. As a result, these ecosystems are now considered one of the most vulnerable in the United States. Remnants of these forests (i.e., reference forests), however, are still well-represented on Federal lands across the Southeast [2], particularly on military installations that have been protected from suburban or agricultural development.

In their reference state, vegetation and soil processes of longleaf pine forests are structured by short fire-return intervals (e.g., 1–5 years) and low-intensity surface fire [5,6]. Fire suppression in intensively managed forests results in accumulation of forest floor materials and increased abundance of other southern pine (loblolly, shortleaf, and slash pines) and hardwood (Sweetgums, Oaks) species [7,8,9]. In fire-suppressed forests, light penetration to the understory is reduced, altering abundance and diversity of light-demanding understory species such as grasses and forbs, as well as the establishment of longleaf pine seedlings [10,11,12,13,14].

Management techniques frequently used to restore native plant community structure in fire-suppressed or degraded longleaf pine sandhills include herbicide application and mechanical removal of hardwoods, as well as prescribed burning. Short-term effects of these hardwood removal techniques on plant community composition and structure have been well documented in the past [15,16,17,18,19,20,21,22,23,24]. For instance, mechanical removal and herbicide application are generally more efficient than fire at removing overstory and mid-story hardwoods [19,24]. Mechanical removal may need repeated fires to prevent and control hardwood resprouting [19,20], while herbicide application may be detrimental to other species through non-target impacts (e.g., insects, reptiles, etc.) [25,26]. These studies also suggest that burning remains essential for recovery of species richness and species abundance of understory vegetation through control of litter accumulations and reduction in the forest floor [9,20,24].

Although hardwood removal and initiation of prescribed burning should have substantial impacts on forest floor and soil processes—which also affect vegetation dynamics—there have been few studies that have quantified these impacts. Several studies have looked at the short-term effects of prescribed burning on soil nutrients in the forest floor [27,28] and mineral soil horizons [29,30,31,32,33,34,35,36]. These studies have concentrated in more nutrient-rich pine flatwoods and upland longleaf pine forests of the Coastal Plain, but few studies have investigated the impact of hardwood removal techniques or prescribed burning on the soils of xeric degraded longleaf sandhill forests. In a related study, we found that at fine spatial scales degraded sites that had undergone various restoration treatments still had soil C and N concentrations and pools that were consistently greater than those in the reference sites, even after 15 years of restoration treatments [37]. Soil nutrient and carbon dynamics are key controls over vegetation productivity [29,34,38,39,40,41], and understanding how restoration techniques affect soils is important for designing management techniques that restore ecosystem function as well as species composition.

In 1994, the Longleaf Pine Restoration Project (LPRP) was established in fire-suppressed (greater than 20 years) longleaf pine sandhills of Eglin Air Force Base, Northwestern Florida, to explore the effects of restoration treatments on vegetation and faunal community composition and soil processes [19,20,42,43,44,45,46]. Experimental treatments applied included three hardwood reduction techniques (spring burning, herbicide application and chainsaw felling/girdling) and delayed burn (continued fire-suppression until 1999). Reference (i.e., the target for restoration) sites were selected by experts from areas where fire frequency was high and concurrently monitored. Over the last fifteen years of experimental treatment, all plots have been burned repeatedly (both prescribed burning and wildfire) as part of their management (Table 1). To determine how the effects of these treatments played out over longer time-scales, we re-sampled the LPRP experimental and reference plots in 2009, fifteen years after their establishment.

Table 1. Average number of burns (i.e., number of burns divided by number of plots for each period) for the period between 1972 and 1994, and 1995 and 2009 for each treatment.


	Treatment
	Period 1972 to 1995
	Period 1995 to 2009





	Reference
	2.2
	6.8



	Burn-only
	0.6
	4.2



	Delayed burn
	0.4
	4.0



	Herbicide
	0.6
	5.4



	Mechanical
	0.4
	3.8










The main objectives of our study were three-fold. First, we determined the short-term effects (up to 3-year post treatment) of prescribed fire and hardwood removal treatments on soil C and N concentrations and pools in reference and fire-suppressed plots by analyzing unpublished data from the initial phase of the study (1994–1997). Second, we compared treatment effects between the initial phase and 2009 re-sampling to determine the long-term effects of restoration treatments on soil C and N concentrations and pools. Finally, we examined the long-term effects of restoration treatments on soil N and P mineralization rates, indices not measured in the initial phase of the study, by examining treatment effects present in 2009. To fulfill these objectives, we tested the effects of mechanical removal, herbicide application and burn-only on soil C and N and compared with the delayed burn (continued fire-suppression until 1999) and reference (frequently-burned and target for restoration) plots. All plots were measured prior to treatment in 1994, and were re-sampled two (1996), three (1997), and fifteen years (2009) after initial treatment.



