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Nitrogen (N) and phosphorus (P) are essential plant nutrients that limit 

productivity in most, if not all, terrestrial ecosystems. Fire, a common disturbance in 

many shrublands, may have different effects on the relative availability of N and P 

because N volatilization occurs at lower temperatures than P volatilization. I 

investigated the short- and long-term effects of fire on soil and plant nutrients in Florida 

scrub ecosystems. In addition, I tested the hypothesis that nutrient limitation of plant 

productivity of scrubby flatwoods changes with time after fire. In flatwoods ecosystems, 

fire caused a greater increase in phosphate (PO4
3-) than ammonium (NH4

+), resulting in 

a decrease in the soil available N:P ratio shortly after fire. Similarly, foliar %P of 

resprouting species increased more than foliar %N, resulting in a decrease in foliar N:P 

ratios shortly after fire. In scrubby flatwoods, PO4
3-, but not total inorganic N, varied with 

time after fire, causing N:P ratios to be greatest at intermediate times after fire and 

lowest 13 years after fire. In surface soils, soil %C and %N, dissolved organic N, net N 

mineralization, and microbial N were all highest 13 years after fire, and measures of N 

availability were often highly correlated. In recently burned scrubby flatwoods, shrubs 

appear to invest more in aboveground productivity, and Quercus inopina responded to 
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P and N + P addition, but Serenoa repens responded to N addition. At intermediate 

times after fire, shrubs appear to invest more in belowground than aboveground 

productivity and show co-limitation by N and P with a stronger P-limitation, while in long 

unburned sites, scrubby flatwoods shrubs appear to invest in both aboveground and 

belowground productivity and show co-limitation by N and P. Overall, my research 

suggests that: (1) increased soil nutrient availability and reallocation of nutrients from 

below- to aboveground can be important for plant nutrient status after fire; (2) species 

composition and fire frequency, as well as time after fire, are important in affecting soil 

nutrient availability; and (3) the effects of nutrient addition on biomass and growth 

depend on time after fire and species identity. 
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CHAPTER 1 
INTRODUCTION 

Fire is a natural disturbance that maintains the structure and composition of 

many shrub dominated ecosystems (Little 1979, Abrahamson et al. 1984, Christensen 

1985, Keeley and Keeley 1988, Moreno and Oechel 1994, Bradstock et al. 2001). Fire 

can have profound impacts on nutrient cycling and availability because fire consumes 

plant biomass, litter, and soil organic matter, converting organic nutrients to inorganic 

forms (Certini 2005), which can be lost to the atmosphere or returned to the ecosystem 

in ash. Although fire often has no detectable effects on total soil nitrogen (N) 

(Christensen and Muller 1975, Jensen et al. 2001, Wan et al. 2001, Britton et al. 2008, 

Boerner et al. 2009) or phosphorus (P) pools (Kauffman et al. 1993), numerous studies 

have measured increases in concentrations of soil ammonium (NH4
+), nitrate (NO3

-), 

and/or phosphate (PO4
3-) after fire (e.g., Lewis 1974, Wilbur and Christensen 1983, 

Stock and Lewis 1986, Schmidt and Stewart 1997, Giardina et al. 2000, Grogan et al. 

2000, Wan et al. 2001, Smithwick et al. 2005a, Turner et al. 2007).  

Fire has different effects on the relative availability of N and P due to 

fundamental differences in their biogeochemistry. Since N is more readily volatilized 

than P, relatively more N than P is lost from an ecosystem during fire (Raison et al. 

1985a). In highly weathered soils, most P is in organic matter. Fire rapidly mineralizes 

the P in these pools, often resulting in enhanced P availability after fire. Nitrogen, 

however, may be relatively less available than P after fire due to greater combustion 

losses, and N inputs in unpolluted ecosystems are largely dependent upon biological N-

fixation, which accumulates N over the inter-fire cycle. During fire, nutrients can be lost 

from an ecosystem to the atmosphere through volatilization (non-particulate forms) or 
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transport of ash (particulate forms). Numerous studies have measured the effect of fire 

on nutrient loss to the atmosphere by calculating the difference between the pre-fire 

nutrient content of fuel (i.e. understory plants and/or litter) and the post-fire nutrient 

content of ash. For example, in a low-intensity fire in a Mediterranean forest, 77% of N 

and 35% of P was lost (Gillon and Rapp 1989); during fires in Australian forests and 

woodlands, 92-94% of N and 41-53% of P was lost (Cook 1994); during slash-and-burn 

agriculture in Amazonia, 93-98% of N and 27-47% of P was lost (Mackensen et al. 

1996); and fires in Brazilian savannas caused 95% of N and 51% of P to be lost (Pivello 

and Coutinho 1992). Regardless of the type of ecosystem or fire, approximately twice 

as much N as P is lost to the atmosphere during fire due to differences in volatilization 

temperatures and forms of nutrient loss. N volatilization occurs at temperatures as low 

as 200°C (White et al. 1973), whereas P is volatilized at temperatures above 774°C 

(Raison et al. 1985a). The majority of N in combusted fuel is lost in non-particulate 

forms, while P is lost in both non-particulate and particulate forms. Thus, ash on the soil 

surface contains high concentrations of P and low concentrations of N (Debano and 

Conrad 1978, Raison et al. 1985b).   

Nitrogen and phosphorus limit plant growth in most, if not all, terrestrial 

ecosystems (Vitousek and Howarth 1991).Because fire has the potential to alter the 

relative availability of N versus P both immediately following fire and over inter-fire 

cycles, a fundamental question about nutrient limitation is whether fire causes shifts in N 

versus P limitation. This is important because nutrient limitation of plant productivity is a 

fundamental control over the structure and function of ecosystems and has 

consequences for biomass accumulation (Bret-Harte et al. 2004), nutrient retention and 
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loss (Hedin et al. 1995), biodiversity (Wassen et al. 2005) and composition (Chapin et 

al. 1987), and the ecosystem values and services provided to humans (Daily et al. 

2000). 

The different fates of N and P in consumed fuel affect the total nutrient budget of 

an ecosystem. Inputs of N through symbiotic N-fixation and rainfall are not high enough, 

over the short-term, to replace the amount of N volatilized in fire (Carter and Foster 

2004, Cook 1994). Over time, P in ash becomes relatively less available as it is 

immobilized by plants and microbes or fixed via geochemical reactions. Nitrogen 

availability, in contrast, tends to increase as inputs accumulate. Because plant growth is 

limited by any nutrient present in the soil below an optimum supply (Chapin et al. 2002), 

fire mediated differences in nutrient supply suggest that nutrient limitation may change 

with time since fire, with recently burned sites being N-limited and long unburned sites 

being P-limited, particularly in old, highly weathered soils.  

Research on the effects of fire on nutrient limitation, however, is scarce. Pines 

and oaks in a fire-adapted Mediterranean forest were P-limited in a site 5 years post-fire 

(Sardans et al. 2004), only one of four species was N-limited in a lodgepole pine forest 

3-5 years after fire (Romme et al. 2009), and N limits productivity of trees in secondary 

Amazonian forests, possibly due to the residual effects of fire on N availability 

(Davidson et al. 2004). In a study of aquatic systems, phytoplankton biomass was 

limited by P or co-limited by N and P in lakes within unburned catchments, while 

phytoplankton biomass was limited by N in lakes within burned catchments, likely due to 

increased loading of P relative to N post-fire (McEachern et al. 2002). Although the 

differential effects of fire on the fate of N and P suggest that the nutrient most limiting to 
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plant production may change with time since fire, research has not directly addressed 

this question. 

Florida scrub provides a novel and interesting ecosystem in which to investigate 

the effects of fire on nutrient availability and limitation. Fire-dependent Florida scrub 

ecosystems occur on infertile, sandy, well drained soils. Scrub ecosystems are found 

along both the Atlantic and Gulf coasts of Florida and along ridges in central Florida 

(Myers 1990). The broad definition of scrub includes many vegetation types including 

sand pine scrub, oak scrub, rosemary scrub, coastal scrub, and scrubby flatwoods 

(Myers 1990). Shrubby oaks, palmettos, and ericaceous shrubs occur in all of these 

scrub types, but the dominant species varies and can be sand pine (Pinus clausa) or 

Florida rosemary (Ceratolia ericoides). Flatwoods occur at slightly lower elevations than 

scrubby flatwoods (Abrahamson et al. 1984), are fire-adapted, have less well drained 

soils, and are often dominated by palmettos. Scrubby flatwoods are often an ecotone 

between flatwoods and other scrub vegetation types (Myers 1990).  

Previous research on nutrient availability in scrub ecosystems has focused on 

differences among plant communities (Abrahamson et al. 1984, Kalisz and Stone 1984) 

or the effects of elevated CO2 (e.g. Hungate et al. 1999, Johnson et al. 2001, Johnson 

et al. 2003, McKinley et al. 2009). Few studies have focused on changes in soil 

nutrients with time after fire (Schmalzer and Hinkle 1992, Schmalzer and Hinkle 1996). 

Furthermore, the majority of these studies have been conduted in sites where the 

dominant oak species is Quercus myrtifolia (Schmalzer and Hinkle 1992). In many 

scrub areas along the central Florida Lake Wales Ridge, however, Quercus inopina is 

the dominant oak species.   
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The dominant shrubby species in Florida scrub ecosystems resprout after fire. 

Belowground biomass may comprise up to 88% of total biomass of resprouting shrubs 

in Florida scrub (Saha et al. in review), and in a coastal scrub-oak ecosystem, root 

biomass to one meter depth is 8000 g · m-2 (Brown et al. 2007). Belowground reserves 

(McPherson and Williams 1998, Paula and Ojeda 2009), pre-fire plant size (Bonfil et al. 

2004, Konstantinidis et al. 2006), and fire intensity (Moreno and Oechel 1991, Lloret 

and López-Soria, 1993) affect resprouting ability (Moreno and Oechel 1991) and 

biomass of resprouts (Lloret and López-Soria, 1993, Cruz et al. 2002). The growth and 

biomass allocation of resprouts may depend on pre-fire plant status and fire 

characteristics and may vary among species because the differential growth of and 

resource allocation to aboveground plant parts depends on species specific constraints 

(Niklas 1995a). These differences may influence how nutrient availability affects growth 

of dominant shrubs.  

Understanding the role of fire in nutrient cycling may provide insight into the 

factors that contribute to the maintenance of ecosystem structure and function of Florida 

scrub. While many studies have investigated the demography of endangered plants 

(e.g. Quintana-Ascencio et al. 2003, Menges and Quintana-Ascencio 2004) or the 

effects of fire on plant community composition (e.g. Schmalzer 2003, Weekley and 

Menges 2003), little is known about nutrient availability, plant productivity, or nutrient 

limitation in central Florida scrub despite evidence for low fertility. Large areas of land 

along the central Florida Lake Wales Ridge have been converted to agriculture, 

pastureland, and urban areas, leading to increased nutrient inputs and reduced fire 

frequency. Because Florida scrub ecosystems have been shaped over time by fire and 
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low nutrient availability, human-induced changes complicate restoration efforts. The 

goal of my dissertation research is to understand the effects of fire on nutrient 

availability and limitation in central Florida scrub ecosystems.   
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CHAPTER 2 
SHORT-TERM EFFECTS OF FIRE ON SOIL AND PLANT NUTRIENTS IN PALMETTO 

FLATWOODS 

Introduction 

Fire, a natural disturbance in many shrubland ecosystems (Little 1979; 

Abrahamson et al. 1984; Christensen 1985; Keeley and Keeley 1988; Moreno and 

Oechel 1994; Bradstock et al. 2001), has profound impacts on nutrient cycling and 

availability. Fire consumes plant biomass, litter, and soil organic matter, converting 

organic nutrients into inorganic forms (Certini 2005) that may be lost to the atmosphere 

or returned to the ecosystem in ash. Although fire often has no detectable effects on 

total soil nitrogen (N) (Christensen and Muller 1975; Jensen et al. 2001; Wan et al. 

2001; Britton et al. 2008; Boerner et al. 2009) or phosphorus (P) pools (Kauffman et al. 

1993), numerous studies have measured increases in concentrations of soil ammonium 

(NH4
+), nitrate (NO3

-), and/or phosphate (PO4
3-) after fire (e.g., Lewis 1974; Wilbur and 

Christensen 1983; Stock and Lewis 1986; Schmidt and Stewart 1997; Giardina et al. 

2000; Grogan et al. 2000; Wan et al. 2001; Smithwick et al. 2005b; Turner et al. 2007).  

Fire can have different effects on the relative availability of N and P because N 

volatilization occurs at temperatures as low as 200°C (White et al. 1973), whereas P is 

volatilized at temperatures above 774°C (Raison et al. 1985a). Regardless of 

ecosystem type or fire intensity, approximately twice as much N as P is lost to the 

atmosphere during fire (Gillon and Rapp 1989; Pivello and Coutinho 1992; Cook 1994; 

Mackensen et al. 1996). Thus, ash on the soil surface contains high concentrations of P 

and low concentrations of N (Debano and Conrad 1978; Raison et al. 1985b), 

suggesting that fire affects both the absolute and relative availability of soil N and P.  
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Plant species in pyrogenic habitats have evolved a variety of mechanisms that 

allow them to persist and recover after fire (Sousa 1984; Christensen 1985). While 

some species are killed by fire and recolonize via seedling recruitment, other species 

are resilient and resprout after burning (Keeley 1977; Keeley and Zedler 1978; Menges 

and Kohfeldt 1995; Weekley and Menges 2003). Plant species that recruit from seed 

after fire rely on nutrients made available by fire; whereas, plant species that resprout 

after fire may similarly utilize nutrients made available by fire or reallocate nutrients from 

below- to aboveground tissues (El Omari et al. 2003). The effect of fire-induced 

changes in soil nutrient availability on plant nutrition, however, remains unclear. Several 

studies have found increases in foliar N and P after fire (Gilliam 1988; Franco-Vizcaíno 

and Sosa-Ramirez 1997), while others have found no effect of fire on foliar nutrients 

(Bennett et al. 2002; Ferran et al. 2005). Understanding the effects of fire on foliar 

nutrient concentrations is important because variation in foliar N:P ratios with time-

since-fire may indicate changes in plant nutrient status and nutrient limitation, as foliar 

N:P ratios have been used to indicate N limitation, P limitation, or co-limitation by N and 

P (Koerselman and Meuleman 1996; Güsewell 2004).       

Soil and plant δ15N values have been used as indicators of ecosystem nitrogen 

cycling (Martinelli et al. 1999). Fire consumes surface soils layers and volatilizes N, 

which can leave post-fire soils enriched in 15N (Högberg 1997) because soil δ15N tends 

to increase with depth (Nadelhoffer et al. 1996; Frank and Evans 1997). Foliar δ15N 

signatures are related to plant N sources, mycorrhizal status, rooting depth, N 

assimilation, and within-plant N reallocation (Högberg 1997; Evans 2001). Thus, taken 
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together, soil and plant δ15N values may provide insight into integrated fire effects on 

plant and soil N dynamics and the causes of increased foliar N concentrations after fire.    

I examined the effects of fire on plant and soil nutrient dynamics in flatwoods 

ecosystems of the Lake Wales Ridge in central peninsular Florida, where fire has 

historically maintained shrub-dominated habitats (Abrahamson et al. 1984; Menges 

1999). Although N and P are essential plant nutrients that limit plant growth in most, if 

not all, terrestrial ecosystems (Vitousek and Howarth 1991), few studies have 

investigated the effects of fire on both soil and plant N, P, and N:P ratios. Understanding 

nutrient dynamics in flatwoods ecosystems is important because nutrient availability is 

low and fires occur relatively frequently. I assessed the short-term effects of fire on soil 

and plant nutrients and 15N isotopic signatures. I hypothesized that soil extractable N 

and P would increase immediately post-fire, but that the ratio of soil extractable N:P 

would decrease immediately post-fire due to the differential effects of fire on N and P. 

Furthermore, I hypothesized that N and P concentrations of resprouting plants would 

increase after fire. I investigated 15N isotopic signatures to differentiate among 

mechanisms that can cause increased foliar N concentrations.  

Methods 

Field Sampling and Lab Analyses 

This study was conducted at Archbold Biological Station (ABS) in Highlands 

County, Florida, USA (27º10'50"N, 81º21'0" W), near the southern tip of the Lake Wales 

Ridge. The Lake Wales Ridge supports fire adapted Florida scrub ecosystems 

characterized by deep sandy soils derived from paleo dunes (Abrahamson et al. 1984), 

and high endemism, with many endangered and threatened species (Menges 1999). 

Archbold Biological Station typically has warm wet summers and cool dry winters 
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(Abrahamson et al. 1984). Mean annual precipitation is 136.5 cm (ABS weather 

records, 1932-2004), and mean annual temperature is 22.3°C (ABS weather records, 

1952-2004). ABS includes a 5,193 acre preserve, which is divided into burn units that 

have been managed with prescribed fires for over 35 years. ABS comprises a mosaic of 

plant communities including seasonal ponds, flatwoods, scrubby flatwoods, oak-hickory 

scrub, and sand pine scrub.  

My research focused on the palmetto flatwoods plant community. Palmetto 

flatwoods are dominated by saw palmetto (Serenoa repens (W. Bartram) Small), a 

repent shrub that reaches heights of 1-2 m, and scattered shrubs with occasional to 

dense slash pines (Pinus elliottii Engelm.). Palmetto flatwoods often occur as a distinct 

zone around seasonal ponds on entisols, inceptisols, and spodosols that are poorly 

drained and can have standing water during times of high rainfall (Abrahamson et al. 

1984). Flatwoods typically burn every 2-9 years (Main and Menges 1997). Palmettos 

and other dominant shrubs resprout after fire, while slash pines survive by resisting fire 

and recruit from seed after fire (Menges and Kohfeldt 1995). Fires are intense and leave 

few areas unburned due to the high flammability of palmettos and pine duff 

(Abrahamson et al. 1984). Maximum sustained fire temperatures in flatwoods range 

from 373°C to 688°C, while absolute maximum temperatures have been measured as 

high as 796°C (E. Menges, unpublished data).  