2. Experimental Section


2.1. Study Area

The field study was conducted in xeric longleaf pine sandhill forests located at Eglin Air Force Base. The base, established in 1931, is located in the Florida Panhandle, USA, (30°29’00” N; 86°31’52” W) and covers ~1500 km2 [47]. Soils of the study sites were all typic quartzipsamments of the Lakeland series with a mean depth to water table of 200 cm [48]. The subtropical climate of the area is characterized by warm humid summers and mild winters. Mean annual temperature is 19.8 °C, with mean annual precipitation of 1580 mm [48]. Elevation ranges from 50–100 m above sea level, and all sites have the minimal topography typical of sandhill longleaf pine forests [49].

Eglin Air Force Base is composed of fire-suppressed and frequently-burned sandhill forests. The fire-suppressed areas are generally dominated by turkey oak (Quercus laevis Walter) with longleaf pine (Pinus palustris Mill.), yaupon holly (Ilex vomitoria) and other various deciduous oaks, e.g., sand post oak (Q. margaretta Ashe), blue jack oak (Q. incana Bartram), sand live oak (Q. germinate Small), and laurel oak (Q. laurifolia). The frequently-burned sites, which present conditions consistent with historical reports of relatively unaltered sandhill forests, are mostly co-dominated by longleaf pines and turkey oaks [50]. Both reference and restoration forests are populated with shrubs, forbs and graminoid (see reference [50] for the full list of species).



2.2. Experimental Design

The original experimental design established in spring 1994 consisted of 24 restoration plots in fire-suppressed sandhill forests and six reference (desired conditions) plots in frequently burned longleaf pine-dominated forests [19,20,42]. The restoration plots constituted a randomized complete block design with four 81-ha treatment plots (900 m × 900 m) per block with a total of six blocks. Block #5 of the original study was omitted from our re-sampling due to impacts from a 2006 timber harvest of encroached sand pine (Pinus clausa) leaving five replicate blocks. Within each plot, eight, 10 m × 40 m nested subplots were distributed in four transects with four subplots spaced 10 m apart (2 × 4 = 8) for a total of 16 subplots per plot. Reference plots were divided into three blocks of two 81-ha plots. Each plot was also composed of 16, 10 m × 40 m nested subplots distributed in four transects. Each pair of reference plots was separated by a minimum of 5 km within each block.

Treatments were randomly assigned to plots within blocks and included (1) prescribed growing season fire; (2) mechanical killing of hardwoods (chainsaw felling and girdling, residual biomass left in place); (3) herbicide killing of hardwoods (single application of the ULW form of the herbicide Hexazinone at a rate of 1.68 kg active ingredient per ha; residual biomass left in place); and (4) delayed burn. The initial hardwood removal treatment occurred in 1995. Burn-only treatments were applied in April-June, herbicide in early May and mechanical removal between June and November of 1995. In 1997, after herbicide application and mechanical removal, both treatments received a prescribed fire the following year [19,20,42], as any long-term restoration will require follow-up treatment with frequent fire to reduce fuel build-up resulting from the treatments.

As part of the original study in 1994, four soil cores (30-cm deep) were collected and mixed into one sample from the corners of each 10 × 40-m subplot (i.e., n = 4 per plot) before treatments were applied (fall of 1994), and two (spring and fall of 1996) and three years (spring and fall of 1997) after treatment application. For each sampling, soil samples were transported back to the University of Florida and analyzed by the Analytical Research Laboratory at the University of Florida.

In June 2009, we revisited all restoration and reference plots. Prior to re-sampling, all plots burned several times between 1994 and 2009 (see Table 1 for the fire history of all the plots). All plots were also burned in prescribed fires between January and April 2009. In each plot, we sampled all four transects and for each transect, we sampled four 10 m spaced subplots and bulked the samples (i.e., n = 4 per plot). Contrary to the original soil sampling (i.e., 30-cm deep mineral soil core), at each sampling location, we collected the litter and sampled the mineral soil separately from 0–10 cm and from 10–30 cm. Soil samples were kept on ice for transport back to the University of Florida and kept at 4 °C until processing.

Foliar samples were collected using a shotgun from mature longleaf pines in late December of 2010. A single tree was sampled from each subplot when mature trees were available (some subplots contained no mature longleaf pines). At least twelve samples were taken from each plot. This short window of opportunity limited sampling to 16 of the restoration plots (four complete blocks) and four reference plots (two complete blocks). Foliage was kept frozen once sampled and then transported to the University of Florida for processing.



2.3. Soil Analysis

Soil samples from the original study (1994, 1996 and 1997 samplings) were processed by the Analytical Research Laboratory at the University of Florida. Soil organic matter was determined by the Walkley-Black method and total N by using the micro-Kjeldahl method [51].

For the soil sampling of summer 2009, soils were homogenized and roots, twigs, and green vegetation were removed by hand. From each soil sample, we determined for all soil layers: gravimetric moisture content, bulk density, total soil C and N; and mineral soils only: soil pH, Mehlich P, inorganic N (NO3− -N and NH4+-N), and N mineralization rates.

Total soil C and N were measured on subsamples of initial soil cores using a Costech ECS 4010 Elemental Analyzer (Valencia, CA, USA) and calculated on a dry soil mass (%) and volume basis (e.g., g m−2). Total (C and N) were calculated on a dry soil mass basis. The pH measurements were made in aqueous suspensions (approx. soil:water ratio = 1:2).

To determine Mehlich P (double acid extractable P), soil samples were analyzed by extracting approximately 5 g of air-dried soil with 20 ml of double acid reagent (0.025 N H2SO4 + 0.05 N HCL). The solutions were shaken for 5 min at low speed and spun for about 5 min. Phosphorus extracts were determined using a microplate reader (BioTek Instruments, Inc., Winooski, VT, USA).

To determine N mineralization, soil samples were analyzed for initial and final pools of inorganic N (NO3−-N and NH4+-N) by extracting approximately 10 g of field moist soil with 50 mL of 2.0 M KCL [52]. The solutions were shaken for 1 h and left to sit in an air-conditioned room (approx. 23 °C) for 18–24 h and then filtered using a Whatman (GF/A) filter under vacuum. Ammonium and NO3− concentrations in extracts were determined colorimetrically using an Astoria-Pacific colorimetric autoanalyzer (Astoria, OR, USA). Net rates of nitrification and N mineralization for the incubation period (i.e., 30 days) were calculated from the differences in initial and final inorganic N pools divided by the incubation time. All initial N pools and N rates were calculated on a dry soil mass basis (e.g., µg N gdw−1) and volume basis (e.g., g N m−2).

Considering that the differences between the initial and 2009 C concentrations were large enough (i.e., ~70% higher in 2009), we suspected that there was some methodological bias in the initial sampling that resulted in systematically lower C concentrations. These differences may have been due to method of soil preparation, analytic method, or standards used. Unfortunately, no soils were archived, so we were unable to re-analyze initial samples via dry combustion. We also analyzed a subset of 2009 samples via the Walkley Black method, with the analyses done at the same Analytical Research lab, but although we were able to detect a significant (R2 = 0.74, p < 0.05) and linear offset (~0.74) between the two methods, this was not large enough to account for the differences in C concentration between the initial and 2009 samples. Thus, we decided to examine relative differences—rather than absolute differences—among treatments (see Statistics below).



2.4. Foliar Analysis

Foliage was removed from branches, dried at 60 °C for 48–72 h, and ground to a fine powder on a Wiley Mill (Thomas Scientific, Swedesboro, NJ, USA) with a #40 screen. Total foliar C and N were measured on a Costech ECS 4010 Elemental Analyzer (Valencia, CA, USA).



2.5. Statistical Analysis

To account for differences in methodologies between the two-time period for C and CN ratios determination, we examined the relative differences within both datasets to test for the treatment effects. We used this approach because it has been frequently reported that dry combustion processes result in greater C values than chemical oxidation with the Walkley-Black method [53]. A factor of conversion is often used to compensate for the incomplete oxidation of organic C, but the use of this factor has the potential for serious error when estimating the C content of soils. Indeed, this factor of conversion, which is quite variable (1.35 to 14.1; [54]), has been shown to vary with soil type, mineralogy and soil depth [55,56]. Similarly, dry combustion processes have also resulted in greater N values than the Kjeldahl method [57,58]. Thus, considering this limitation, we were unable to test for the effect of time on soil C, N and CN ratios.

Since the reference plots were not part of the five blocks, which include all restoration treatments, and were not spatially randomized, we could not include them in the generalized linear mixed models (GLMM) analysis (see below). Instead, we used a nonparametric multivariate distance technique to compare C, N, and CN ratios of the restoration hardwood reduction treatments to each other and to reference conditions for the pre-treatment (fall 1994) and three post-treatment (spring 1996, 1997, and 2009) samplings. Three plots, a reference, herbicide and delayed burn, were missing post-treatment data for 2009. These three plots were excluded for all four-time periods to ensure consistent comparison, resulting in a total of 101 samples for each time period. To account for the different scales and range of values in the three variables, each variable was relativized by its maximum value so that all variables ranged from 0 to 1. We used multi-response permutation procedure ([MRPP; [59]) as implemented in PC-ORD v5 [60] with Euclidean distance, pairwise comparisons, α = 0.05, and 1000 permutations. MRPP is a distance-based analysis that enabled us to include the reference plots that were not part of the original randomized complete block design. MRPP was run for each of the four time periods using the relativized data with five treatments, including reference, as the grouping variable. The false discovery rate correction (FDR; [61]) was used to correct for multiple pairwise comparisons using the statistical software R [62].