On 4 August 2006, I randomly selected five sampling locations within the 

palmetto flatwoods vegetation association in a 19 acre burn unit that had previously 

burned in 2003, 1996, 1993, and 1972. At all sampling locations, which were separated 

by at least 5 m, I marked a soil sampling site and the nearest individual of five common 
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flatwoods species (when present within 1 m of the soil sampling location). My focal 

species, all of which resprout after fire, were the palmetto S. repens, the shrubby oak 

Quercus geminata Small, and the ericaceous shrubs Lyonia fruticosa (Michx.) G.S. 

Torr., Lyonia lucida (Lam.) K. Koch, and Vaccinium myrsinities Lam. (Wunderlin and 

Hansen 2003). On 4 August 2006, several hours before ignition of a prescribed fire, I 

collected five soil samples (0-15 cm depth, 8 cm diameter core), one at each sampling 

location, and thirteen foliar samples, two to four at each sampling location depending on 

the species present. Serenoa repens was present at all sampling locations, while Q. 

geminata was present at four of the five sampling locations.  Eleven of the thirteen 

plants sampled were completely consumed by the fire. The first post-fire soil samples 

(n=5) were collected on the afternoon of 4 August 2006, within three hours after the fire 

had burned through the unit. Subsequent post-fire soil samples (n=5) were collected on 

24 August, 5 October, and 11 December 2006 and 11 December 2007. I collected post-

fire foliar samples (n=13) on 6 October 2006, 12 December 2006, and 10 December 

2007. At all sampling times, I collected the newest leaves from the upper portion of 

shrub stems. To collect foliar samples of the palmetto S. repens, I clipped a small 

portion of the newest leaves (1 to 3 depending on total leaf number), thereby 

permanently marking the leaves. Thus, at all sampling times post-fire, I collected a 

portion of only the new leaves that had been produced after the previous sampling 

event.  

Within 24 hours of collection, I passed soil samples through a 2-mm sieve and 

sub-sampled for determination of gravimetric soil moisture, pH, total percentages of N 

and C, inorganic P concentration, inorganic N concentration, N mineralization rates, and 
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soil δ15N. Gravimetric moisture content was determined on samples dried at 105°C for 

48 hrs. For soil pH, 10 g of air dried soil was added to 10 mL of deionized water, shaken 

for 30 sec, allowed to stand for 10 min (Thomas 1996), then pH was determined with an 

electronic pH meter (Thermo Orion 250A+, Orion Research, Inc., Boston, 

Massachusetts, USA). A subsample of soil was dried at 60°C for 48 hrs, ground to a 

fine powder on a spex mill (8000D dual mixer/mill, Spex Certiprep Inc., Metuchen, New 

Jersey) at the MacArthur Agro-Ecology Research Center (MAERC), and analyzed for 

percentages of N, C, and 15N natural abundance at the University of Florida on an 

elemental analyzer (ECS 4010, Costech Analytical, Valencia, California, USA) coupled 

with an isotope ratio mass spectrometer (Delta Plus XL, ThermoFinnigan, Brenen, 

Germany). Abundances of 15N were measured using delta (δ) notation with atmospheric 

N2 as the standard. 

To measure inorganic P concentrations, 30 mL of 0.05 M hydrochloric acid (HCl) 

and 0.0125 M hydrogen sulfate (H2SO4) was added to 15 g of field moist soil, shaken for 

5 min, then filtered through Whatman #42 filter paper. I stored filtered samples in a 

refrigerator for up to three weeks before analysis for phosphate (PO43-) concentrations 

on a spectrophotometer microplate reader (μQuant Microplate Spectrophotometer, Bio-

Tek Instruments, Inc., Winooski, Vermont, USA) using the malachite green method 

(D’Angelo et al. 2001) at the MAERC. 

To measure inorganic N concentrations, 50 mL of 0.5 M potassium sulfate 

(K2SO4) was added to 10 g of field moist soil, shaken for 30 seconds, and allowed to 

stand overnight. I filtered solutions through Whatman #42 filter paper that was pre-

leached with 0.5 M K2SO4. Filtered samples were frozen then taken to the University of 
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Florida where ammonium (NH4
+) and nitrate (NO3

-) concentrations were determined 

colorimetrically on a segmented flow autoanalyzer (Astoria-Pacific, Inc., Clackamas, 

Oregon, USA). For N mineralization rates, 10 g of field moist soil was contained in a 

specimen cup and stored in the dark at room temperature (~ 24°C). After one week, 50 

mL of 0.5 M K2SO4 was added to the soil, shaken for 30 sec, and allowed to stand 

overnight. I filtered, stored, and analyzed solutions as described above. Net rates of N 

mineralization were calculated from the difference in μg N-(NH4
+ + NO3

-) g soil-1 of initial 

and one week extractions. 

Leaf samples were dried at 60°C for 48 hours and ground on a spex mill (8000D 

dual mixer/mill, Spex Certiprep Inc., Metuchen, New Jersey) at the MAERC. All foliar 

samples were analyzed for percentages of N and C and 15N natural abundance at the 

University of Florida on an elemental analyzer (ECS 4010, Costech Analytical, Valencia, 

California, USA) coupled with an isotope ratio mass spectrometer (Delta Plus XL, 

ThermoFinnigan, Brenen, Germany). Abundances of 15N were measured using delta (δ) 

notation with atmospheric N2 as the standard. I determined foliar phosphorus for all 

samples of Serenoa repens. Subsamples of 0.05 to 0.5 grams were weighed into 

crucibles, ashed in a muffle furnace at 500°C for 5 hours, extracted with 6 M HCl, then 

brought to volume so that the solution was 0.6 M. Extracts were stored in the 

refrigerator for several days then analyzed colorimetrically on a spectrophotometer 

microplate reader (PowerWave XS Microplate Reader, Bio-Tek Instruments, Inc., 

Winooski, Vermont, USA) at the University of Florida using the ascorbic acid 

molybdenum-blue method (Murphy and Riley 1962). Standard NIST peach leaves were 

used to determine the efficiency of the digestion. 
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Statistical Analyses 

 To examine changes in soil variables over time after fire, I used a one-way mixed 

analysis of variance model with repeated measures with time as the within-subjects 

factor (SAS 9.1; Littell et al. 2006). Differences in soil variables among times were 

determined with post-hoc pairwise comparisons with Bonferroni confidence interval 

adjustments. Soil NH4
+ concentrations, total inorganic N, PO4

3- concentrations, N:P 

ratios, soil δ15N,  and soil %C were natural log transformed before analyses. Soil %N 

was square root transformed before analysis. Soil NO3
- concentrations could not be 

transformed to fit normality because of many zeros.  

To examine changes in foliar nutrients (%N, %P, and N:P ratios) and foliar δ15N 

over time after fire, I used one-way repeated measures analysis of variance with time as 

the within-subjects factor (SPSS 11.5; Field 2009). Differences in foliar nutrients and 

foliar δ15N among times were determined with post-hoc pairwise comparisons with 

Bonferroni confidence interval adjustments. In addition, I calculated the absolute 

difference between foliar δ15N and soil δ15N (Chang and Handley 2000; Schuur and 

Matson 2001) for each plant at each soil sampling location and analyzed differences 

over time after fire with a one-way repeated measures analysis of variance. Foliar 

nutrient variables were analyzed separately for each species/family (Serenoa repens, 

Quercus geminata, and Ericaceae (ericaceous shrubs include Lyonia lucida, Lyonia 

fruticosa, and Vaccinium myrsinities)).  

I used linear regression to assess the relationship between soil and foliar 

nutrients (Sigma Plot 11.0). I correlated the foliar %N of each individual at each site with 

total soil extractable inorganic N at each site. Analyses were conducted separately for 

each species/family. I correlated foliar %P of S. repens with the natural log of soil 
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extractable PO4
3-. Because the first post-fire foliar sample collection corresponded with 

the third post-fire soil sample collection, data from only four time points (pre-fire and 

62/63, 129/130, and 493/494 days post-fire) were used in the regression analyses.  

Results 

Three hours post-fire, soil NH4
+ concentrations were 5.5 times higher than pre-

fire values, and NH4
+ remained higher through at least 20 days after fire (F5,20 = 6.16, p 

= 0.001; Figure 2-1). Three hours post-fire, PO4
3- concentrations were 30 times higher 

than pre-fire values, and 62 days after fire, PO4
3- concentrations were 21 times higher 

than pre-fire values (F5,20 = 15.45, p < 0.001; Figure 2-1). Soil extractable N:P ratios 

decreased by 40% immediately after fire, from 8.4 to 5.1, due to the larger increase in 

PO4
3- relative to NH4

+, but  extractable N:P ratios were only significantly different 

between 62  days and 129 and 494 days after fire (F5,20 = 5.85, p = 0.001, Figure 2-1). 

Soil pH increased over time after fire, and by 494 days, was significantly higher than 

pre-fire values (Table 2-1). There were no differences in soil %N, %C, C:N ratios, NO3
- 

concentrations, or soil δ15N over time after  fire (Table 2-1).  

Foliar %N and %P of Serenoa repens increased after fire (Figure 2-2). Foliar N:P 

ratios decreased  after fire because of the larger increase in %P (1.39 times pre-fire 

values) than %N (1.15 times pre-fire values). Foliar %N, %P, and N:P ratios of S. 

repens were similar to pre-fire values by 494 days post-fire (Figure 2-2). Foliar %N of 

Quercus geminata and ericaceous species increased shortly after fire then decreased to 

pre-fire values by 494 days post-fire (Figure 2-3). 

Foliar δ15N of S. repens decreased significantly over time after fire, while foliar 

δ15N of Q. geminata increased then decreased after fire (Figure 2-3), although this 

change was only marginally significant (Table 2-2).  Foliar δ15N of ericaceous species 
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did not change with time since fire (Table 2-2). The absolute difference between foliar 

δ15N and soil δ15N did not vary over time after fire for any plant species/family (Table 2-

2). Over the entire study period, the mean (+ se) difference between foliar and soil δ15N 

was -3.06 (+ 0.29) for S. repens, -5.14 (+ 0.27) for Q. geminata, and -5.83 (+ 0.15) for 

ericaceous shrubs. 

Total extractable inorganic N was positively correlated with foliar %N of Q. 

geminata (F1,14 = 3.77, p = 0.073, R2 = 0.21) and ericaceous shrubs (F1,14 = 5.49, p = 

0.034, R2 = 0.28). Total extractable inorganic N was not correlated with foliar %N of S. 

repens (F1,18 = 0.85, p = 0.368, R2 = 0.04; Figure 2-4). Foliar %P of S. repens was 

positively correlated with soil extractable PO4
3- (F1,18 = 10.57, p = 0.004, R2 = 0.37; 

Figure 2-5).   

Discussion 

 Fire caused a short-term increase in soil extractable nutrients in the palmetto 

flatwoods ecosystem investigated in my study. While soil N concentrations remained 

elevated above pre-fire levels for at least one month after fire, soil P, in contrast, 

remained elevated above pre-fire levels for at least two months after fire (Figure 2-1). 

Thus, flatwoods shrubs, which resprouted within a month after fire, experienced a 

sustained increase in P availability, but only a short pulse of N availability. Regardless, 

both foliar %N and %P increased over the short-term after fire. The relative magnitude 

of soil P increase was greater than that of soil N, leading to a decrease in the soil 

extractable N:P ratio shortly after fire (Figure 2-1). Similarly, for the palmetto Serenoa 

repens, the relative increase in foliar %P was greater than the increase in foliar %N, 

causing a decrease in the foliar N:P ratio shortly after fire (Figure 2-2). Soil δ15N did not 
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vary with time since fire (Table 2-1), and only S. repens showed significant variation in 

foliar δ15N with time after fire (Table 2-2). 

Soil ammonium (NH4
+) concentrations increased immediately after fire and 

decreased to pre-fire levels within two months after fire (Figure 2-1). High 

concentrations of NH4
+ and NO3

- in burned sites may be related to high N mineralization 

and nitrification rates (DeLuca et al. 2002; DeLuca and Sala 2006); however, Turner et 

al. (2007) found that NH4
+ increased during the first year after severe stand-replacing 

fire in pine forests, while net N mineralization rates were negative. Although net N 

mineralization rates were affected by fire in my study (Table 2-1), they were negative 

throughout the study, indicating that post-fire increases in inorganic N availability are not 

due to increased mineralization, but rather due to microbial or ash derived N. Increased 

soil temperatures associated with fire (Ewel et al. 1981) kill soil microbes, indicated by a 

decrease in microbial C and N after fire (Prieto-Fernández et al. 1998), which causes 

the release of N from ruptured microbial cells (Dunn et al. 1985; Serrasolsas and 

Khanna 1995). In addition, ash can contain high concentrations of N (Ewel et al. 1981; 

Kauffman et al. 1993), which can cause an increase in soil N after fire.  

Similarly to NH4
+, soil extractable phosphate (PO4

3-) increased immediately after 

fire; however, in contrast to NH4
+, PO4

3- decreased to pre-fire levels within four months 

after fire (Figure 2-1). High concentrations of PO4
3- post-fire are related to high 

concentrations of P in ash (Raison et al. 1985b; Kauffman et al. 1993). Loss of high 

nutrient ash can occur by wind (Giardina et al. 2000) or water (Ewel et al. 1981), 

suggesting that post-fire weather contributes to variation in PO4
3- concentrations. In my 

study, the first rain event occurred two days after fire, and 25.9 cm of rain fell between 
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the first and second post-fire sampling dates (ABS weather records), which likely limited 

loss of wind blown ash and could have contributed to high concentrations of soil PO4
3- 

after fire (Tomkins et al. 1991).  

Soil extractable PO4
3- increased more than total inorganic N after fire, causing a 

decrease in soil extractable N:P ratios (Figure 2-1). This result is consistent with the 

findings that more N than P is volatilized by fire (Gillon and Rapp 1989; Pivello and 

Coutinho 1992; Cook 1994; Mackensen et al. 1996) and that ash has higher 

concentrations of P than N (Raison et al. 1985b; Marcos et al. 2009). In a wetland with 

acidic, sandy soils, the soil extractable N:P ratio after fire was similar to my flatwoods 

site, but the pre-fire soil extractable N:P ratio was greater than in my site, so the 

magnitude of the decline was greater (Wilbur and Christensen 1983). While post-fire soil 

extractable N:P ratios may be similar across sites, differences in soil properties such as 

organic matter quantity or differences in fire temperature may affect the magnitude of 

fire-induced changes in soil extractable N:P ratios.   

The post-fire pulse of PO4
3- persisted twice as long as the post-fire pulse of NH4

+ 

(Figure 2-1). Although fire can kill soil microbes, the effects of fire on soil temperature 

decrease with depth (Ewel et al. 1981; Giardina et al. 2000; Jensen et al. 2001), so 

growth of microbes below the soil surface may be stimulated by post-fire increases in 

nutrient availability (Singh et al. 1991) or root exudates (Blagodatskaya et al. 2009) from 

damaged roots (Scott-Denton et al. 2006). Considering that soil microbial biomass N:P 

ratios average 7:1 at the global scale (Cleveland and Liptzin 2007), increased microbial 

growth would cause a faster decrease in soil N than soil P. Alternatively, sandy soils 

have lower sorption capacity than clayey soils (Villani et al. 1998), and high 
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concentrations of potassium (K+), calcium (Ca2+) (Ewel et al. 1981; Kauffman et al. 

1993), and chloride (Cl-) (Khanna and Raison 1986) in ash may affect the mobility of 

NH4
+ and PO4

3- after fire. Leaching of Cl- may be accompanied by leaching of NH4
+ 

(Khanna and Raison 1986), and K+ can compete with NH4
+ for surface exchange sites 

(Chappell and Evangelou 2000); both of these interactions may contribute to high 

leaching losses of NH4
+ after fire. Phosphate (PO4

3-) can form minerals with Ca2+, and 

limited leaching of Ca2+ after fire (Khanna and Raison 1986) suggests that leaching 

losses of PO4
3- may be low after fire. Regardless of the mechanism that leads to a 

shorter pulse of NH4
+ than PO4

3-, plants experience a greater period of elevated P; 

however, if microbial uptake, rather than leaching, reduces extractable NH4
+, N is 

retained in the ecosystem, rather than lost from the ecosystem, which may prevent or 

slow N limitation of primary productivity. 

In contrast to the effects of fire on inorganic nutrients, fire had no effect on total 

soil N, C, or C:N ratios (Table 2-1). Debano and Conrad (1978) reported decreases in 

total N in the top 2 cm of soil after fire, which was associated with high soil surface 

temperatures and a loss of soil organic matter; however, any change in soil N or C in 

the top 0-2 cm of soil would likely be small relative to the total amount of N and C in the 

0-15 cm of soil collected in my study. Other studies have found no effect of fire on total 

soil N (Christensen and Muller 1975; Jensen et al. 2001; Wan et al. 2001; Britton et al. 

2008; Boerner et al. 2009), C, or C:N ratios (Boerner et al. 2009). Although fire often 

has limited effects on bulk soil properties, soil organic matter content and fire severity 

may mediate fire effects on total soil N and C. 
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Soil pH increased over time after fire in my study (Table 2-1). The presence of 

ash may increase soil pH (Grogan et al. 2000; Badía and Martí 2003; Molina et al. 

2007) due to the high pH of ash (Jensen et al. 2001; Goforth et al. 2005; Molina et al. 

2007; Marcos et al. 2009) and the high concentration of cations, such as Ca2+ and K+, in 

ash (Raison et al. 1985b; Arocena and Opio 2003). The majority of aboveground 

biomass in the flatwoods was consumed by fire, leaving large amounts of ash on the 

soil surface. Soil pH increases with % base saturation (Magdoff and Bartlett 1985), and 

leaching of ash covered soils increases soil pH (Molina et al. 2007), so integration of 

cation rich ash through the top 15 cm of soil after rain events likely contributed to the 

increase in soil pH over time. Soils are not well buffered between pH 4 and 7 (Magdoff 

and Bartlett 1985; James and Riha 1986), so even a small increase in sorption of Ca2+ 

and K+ could have caused an increase in soil pH (Skyllberg et al. 2001). In addition, 

microbial biomass N, total microbial respiration, and total phospholipid fatty acids are 

lower in soils at pH 4.17 than at pH 4.65 (Aciego Pietri and Brookes 2009), suggesting 

that the increase in pH over time after fire in my study, from 4.09 to 4.41, could have 

significant effects on the microbial community.  

Foliar %N and %P of the dominant flatwoods species, Serenoa repens, 

increased shortly after fire, and were similar to pre-fire values within 4 months after fire 

(Figure 2-2). The increase in foliar %N occurred after soil extractable N was similar to 

pre-fire levels; whereas, the increase in foliar %P persisted over the same time scale as 

the increase in soil extractable P. Foliar %N of Quercus geminata and ericaceous 

shrubs also tended to be higher shortly after fire than pre-fire (Figure 2-3). Several 

hypotheses could explain the increase in foliar %N and %P after fire. First, plants may 
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be increasing foliar nutrients post-fire due to increased availability of N and P. Increases 

in foliar nutrients in my study tended to mirror changes in extractable N and P. Foliar 

%N of Q. geminata and ericaceous shrubs was positively correlated with soil extractable 

N (Figure 2-4), and foliar %P of S. repens was positively correlated with soil extractable 

P. Similarly, other studies have found that foliar nutrients of resprouting species are 

correlated with soils nutrients after fire (Gilliam 1988; Franco-Vizcaíno and Sosa-

Ramirez 1997). Second, N and P stored in belowground tissues of resprouting plants 

may be retranslocated to aboveground tissues. For example, to support new shoot 

growth, the resprouting shrub Quercus ilex first remobilizes N from belowground 

reserves then uses available N resources (El Omari et al. 2003). Decreases in 

retranslocation over time are suggested to occur as resource supply and root biomass 

increase (Salifu and Timmer 2001); however, for species that resprout after fire, an 

extensive root system already exists. Percent nonsoluble sugars in belowground 

structures of Q. geminata and V. myrsinities increase and decrease, respectively, with 

time-since-fire (Olano et al. 2006), suggesting that these species vary in their capacity 

to resprout after fire and that time-since-fire may affect the ability of shrubs  to reallocate 

nutrients to aboveground tissues. In my study, foliar %N of S. repens was not correlated 

with soil extractable N, suggesting that retranslocation of N from below to aboveground 

may be more important for S. repens than for other species. Third, higher foliar nutrient 

concentrations after fire could be related to leaf age, increased leaf:shoot ratios, or the 

concentration of nutrients in a smaller amount of aboveground biomass post-fire. New 

leaves tend to have higher N concentrations than old leaves (Hikosaka et al. 1994; 

Anten et al. 1998, Han et al. 2008). Although I have not investigated the effects of age 
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on foliar %N of flatwoods species, I collected the newest leaves at each sampling time 

to minimize the effects of ontogeny on foliar nutrient concentrations. A decline in foliar N 

concentrations with leaf age can result from dilution of N (Han et al. 2008), but when 

plants are grow at high soil NO3
- concentrations, there is less difference in foliar N 

content with leaf age (Hikosaka et al. 1994), suggesting that an increase in extractable 

N and P after fire may contribute to more similar nutrient concentrations among leaves 

of different ages. In a study of savanna grasses, Van de Vijver et al. (1999) determined 

that higher foliar N concentrations after fire were due to higher leaf:stem ratios after fire, 

higher N concentrations in young rather than old leaves, and the distribution of N over 

the lower amount of post-fire biomass; however, higher foliar P concentrations after fire 

were not easily explained. In my study, the number of palmetto leaves and the size of 

resprouting shrubs increased over the sampling period, so dilution of nutrients through 

more biomass could have occurred. Van de Vijver et al. (1999), however, did not find an 

effect of fire on soil nutrient availability, so their results do not rule out the possibility that 

higher foliar nutrient concentrations could be related to higher soil nutrient 

concentrations post-fire when they occur.  

In my study, the relative increase in foliar %P was greater than the relative 

increase in foliar %N, so foliar N:P ratios of Serenoa repens decreased 20% from 15.8 

pre-fire to 13.2 two months post-fire (Figure 2-2). Over the same time period, soil N:P 

ratios decreased 83% from 8.4 pre-fire to 1.4 two months post-fire, suggesting that 

changes in plant nutrition post-fire are related to changes in soil extractable nutrients; 

however, since foliar N:P ratios did not decrease as much as soil extractable N:P ratios, 

reallocation of nutrients, particularly N, to aboveground tissue, increased leaf:shoot 
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ratios, and concentration of nutrients in a smaller amount of aboveground biomass post-

fire also likely contribute to the post-fire increase in foliar %N and %P. In addition, the 

foliar N:P ratios of S. repens suggests that flatwoods species are co-limited by N and P, 

because across habitats, N limitation occurs at foliar N:P ratios of 6.7 to 16 and P 

limitation occurs at foliar N:P ratios of 12.5 to 26.3 (Tessier and Raynal 2003).  

Fire had no effect on soil δ15N (Table 2-1). Saito et al. (2007) found that soils had 

to be burned at 400°C for at least 5 minutes to cause a significant enrichment of soil 

δ15N, suggesting that high, sustained fire temperatures cause a greater loss of 14N 

compared to 15N. In addition, if fire consumes surface soils, volatilization of N may 

cause soils to become enriched in 15N (Högberg 1997). Temperatures recorded 

throughout a flatwoods fire usually exceeded 400°C for only one or two minutes (E. 

Menges, unpublished data). Thus, low sustained fire temperatures in flatwoods 

concomitant with low soil organic matter could explain the lack of an effect of fire on soil 

δ15N. Flatwoods plants were depleted in 15N compared to the soil, which is common in 

ecosystems with mycorrhizal species (Michelsen et al. 1998; Schmidt and Stewart 

2003); however, there was no change in the absolute difference between foliar δ15N and 

soil δ15N over time after fire (Table 2-2). Fire did, however, affect the foliar δ15N 

signatures of flatwoods species; Quercus geminata tended to be more enriched in 15N 

62 and 130 days post-fire compared to pre-fire and 494 days post-fire, while Serenoa 

repens became more depleted in 15N over time (Figure 2-3). Grogan et al. (2000) found 

that all species in a pine forest were enriched in 15N after fire, but this corresponded with 

an enrichment of soil δ15N after fire (Grogan et al. 2000). Considering that I found no 

change in soil δ15N after fire, changes in foliar δ15N signatures post-fire could be caused 
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by: (1) use of a different N source or change in discrimination of the same N source, (2) 

a change in the soil depth at which nutrient uptake occurs, (3) increased or decreased 

dependence on mycorrhizae for nutrient acquisition, and/or (4) within plant reallocation 

of N (Högberg 1997, Evans 2001).  

Nitrogen sources (e.g. NH4
+ versus NO3

-) vary in their isotopic signatures 

(Dawson et al. 2002), which can affect foliar δ15N signatures (Evans 2001); however, 

extractable NO3
- was low throughout my study, suggesting that use of NO3

- as a N 

source did not change with time after fire. Discrimination against 15N during N uptake 

can occur at high concentrations of NO3
- and NH4

+ (Kolb and Evans 2003); however, 

even the increased concentrations of NH4
+ after fire were likely not high enough to 

cause discrimination against 15N. In addition, the lack of change in the difference in 

foliar and soil δ15N over time suggests that neither a change in N sources nor greater 

discrimination occurred in my study. 

Soil δ15N values tend to increase with depth (Nadelhoffer et al. 1996), and can 

increase 3‰ over 0-50 cm (Frank and Evans 1997). A shift in N uptake from surface (0-

15 cm) to deeper (> 15 cm) roots could explain the increase in foliar δ15N of Q. 

geminata immediately after fire, while a shift in uptake from deeper to surface roots 

could cause the foliar δ15N of S. repens to become more depleted over time. In a 

coastal Florida scrub-oak ecosystem, where CO2 enrichment caused a decrease in soil 

extractable inorganic N, both Q. geminata and S. repens took up N from the water table, 

but S. repens showed a greater use of deep soil N (McKinley et al. 2009). Thus, S. 

repens may shift uptake of N from deep soil to surface soil in response to an increase in 

extractable N in surface soils after fire.  
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Fire causes an increase in temperature (Ewel et al. 1981; Giardina et al. 2000; 

Jensen et al. 2001) and a decrease in moisture (Tomkins et al. 1991) of surface soils, 

which likely affects nutrient uptake by surface roots. Little is known about the root 

distribution of Q. geminata and S. repens in palmetto flatwoods, but root biomass has 

been investigated in other ecosystems where these species occur. In a coastal Florida 

scrub-oak ecosystem, where Q. geminata and S. repens comprise approximately 20% 

of the plant community, slightly less than half of roots < 0.25 mm in diameter occur in 

the top 10 cm of soil (Brown et al. 2007). In scrubby flatwoods, a less mesic shrubland 

ecosystem often occurring at slightly higher elevations than palmetto flatwoods, 

approximately 85% of palmetto roots and 60% of oak roots in the top 50 cm of soil are < 

2 mm in diameter (Saha et al. in review). Thus, it seems unlikely that Q. geminata and 

S. repens would differ in fire-related root damage, suggesting that a shift in uptake from 

surface to deeper roots, or vice versa, could occur in response to changes in availability 

of or competition for soil nutrients. 

Quercus geminata has associations with ectomycorrhizae (Langely et al. 2002), 

ericaceous species have associations with ericoid mycorrhizae (Pearson and Read 

1973), and S. repens has associations with arbuscular mycorrhizae (Fisher and 

Jayachandran 1999); fractionation during the transfer of N from mycorrhizal fungi to a 

host plant results in plant tissue depleted in 15N relative to the N source (Evans 2001; 

Hobbie and Colpaert 2003). Foliar δ15N of Q. geminata could be more enriched shortly 

after fire if species reduced nutrient uptake through mycorrhizae, while foliar δ15N of S. 

repens of could become more depleted over time if nutrient uptake through AM 

increased. Soil δ15N and the difference between foliar and soil δ15N did not change over 
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time for any species, however, suggesting that dependence on mycorrhizae for N 

uptake did not change after fire. In addition, Anderson and Menges (1997) and Eom et 

al. (1999) found that fire had no effect on colonization of roots by arbuscular 

mycorrhizae. Schmidt and Stewart (1997) found that plant species δ15N signatures were 

more similar among plants with the same mycorrhizal status than among plants with the 

same post-fire response (e.g. resprouter vs. seeder species), so mycorrhizal status may 

play at least a small role in affecting changes in foliar δ15N after fire. 

Foliar δ15N signatures decrease over time after leaf initiation (Bergersen et al. 

1988), suggesting that reallocation of N within a plant can affect foliar δ15N signatures 

(Evans 2001). Although I sampled the newest leaves, as leaf number increased, I was 

more likely to sample leaves of varying ages, which could cause a decline in foliar δ15N 

over time after fire. In addition, leaves may be enriched in 15N compared to roots (Evans 

et al. 1996), and the foliar δ15N of S. repens could have decreased over time due to 

reallocation of N depleted in 15N from belowground to aboveground tissues. I 

hypothesize that changes in foliar 15N signatures after fire are influenced by N 

reallocation and leaf age and that a change in N uptake from roots at different levels in 

the soil may also contribute to variation in foliar δ15N. 

One limitation of my experimental design is that I did not measure soil or plant 

nutrients in an unburned control site over the same time period that I measured soil and 

plant nutrients after fire in my flatwoods site; however, fire effects are the most likely 

explanation for my results for several reasons. First, across a scrubby flatwoods time-

since-fire chronosequence, resin exchangeable NH4
+ and PO4

3- was 2.7 and 1.5 times 

higher, respectively, during September through December compared to June through 
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September (J. Schafer, unpublished manuscript). In my flatwoods site, extractable NH4
+ 

and PO4
3- were 5.5 and 30 times higher, respectively, three hours after fire than before 

fire. This change is much greater, and occurred over a much shorter time period, than 

seasonal variation in nutrient availability; thus, it is unlikely that the increases in 

extractable nutrients measured in this study are due to seasonal variation. Second, in 

the same palmettos flatwoods site used in this study, soil pH did not vary between 

September and November 2009 (J. Schafer, unpublished data). In addition, in oak and 

saw palmetto scrub, an ecosystem similar to flatwoods, Schmalzer and Hinkle (1991) 

found that in the first year after fire, soil pH was greater in December (12 months after 

fire) than in June (6 months after fire); whereas, in the second year after fire, soil pH 

was greater in June (18 months after fire) than in December (24 months after fire). 

Thus, changes in soil pH are likely due to fire effects rather than seasonal variation. 

Third, foliar %N and %P of oaks, ericaceous shrubs, and palmettos is higher six weeks 

after fire than before fire or one year after fire in scrubby flatwoods sites burned in 

March and July (J. Schafer, unpublished data), suggesting that the pattern of increased 

foliar nutrients after fire is consistent across sites and does not depend on burn season. 

I did not measure foliar nutrient concentrations of clipped plants over the same time 

scale that I measured foliar nutrient concentrations of burned plants, but burning and 

clipping can have similar effects on plant nutrient concentrations (Van de Vijver et al. 

1999).  

In my study, fire caused a short-term increase in soil extractable NH4
+ and PO4

3- 

in a palmetto flatwoods ecosystem (Figure 2-1); PO4
3- remained elevated above pre-fire 

levels twice as long as NH4
+, possibly due to differences in microbial uptake and 
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mobility of NH4
+ and PO4

3-. Both foliar %N and %P of resprouting plants increased over 

the short-term after fire (Table 2-2). The relative increase in soil extractable P and foliar 

P was greater than that of soil extractable N and foliar N, leading to a decrease in the 

soil extractable N:P ratio (Figure 2-1) and the foliar N:P ratio of the palmetto Serenoa 

repens (Figure 2-2) shortly after fire. The relationships between soil and foliar nutrients 

coupled with measurements of soil and foliar δ15N suggest that both an increase in soil 

extractable nutrients and reallocation of nutrients from belowground to aboveground 

tissue contribute to the increase in foliar %N and %P shortly after fire. Previous 

research in Florida scrub ecosystems has found limited effects of fire on soil nutrient 

availability (Abrahamson 1984, Schmalzer and Hinkle 1991). I found that a pulse of 

nutrients is detectable if soils are sampled soon enough after fire. Furthermore, my 

results suggest that even a short-term increase in soil extractable nutrients can be 

important for plant nutrient status, especially in ecosystems with low nutrient availability. 
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Table 2-1.  Results of repeated measures analysis of variance for soil variables, and means (+ se) of soil variables pre-fire 
and 0.125, 20, 62, 129, and 494 days (d) post-fire. Different letters represent significantly different means at α = 
0.05 determined by post-hoc pairwise comparisons with Bonferroni confidence interval adjustments. 

Variable F5,20 P Pre-Fire 0.125 d post-fire 20 d post-fire 62 d post-fire 129 d post-fire 494 d post-fire 

pH 3.27 0.026 4.09 + 0.05 a 4.23 + 0.08 ab 4.38 + 0.14 ab 4.34 + 0.11 ab 4.39 + 0.12 ab 4.41 + 0.08 b 

% Na 0.16 0.975 0.092 + 0.016 0.102 + 0.007 0.094 + 0.009 0.096 + 0.007 0.099 + 0.024 0.110 + 0.034 

% Cb 0.18 0.968 2.85 + 0.54 3.30 + 0.39 2.98 + 0.42 2.99 + 0.27 3.04 + 0.90 3.23 + 0.91 

C:N  0.54 0.747 30.79 + 0.64 32.08 + 1.58 31.38 + 1.41 31.09 + 0.73 29.67 + 1.31 29.95 + 0.85 

Total Inorganic Nb  

   (μg · g soil-1) 
6.01 0.001 0.377 + 0.182 a 2.135 + 0.345 b 2.183 + 0.678 bc 0.962 + 0.096 ac 1.104 + 0.309 ac 1.077 + 0.304 ac 

N mineralization   

   (μg · g soil-1 · day-1) 
12.55 <0.001 -0.009 + 0.004 a -0.144 + 0.025 b -0.110 + 0.081 ab -0.062 + 0.017 ab -0.060 + 0.007 b -0.049 + 0.040 ab 

Soil δ15Nb 0.49 0.777 2.77 + 0.16 2.47 + 0.32 2.77 + 0.32 3.03 + 0.30 2.51 + 0.52 2.50 + 0.59 

a analysis performed on square root transformed data 
b analysis performed on natural log transformed data 
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Table 2-2.  Results of repeated measures analysis of variance for foliar %N, foliar δ15N, the absolute difference in foliar 
δ15N and soil δ15N, foliar %P, and foliar N:P ratios of Serenoa repens, Quercus geminata, and three ericaceous 
shrubs (Lyonia fruticosa, Lyonia lucida, and Vaccinium myrsinities). 