Giving that the MRPP analysis gives an integrated assessment of treatment differences, we also used univariate analysis to interpret the results of the MRPP. Thus, to compare the results (i.e., only top 30 cm of the mineral soil) from the late post-treatment (spring 2009) sampling with the early post-treatment samplings (spring and fall of 1996 and 1997), we used a generalized linear mixed model (GLMM) [63,64] to evaluate the effect of treatment (excluding the reference plots, see above) on total C and N concentrations with pre-treatment (fall of 1994) data as a covariate to account for differences among treatments that existed prior to treatment application. GLMM analysis was also used to evaluate the effect of treatment, depth and their interaction on soil bulk density, soil moisture content, pH, C and N (concentration and pool), and Mehlich P and N mineralization rates for the late post-treatment sampling (spring 2009). GLMM was used as well to test the effect of the interaction between treatment and time (spring 1997 vs. spring 2009) on soil C and N pools, and the effect of treatment on foliar C, N 13C and 15N (spring 2009). All multiple comparisons of means were performed with Tukey adjustments. We computed the p-values with two methods. First, to produce a p-value for a particular fixed-effects term in a GLMM model, we use a likelihood ratio test (LRT). More explicitly, to compare the models, we first fit the model including the term to be tested using maximum likelihood, and then refit the model again without the term tested and compared both models using analysis of variance (ANOVA) [65,66]. We also produced p-values with Wald χ2 tests, which are generally considered better than LTR for testing fixed effects with smaller sample sizes [63]. For simplicity and convenience and also because results from the two methods were highly similar, we presented only the results from the Wald χ2 tests. All analysis were run in the statistical freeware R. For GLMM analysis, the “lme4” package [64] was used, for multiple comparisons, the “multcomp” package [67] was used, while the “ggplot2” package [68] was used for the figures.




3. Results


3.1. Multi-Response Permutation Procedure (MRPP)

Pre-treatment, reference, burn-only, delayed burn, mechanical, and herbicide plots were all similar based on the MRPP analysis of C, N, and CN ratios (Table 2). The first post-treatment analysis (spring 1996) showed that there were significant differences between the reference and all treatments (mechanical p < 0.1). In the second post-treatment analysis (spring 1997) the delayed burn plots differed from the burn-only, mechanical, herbicide (p < 0.1) and reference plots. The mechanical and herbicide (p < 0.1) also differed from the reference plots. For the spring 2009, the MRPP analysis showed differences between the treatments with the burn-only plots differing from the mechanical and herbicide plots, and the herbicide plots differing from the reference plots (Table 2).

Table 2. Results (p-values) associated with the multi-response permutation procedure (MRPP) on pairwise comparisons of soil total C, total N, and CN ratios on restoration treatments and reference sites for pre-treatment (fall of 1994) and post-treatment (spring of 1996, 1997, 2009) samplings. N.S. = not significant.










	Treatment
	Reference
	Burn-only
	Delayed burn
	Herbicide
	Mechanical





	Pre-treatment (fall 1994)
	
	
	
	
	



	Reference
	
	N.S.
	N.S.
	N.S.
	N.S.



	Burn-only
	
	
	N.S.
	N.S.
	N.S.



	Delayed burn
	
	
	
	N.S.
	N.S.



	Herbicide
	
	
	
	
	N.S.



	Early Post-treatment (spring 1996)
	
	
	
	
	



	Reference
	
	0.003
	0.04
	0.001
	N.S.



	Burn-only
	
	
	N.S.
	N.S.
	N.S.



	Delayed burn
	
	
	
	N.S.
	N.S.



	Herbicide
	
	
	
	
	0.099



	Early Post-treatment (spring 1997)
	
	
	
	
	



	Reference
	
	N.S.
	0.001
	0.066
	0.001



	Burn-only
	
	
	0.046
	N.S.
	N.S.



	Delayed burn
	
	
	
	N.S.
	0.046



	Herbicide
	
	
	
	
	N.S.



	Late Post-treatment (spring 2009)
	
	
	
	
	



	Reference
	
	N.S.
	N.S.
	0.04
	N.S.



	Burn-only
	
	
	N.S.
	0.035
	0.04



	Delayed burn
	
	
	
	N.S.
	N.S.



	Herbicide
	
	
	
	
	N.S.












3.2. Soil pH, Soil Bulk Density, and Soil Moisture

In the initial (1994–1997) study, pH showed very little variability with no differences between years (4.64 to 4.71; p = 0.5237) or treatments (4.64 to 4.81; p = 0.8623) for the 0–30 cm layer, despite dramatic changes in vegetative cover within the initial treatments [19,20]. In the 2009 post-treatment sampling, only soil pH and bulk density differed with depth (Table 3 and Table 4). However, there was no significant difference among restoration treatments for pH, soil moisture, and bulk density among soil depths. Soil pH showed low variability, with ranges of 4.8–5.4 and 5.1–5.4 respectively for the 0–10 cm and 10–30 cm layer of the mineral soil. In contrast, soil bulk density was more variable with ranges from 0.007 to 0.06 g cm−3 for the litter layer and from 0.7 to 1.4 g cm−3 for the two mineral soil horizons. Soil pH was slightly more acidic in the 0–10 cm (5.04) than the 10–30 cm (5.17) layers while soil bulk density was less in the litter layer (Table 3 and Table 4).

Table 3. Results of a GLMM testing the effect of treatment, depth and interaction treatment × depth on soil pH, soil bulk density, Mehlich P, and soil C and N pools and mineralization rates for the 2009 post-treatment. p-values and degrees of freedom were produced with Wald χ2 tests. The reference treatment was not included in the GLMM testing. N.S. = not significant; W = weight; V = volume.












	Effects
	df
	Bulk density
	Cw
	Nw
	C:N ratio
	Cv
	Nv





	Treatment
	3
	N.S.
	N.S.
	0.0339
	<0.0001
	N.S.
	N.S.



	Depth
	2
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001
	<0.0001



	T × D
	6
	N.S.
	N.S.
	<0.0001
	0.0023
	N.S.
	0.0554



	
	
	NO3−w
	NO3−v
	NH4+w
	NH4+v
	N nitw
	N nitv



	Treatment
	3
	0.0200
	0.0145
	0.0022
	0.0024
	0.0009
	0.0070



	Depth
	1
	N.S.
	<0.0001
	<0.0001
	<0.0001
	N.S.
	N.S.



	T × D
	3
	N.S.
	N.S.
	0.0188
	N.S.
	N.S.
	N.S.



	
	
	Net N minw
	Net N minv
	Pw
	Pv
	pH
	Moisture



	Treatment
	3
	N.S.
	N.S.
	0.0152
	N.S.
	N.S.
	N.S.



	Depth
	1
	0.0017
	0.0065
	<0.0001
	0.0350
	<0.0001
	N.S.



	T × D
	3
	N.S.
	N.S.
	0.0283
	N.S.
	N.S.
	N.S.








Table 4. Means and standard errors of soil characteristics for reference (not included in the GLMM testing) and restoration plots in longleaf pine forests at EAFB, Florida for summer 2009. Means for treatment or depth with the same letter do not differ at p < 0.05. NM = not measured.










	
	Reference
	Burn-only
	Delayed burn
	Herbicide
	Mechanical





	Bulk Density (g cm−3)
	
	
	
	
	



	Litter a
	0.031 (0.003)
	0.037 (0.006) a
	0.028 (0.001) a
	0.022 (0.005) a
	0.027 (0.002) a



	Min 0–10 cm b
	0.98 (0.07)
	0.94 (0.04) a
	1.01 (0.05) a
	1.07 (0.05) a
	1.03 (0.04) a



	Min 10–30 cm c
	1.15 (0.09)
	1.18 (0.06) a
	1.20 (0.03) a
	1.26 (0.04) a
	1.22 (0.03) a



	pH
	
	
	
	
	



	Litter
	NM
	NM
	NM
	NM
	NM



	Min 0–10 cm a
	5.03 (0.05)
	4.98 (0.06) a
	5.10 (0.08) a
	5.06 (0.07) a
	5.05 (0.03) a



	Min 10–30 cm b
	5.21 (0.05)
	5.15 (0.02) a
	5.13 (0.03) a
	5.18 (0.02) a
	5.19 (0.05) a



	C (%)
	
	
	
	
	



	Litter a
	51.12 (0.90)
	50.21 (0.64) a
	49.73 (0.58) a
	50.28 (1.13) a
	50.03 (0.37) a



	Min 0–10 cm b
	1.23 (0.17)
	1.27 (0.09) a
	1.06 (0.10) a
	0.97 (0.05) a
	0.96 (0.03) a



	Min 10–30 cm c
	0.45 (0.03)
	0.52 (0.04) a
	0.53 (0.05) a
	0.46 (0.02) a
	0.48 (0.02) a



	N (%)
	
	
	
	
	



	Litter a
	0.57 (0.03)
	0.60 (0.05) b
	0.72 (0.04) a
	0.70 (0.01) a
	0.64 (0.02) ab



	Min 0–10 cm b
	0.046 (0.007)
	0.047 (0.003) a
	0.045 (0.003) a
	0.042 (0.002) a
	0.038 (0.002) a



	Min 10–30 cm c
	0.019 (0.001)
	0.021 (0.002) a
	0.022 (0.001) a
	0.022 (0.002) a
	0.020 (0.001) a



	CN ratio
	
	
	
	
	



	Litter a
	95.3 (3.1)
	87.3 (6.2) a
	69.9 (6.4) c
	73.6 (1.5) bc
	80.9 (1.8) ab



	Min 0–10 cm b
	27.8 (0.7)
	26.9 (1.4) a
	23.6 (0.5) a
	23.2 (0.6) a
	25.8 (0.7) a



	Min 10–30 cm b
	24.0 (0.7)
	24.5 (1.0) a
	23.6 (0.8) a
	21.1 (0.3) a
	23.7 (0.8) a



	C pool (g m−2)
	
	
	
	
	



	Litter a
	158.7 (17.4)
	187.4 (31.6) a
	140.6 (6.4) a
	108.3 (22.9) a
	135.4 (9.5) a



	Min 0–10 cm b
	1139.7 (71.4)
	1209.7 (63.0) a
	1055.2 (87.0) a
	1013.6 (53.0) a
	972.7 (43.2) a



	Min 10–30 cm b
	1032.5 (103.0)
	1194.0 (69.4) a
	1276.0 (128.6) a
	1151.4 (78.5) a
	1162.8 (59.9) a



	N pool (g m−2)
	
	
	
	
	



	Litter a
	1.96 (0.24) a
	2.28 (0.43) a
	2.13 (0.16) a
	1.52 (0.32) a
	1.80 (0.17) a