 %N δ
15

N Foliar δ
15

N - Soil δ
15

N %P N:P 

Species/Family F dfn,d p F dfn,d p F dfn,d p F dfn,d P F dfn,d p 

S. repens 5.71 3,12 0.012 13.27 3,12 < 0.001 1.38 3,12 0.296 31.07 3,12 < 0.001 12.48 3,12 0.001 

Q. geminata 5.63 3,9 0.019 3.55 3,9 0.061 0.87 3,9 0.492       

Ericaceae 7.44 3,9 0.008 1.31 3,9 0.329 0.24 3,9 0.863       
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Figure 2-1.  Mean (+ SE) soil extractable NH4

+ and NO3
- (A), soil extractable PO4

3- (B), 
and soil inorganic N:P ratios (C) in palmetto flatwoods pre-fire and 0.125, 20, 
62, 129, and 494 days post-fire. Different letters represent significantly 
different means at α = 0.05 determined by repeated measures analysis of 
variance with post-hoc pairwise comparisons with Bonferroni confidence 
interval adjustments. 
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Figure 2-2.  Mean (+ SE) foliar %N (A), foliar %P (B), and foliar N:P ratios (C) for 

Serenoa repens (n = 5) in palmetto flatwoods pre-fire and 63, 130, and 493 
days post-fire. Different letters represent significantly different means at α = 
0.05 determined by repeated measures analysis of variance with post-hoc 
pairwise comparisons with Bonferroni confidence interval adjustments. 
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Figure 2-3.  Mean (+ SE) foliar %N and δ15N for Serenoa repens (n = 5) (A), Quercus 
geminata (n = 4) (B), and three ericaceous species (Lyonia fruticosa, Lyonia 
lucida, and Vaccinium myrsinities; n = 4) (C) pre-fire and 63, 130, and 493 
days post-fire in palmetto flatwoods. Uppercase letters represent significant 
differences in foliar %N and lowercase letters represent significant differences 
in foliar δ15N at α = 0.05 determined by repeated measures analysis of 
variance with post-hoc pairwise comparisons with Bonferroni confidence 
interval adjustments. There were no post-hoc differences in foliar %N or foliar 
δ15N among times after fire for Q. geminata or ericaceous species. 
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Figure 2-4.  Relationship between total extractable inorganic N and foliar %N of 
Serenoa repens (p = 0.368, R2 = 0.04; foliar %N = 1.29 + (0.05 * inorganic 
N)), Quercus geminata (p = 0.073, R2 = 0.21; foliar %N = 1.09 + (0.16 * 
inorganic N)), and ericaceous shrubs (p = 0.034, R2 = 0.28; foliar %N = 0.82 + 
(0.22 * inorganic N)). 
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Figure 2-5.  Relationship between soil extractable PO43- (natural log transformed) and 
foliar %P of Serenoa repens (p = 0.004, R2 = 0.37; foliar %P = 0.11 + (0.01 * 
ln PO43-)). 
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CHAPTER 3 
VARIATION IN GROWTH RATIOS, ABOVEGROUND BIOMASS ALLOCATION, AND 
ALLOMETRIC RELATIONSHIPS OF RESPROUTING SHRUBS WITH TIME AFTER 

FIRE 

Introduction 

Plant allometry theory predicts that leaf and stem biomass scale in relation to 

each other and in relation to stem height and diameter (Niklas 1994; West et al. 1999; 

Enquist and Niklas 2001; Niklas and Enquist 2001; Enquist and Niklas 2002; Niklas and 

Enquist 2002a). While allometric relationships hold across many species, the 

relationships have been developed from species that grow from seed. Stems of 

resprouting shrubs, particularly those in fire-adapted habitats, may differ from the 

predicted allometric relationships. While trees build one stem during their lifetime, shrub 

stems consumed by fire are rebuilt from belowground resources. Root biomass 

comprises approximately 25% of total plant biomass in angiosperm species (Niklas and 

Enquist 2002b); whereas, belowground biomass may comprise up to 88% of total 

biomass of resprouting shrubs (Saha et al. in review). Thus, the constraints on the 

allometry of resprouted shrub stems may differ from the constraints on stems of other 

plant growth forms.  

Belowground reserves (McPherson and Williams 1998; Paula and Ojeda 2009), 

pre-fire plant size (Bonfil et al. 2004; Konstantinidis et al. 2006), and fire intensity 

(Moreno and Oechel 1991; Lloret and López-Soria, 1993) affect resprouting ability 

(Moreno and Oechel 1991) and biomass of resprouts (Lloret and López-Soria, 1993; 

Cruz et al. 2002). Thus, the allometric relationships of resprouts may depend on pre-fire 

plant status and fire characteristics in addition to the effects of metabolic rate on size-

dependent changes in plant architecture (West et al. 1999; Enquist and Niklas 2002), 
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and may vary among species because the differential growth of and resource allocation 

to aboveground plant parts depends on species specific constraints (Niklas 1995a). As 

stems grow taller, they must increase their mechanical strength through diameter 

growth (King 1986), but there is a tradeoff between height and diameter growth (Tilman 

1988). Diameter should increase faster than height as a stem grows (Niklas 1994); 

however, height growth per unit diameter is expected to differ between crowded and 

uncrowded individuals, and the magnitude and direction of change depends on cohort 

age and light environment (Henry and Aarssen 1999). In resprouting species, new 

stems occur in clumps (Silva et al. 2009), often around dead charred stems. The 

number of stems per clump is higher in more recently burned sites (Davies and 

Myerscough 1991), suggesting that intra-specific crowding of resprouts is high after fire. 

The effects of a clumped distribution may cause resprouted stems to deviate from 

allometric growth models. In addition, the differential growth of and resource allocation 

to aboveground plant parts is affected by light environment (Coomes and Grubb 1998) 

and competition (Weiner and Thomas 1992; Kozovits et al. 2005), which vary with time 

since fire.   

Patterns of post-fire recovery of aboveground biomass differ among ecosystems. 

In forests, aboveground biomass may increase logarithmically (Vargas et al. 2008) or 

linearly (White et al. 2004) with time since fire. In shrublands dominated by species that 

recruit from seed after fire, aboveground biomass may increase linearly (Johnson et al. 

1986) or exponentially (Cleary et al. 2008) for at least 40 years after fire. In shrublands 

dominated by resprouting species, however, aboveground biomass fluctuates, but does 

not increase, after four years since fire (Johnson et al. 1986; Sah et al. 2004), 
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suggesting that acquired resources are allocated to belowground biomass. Growth rates 

of leaves, stems, and roots are expected to scale isometrically (Niklas and Enquist 

2002a; Niklas and Enquist 2002b); however, if this does not hold for resprouting 

species, then scaling relationships between leaf and stem biomass, and between stem 

height, diameter, and biomass, may not adhere to allometric model predictions.  

Measurements of aboveground biomass may require harvesting of all plant 

material. This method, however, does not allow for repeated measurements of the same 

individuals over time, and is often not feasible in ecosystems with woody species. Thus, 

it is necessary to use non-destructive measurements and allometric relationships to 

estimate recovery of biomass after fire (e.g. Toma et al. 2005); however, the variability 

of sites from which species are sampled to develop allometric equations can affect 

estimates of biomass. For example, regression models predicting biomass of aspen 

tress were significantly different among sites varying in resource availability (Koerper 

and Richardson 1980), and allometric equations developed from black spruce trees 

from sites varying in soil moisture and geographic region produced different estimates 

of black spruce biomass (Mack et al. 2008). Despite the potential site-specific error in 

biomass estimates, different allometric equations to estimate biomass of plants at 

different stages post-fire are seldom used. In addition, research on allometric 

relationships of species in fire-adapted habitats has focused on dominant trees (e.g. 

Turner et al. 2004; Mack et al. 2008) or understory shrubs (Sah et al. 2004), rather than 

dominant resprouting shrubs, and many allometric equations for estimating 

aboveground biomass of shrubs use measurements of crown area or crown volume 
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(e.g. Murray and Jacobson 1982; Vora 1988; Huenneke et al. 2001; Sah et al. 2004) 

instead of measurements of stem diameter and height.     

I examined the effects of time since fire on allometric relationships of shrub 

species in scrubby flatwoods ecosystems of the Lake Wales Ridge in central peninsular 

Florida. Scrubby flatwoods are fire-adapted ecosystems, and the dominant species are 

shrubs that resprout after fire (Abrahamson et al. 1984; Menges and Kohfeldt 1995). I 

tested the hypotheses that: (1) plant size and biomass increase logarithmically with time 

since fire; (2) height growth per unit diameter decreases with time since fire; (3) 

leaf:shoot and new:old shoot biomass ratios decrease with time since fire; and (4) plant 

size and biomass allocation ratios vary among dominant scrubby flatwood species. 

Furthermore, I developed allometric relationships to estimate aboveground biomass of 

the dominant shrubs at different times since fire. 

Methods 

Study Site and Species 

This study was conducted at Archbold Biological Station (ABS) in Highlands 

County, Florida, USA (27º10'50"N, 81º21'0" W). Archbold Biological Station typically has 

warm wet summers and cool dry winters (Abrahamson et al. 1984). Mean annual 

precipitation is 136.5 cm (ABS weather records, 1932-2004), and mean annual 

temperature is 22.3°C (ABS weather records, 1952-2004). Archbold Biological Station 

includes a 5,193 acre scrub preserve, which is divided into burn units that have been 

managed with prescribed fires for over 35 years.   

My research focused on the scrub oak (Quercus inopina Ashe) phase of scrubby 

flatwood communities (Abrahamson et al. 1984), which occur on sandy soils that have 

no horizon development, little organic matter, and low ion exchange capacity (Brown et 
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al. 1990). Scrubby flatwoods experience fire return intervals of 8-16 years (Menges 

2007), and the dominant shrubs resprout after fire. Shrub height averages 1-2 m, but 

varies with resource availability and time since fire, and herbaceous species are sparse 

(Abrahamson et al. 1984).  

I focused on the most abundant species in scrubby flatwoods: the shrubby oaks 

Quercus chapmanii Sarg., Quercus geminata Small, and Q. inopina, the ericaceous 

shrubs Lyonia fruticosa (Michx.) G. S. Torr. and Lyonia lucida (Lam.) K. Koch, and the 

palmettos Sabal etonia Swingle ex Nash (Arecaceae), and Serenoa repens (W. 

Bartram) Small (Arecaceae) (nomenclature follows Wunderlin and Hanson 2003). The 

oak species vary in abundance and phylogeny; Q. inopina has the highest percent 

cover (37%) and is a red oak, Q. chapmanii is intermediate in percent cover (22%) and 

is a white oak, and Q. geminata has the lowest percent cover (4%) and is also a white 

oak (Abrahamson et al. 1984). Percent cover of L. lucida and L. fruticosa is 3% and 2%, 

respectively (Abrahamson et al. 1984). The oaks and ericaceous shrubs are clonal, 

multi-stemmed species. Sabal etonia and S. repens are low growing palms with large 

fan-shaped leaves, and percent cover of S. repens (22%) is greater than percent cover 

of S. etonia (8%) (Abrahamson et al. 1984). Sabal etonia leaves are longer in length 

and width, and thus, are larger in area than S. repens leaves, while S. repens has more 

leaves than S. etonia (Abrahamson 2007). 

 During summer 2007, I measured and harvested aboveground stems of L. 

fruticosa, L. lyonia, Q. chapmanii, Q. geminata, and Q. inopina from sites 6 weeks and 8 

and 20 years since fire. During summer 2008, I measured and harvested aboveground 

stems of the same species from the same sites, which were then 1, 9, and 21 years 
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since fire. I measured the basal diameter (to the nearest 0.01 mm using digital calipers) 

and height (to the nearest cm) of each stem, harvested each stem, and separated 

stems into leaves and shoots. In 2008, I separated all oak stems into new and old 

growth, and for Q. geminata and Q. inopina, I counted the number of new apical shoot 

growth increments, measured the length of each new apical shoot growth increment, 

and counted leaves on the new shoots. All samples were dried at 60°C for 48 hrs then 

weighed.  

During spring and summer 2009, I measured and harvested leaves of S. etonia 

and S. repens from sites 6 weeks and 1, 2, 8, 10, and 22 years since fire. I measured 

the maximum crown diameter (length), minimum crown diameter (width), and height and 

counted the number of leaves of each individual. Leaves were harvested and separated 

into leaf lamina and petiole and dried at 60-70°C for 48 hrs then weighed. 

Statistical Analyses 

Allometry of growth and biomass allocation 

 Total aboveground biomass per stem, stem diameter, and stem height were 

natural log transformed then analyzed using a two-way ANOVA with time since fire, 

species, and their interaction as main effects. Differences among species and times 

since fire were determined with post-hoc Tukey HSD tests (JMP 8.0). Kruskall-Wallis 

tests were used to analyze differences in leaf:shoot biomass ratios and height:diameter 

ratios of shrub species because these variables could not be transformed to fit normality 

(SPSS 11.5). Significant differences among species and times since fire were 

determined using Bonferroni adjusted significance values (Sokal and Rohlf 1995). I 

used an ANCOVA model, with diameter as the dependent variable, time since fire as a 

fixed factor, and height as the covariate, to test for homogeneity of regression slopes to 
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determine if the relationship between stem height and stem diameter changes with time 

since fire (SPSS 11.5).  

Kruskall-Wallis tests were used to analyze new:old shoot biomass ratios of oak 

species, and the number of new apical shoot growth increments, the mean length of 

new apical shoot growth increments per stem, the number of leaves per cm of new 

shoot growth, and the ratio of height to the number of new shoot growth increments (a 

measure of height vs. branching) of Q. geminata and Q. inopina because these 

variables could not be transformed to fit normality (SPSS 11.5). Significant differences 

among times since fire and among species were determined using Bonferroni adjusted 

significance values (Sokal and Rohlf 1995). Total length of new apical shoot growth and 

total number of leaves were natural log transformed before analysis using one-way 

ANOVAs and post-hoc Tukey tests to assess differences among times since fire. 

Differences between species for each time since fire were analyzed with t-tests (SPSS 

11.5).  

Total aboveground biomass of palmetto species was analyzed using one-way 

ANOVAs; S. etonia data was natural log transformed and S. repens data was square 

root transformed before analyses. A Kruskall-Wallis test was used to analyze 

differences between palmetto species in aboveground biomass at each time since fire. 

Kruskall-Wallis tests were also used to analyze differences in petiole:leaf lamina 

biomass ratios and biomass per leaf of palmetto species because these variables could 

not be transformed to fit normality (SPSS 11.5); significant differences among times 

since fire and among species were determined using Bonferroni adjusted significance 

values (Sokal and Rohlf 1995). Height, area, height:area ratios, and leaf number of 
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palmettos were analyzed using two-way ANOVAs with time since fire, species, and their 

interaction as main effects. Area was square root transformed and height:area ratios 

were natural log transformed before analyses. One extreme outlier (S. etonia, 8-10 

years since fire) was removed from the analysis of height:area ratios because its 

removal made the data normally distributed. This S. etonia individual had only one leaf 

that was tall but narrow, so the height:area ratio was 0.69, which was 9.7 times greater 

than the next highest height:area ratio and over five standard deviations away from the 

mean. Differences among species and times since fire were determined with post-hoc 

Tukey HSD tests (JMP 8.0). 

Allometric equations to estimate biomass 

I used separate ANCOVA models for each shrub species, with total stem 

biomass as the dependent variable, time since fire as a fixed factor, and either height or 

diameter as the covariate to determine if the relationship between total stem biomass 

and the covariates changed with time since fire. Stem diameter, stem height, and 

aboveground biomass were natural log transformed before analyses. I used separate 

ANCOVA models for each palmetto species, with total biomass as the dependent 

variable, time since fire as a fixed factor, and either length, width, height, or number of 

leaves as the covariate to determine if the relationship between total biomass and the 

covariates changes with time since fire (SPSS 11.5). Aboveground biomass of S. etonia 

was natural log transformed before analyses, and aboveground biomass of S. repens 

was square root transformed before analyses.  

To develop allometric equations to estimate aboveground biomass, I used multiple 

linear regressions with biomass as the dependent variable and all field measures (i.e. 

stem diameter and stem height for shrubs; length, width, height, and number of leaves 
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for palmettos) as independent variables (Sigma Plot 11.0), because in simple linear 

regressions, all independent variables were significant predictors of biomass. In some 

multiple regressions, only a subset of field measures significantly predicted biomass, so 

I conducted further multiple linear regressions or simple linear regressions to predict 

biomass. This procedure was carried out to estimate both total aboveground biomass 

(i.e. leaves + shoot for shrubs and leaf lamina + petiole for palmettos) and total leaf 

biomass (leaf lamina for palmettos). Allometric equations were developed for shrub 

stems and palmetto individuals separately for each time since fire and together across 

all times since fire. For S. etonia in sites 22 years since fire, all field measures could not 

be included in the multiple linear regressions because only five individuals were 

sampled; thus, I used height and number of leaves with either length or width in multiple 

regressions. 

Results 

Allometry of Growth and Biomass Allocation 

Height and basal diameter of all shrub species increased from six weeks to one 

year after fire and from one year to eight-nine years since fire (Table 3-1); however, 

from eight-nine to 20-21 years after fire, height and diameter remained similar or 

decreased (Figure 3-1). Basal diameter did not vary among species one year or eight-

nine years after fire, but 20-21 years after fire, L. lucida had the smallest basal 

diameters, which were, on average, at least 2 mm smaller than all other species (Figure 

3-1). Six weeks after fire, Q. chapmanii and Q. inopina had the tallest resprouts, which 

were 1.3 to 2.4 times taller than resprouts of other species (Figure 3-1). L. fruticosa 

stems reached greater maximum heights than other species in longer unburned sites; 

eight to nine years after fire, L. fruticosa stems were, on average, 16-26 cm taller than 
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stems of other species. Twenty to twenty-one years after fire, L. lucida stems were, on 

average, 10 cm shorter than all other species (Figure 3-1).     

Height:diameter ratios of all species were lowest six weeks after fire (Table 3-2). 

Height:diameter ratios of Lyonia species were 2-3 times greater eight-nine years since 

fire than six weeks after fire (Figure 3-2). Height:diameter ratios of Q. chapmanii and Q. 

geminata increased with time since fire and were 1.3 times higher 20-21 years since fire 

than six weeks after fire, while height:diameter ratios of Q. inopina were highest one 

year after fire (Figure 3-2). Quercus species had higher height:diameter ratios than 

Lyonia species six weeks after fire; whereas, eight-nine years after fire Lyonia species 

had higher height:diameter ratios than Quercus species (Table 3-2). 

The slope of the relationship between stem height and stem diameter changed 

with time since fire for L. fruticosa (F = 10.62, df = 3, p < 0.001), L. lucida (F = 6.59, df = 

3, p < 0.001), Q. chapmanii (F = 11.62, df = 3, p < 0.001), Q. geminata (F = 10.49, df = 

3, p < 0.001), and Q. inopina (F = 39.71, df = 3, p < 0.001). For all species, the slope of 

the height vs. diameter relationship was lowest six weeks after fire, and slopes were 

twice as steep eight-nine years after fire compared to six weeks after fire (Figure 3-3). 

Twenty to twenty-one years after fire, slopes were similar to or less than slopes eight-

nine years after fire (Table 3-3).   

 Total aboveground biomass per stem was 6 times higher one year after fire than 

six weeks after fire and 4.6 times higher eight-nine years after fire than one year after 

fire, but decreased slightly from eight-nine to 20-21 years since fire (Figure 3-1). 

Biomass per stem of Quercus species tended to be higher than biomass per stem of 

Lyonia species, with L. lucida having the lowest biomass per stem at all times since fire, 
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but eight-nine years since fire, L. fruticosa had the highest mean biomass per stem. Q. 

chapmanii and Q. inopina had greater biomass per stem than Q. geminata (Figure 3-1).  

Leaf:shoot biomass ratios of Quercus species decreased with time since fire 

(Table 3-4) and were 4-5 times higher six weeks after fire than 20-21 years after fire 

(Figure 3-4). Leaf:shoot biomass ratios of Lyonia species were highest one year after 

fire (Figure 3-4). At all times since fire, leaf:shoot biomass ratios varied among species 

(Table 3-5); Q. inopina had the highest leaf:shoot biomass ratios six weeks after fire, 

whereas L. lucida had the highest leaf:shoot biomass ratios 20-21 years after fire 

(Figure 3-4). 