	Min 0–10 cm c
	39.5 (1.96) a
	45.2 (2.82) a
	44.7 (3.31) a
	43.5 (1.67) a
	38.1 (2.40) a



	Min 10–30 cm b
	43.3 (4.42) b
	47.6 (2.60) a
	53.7 (3.75) a
	56.3 (4.46) a
	49.4 (2.60) a



	Moisture (%)
	
	
	
	
	



	Litter
	NM
	NM
	NM
	NM
	NM



	Min 0–10 cm a
	0.02 (0.01)
	0.07 (0.05) a
	0.03 (0.04) a
	0.05 (0.02) a
	0.03 (0.01) a



	Min 10–30 cm a
	0.03 (0.01)
	0.05 (0.01) a
	0.04 (0.01) a
	0.03 (0.01) a
	0.04 (0.01) a












3.3. Carbon and Nitrogen Concentrations and Pools

In the initial sampling effort (1994–1997), bulk soil C concentration was significantly lower during spring 1997 (~ 20% lower) than fall 1994 and spring 1996 (p < 0.0001) with no treatment effect (p = 0.1885; reference plots excluded) on C concentration (Figure 1). Nitrogen (%) also showed some variability between the years with differences between 1997 (spring and fall), and fall 1994 and spring 1996 (p < 0.0001), with also no treatment effect (p = 0.3407; Figure 1). CN ratios were greater during fall 1997 (~ 15%) than spring 1997 (p < 0.0001), and similar to C and N, restoration treatments had no significant effect (p = 0.2626; Figure 1). As for the 2009 sampling (when 0–10 and 10–30 cm layers were combined), the effects of treatment (reference plots excluded) were statistically significant for CN ratios (p = 0.0013) and only marginally significant for soil C (p = 0.0710), with the herbicide plots being 16% and 13% respectively lower than the burn-only plots (Figure 1).

Figure 1. Box plots of soil total C (%), total N (%), and CN ratios for longleaf pine forests at Eglin Air Force Base, Florida. The boundary of the box plot closest to zero indicates the 25th percentile, the line within the box marks the median, the open circle indicates the mean, and the boundary of the box plot farthest from zero indicates the 75th percentile. Error bars above and below indicate the 90th and 10th percentile. Means (open circles) for treatments (Reference not included in the GLMM analysis) with the same letter do not differ at p < 0.05. R = reference; B = burn-only; C = delayed burn; H = herbicide; M = mechanical.



[image: Forests 05 00498 g001 1024]





In the 2009 post-treatment sampling, we also measured three soil horizons, the litter, and the 0–10 cm and 10–30 cm mineral layers. These three layers were combined in the initial study. In the 2009 post-treatment sampling, treatment (reference plots excluded) and depth interacted significantly only for total N and CN ratios (Table 3). As expected, concentrations of C and N and CN ratios were significantly greater in the litter layer than the mineral soil horizons while C and N pools were higher in the mineral horizons (Table 3 and Table 4). The effect of treatment was more variable and specific to each soil layer (Table 4). There were no significant differences between restoration treatments in concentration of C and in total C pool, whereas our results were different for N (%); for the litter layer, total N (%) was greater (~17%) in the delayed burn and herbicide than the burn-only plots; for the 0–10 cm and 10–30 cm there was no difference between the treatments (Table 4). In addition, the effect of restoration treatment on the CN ratio for the litter layer was greater (~22%) in the burn-only than the delayed burn and herbicide plots (Table 4).



We also compared the C and N pools of the 1997 post-treatment sampling with the 2009 post-treatment sampling (0–30 cm; Figure 2). There was no interaction effect for C (p = 0.6674) or N (p = 0.2319) pools. Similarly, there was no difference between restoration plots for C (p = 0.1595) and N (p = 0.4448). Thus, these results suggest that the difference in C or N pools among the restoration treatments (excluding the reference) did not change between the two studies.

Figure 2. Box plots of C and N pools (0–30 cm mineral soil layer) for longleaf pine forests at Eglin Air Force Base, Florida, USA. The boundary of the box plot closest to zero indicates the 25th percentile, the line within the box marks the median, the open circle indicates the mean, and the boundary of the box plot farthest from zero indicates the 75th percentile. Error bars above and below indicate the 90th and 10th percentile. Means (open circles) for treatments (Reference not included in the GLMM analysis) with the same letter do not differ at p < 0.05. R = reference; B = burn-only; C = delayed burn; H = herbicide; M = mechanical.
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3.4. Inorganic N and Mineralization Rates: 2009

Extractable NO3− and NH4+ concentrations and pools and nitrification rates were generally low in all plots and were more variable than C and N. Ammonium (mass basis) showed a significant interaction between treatment (excluding the reference) and depth, with concentrations of NH4+ greater in the 0–10-cm layer of delayed burn plots (Table 3 and Table 5). Ammonium (volume basis) was greater in the delayed burn than the burn-only and mechanical treatments while NO3− (mass and volume basis) was greatest in the herbicide plots (Table 5). Nitrification rates were significantly lower in the herbicide plots than in the delayed burn plots as well (Table 5). There was also a significant depth effect, with greater values in the 0–10 cm layer for NH4+ concentrations and pools, and N min rates (Table 3).

Table 5. Means and standard errors of inorganic N and N mineralization, and P for reference (not included in the GLMM testing) and restoration plots in longleaf pine forests at EAFB, Florida for summer 2009. Means for treatment and depth with the same letter (capital letter was used when the two soil horizons were combined) do not differ at p < 0.05.










	
	Reference
	Burn-only
	Delayed burn
	Herbicide
	Mechanical





	NH4 (µg NH4 gdw−1)
	
	
	
	
	



	Min 0–10 cm a
	1.14 (0.19)
	1.64 (0.16) b
	2.60 (0.45) a
	1.81 (0.31) b
	1.48 (0.17) b



	Min 10–30 cm b
	0.91 (0.07)
	1.08 (0.12) a
	1.29 (0.13) a
	1.27 (0.16) a
	0.97 (0.09) a



	NO3 (µg NO3 gdw−1)
	
	
	
	
	



	Min 0–10 cm a
	0.12 (0.05)
	0.25 (0.06) B
	0.22 (0.06) B
	0.41 (0.10) A
	0.25 (0.08) B



	Min 10–30 cm a
	0.15 (0.01)
	0.32 (0.08)
	0.31 (0.08)
	0.36 (0.12)
	0.24 (0.05)



	NH4 (g NH4 m−2)
	
	
	
	
	



	Min 0–10 cm a
	0.12 (0.02)
	0.15 (0.02) B
	0.27 (0.05) A
	0.19 (0.04) AB
	0.15 (0.02) B



	Min 10–30 cm b
	0.22 (0.03)
	0.24 (0.02)
	0.32 (0.04)
	0.32 (0.04)
	0.24 (0.02)



	NO3 (g NO3 m−2)
	
	
	
	
	



	Min 0–10 cm a
	0.012 (0.004)
	0.022 (0.006) B
	0.022 (0.008) B
	0.045 (0.011) A
	0.026 (0.008) B



	Min 10–30 cm b
	0.036 (0.005)
	0.075 (0.022)
	0.075 (0.022)
	0.102 (0.029)
	0.059 (0.012)



	Nitrification (µg NO3 kg−1d−1)
	
	
	
	
	



	Min 0–10 cm a
	9.67 (3.64)
	8.80 (8.63) AB
	18.98 (12.22) A
	−7.66 (7.96) B
	4.47 (5.10) B



	Min 10–30 cm a
	13.92 (4.62)
	5.24 (6.65)
	18.23 (14.06)
	−2.66 (5.96)
	−2.03 (2.77)



	N min (µg N min kg−1d−1)
	
	
	
	
	



	Min 0–10 cm a
	16.95 (6.02)
	10.22 (9.65) a
	9.97 (6.72)a
	5.59 (7.54) a
	10.84 (7.64) a



	Min 10–30 cm b
	−3.19 (7.23)
	−5.42 (7.10) a
	3.47 (14.43)a
	−13.87 (11.70)a
	−13.57 (3.39) a



	Nitrification (mg NO3 m−2d−1)
	
	
	
	
	



	Min 0–10 cm a
	0.97 (0.41)
	0.83 (0.82)AB
	1.68 (1.21) A
	−0.85 (0.83) B
	0.49 (0.49) B



	Min 10–30 cm a
	2.92 (7.18)
	0.76 (1.67)
	4.30 (3.31)
	−0.73 (1.43)
	−0.53 (0.70)



	N min (mg N min m−2d−1)
	
	
	
	
	



	Min 0–10 cm a
	1.60 (0.64)
	0.81 (0.82) a
	0.92 (0.65) a
	0.33 (0.75) a
	1.04 (0.78) a



	Min 10–30 cm b
	−1.29 (1.43)
	−1.58 (1.89) a
	0.73 (3.44) a
	–3.40 (1.25) a
	−3.39 (0.82) a



	P (µg gdw−1)
	
	
	
	
	



	Min 0–10 cm a
	0.89 (0.12)
	0.68 (0.08) b
	1.26 (0.34) a
	0.68 (0.04) b
	0.73 (0.05) b



	Min 10–30 cm b
	0.34 (0.03)
	0.38 (0.05)a
	0.48 (0.08) a
	0.41 (0.07) a
	0.37 (0.05) a



	P (g m−2)
	
	
	
	
	



	Min 0–10 cm a
	0.088 (0.013)
	0.067 (0.008) a
	0.131 (0.043) a
	0.075 (0.009) a
	0.075 (0.062) a



	Min 10–30 cm b
	0.084 (0.008)
	0.109 (0.021) a
	0.121 (0.018) a
	0.129 (0.039) a
	0.090 (0.011) a












3.5. Mehlich Phosphorus

Concentrations and pools of Mehlich P ranged from 0.23–2.29 µg P gdw−1 and from 0.04–0.30 g m−2 respectively. Concentrations of Mehlich P were significantly greater (on average about twice) in the 0–10 cm horizon while the opposite was true for concentration scaled to pool size (Table 3 and Table 5). Only in the 0–10 cm layer were P concentrations greater in the delayed burn than in the burn-only (0.58 µg P gdw−1 lower), herbicide (0.58 µg P gdw−1 lower) and mechanical (0.53 µg P gdw−1 lower) treatments (Table 3 and Table 5).