 New:old shoot biomass ratios of Quercus species were 1.7 to 4.3 times higher 

one year after fire than nine and 21 years after fire (Figure 3-5). One year after fire, Q. 

geminata new:old shoot biomass ratios were 1.2 and 1.7 times lower than Q. chapmanii 

and Q.inopina new:old shoot biomass ratios, respectively (Table 3-5). 

 The number of new apical shoot growth increments and the ratio of height to the 

number of new growth increment ratios of Q. geminata did not vary with time since fire 

(Table 3-6). Q. geminata new apical shoot growth increments generally were longer one 

year after fire than nine and 21 years after fire (Figure 3-6). Total length of new apical 

shoot growth of Q. geminata did not vary with time since fire (Table 3-6). Q. inopina had 

three to six times more new apical shoot growth increments nine and 21 years since fire 

than one year after fire, and Q. inopina new apical shoot growth increments were twice 

as long one year after fire compared to nine and 21 years since fire (Figure 3-6). The 

total length of new apical shoot growth of Q. inopina did not vary with time since fire 



 

63 

(Figure 3-7). The ratios of height to the number of new growth increments of Q. inopina 

were twice as high one year after fire than nine and 21 years after fire (Figure 3-6).  

One year after fire, Q. geminata had more new apical shoot growth increments 

than Q. inopina, while Q .inopina had longer new apical shoot growth increments that Q. 

geminata (Table 3-7), so the total length of new apical shoot growth did not differ 

between Q. geminata and Q. inopina (Figure 3-7). Q. inopina also had a higher ratio of 

height to the number of new growth increments than Q. geminata one year after fire 

(Table 3-7). The number of new growth increments, the total length of new apical shoot 

growth, and the ratio of height to the number of new growth increments did not differ 

between Q. inopina and Q. geminata nine or 21 years after fire (Table 3-7). 

The number of new leaves produced by Q. geminata did not vary with time since 

fire (Table 3-6), but Q. inopina produced fewer new leaves one year after fire than nine 

and 21 years since fire (Figure 3-7). Q.geminata had more new leaves than Q.inopina 

one year after fire, but not nine or 21 years after fire (Table 3-7). The number of leaves 

per centimeter of new shoot growth of Q. inopina increased with time since fire (Figure 

3-6), while the number of leaves per centimeter of new shoot growth of Q. geminata did 

not change with time since fire (Table 3-6). Q. geminata produced more leaves per 

centimeter of new shoot growth than Q. inopina at all times since fire (Table 3-7).   

Height of palmettos did not vary with time since fire, and height and area of 

palmettos did not differ between species (Table 3-1). Palmettos covered twice as much 

area 22 years since fire than six weeks since fire (Figure 3-8). The height:area ratio of 

palmettos was at least 2.4 times higher six weeks after fire than other times since fire. 

Overall, the height:area ratio of S. repens was 1.3 times greater than the height:area 
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ratio of S. etonia (Figure 3-8). Palmettos had more leaves in longer unburned sites than 

in sites six weeks since fire, and S. repens had twice as many leaves as S. etonia at all 

times except six weeks after fire (Figure 3-8). 

Aboveground biomass of S. etonia tended to increase, but not significantly, with 

time since fire (F = 1.68, df = 3, p = 0.192), while aboveground biomass of S. repens 

was higher one-two and 22 years since fire than six weeks after fire (F = 4.29, df = 3, p 

= 0.008) (Figure 3-9). Aboveground biomass of S. repens was greater than biomass of 

S. etonia one-two years after fire (Table 3-5). Petiole:lamina biomass ratios of palmetto 

species increased with time-since-fire (Table 3-4) and were approximately three times 

greater 22 years since fire than six weeks since fire (Figure 3-10). Biomass per leaf of 

palmetto species did not change with time since fire (Table 3-4).  

Allometric Relationships to Estimate Biomass 

 The slope of the relationship between height and total stem biomass varied with 

time since fire for L. lucida (F = 10.47, df = 3, p < 0.001), Q. chapmanii (F = 7.08, df = 3, 

p < 0.001), Q. geminata (F = 6.82, df = 3, p < 0.001), and Q. inopina (F = 25.35, df = 3, 

p < 0.001), but not for L. fruticosa (F = 0.93, df = 3, p = 0.427) (Figure 3-11). Slopes 

tended to be steeper for longer unburned (8-21 years) than more recently burned (6 wks 

– 1 year) sites (Table 3-8). On the contrary, the slope of the relationship between 

diameter and total aboveground biomass varied with time since fire for L. lucida (F = 

3.55, df = 3, p = 0.016), but not for L. fruticosa (F = 1.93, df = 3, p = 0.128), Q. 

chapmanii (F = 0.15, df = 3, p = 0.928), Q. geminata (F = 0.79, df = 3, p = 0.502), or Q. 

inopina (F = 0.69, df = 3, p = 0.560) (Figure 3-11).  

For S. etonia, the slope of the relationships between total biomass and length (F 

= 1.21, df = 3, p = 0.326), total biomass and width (F = 0.97, df = 3, p = 0.421), total 
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biomass and height (F = 0.31, df = 3, p = 0.816), and total biomass and number of 

leaves (F = 0.34, df = 3, p = 0.795) did not change with time since fire (Figure 3-12). For 

S. repens, the slope of the relationships between total biomass and length (F = 1.64, df 

= 3, p = 0.191), total biomass and width (F = 1.78, df = 3, p = 0.161), and total biomass 

and number of leaves (F = 0.59, df = 3, p = 0.624) did not change with time since fire. 

The slope of the relationship between total biomass and height changed slightly with 

time since fire (F = 2.65, df = 3, p = 0.058); the slope for six week old individuals was 

lower than for other times since fire (Table 3-9).  

 In all but one case, both stem diameter and stem height were significant 

predictors of total biomass of shrub stems (Table 3-10); however, in several cases, 

either stem diameter or stem height was not a significant predictor of leaf biomass of 

shrub stems (Table 3-11). Overall, total stem biomass was better predicted by stem 

diameter and height than leaf biomass of shrub stems. The R2 of allometric equations 

for all stems combined across times since fire was similar to or higher than the R2 of 

equations for stems from specific times since fire for both total biomass and leaf 

biomass of shrub stems (Tables 3-10 and 3-11). For Quercus species, the R2 of 

equations predicting total biomass tended to increase with time since fire (Table 3-10).  

 Palmetto total leaf biomass was predicted slightly better than leaf lamina 

biomass. Only maximum crown diameter and height were significant predictors of total 

leaf biomass and leaf lamina biomass of S. etonia; whereas, maximum and minimum 

crown diameter, height, and number of leaves were all significant predictors of total leaf 

biomass and leaf lamina biomass of S. repens (Tables 3-12 and 3-13). In several cases, 
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none of the variables in the multiple regressions significantly predicted biomass, but the 

predictive equations had a high R2.  

Discussion 

Allometry of Growth and Biomass Allocation 

 Growth ratios and aboveground biomass allocation changed with time since fire 

for all dominant scrubby flatwood species, with the greatest changes occurring from six 

weeks to eight-ten years after fire. The patterns of change in growth ratios and 

aboveground biomass allocation with time since fire, however, were not consistent 

species. 

Belowground starch and non-structural carbohydrate reserves (McPherson and 

Williams 1998; Paula and Ojeda 2009) and pre-fire plant size (Bonfil et al. 2004; 

Konstantinidis et al. 2006) are important in determining post-fire resprouting ability, and 

thus size and biomass of resprouts. Six weeks after fire, oak (Quercus species) 

resprouts tended to be taller, larger in diameter, and have greater biomass than 

ericaceous shrub (Lyonia species) resprouts. Total nonstructural carbohydrate 

concentrations of Florida scrub species may increase or decrease with time since fire 

(Olano et al. 2006); however, all resprouts were collected from sites with the same fire 

history. Rhizome resprouting potential is similar for Q. chapmanii and Q. geminata 

(Cavender-Bares et al. 2004), but oak species have greater belowground biomass than 

other scrub species, including Lyonia species (Saha et al. in review). Based on heights 

of shrub stems in longer unburned sites (Figure 3-3) and measurements of dead 

charred stems in the sites where resprouts were collected (J. Schafer, unpublished 

data), L. lucida was shorter than other species pre-fire. Differences in both belowground 
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storage and pre-fire size likely enable oaks to produce larger resprouts than Lyonia 

species.  

All species were larger in diameter, taller, and had greater biomass per stem one 

year after fire compared to six weeks after fire, but oaks and ericaceous shrubs did not 

differ from each other. Eight to nine years after fire, there was no difference in diameter, 

height, or aboveground biomass per stem among shrub species. Stems of all species 

had larger diameters, and all species except Q. chapmanii were taller, eight-nine years 

compared to one year after fire; however, only L. fruticosa and Q. inopina had 

significantly more aboveground biomass eight-nine than one year after fire.  

Overall, stem diameter, height, and biomass per stem decreased from eight-nine 

years to 20-21 years since fire. This trend was driven more by Lyonia species than by 

Quercus species (Figure 3-1). Several mechanisms could explain the lack of change or 

decrease in stem diameter, height, and biomass per stem from eight to 21 years since 

fire. First, there is a negative relationship between abundance and total plant mass 

(Allen et al. 2008); however, percent cover of shrubs overall and the number of stems 

within clumps does not vary between eight and 20 years since fire (J. Schafer, 

unpublished data). Second, as stem diameter increases, resources are allocated to the 

root system to increase stability (Drexhage et al. 1999). Stem diameter did not increase 

from eight-nine to 20-21 years since fire, and  root productivity does not differ between 

sites 8 and 20 years since fire (Chapter 5). I hypothesize that shrub stems experience 

die-back due to water (Saha et al. 2008) or nutrient limitation. Although the longer 

unburned sites have received similar amounts of precipitation over the last eight-nine 

years, the 20-21 years since fire sites were located at the southern end of Archbold 
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Biological Station, where scrubby flatwoods occur 2m higher in elevation than further 

North, where the eight-nine years since fire sites were located (Abrahamson et al. 

1984). Thus, the 20-21 years since fire sites are located further above the water table, 

suggesting that during times of drought, species such as Q. chapmanii and Q. 

geminata, which take up water from 40-200 cm (Saha et al. 2008), may experience 

greater water stress. Percent dieback (Au and Tardif 2007) and the ratio of biomass 

loss to the gross production of aboveground biomass (Kawamura and Takeda 2008) 

increase with stem age; however, the mean and maximum life span of Q. inopina stems 

is 4 years and 9 years, respectively, and the rate of stem die-off is lower in recently 

burned than long unburned sites (Johnson and Abrahamson 2002), so it is unlikely that 

stem age alone causes the observed patterns in stem size.  

Previous research found that the height of Q. inopina stems did not vary over a 

nine year period in a long-unburned site (Johnson and Abrahamson 2002). 

Aboveground biomass of Q. inopina did not vary from 2-34 years after fire in Florida 

rosemary scrub (Johnson et al. 1986); whereas, aboveground biomass of oak shoots 

increased, while aboveground biomass of other shrub species, including Lyonia 

species, did not vary, from 3-25 years since fire in scrubby flatwoods (Saha et al. in 

review). Biomass of shrubs in Florida Keys pine forests did not increase from 12 to 30 

years after fire (Sah et al. 2004). 

The height:diameter ratio of all species increased from six weeks to one year 

after fire, and the  relative increase was greater for ericaceous shrubs than for oaks; but 

overall, height:diameter ratios were similar one, eight-nine, and 20-21 years since fire. 

Crowded individuals have larger height:diameter ratios than trees growing in the open 
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(Holbrook and Putz 1989), suggesting that shrub stems experience crowding within the 

first year after fire. In addition, the slopes of the relationship between stem height and 

diameter tended to become steeper with time since fire (Figure 3-3). The relationship 

between stem diameter and height may be dependent on light conditions (Coomes and 

Grubb 1998), with height growth per unit diameter being greater in crowded trees, 

causing a shallower slope in the relationship between height and diameter (Henry and 

Aarssen 1999). This suggests that resprouts are more crowded than shrub stems in 

sites with longer times since fire, and since resprouts tend to occur in clumps, the 

increase in crowding is likely caused by intra-specific rather than inter-specific 

competition. Henry and Aarssen (1999) predict that height increases faster than 

diameter in young stems and diameter increases faster than height in older stems. This 

may have contributed to the observed height diameter relationships, as stems in the 

recently burned sites were less than one year old and stems in the other sites could 

have been one to many years old. Furthermore, stems of taller species can be 

disproportionately more slender than stems of shorter species (Niklas 1995b), so 

species specific differences may also affect height diameter relationships.   

Six weeks after fire, oaks allocated a greater proportion of resprout biomass to 

leaves than did ericaceous shrubs. The leaf:shoot biomass ratio decreased in oak 

species from six weeks to one year since fire; whereas, the leaf:shoot biomass ratio 

increased in ericaceous shrubs and tended to be higher than in oaks (Figure 3-4). For 

all species, the leaf:shoot biomass ratio was lower eight-nine and 20-21 years after fire 

than one year after fire, which may be related to a decrease in the proportion of shoot 

mass in leaf laminae with increasing plant height (Anten and Hirose 1998). Species 
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from other habitats have shown similar allocation patterns, with younger stems having a 

greater proportion of biomass in leaf tissue than older stems (Cleary et al. 2008; Zewdie 

et al. 2009). This pattern of allocation to photosynthetic versus structural tissue may be 

related to the effect of removal of aboveground stems by disturbance on shoot biomass 

(Scogings and Mopipi 2008) or to changes in allocation with an increase in stem 

biomass (Johnson et al. 1986; Aikawa and Hori 2006). In addition, both shading (Vilà 

1997) and aboveground competition (Kozovits et al. 2005) have been shown to cause a 

decrease in leaf:shoot biomass ratios. Resprouts of the shrub species I studied often 

occur in clumps, and shortly after fire, oaks tend to have a greater number of resprouts 

within a clump than ericaceous shrubs (J. Schafer, unpublished data). This suggests 

that oaks experience greater self-shading and intra-specific competition than ericaceous 

shrubs within the first year after fire, which could explain the difference in patterns of 

change in leaf:shoot biomass ratios between oaks and ericaceous shrubs shortly after 

fire. Although plants from dense understorys allocate more biomass to supporting tissue 

than leaf tissue (den Dubbelden and Knops 1993), my data suggest that greater 

shading and aboveground competition may lead to an increase in leaf:shoot biomass 

ratios; in sites 20-21 years since fire, L. lucida had the shortest stems and the highest 

leaf:shoot biomass ratios. This strategy may be beneficial in shrub-dominated 

ecosystems where shrubs do not create a closed canopy.  

New:old shoot biomass ratios of oak species were higher one year post-fire 

compared to longer unburned sites, which is due to greater shoot elongation in 

resprouts than in mature stems (DeSouza et al. 1986; Clemente et al. 2005) and a 

decrease in new:total shoot length with age (Aikawa and Hori 2006). Species 
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differences in new:old shoot biomass only occurred one year after fire, with Q. geminata 

having lower new:old shoot biomass ratios than Q. chapmanii and Q. inopina (Table 3-

5). These differences may be related to genetic constraints in the ability of live oaks and 

red and white oaks to produce new apical shoot growth.  

Q. geminata had slight or no differences in several measures of new growth with 

time since fire (Table 3-6), suggesting that allometry of growth of Q. geminata is 

constrained. On the contrary, only total length of new apical shoot growth of Q. inopina 

did not differ with time since fire (Table 3-6), suggesting that the allometry of growth of 

Q. inopina is more plastic. Within the constraints of plant architecture, the response of 

plants to environmental differences varies with ontogeny (Farnsworth and Ellison 1996). 

Plasticity in allometry tends to be strongest in early development (Bosner and Aarseen 

2001), as was the case for Q. inopina, with young resprouts differing from older stems. 

One year after fire, compared to nine and 21 years since fire, Q. inopina produced 

fewer, but longer, new apical shoot growth increments, fewer leaves, and fewer leaves 

per unit of new shoot growth. In other species, non-crowded plants produce more, 

longer branches than crowded plants (Weiner et al. 1990), and old plants produce more 

leaves than young plants (Oñate and Munné-Bosch 2008). The number of new apical 

shoot growth increments are indicative of the number of shoot endings; thus, the 

variation in the ratio of height to the number of new shoot growth increments (Figure 3-

6) suggests that Q. inopina invests more in increasing crown area one year after fire 

and invests more in height growth nine and 21 years after fire. Similarly, the ratio of 

height to number of shoot endings of Acer saccharum tended to decrease with seedling 

and sapling age, especially in open habitats (Bosner and Aarssen 1994). Plasticity in 
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branching may also be related resource availability (Salemaa and Sievanen 2002), 

which changes with time since fire in scrubby flatwoods (Chapter 4).  

Variation in aboveground allocation patterns may be important in determining 

patterns of species abundances, as the use of resources to sequester space 

aboveground may be a quantitative parameter of competitiveness (Kozovits et al. 2005). 

For example, six weeks after fire, Q. inopina, the most abundant species in the scrubby 

flatwoods communities studied (Abrahamson et al. 1984), had the highest leaf:shoot 

biomass ratio. One year after fire, Q. inopina invests in branching rather than height. By 

20-21 years after fire, Q. inopina had the highest biomass per stem. The ability of Q. 

inopina to sequester space aboveground after fire, may contribute to the ability of Q. 

inopina to maintain dominance in scrubby flatwood communities over many fire cycles. 

Aboveground biomass of S. etonia increased, though not significantly, with time 

since fire, while biomass of S. repens was higher one-two and 22 years since fire than 

six weeks since fire (Figure 3-9). Abrahamson (2007) found that S. etonia had fewer 

leaves and lower biomass than S. repens in scrubby flatwoods. Similarly, I found that S. 

etonia had fewer leaves than S. repens; however, I found that biomass of S. repens was 

greater than biomass of S. etonia only in sites one to two years since fire. The 

petiole:lamina biomass ratio of S. etonia and S. repens was highest twenty-two years 

since fire, suggesting that palmettos increase allocation to leaf support relative to leaf 

photosynthetic tissue. The height:area ratio of palmettos tends to be lower in longer 

unburned sites, suggesting that the increase in allocation to petiole biomass occurs to 

increase width rather than height of leaves, which is important in preventing self-

shading. Previous research has found that palm species increase investment to petiole 
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biomass (Takenaka et al. 2001) and length to reduce self-shading (Kimura and 

Simbolon 2002). Furthermore, S. repens may experience greater self-shading since 

having more leaves increases self-shading (Takenaka et al. 2001). The height of shrubs 

in scrubby flatwoods increases with time since fire (Figure 3-1) and shrubs can reach 

greater maximum heights than palmettos, but on average, palmettos are taller than 

shrubs. Thus, palmettos may experience more within plant competition for light than 

competition from other species. Abrahamson (2007) found that total leaf canopy area of 

S. etonia and S. repens increased with percent overstory. In my study, leaf canopy area 

was similar from one to 22 years since fire, suggesting that percent overstory does not 

vary significantly with time since fire. 

Allometric Relationships to Estimate Biomass  

The relationship between stem diameter and stem biomass changed with time 

since fire for only one shrub species; whereas, the relationship between stem height 

and stem biomass changed with time since fire for all but one species (Figure 3-11). 

This suggests that biomass scales with diameter more consistently than biomass scales 

with height. Previous research has found that allometric relationships of wetland species 

were size dependent (Maio et al. 2008), and allometric equations of shrubs differ 

between study years (Lufafa et al. 2009), suggesting that variation in precipitation or 

nutrient availability may affect allometric relationships. Cleary et al. (2008) found that 

allometric equations estimating aboveground biomass of sagebrush did not differ across 

a fire chronosequence. Sagebrush, however, recruits from seed after fire, whereas all of 

the shrubs in my study resprout after fire. Furthermore, the sagebrush chronosequence 

ranged from 3-60 years since fire, and I found the biggest changes in allometric 

relationships from six weeks to eight-nine years since fire. Contrary to the oak and 
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ericaceous shrubs studied, the relationships between biomass and length, width, height, 

and number of leaves of palmettos did not change with time since fire, suggesting that 

variation in allometry is dependent on or constrained by growth form. My results suggest 

that changes in allometric relationships with time since fire should be considered when 

estimating variation in stand biomass with time since fire, particularly for resprouting 

species. 

Competition affects allometric relationships (Weiner and Thomas 1992); the 

relationship between height and mass differed for plants growing with competition and 

in isolation (Anten and Hirose 1998). Variation in the height diameter relationships of the 

shrubs studied suggest that crowding, and thus competition, varies with time since fire. 

This likely contributes to the variation in height biomass relationships with time since 

fire.  

For oaks and ericaceous shrubs, both height and diameter were significant 

predictors of total stem biomass. Miao et al. (2008) found that plant height had a 

relatively greater influence on plant biomass than basal area. Seiler et al. (2009) 

developed allometric relationships for Q. chapmanii and Q. geminata using only stem 

diameter; however, I found that multiple regressions with stem height and stem 

diameter resulted in better predictive power than simple regression with only height or 

diameter (Table 3-8 vs. Table 3-10). In addition, stem basal diameter and height were 

better predictors of total stem biomass than total leaf biomass (Table 3-8 vs. Table 3-9), 

which is similar to results of other studies (Robertson and Ostertag 2009). Measures 

such as maximum and minimum crown area are likely more indicative of leaf biomass 

than stem diameter. Although the oaks and ericaceous shrubs studied are clonal, and 
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each genetic individual may have one or many stems, I measured allometric 

relationships of individual stems because it is difficult to distinguish individuals without 

excavation. Considering that local position on the lignotuber can affect stem growth 

(Riba 1998), not distinguishing genets from ramets may have affected allometric 

relationships.   

Abrahamson (1995) developed allometric relationships to determine total 

(aboveground and belowground stem) biomass of S. etonia and S. repens based on 

minimum crown width and the number of number of leaves. Using a larger sample size 

overall, I found that length (maximum crown diameter), width (minimum crown 

diameter), height, and number of green leaves were all significant predictors of 

aboveground leaf biomass depending on time since fire and the species of palmetto. 

Aboveground measures of palmettos were equally good at predicting total leaf biomass 

and leaf lamina biomass, likely because petioles make up a small proportion of total leaf 

biomass. 

Overall, growth, allocation of resources to aboveground tissues, and allometric 

equations tended to differ with time since fire, but the majority of differences occurred 

between recently burned and intermediate and longer unburned sites. Resprouting 

ability of scrubby flatwood species appears to be important in determining growth and 

allometry immediately after fire. The fire return interval for scrubby flatwoods in 8-16 

years (Menges 2007), and there was little or no difference in plant size, biomass, or 

allometric relationships from 8-22 years since fire within a species; however, there were 

differences among species within these times since fire. Thus, as time since fire 

increases, species specific constraints in growth and allometry appear to become more 
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important. My results also suggest that caution should be taken in using allometric 

equations developed for plants from longer unburned sites to estimate biomass of 

plants in recently burned sites.  
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Table 3-1.  Results of two-way ANOVA analyses with time since fire, species, and their 
interaction as main effects with dependent variables for both shrubs and 
palmettos.  

Oaks and Ericaceous Shrubs 

 F df P 

Diameter (mm)*    
TSF 8.91 3 <0.001 

Species 213.87 4 <0.001 
TSF * Species 2.20 12 0.010 

Height (cm)*    
TSF 10.48 3 <0.001 

Species 246.27 4 <0.001 
TSF * Species 3.39 12 <0.001 

Stem Biomass 
(g)* 

   

TSF 226.88 3 <0.001 
Species 34.37 4 <0.001 

TSF * Species 4.29 12 <0.001 

Palmettos 

 F df P 

Height (cm)    
TSF 1.83 3 0.147 

Species 0.01 1 0.923 
TSF * Species 0.82 3 0.484 

Area (cm2)*    
TSF 5.73 3 0.001 

Species 1.97 1 0.164 
TSF * Species 0.77 3 0.511 

Height:Area^    
TSF 12.54 3 <0.001 

Species 5.24 1 0.024 
TSF*Species 1.56 3 0.217 

# of Leaves    
TSF 8.81 3 <0.001 

Species 29.23 1 <0.001 
TSF * Species 2.24 3 0.089 

* natural log transformed before analyses  
^ square root transformed before analyses 
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Table 3-2.  Results of Kruskall-Wallis tests analyzing differences in height:diameter 

ratios among times since fire for each shrub species (left) and among species 
for each time since fire (right). 

 Height:Diameter   Height:Diameter 

Species χ2 df p  TSF χ2 df p 

L. fruticosa 39.09 3 <0.001  6 wks 96.42 4 <0.001 
L. lucida 97.53 3 <0.001  1 yr 33.21 4 <0.001 
Q. chapmanii 11.74 3 0.008  8-9 yrs 26.01 4 <0.001 
Q. geminata 15.13 3 0.002  20-21 yrs 11.48 4 0.022 
Q. inopina 43.65 3 <0.001      

 
 
Table 3-3.  Results of regressions analyses comparing stem height to stem diameter for 

shrub species at different times since fire. ln diameter = α + β * ln height. 

 Α β R2 Adj R2 p 

L. fruticosa      
6 wks 0.256 0.202 0.305 0.290 <0.001 
1 yr -0.395 0.485 0.742 0.733 <0.001 

8-9 yrs -1.125 0.739 0.827 0.818 <0.001 
20-21 yrs -0.535 0.602 0.564 0.541 <0.001 

L. lucida      
6 wks 0.194 0.263 0.193 0.181 <0.001 
1 yr -0.580 0.525 0.640 0.631 <0.001 

8-9 yrs -2.047 0.932 0.796 0.785 <0.001 
20-21 yrs -1.469 0.792 0.452 0.433 <0.001 

Q. chapmanii      
6 wks -0.174 0.374 0.408 0.399 <0.001 
1 yr -0.991 0.674 0.672 0.662 <0.001 

8-9 yrs -1.883 0.958 0.703 0.687 <0.001 
20-21 yrs -1.789 0.912 0.767 0.756 <0.001 

Q. geminata      
6 wks -0.086 0.325 0.548 0.540 <0.001 
1 yr -1.015 0.734 0.761 0.753 <0.001 

8-9 yrs -0.454 0.609 0.436 0.413 <0.001 
20-21 yrs -1.144 0.776 0.758 0.748 <0.001 

Q. inopina      
6 wks 0.068 0.252 0.298 0.293 <0.001 
1 yr -0.811 0.587 0.720 0.717 <0.001 

8-9 yrs -1.205 0.799 0.843 0.839 <0.001 
20-21 yrs -1.090 0.758 0.857 0.854 <0.001 
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Table 3-4.  Results of Kruskal-Wallis tests analyzing differences in biomass ratios 
among times since fire for each species.  

 Leaf:Shoot  New:Old Shoot 

Species χ2 df P χ2 df P 

L. fruticosa 39.84 3 <0.001    
L. lucida 14.28 3 0.003    
Q. chapmanii 93.63 3 <0.001 18.27 2 <0.001 
Q. geminata 77.54 3 <0.001 16.88 2 <0.001 
Q. inopina 209.41 3 <0.001 21.39 2 <0.001 

 Petiole:Lamina Biomass/Leaf  

Species χ2 df P χ2 df p 

S. etonia 16.83 3 0.001 3.29 3 0.349 
S. repens 20.15 3 <0.001 3.81 3 0.282 

 
 
 
Table 3-5.  Results of Kruskall-Wallis tests analyzing differences in biomass and 

biomass ratios among species within each time since fire (TSF). Numbers in 
parentheses indicate degrees of freedom for each test.  
Oaks and Ericaceous Shrubs Palmettos 

 Leaf:Shoot 
Biomass (4) 

New:Old Shoot 
Biomass* (2) 

 Aboveground 
Biomass (1) 

Petiole:Leaf 
Biomass (1) 

TSF χ
2
 p χ

2
 p TSF χ

2
 p χ

2
 P 

6 wks 178.12 <0.001 na na 6 wks 0.15 0.699 2.40 0.121 
1 yr 43.04 <0.001 8.01 0.018 1-2 yrs 4.46 0.035 10.77 0.001 

8-9 yrs 10.56 0.032 1.59 0.451 8-10 yrs 0.01 0.933 1.61 0.204 
20-21 yrs 32.22 <0.001 3.41 0.182 22 yrs 0.20 0.655 0.94 0.333 

* oaks only; time since fire is 1, 9, and 21 years 
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Table 3-6.  Results of Kruskall-Wallis tests and one-way ANOVAs (indicated by *) 

analyzing differences in growth measures for Q. geminata and Q. inopina 
among times since fire. Degrees of freedom = 2 for all statistical tests. 

 Q. geminata Q. inopina 

Variable χ2, F p χ2, F p 

# of new growth increments 2.93 0.231 23.21 <0.001 
Mean length (cm) of new growth increments per 
stem 

6.72 0.035 29.39 <0.001 

Total length of new growth (cm)* 0.02 0.977 1.02 0.365 
# of new leaves* 0.76 0.762 5.89 0.004 
# of leaves per cm of new shoot growth 5.04 0.081 23.25 <0.001 
Height (cm) / # of new shoot growth increments 1.59 0.451 27.66 <0.001 

 
 
 
Table 3-7.  Results of Kruskall-Wallis and t-tests (indicated by *) analyzing difference in 

growth measures between Q. geminata and Q. inopina at each time since 
fire.  

 Time since fire 
 1 year 9 years 21 years 

Variable χ2, t df P χ2, t df p χ2, t df p 

# of new growth 
increments 

11.74 1 0.001 0.24 1 0.623 0.00 1 0.985 

Mean length (cm) of 
new growth 
increments per stem 

33.10 1 <0.001 2.39 1 0.122 4.32 1 0.038 

Total length of new 
growth (cm)* 
 

-0.83 107 0.405 -0.77 30 0.466 -1.03 32 0.311 

# of new leaves* 
 

2.41 107 0.018 0.39 30 0.700 0.29 32 0.775 

# of leaves per cm of 
new shoot growth 

42.89 1 <0.001 4.78 1 0.029 9.14 1 0.002 

Height (cm) / # of new 
shoot growth 
increments 

30.91 1 <0.001 2.39 1 0.122 0.06 1 0.806 
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Table 3-8.  Results of regressions analyses for shrub species at each time since fire. ln total biomass = α + β1 * ln height 

(left side) and ln total biomass = α + β1 * ln diameter (right side).  

 Height Diameter 

 α β1 R2 Adj R2 p α β1 R2 Adj R2 p 

L. fruticosa     0.427     0.128 
6 wks -5.152 1.712 0.888 0.885 <0.001 -3.982 3.398 0.469 0.458 <0.001 
1 yr -4.241 1.701 0.870 0.866 <0.001 -2.301 3.000 0.858 0.853 <0.001 

8-9 yrs -5.260 1.999 0.897 0.892 <0.001 -1.878 2.520 0.939 0.936 <0.001 
20-21 yrs -3.559 1.540 0.584 0.562 <0.001 -2.005 2.442 0.945 0.942 <0.001 

L. lucida     <0.001     0.016 
6 wks -4.812 1.571 0.862 0.859 <0.001 -3.147 1.692 0.332 0.322 <0.001 
1 yr -4.506 1.678 0.736 0.729 <0.001 -2.122 2.680 0.809 0.804 <0.001 

8-9 yrs -7.475 2.444 0.873 0.866 <0.001 -1.741 2.374 0.898 0.892 <0.001 
20-21 yrs -5.571 1.971 0.602 0.589 <0.001 -1.186 1.863 0.746 0.738 <0.001 

Q. chapmanii     <0.001     0.928 
6 wks -5.329 1.946 0.848 0.846 <0.001 -2.397 2.757 0.581 0.575 <0.001 
1 yr -6.369 2.272 0.889 0.885 <0.001 -2.190 2.705 0.851 0.846 <0.001 

8-9 yrs -7.495 2.640 0.785 0.773 <0.001 -1.920 2.536 0.945 0.942 <0.001 
20-21 yrs -8.250 2.774 0.923 0.920 <0.001 -2.186 2.654 0.916 0.912 <0.001 

Q. geminata     <0.001     0.502 
6 wks -4.076 1.501 0.723 0.718 <0.001 -2.773 3.157 0.618 0.611 <0.001 
1 yr -5.566 2.261 0.898 0.895 <0.001 -1.892 2.628 0.859 0.855 <0.001 

8-9 yrs -5.715 2.224 0.697 0.685 <0.001 -2.412 2.701 0.874 0.869 <0.001 
20-21 yrs -6.575 2.421 0.785 0.777 <0.001 -2.624 2.879 0.883 0.878 <0.001 

Q. inopina     <0.001     0.560 
6 wks -3.867 1.465 0.738 0.736 <0.001 -2.071 2.723 0.542 0.539 <0.001 
1 yr -5.017 1.826 0.864 0.862 <0.001 -1.910 2.599 0.836 0.834 <0.001 

8-9 yrs -6.694 2.457 0.923 0.921 <0.001 -2.521 2.817 0.918 0.916 <0.001 
20-21 yrs -6.116 2.321 0.922 0.920 <0.001 -2.435 2.862 0.940 0.938 <0.001 
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Table 3-9.  Results of regressions analyses for palmettos S. etonia (left side; ln total biomass = α + β1 * independent 

variable) and S. repens (right side; sqrt total biomass = α + β1 * independent variable) at each time since fire.  

 S. etonia S. repens 

 α β1 R2 Adj R2 p α β1 R2 Adj R2 p 

Length           
6 wks 1.414 0.0308 0.792 0.740 0.018 -2.410 0.154 0.711 0.663 0.009 
1-2 yrs 1.931 0.0261 0.853 0.837 <0.001 -0.603 0.167 0.834 0.823 <0.001 
8-10 yrs 1.386 0.0307 0.945 0.940 <0.001 -2.391 0.168 0.846 0.836 <0.001 
22 yrs -0.552 0.0458 0.953 0.937 0.004 -6.099 0.220 0.832 0.822 <0.001 

Width           
6 wks 1.392 0.0476 0.839 0.798 0.010 -0.195 0.211 0.913 0.898 <0.001 
1-2 yrs 2.333 0.0290 0.836 0.818 <0.001 -2.715 0.224 0.861 0.852 <0.001 
8-10 yrs 1.773 0.0325 0.905 0.895 <0.001 -0.201 0.170 0.856 0.847 <0.001 
22 yrs 1.189 0.0444 0.808 0.744 0.038 -4.139 0.227 0.852 0.842 <0.001 

Height           
6 wks 0.798 0.0457 0.871 0.838 0.007 -1.275 0.141 0.875 0.854 <0.001 
1-2 yrs 0.547 0.0606 0.870 0.855 <0.001 -8.632 0.323 0.881 0.873 <0.001 
8-10 yrs 0.506 0.0625 0.694 0.663 <0.001 -3.637 0.254 0.850 0.841 <0.001 
22 yrs 1.468 0.0521 0.787 0.716 0.045 -5.221 0.280 0.806 0.794 <0.001 

# of leaves           
6 wks 2.007 1.143 0.409 0.261 0.171 0.263 3.227 0.636 0.575 0.018 
1-2 yrs 1.525 0.958 0.702 0.669 0.001 -0.680 2.130 0.743 0.727 <0.001 
8-10 yrs 1.536 0.846 0.764 0.740 <0.001 -0.624 1.874 0.852 0.842 <0.001 
22 yrs 2.850 0.652 0.983 0.977 <0.001 -2.667 2.128 0.933 0.929 <0.001 
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Table 3-10.  Allometric equations predicting total stem biomass for shrub species overall and at each time since fire; ln 
total biomass = α + β1 * ln diameter + β2 * ln height; n.s. indicates that the corresponding independent variable 
was not significant in the multiple regression model. 