3.6. Foliar C and N, 13C and 15N

Longleaf pine foliar C (%) ranged from 49.7% to 51.7% and there was no difference (p = 0.4688) among treatments. Similarly, total N (%) did not differ between restoration treatments (p = 0.5192) and ranged from 0.8% to 1.1%. Hardwood removal or prescribed burning did not affect either foliar 13C (p = 0.4573) or 15N (p = 0.2945). At last, foliar 13C and 15N expressed very little variability as they ranged from −28.5 to −27.4 (‰) and from −5.1 to −3.5 (‰) respectively.




4. Discussion

We found no differences in soil nutrients between the reference and the fire-suppressed plots prior to the treatment implementation. This result was slightly unexpected given the structural changes in forest communities [19,20,42] but was consistent with earlier studies [30,31,36,69,70] that found little or no short-term effect of repeated fires on soil nutrients in nutrient-poor systems. This would also suggest that soil C and N are relatively resistant to degradation. All plots expressed very low soil fertility and the reference plots were burned ~4x more than the fire-suppressed plots during the 25-year period prior to the treatments.

We also found that the restoration treatments were effective in reducing soil C values. Differences between reference and most treatment plots were short-lived (<3 years). In the herbicide treatment, however, differences persisted 15 years. We suggest that early differences between the reference and the burn-only, mechanical and herbicide plots were likely the result of a pulse of nutrients released into the soil following restoration treatments, perhaps caused by decomposition and nutrient release from cutting, burning, or herbiciding of the oak overstory and midstory in the fire-suppressed plots [25]. In addition, winter 1996 is also considered as the largest mast year ever recorded for longleaf pine cone production, thus providing additional litter on the forest floor in all plots, which were all burned in 1997. In contrast, we would argue that the absence of fire explains the difference between the delayed burn (the delayed burn plots were burned only starting in 2000 after the conclusion of the initial study) and the other plots (including reference). The persistent dissimilarity between the herbicide, and the reference and the burn-only plots over the years is harder to explain considering that all the treatments were subjected to several fires (i.e., between 4 and 7) over the 15-year period. There was not a clear trend in the percentage of ground cover between the treatments [71]. A possible scenario that would explain this difference is that the decrease in oak overstory and midstory was more extensive in the herbicide than the other treatments [25], thus providing additional litter on the forest floor which could have led to more severe fires in these plots and potentially greater C losses.

We also examined the long-term effects of restoration treatments on soil N and P mineralization rates, indices not measured in the initial phase of the study. Extractable N and N mineralization rates were generally low in all the plots, and representative of a nutrient-poor pine forest [34,35]. In addition, there was no specific pattern for treatment or depth; for example NH4+ (volume basis) was greater in the delayed burn, NO3− (dry soil mass and volume basis) was greater in the herbicide plots, while nitrification rates were lower in the herbicide and mechanical plots, although the latter may be an artifact of high initial NO3− concentrations. These results were different from Lavoie et al. [37], but Lavoie et al. [37] only used one block while five complete blocks were used in this study, thus possibly capturing a different nutrient pattern present at a larger spatial scale. It is also well known that extractable N and N mineralization rates are very dynamic [33]. Thus, temporal variability could also explain the discrepancy between the two studies since soil sampling of this study was undertaken in early June, at the onset of the rainy season [49], while Lavoie et al. [37] was carried out in early August.

No differences were significant for any foliage characteristics (i.e., C (%), N (%), 13C and 15N). The results were consistent with Boyer and Miller [32; foliar N], Samuelson et al. ([72]; 13C), and Binkley et al. ([31]; foliar N).



5. Conclusions

Contrary to our initial expectations, there were few differences in soil C or nutrients between the reference and degraded, fire-suppressed plots prior to the restoration treatments. In addition, the short- and long-term effects of fire and hardwood removal treatments on soil and foliar characteristics were minor, with the exception of the herbicide treatment. These results were concordant with earlier studies and confirm that soil C and N are relatively resistant to degradation and that repeated fires or hardwood removal treatments have few detectable impacts on soil nutrients in this study area. We also examined the long-term effects of restoration treatments on soil N and P mineralization rates, and foliar nutrients but we found no systematic evidence of treatment effects. The herbicide treatment did show some changes in nitrification, which may be related to the reduction in CN ratio. The lack of responsiveness of this longleaf pine ecosystem to restoration of fire and changes in forest structure may result from the already low levels of nutrients present in these soils and relatively variable distribution of those resources seasonally and spatially. In addition, our work suggests that forest soils in longleaf pine sandhill forests may be buffered against changes in disturbance regime and resilient to altered fire regimes, which may result from climate change or human intervention.
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