Species N α β1 β2 MSE R2 Adj R2 p 

L. fruticosa 119 -4.904 1.424 1.260 0.372 0.938 0.937 <0.001 
6 wks 48 -5.454 1.176 1.474 0.168 0.927 0.923 <0.001 
1 yr 29 -3.632 1.541 0.954 0.185 0.929 0.923 <0.001 
8-9 yrs 21 -3.436 1.622 0.802 0.097 0.964 0.960 <0.001 
20-21 yrs 21 -2.055 2.442 n.s. 0.241 0.945 0.942 <0.001 
L. lucida 164 -5.176 0.868 1.531 0.205 0.944 0.943 <0.001 
6 wks 69 -4.926 0.590 1.416 0.125 0.897 0.894 <0.001 
1 yr 43 -3.483 1.764 0.752 0.209 0.862 0.855 <0.001 
8-9 yrs 20 -4.607 1.402 1.138 0.098 0.936 0.929 <0.001 
20-21 yrs 32 -3.593 1.347 0.985 0.157 0.816 0.803 <0.001 
Q. chapmanii 144 -4.873 1.351 1.327 0.125 0.959 0.959 <0.001 
6 wks 66 -5.144 1.063 1.549 0.138 0.899 0.896 <0.001 
1 yr 33 -5.045 1.337 1.371 0.068 0.957 0.954 <0.001 
8-9 yrs 21 -3.699 2.015 0.710 0.100 0.962 0.958 <0.001 
20-21 yrs 24 -5.792 1.374 1.522 0.093 0.980 0.978 <0.001 
Q. geminata 146 -3.947 1.629 0.985 0.266 0.925 0.923 <0.001 
6 wks 60 -3.956 1.392 1.048 0.395 0.777 0.769 <0.001 
1 yr 33 -4.360 1.189 1.388 0.091 0.940 0.936 <0.001 
8-9 yrs 27 -4.822 1.966 1.027 0.087 0.958 0.955 <0.001 
20-21 yrs 26 -4.144 2.126 0.771 0.223 0.902 0.893 <0.001 
Q. inopina 327 -3.891 1.443 1.037 0.168 0.945 0.945 <0.001 
6 wks 149 -3.964 1.409 1.111 0.173 0.840 0.838 <0.001 
1 yr 87 -3.982 1.277 1.077 0.160 0.920 0.918 <0.001 
8-9 yrs 43 -4.984 1.419 1.323 0.122 0.960 0.958 <0.001 
20-21 yrs 48 -4.304 1.663 1.060 0.104 0.967 0.966 <0.001 
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Table 3-11.  Allometric equations predicting leaf biomass for shrub species overall and at each time since fire; ln leaf 
biomass = α + β1 * ln diameter + β2 * ln height; n.s. indicates that the corresponding independent variable was 
not significant in the multiple regression model. 

Species α β1 β2 MSE R2 Adj R2 p 

L. fruticosa -5.421 0.745 1.485 0.669 0.877 0.875 <0.001 
6 wks -6.465 1.103 1.722 0.369 0.880 0.874 <0.001 
1 yr -3.741 1.408 0.931 0.261 0.892 0.884 <0.001 
8-9 yrs -1.279 1.635 n.s. 0.187 0.844 0.836 <0.001 
20-21 yrs -2.345 2.099 n.s. 0.432 0.877 0.870 <0.001 
L. lucida -5.590 0.521 1.643 0.406 0.981 0.889 <0.001 
6 wks -5.427 n.s. 1.668 0.229 0.834 0.832 <0.001 
1 yr -3.631 1.692 0.718 0.345 0.776 0.765 <0.001 
8-9 yrs -2.441 2.370 n.s. 0.689 0.654 0.635 <0.001 
20-21 yrs -4.390 0.835 1.186 0.313 0.625 0.599 <0.001 
Q. chapmanii -4.784 0.934 1.280 0.311 0.871 0.869 <0.001 
6 wks -5.456 0.906 1.609 0.206 0.855 0.850 <0.001 
1 yr -5.816 1.100 1.518 0.152 0.907 0.900 <0.001 
8-9 yrs -1.920 2.031 n.s. 0.251 0.858 0.851 <0.001 
20-21 yrs -6.320 0.997 1.557 0.465 0.885 0.874 <0.001 
Q. geminata -4.176 1.019 1.097 0.583 0.802 0.800 <0.001 
6 wks -4.475 1.070 1.235 0.581 0.718 0.708 <0.001 
1 yr -4.714 0.791 1.514 0.177 0.872 0.863 <0.001 
8-9 yrs -5.134 1.498 1.045 0.299 0.828 0.814 <0.001 
20-21 yrs -3.250 2.659 n.s. 0.852 0.658 0.644 <0.001 
Q. inopina -3.816 0.805 1.077 0.381 0.828 0.827 <0.001 
6 wks -4.154 1.385 1.124 0.207 0.815 0.812 <0.001 
1 yr -4.235 1.041 1.064 0.401 0.793 0.788 <0.001 
8-9 yrs -6.427 n.s. 2.080 0.630 0.756 0.750 <0.001 
20-21 yrs -4.398 0.903 1.194 0.262 0.881 0.876 <0.001 
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Table 3-12.  Allometric equations predicting total leaf biomass for palmetto species overall and at each time since fire; for 
S. etonia ln total biomass = α + β1 * length + β2 * width + β3 * height + β4 * number of leaves; for S. repens sqrt 
total biomass =  α + β1 * length + β2 * width + β3 * height + β4 * number of leaves; n.s. indicates that the 
corresponding independent variable was not significant in the multiple regression model; n.a. indicates that the 
corresponding independent variable was not included in the multiple regression model; equations with all 
predictors and only significant predictors are both shown if the difference in R2 is greater than 0.01.  

 N α β1 β2 β3 β4 MSE R2 AdjR2 P 

S. etonia 34 1.083 
1.110 

0.0154 
0.0248 

0.00639 
n.s. 

0.0157 
0.0137 

0.155 
n.s. 

0.147 
0.168 

0.936 
0.922 

0.928 
0.917 

<0.001 
<0.001 

6 wks** 6 0.618 0.0202 0.0138 0.00459 0.414 0.010 0.998 0.989 0.070 
1-2 yrs** 11 0.812 -0.00486 0.0116 0.0435 0.149 0.214 0.910 0.849 0.003 
8-10 yrs 12 1.386 0.0307 n.s. n.s. n.s. 0.188 0.945 0.940 <0.001 
22 yrs^ 5 -0.302 

-0.552 
0.0320 
0.0458 

n.a. 
n.s. 

0.0181 
n.s. 

0.0397 
n.s. 

0.0013 
0.059 

1 
0.953 

0.999 
0.937 

0.024 
0.004 

S. repens 62 -5.088 0.058 n.s. 0.103 0.901 2.378 0.960 0.958 <0.001 
6 wks 8 -2.823 

-1.275 
0.0153 

n.s. 
-0.00781 

n.s. 
0.0989 
0.141 

1.654 
n.s. 

0.576 
1.369 

0.974 
0.875 

0.939 
0.854 

0.011 
<0.001 

1-2 yrs 18 -7.541 0.075 n.s. 0.167 0.428 1.147 0.978 0.973 <0.001 
8-10 yrs 18 -3.311 n.s. 0.0652 0.0874 0.773 1.412 0.972 0.966 <0.001 
22 yrs 18 -5.404 n.s. n.s. 0.106 1.524 2.410 0.974 0.970 <0.001 

** no field measures were significant predictors of biomass in multiple regression with all predictors 
^ only three of four predictive factor included 
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Table 3-13.  Allometric equations predicting leaf lamina biomass for palmetto species overall and at each time since fire; 
for S. etonia ln lamina biomass = α + β1 * length + β2 * width + β3 * height + β4 * number of leaves; for S. repens 
sqrt lamina biomass =  α + β1 * length + β2 * width + β3 * height + β4 * number of leaves; n.s. indicates that the 
corresponding independent variable was not significant in the multiple regression model; n.a. indicates that the 
corresponding independent variable was not included in the multiple regression model; equations with all 
predictors and only significant predictors are both shown if the difference in R2 is greater than 0.01.  

 α β1 β2 β3 β4 MSE R2 AdjR2 p 

S. etonia 1.114 0.0239 n.s. 0.0131 n.s. 0.164 0.918 0.913 <0.001 
6 wks 0.657 

1.420 
0.0186 
0.0298 

0.0147 
n.s. 

0.00539 
n.s. 

0.360 
n.s. 

0.0044 
0.239 

0.999 
0.789 

0.995 
0.736 

0.047 
0.018 

1-2 yrs** 0.854 -0.00322 0.0107 0.0404 0.135 0.213 0.905 0.841 0.003 
8-10 yrs 1.330 0.0298 n.s. n.s. n.s. 0.195 0.940 0.934 <0.001 
22 yrs^ -0.436 0.032 n.a. 0.0191 n.s. 0.0003 1 1 <0.001 
S. repens -3.819 0.0527 n.s. 0.0861 0.746 2.049 0.953 0.951 <0.001 
6 wks -2.443 

-1.064 
0.0127 

n.s. 
0.00121 

n.s. 
0.0887 
0.132 

1.513 
n.s. 

0.513 
1.253 

0.973 
0.869 

0.937 
0.847 

0.011 
<0.001 

1-2 yrs -5.922 0.060 n.s. 0.151 0.367 1.090 0.971 0.965 <0.001 
8-10 yrs -2.322 n.s. 0.0574 0.0662 0.720 1.017 0.973 0.967 <0.001 
22 yrs -4.067 n.s. n.s. 0.0819 1.341 2.137 0.968 0.963 <0.001 

** no field measures were significant predictors of biomass in multiple regression with all predictors 
^ only three of four predictive factor included 
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Figure 3-1.  Mean (+ se) diameter (top panel), height (middle panel), and total stem 
biomass (bottom panel) of shrub species at each time since fire. Different 
letters represent significantly different means. 
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Figure 3-2.  Grouped boxplots of height (cm):diameter (mm) ratios of shrub species at 
each time since fire. The lower and upper bars of the boxplot represent the 
25th and 75th percentiles, respectively; the solid middle bar represents the 
median and the dotted bar represents the mean. The lower and upper 
“whiskers” show the largest and smallest values that are not outliers. The 
circles show the 5th and 95th percentiles; outliers are not shown. Different 
lowercase letters below the boxplots indicate significant differences among 
species within each time since fire. Different uppercase letters above the 
boxplots indicate significant differences among times since fire within a 
species. 
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Figure 3-3.  Relationship between height and diameter (both natural log transformed) for 
all shrub species at each time since fire. p values < 0.05 indicate that 
regression slopes are not homogeneous. 
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Figure 3-4.  Grouped boxplots of leaf:shoot biomass ratios of shrub species at each 
time since fire. Specifics of the boxplots are the same as in Figure 3-2. 
Different letters represent significant differences. Different lowercase letters 
below the boxplots indicate significant differences among species within each 
time since fire. Different uppercase letters above the boxplots indicate 
significant differences among times since fire within a species. 
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Figure 3-5.  Grouped boxplots of new:old shoot biomass ratios of oak species at each 
time since fire. Specifics of the boxplots are the same as in Figure 3-2. 
Different letters represent significant differences. Different lowercase letters 
below the boxplots indicate significant differences among species within each 
time since fire. Different uppercase letters above the boxplots indicate 
significant differences among times since fire within a species. 
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Figure 3-6.  Grouped boxplots of the number of new apical shoot growth increments, 
mean length of new apical shoot growth increments per stem, number of 
leaves per cm of new shoot growth, and the ratio of height to the number of 
new apical shoot growth increments of Q. geminata and Q. inopina at each 
time since fire. Specifics of the boxplots are the same as in Figure 3-2. 
Different lowercase letters below the boxplots indicate significant differences 
between Q. geminata and Q. inopina within each time since fire. Different 
uppercase letters above the boxplots indicate significant differences among 
times since fire for Q. inopina. 
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Figure 3-7.  Mean (+ se) total length of new apical shoot growth (top panel) and total 
number of new leaves (bottom panel) for Q. geminata and Q. inopina at each 
time since fire. Different letters represent significantly different means within a 
speices. * indicates a significant difference between species. 
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Figure 3-8.  Mean (+ se) height, area, height(cm):area(cm2) ratio, and number of leaves 
of palmettos at each time since fire. Different letters represent significantly 
different means. 
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Figure 3-9.  Mean (+ se) total aboveground biomass of S. etonia (left panel) and S. 
repens (right panel) at each time since fire. Different letters represent 
significantly different means. 
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Figure 3-10.  Grouped boxplots of petiole:lamina biomass ratios of palmettos at each 
time since fire. The lower and upper bars of the boxplot represent the 25th and 
75th percentiles, respectively; the solid middle bar represents the median and 
the dotted bar represents the mean. The lower and upper “whiskers” show the 
largest and smallest values that are not outliers; outliers are not shown. 
Different lowercase letters below the boxplots indicate significant differences 
between S. etonia and S. repens within each time since fire. Different 
uppercase letters above the boxplots indicate significant differences among 
times since fire within a species. 
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Figure 3-11.  Relationships between height and total stem biomass (left panels; both 
natural log transformed) and between diameter and total stem biomass (right 
panels; both natural log transformed) for all shrub species at each time since 
fire; p values < 0.05 indicate that regression slopes are not homogeneous. 
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Figure 3-12.  Relationships between length, width, height, and number of leaves versus 
total biomass for S. etonia (left panels) and S. repens (right panels); p values 
> 0.05 indicate that regression slopes are homogeneous. 



 

99 

CHAPTER 4 
SOIL NUTRIENT DYNAMICS ALONG A TIME SINCE FIRE CHRONOSEQUENCE IN 

SCRUBBY FLATWOODS 

Introduction 

Nitrogen (N) and phosphorus (P) are essential plant nutrients that limit plant 

growth in most, if not all, terrestrial ecosystems (Vitousek and Howarth 1991). Fire, a 

natural disturbance in many ecosystems, consumes plant biomass, litter, and soil 

organic matter, converting organically bound N and P into inorganic forms (Certini 2005) 

that may be lost to the atmosphere or returned to the ecosystem in ash. Fire can have 

different effects on the relative availability of N and P because N volatilization occurs at 

temperatures as low as 200°C (White et al. 1973), whereas P is volatilized at 

temperatures above 774°C (Raison et al. 1985a). Fire rapidly mineralizes P in soil 

organic matter, often resulting in enhanced P availability after fire (e.g. Lewis 1974; 

Wilbur and Christensen 1983; Adams et al. 1994; Giardina et al. 2000). Although N 

availability often increases after fire (e.g. Wilbur and Christensen 1983; Covington and 

Sackett 1992; Schmidt and Stewart 1997; Wan et al. 2001; Smithwick et al. 2005a; 

Turner et al. 2007), N may be relatively less available than P after fire (Chapter 1) 

because approximately twice as much N as P is lost to the atmosphere during fire 

(Gillon and Rapp 1989; Pivello and Coutinho 1992; Cook 1994; Mackensen et al. 1996). 

Over the long-term, P in ash may become relatively less available as it is immobilized 

by plants and microbes or fixed via geochemical reactions, while N may increase as N 

inputs accumulate (Carter and Foster 2004).  

Previous studies, however, have not found consistent patterns in N and P 

availability across time after fire chronosequences. Ammonium (NH4
+), nitrate (NO3

-), 

and/or available P may increase (MacKenzie et al. 2004; Durán et al. 2008) or decrease 
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with time after fire (Marion and Black 1998; Wan et al. 2001; DeLuca et al. 2002; Bloom 

and Mallik 2006; MacKenzie and DeLuca 2006; Durán et al. 2008), and total soil N 

increases (MacKenzie et al. 2004; Pérez et al. 2004; Yermakov and Rothstein 2006) or 

does not change (Wan et al. 2001; Bond-Lamberty et al. 2006) with time after fire, 

causing soil N:P ratios to increase (Bloom and Mallik 2006; Lagerström et al. 2009) or 

decrease with time after fire (Durán et al. 2008; Durán et al. 2009). Variation in patterns 

of N and P availability with time after fire may be due to differences in the fundamental 

ecosystem components that control nutrient availability or differences in fire intensity. 

Nitrogen availability is controlled by mineralization and nitrification rates, which are 

positively correlated with soil %N (Marion and Black 1988; Evans et al. 1998; Frank 

2008) and may increase or decrease with time after fire (Pérez et al. 2004; White et al. 

2004; MacKenzie et al. 2006; Yermakov and Rothstein 2006). Microbial biomass, soil 

temperature, and soil moisture also affect N availability (Smithwick et al. 2005a) and are 

influenced by fire (Peet et al. 1975; Singh et al. 1991; Weekley et al. 2007; Marcos et al. 

2009). Phosphorus availability is affected by soil pH (Jaggi et al. 2005), and ash on the 

soil surface after fire may increase soil pH (Grogan et al. 2000; Badía and Martí 2003; 

Molina et al. 2007). An increase in soil pH concomitant with high concentrations of 

calcium (Ca2+) in ash (Ewel et al. 1981; Kauffman et al. 1993) may lead to an increase 

in calcium phosphate (Hsu and Jackson 1960), thus occluding P made available by fire. 

High fire intensity causes greater availability of N and P than moderate or low intensity 

fires (Gimeno-García et al. 2000; Kennard and Gholz 2001; Romanyà et al. 2001). 

Consideration of the mechanisms causing changes in N and P availability over time 

after fire is necessary for understanding more general patterns. 
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Because fire has the potential to alter the relative availability of N versus P both 

immediately following fire and over inter-fire cycles, fire may cause shifts in N versus P 

limitation, with recently burned sites being N-limited and long unburned sites being P-

limited, particularly in old, highly weathered soils. Fire frequency and intensity varies 

across ecosystems (Sousa 1984), causing differences in the time frame for changes in 

N and P availability after fire and in the impacts of fire on the plant community. In many 

ecosystems, fire frequency and intensity has changed, or is predicted to change, due to 

the spread of non-native invasive species (e.g. D’Antonio et al. 2000; Stevens and 

Beckage 2009), human activities (DeWilde and Chapin 2006), and climate change (e.g. 

Beckage et al. 2003; Flannigan et al. 2005). Understanding how nutrient availability 

changes over time after fire is particularly important considering that an increase in fire 

frequency may prohibit accumulation of N over inter-fire cycles and contribute to 

increased N limitation, whereas a decrease in fire frequency may exacerbate P 

limitation if P remains stored in plant tissue. 

 Much of the research investigating changes in nutrient availability with time after 

fire has been conducted in conifer dominated (e.g. DeLuca et al. 2002; Bloom and 

Mallik 2006; MacKenzie and DeLuca 2006; Durán et al. 2008) or chaparral (e.g. 

Christensen and Muller 1975; Marion and Black 1988; Fenn et al. 1993) ecosystems. 

Scrubby flatwoods are a novel and intriguing ecosystem in which to investigate the 

effects of fire on nutrient availability for several reasons. First, scrubby flatwoods occur 

on well-drained, nutrient-poor quartz sand soils (Abrahamson and Hartnett 1990). 

Because the soil has low clay content and few weatherable minerals, the amount and 

type of dead organic matter is a primary control on nutrient availability and storage 
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(Abrahamson and Hartnett 1990). High leaching, due to low clay content, contributes to 

low amounts of soil organic matter (Gholz and Fisher 1982), except in long unburned 

sites where litter accumulates. Because nutrient availability is low in scrubby flatwoods, 

fire related changes in nutrient availability are likely to be detectable from background 

fluxes in nutrient availability. Second, the dominant species resprout within weeks after 

fire and may utilize nutrients made available by fire or reallocate nutrients from below- to 

aboveground tissues (El Omari et al. 2003). Regardless, low background nutrient 

availability suggests that a post-fire flux in nutrient availability is likely to be an important 

source of plant nutrition. Third, scrubby flatwoods have been shaped over time by fire 

and low nutrient availability, yet little is known about nutrient availability, plant 

productivity, or nutrient limitation. Furthermore, large areas of land that previously 

supported scrubby flatwoods ecosystems have been converted to agriculture, 

pastureland, and urban areas, leading to increased nutrient inputs and reduced fire 

frequency.  

My main objective was to determine how soil nutrient availability varies over time 

after fire. Specifically, I tested the hypotheses that: (1) N availability increases with time 

after fire, while P availability decreases with time after fire; (2) N pools increase with 

time after fire; and (3) N-mineralization rates increase with time after fire. Because soil 

microbes can be killed by fire, I hypothesized that microbial N would increase with time 

after fire. In addition, I tested the hypotheses that N availability is positively correlated 

with soil moisture and substrate availability and P availability is positively correlated with 

soil pH. Furthermore, I investigated differences in soil nutrient availability with depth.  
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Methods 

Study Site  

This study was conducted at Archbold Biological Station (ABS) in Highlands 

County, Florida, USA (27º10'50"N, 81º21'0" W), which is near the southern tip of the 

Lake Wales Ridge. Archbold Biological Station typically has warm wet summers and 

cool dry winters (Abrahamson et al. 1984). Mean annual precipitation is 136.5 cm (ABS 

weather records, 1932-2004), and mean annual temperature is 22.3°C (ABS weather 

records, 1952-2004). Archbold Biological Station is divided into burn units, which have 

been managed with prescribed fires for over 35 years.   

My research focused on scrubby flatwoods, a distinctive plant community of 

Florida scrub. Scrubby flatwoods are dominated by shrubby oaks (Fagaceae), 

palmettos (Arecaceae), and ericaceous shrubs (Ericaceae). The shrubs are primarily 

evergreen with an average height of 1-2 m and herbaceous species are sparse 

(Abrahamson et al. 1984). Scrubby flatwoods experience fire return intervals of 8-16 

years (Menges 2007), and the dominant vegetation resprouts after fire (Menges and 

Kohfeldt 1995). Soils are entisols derived from paleo dunes (Abrahamson et al. 1984) 

that have no horizon development, little organic matter, and low exchange capacity and 

base saturation (Brown et al. 1990). 

Field and Lab Sampling 

In May 2005, I established eighteen 30 x 30 m plots in scrubby flatwoods 

communities (Abrahamson et al. 1984), three each in sites 1, 4, 6, 8, 10, and 13 years 

after fire (hereafter called the 1 yr, 4 yr, 6 yr, 8 yr, 10 yr, and 13 yr plots or sites). Within 

a time after fire, plots were located in different burn units when possible. Plots in the 

same burn unit were separated by at least 150 m and may have experienced 
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differences in fire intensity (Table 4-1). Therefore, each plot represents an independent 

replicate of the time after fire treatment. Overall, plots covered a distance of 

approximately four miles, and although summer thunderstorms can be patchy, all plots 

experienced the same climate. All plots were established in scrubby flatwoods 

dominated by scrub oak (Quercus inopina Ashe) on flat or gently sloped sites. Thus, the 

climate, organisms, relief, and parent material were the same in all sites (Jenny 1941); 

the only state factor that varied among sites was time after fire. In each plot, I 

established 30m transects across each plot that were initiated at 5m, 10m, 15m, 20m, 

and 25m along the NW to SW side of the plot.  

In all plots, I used ion exchange resins to measure soil nitrate (NO3
-), ammonium 

(NH4
+), and phosphate (PO4

3-). At a random location on each transect, separate anion 

and cation exchange resin bags (5 x 5 cm) were placed in the top 5 cm of the soil and 

left in the field for 3 month intervals. Resin bags were in the field for one year 

continuously (Mid June – Mid Sept. 2005, Mid Sept. – Mid Dec. 2005, Mid Dec. 2005 – 

Mid March 2006, and Mid March – Mid June 2006). Before being buried in the field, 

anion and cation resin bags were charged with 2M HCl and 2M NaCl, respectively. After 

resin bags were removed from the field, they were rinsed with DI H2O to remove dirt and 

any attached roots. Anion and cation resin bags were extracted with 50 mL of 0.5 M HCl 

and 0.5 M NaCl, respectively and shaken for six hours. Resin extracts were frozen and 

taken to the University of Florida where NO3
-, NH4

+, and PO4
3- concentrations were 

determined colorimetrically on a continuous flow autoanalyzer (Astoria-Pacific, Inc., 

Clackamas, Oregon, USA).  
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In the two plots within each time after fire with the greatest spatial separation (12 

plots total), I collected soil from a random location on each transect and one year later, 

recorded all species present in the plot (Table 4-2). During June and July 2005, one soil 

core was taken at each location and divided into 0-5, 5-10, 10-15, and 15-20 cm depths. 

Within 24 hours of collection, soil samples were passed through a 2 mm sieve; roots 

remaining in the sieve were separated into < 2 mm and > 2 mm, dried at 60°C and 

weighed. Soils were sub-sampled for determination of gravimetric soil moisture, pH, 

total percentages of N and C, soil δ15N, inorganic and organic N concentration, N 

mineralization rates, and microbial N. Gravimetric moisture content was determined on 

samples dried at 105°C for 48 hrs. For soil pH, 10 g of air dried soil was added to 10 mL 

of deionized water, shaken for 30 sec, allowed to stand for 10 min (Thomas 1996), then 

pH was determined with an electronic pH meter (Thermo Orion 250A+, Orion Research, 

Inc., Boston, Massachusetts, USA). A subsample of soil was dried at 60°C for 48 hrs, 

hand ground with a mortal and pestle, and analyzed for percentages of N, C, and δ15N 

at the University of Florida on an elemental analyzer (ECS 4010, Costech Analytical, 

Valencia, California, USA) coupled with an isotope ratio mass spectrometer (Delta Plus 

XL, ThermoFinnigan, Brenen, Germany). Soil bulk density increases with depth in acidic 

sandy soils (Skyllberg et al. 2001); thus, I used the mean bulk density for each depth for 

each time since fire to calculate N and C pools.   

To measure dissolved inorganic and organic N concentrations, 50 mL of 0.5 M 

K2SO4 was added to 10 g of field moist soil, shaken for 30 seconds, and allowed to 

stand overnight. Solutions were filtered through Whatman #1 filter paper that was pre-

leached with 0.5 M K2SO4. Filtered extracts were sub-sampled, frozen, then taken to the 
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University of Florida. Dissolved inorganic N (NH4
+ + NO3

-) concentrations of one sub-

sample were determined colorimetrically on a segmented flow autoanalyzer (Astoria-

Pacific, Inc., Clackamas, Oregon, USA). I measured dissolved organic N (DON) on a 

separate sub-sample of the soil extract using the persulfate oxidation digestion method 

(Sollins et al. 1999), which converts all N into NO3
-. I added 5 ml of the oxidizing reagent 

to 5 ml of the soil extract, then autoclaved the solution at 121°C for 55 minutes. To 

determine the efficiency of the digestion procedure, an organic and inorganic standard 

were processed with each batch of samples. The NO3
- concentration of the digested 

sample was determined colorimetrically on a continuous flow autoanalyzer. To 

determine the concentration of DON, I divided the NO3
- concentration of the digested 

samples by the digestion efficiency, and then subtracted the DIN measured in the 

undigested samples.   

Field capacity of scrubby flatwood soils was determined by measuring 

gravimetric moisture content of saturated soils (from sites four and 13 years after fire), 

and I measured N mineralization rates of soils at field capacity because soils were 

collected over a one month period with variation in daily precipitation (0 – 50 mm per 

day). A sub-sample of 10 g of field moist soil was contained in a specimen cup and 

stored in a refrigerator (~ 4°C) for two days until gravimetric moisture content was 

determined. An average gravimetric moisture content was determined from all soils 

within each plot, and the same amount of de-ionized (DI) H2O was added (169 – 226 

μL) to bring the soils to field capacity; for a few samples, when soil moisture was much 

different than the mean, a lower amount of DI H2O was added. Specimen cups were 

then stored in the dark at room temperature (~ 23°C) for one week. After one week, 50 
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mL of 0.5 M K2SO4 was added to the soil, shaken for 30 sec, and allowed to stand 

overnight. Solutions were filtered, stored, and analyzed for NO3
- and NH4

+ as described 

above. Because cool temperatures (~ 4°C) limit microbial activity, I considered these as 

seven day incubations. For half of the soil samples (from one plot for each time since 

fire) a second sub-sample of 10 g of field moist soil was contained in a specimen cup 

and stored in the dark at room temperature (~ 23°C) for one week. After one week, 50 

mL of 0.5 M K2SO4 was added to the soil, shaken for 30 sec, and allowed to stand 

overnight. Solutions were filtered, stored, and analyzed for NO3
- and NH4

+ as described 

above. Net rates of N mineralization, for both samples at field capacity and samples at 

ambient field moisture conditions, were calculated from the difference in μg N-(NH4
+ + 

NO3
-) g soil-1 of initial and one week extractions. 

The fumigation extraction method was used to measure microbial N (Horwath 

and Paul 1994). A 10 g sample of field moist soil was contained in a glass beaker and 

fumigated with chloroform in a desiccator for 24 hours. Soil samples were then 

transferred to a specimen cup, extracted with 50 ml of 0.5M K2SO4, and processed the 

same as for DIN. Fumigated soil extracts were digested to convert all N to NO3
- using 

the same persulfate oxidation digestion used to measure DON. The NO3
- concentration 

of the fumigated, digested sample was determined colorimetrically on a continuous flow 

autoanalyzer. To determine the concentration of chloroform labile microbial N, I divided 

the NO3
- concentration of the fumigated samples by the digestion efficiency, then 

subtracted the DIN and DON measured in unfumigated samples.  

Statistical Analyses  

 I calculated total resin exchangeable nutrients over one year by summing NH4
+, 

NO3
-, total inorganic N, and PO4

3- over each sample period. Resin exchangeable N:P 
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ratios were determined from the total inorganic N and total PO4
3- for each site within a 

plot. Missing values (when a resin bag was found on the soil surface) were replaced 

with the plot mean for that time period. I averaged values for each plot so that plot was 

the statistical unit. Data were analyzed with one-way ANOVAs with post-hoc 

comparisons with Bonferroni confidence interval adjustments. Resin exchangeable NO3
- 

and PO4
3- were natural log transformed before analyses. I analyzed the correlation 

between the total resin extractable N and P over one year using Pearson’s partial 

correlation coefficients, to control for the effects of time since fire, with one-tailed 

significance tests.  

 I analyzed differences in soil properties (root biomass (< 2 mm diameter), soil pH, 

soil %C, soil %N, soil C:N, soil C pools, soil N pools, total dissolved inorganic N (DIN), 

dissolved organic N (DON), DIN:DON, N mineralization with H2O addition (both μg N · g 

soil-1 · day-1 and μg N · g N-1 · day-1), nitrification rates with H2O addition (μg N · g soil-1 · 

day-1), and soil δ15N) among times since fire separately for each soil depth (0-5, 5-10, 

10-15, and 15-20 cm) using a nested ANOVA model with time since fire and plot nested 

within time since fire as main effects. I used a nested model because variability in soil 

nutrients can be spatially dependent at a scale of 30 m or less (Blair 2005). Differences 

among times since fire were determined with pairwise comparisons with Bonferroni 

confidence interval adjustments. The effects of water addition on N mineralization and 

nitrification rates were analyzed separately for each time since fire and depth with 

paired, one-tailed t-tests. Differences in soil properties with depth were determined 

separately for each time since fire using repeated measures analysis with depth as the 

within-subjects factor and plot as the between-subjects factor. When the assumptions of 
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sphericity were not met, the degrees of freedom were adjusted using the Greenhouse-

Geisser estimated epsilon values, which is a conservative correction (Field 2009), and 

differences among dates and times since fire were determined with post-hoc pairwise 

comparisons with Bonferroni confidence interval adjustments. Data were transformed 

before analyses to meet the assumption of normality when necessary. 

 I used separate linear regressions for each depth within each time since fire to 

analyze the relationship between soil %N and N mineralization rates (μg N · g soil-1 · 

day-1). I calculated mean pH per plot of surface soils (0-5 cm), and used linear 

regression to investigate the relationship between pH of surface soils and resin 

extractable PO4
3- (resin bags were located in surface soils) for the plots in which both 

soil pH and resin extractable PO4
3- were measured. I conducted partial correlations 

between soil variables (%C, %N, C:N, DIN, DON, DIN:DON, chloroform labile microbial 

N, δ15N, and pH) for each depth while controlling for the effect of time since fire. I 

conducted a multiple regression with root biomass at the dependent variable and DIN, 

DON, and soil %N as independent variables. Root biomass data were square root 

transformed before analyses. All other data were natural log transformed.  

I calculated microbial biomass N using the equation BN = FN/ KEN, where BN = 

microbial biomass N, FN = chloroform labile N, and KEN = 0.54, the efficiency of the 

fumigation (Brookes et al. 1985). I used 0.54 for KEN because this value was determined 

from K2SO4 extractions of a variety of soils (Brookes et al. 1985), and because this 

value is in the middle of the range of previous estimates of KEN (Shen et al. 1984, 

Jonasson et al. 1996). I used linear regression to analyze the relationship between 

microbial biomass N and DON. I conducted a multiple regression with N mineralization 
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rates with H2O addition (μg N · g soil-1 · day-1) as the dependent variable and microbial 

biomass N, DON, C:N, and %N as independent variables. I conducted a multiple 

regression with DIN (μg N · g soil-1) as the dependent variable and microbial biomass N, 

DON, N mineralization, and C:N as independent variables. All variables were natural log 

transformed before analysis. Data were analyzed using SPSS 11.5. 

Results 

Species Composition 

 Composition of resprouting shrubs was similar among plots (Table 4-2). Lyonia 

fruticosa, Quercus chapmanii, Quercus geminata, Quercus inopina, and Serenoa 

repens occurred in all twelve plots, while Lyonia lucida, Palafoxia feayi, and Sabal 

etonia, were present in eleven plots. The two most common graminoid species, Aristida 

beyrichiana and Rhynchospora megalocarpa, were present in 92% and 83% of the 

plots, respectively. A nitrogen-fixing species was present in all 1 yr, 4 yr, and 6 yr plots; 

whereas, a nitrogen-fixing species was present in only one 8 yr, 10 yr, and 13 yr plot. 

Herbaceous species that recruit from seed after fire were sparse in general, but a 

greater number of the most common species occurred at intermediate times after fire. 

Lichens did not colonize plots until at least eight years after fire. Pines were found only 

in plots that had burned once (Table 4-2). Sand pine, Pinus clausa, was present in both 

13 yr plots and in one 8 yr plot. Species composition of the plots where soil samples 

were not collected was similar to the other plots of the same time after fire except for the 

13 yr plot in burn unit 24A (Table 4-1) where a few Pinus elliottii var. densa individuals 

were found.  
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Root Biomass 

Root (< 2 mm diameter) biomass (g · m-2) tended to increase with time after fire 

in surface soils (0-5 cm) (Table 4-3) and varied with depth in 4 yr, 6 yr, and 8 yr sites 

(Table 4-4; Table 4-5). In surface soils, root biomass was 3.0 and 2.4 times greater in 

13 yr sites than in 4 yr and 6 yr sites, respectively (Figure 4-1). Total root biomass per 

20 cm depth ranged from 1938 g · m-2 in 4 yr sites to 2874 g · m-2 in 10 yr sites. At all 

soil depths, soil %N was positively correlated with root biomass (Figure 4-2). Dissolved 

inorganic and organic N, however, were not significant predictors of root biomass (Table 

4-6). 

Resin Exchangeable Nutrients 

Over one year, resin exchangeable NH4
+ (F5,12 = 2.28, p = 0.112) and total 

inorganic N (F5,12 = 2.37, p = 0.102) were highest in 8 yr sites, but did not differ 

significantly across the time after fire chronosequence. By contrast, resin exchangeable 

NO3
- (F5,12 = 6.17, p = 0.005) and PO4

3- (F5,12 = 3.46, p = 0.036) decreased then 

increased with time after fire (Figure 4-3). Resin exchangeable NO3
- and PO4

3- were 

both five times greater in 13 yr than in 6 yr sites. Resin exchangeable N:P ratios 

increased then decreased with time after fire (F5,12 = 7.82, p = 0.002), and were 

approximately four times lower in 13 yr sites compared to 6 yr and 8 yr sites (Figure 4-

3C). Variation in N:P ratios with time after fire was primarily driven by changes in P. 

Resin exchangeable N was positively correlated with resin exchangeable P (r = 0.199, p 

= 0.031). Mean resin exchangeable PO4
3- over one year was negatively correlated with 

mean pH of surface soils (Figure 4-4; r = 0.569, p = 0.053).  
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Nitrogen Pools and Fluxes  

Time after fire had a significant effect on dissolved inorganic N (DIN) only in deep 

soils (15-20 cm); whereas, dissolved organic N (DON) varied with time after fire in all 

soils except deep soils (Table 4-3). In deep soils, DIN tended to be higher in recently 

burned and longer unburned sites than in sites at intermediate times after fire (Figure 4-

5D). In surface soils (0-5 cm), DON was 2.2 times greater in 13 yr than in 6 yr sites, and 

in 5-10 cm soils, DON was 1.5 times greater in 4 yr than 1 yr sites (Figure 4-5E). Across 

all times since fire, DIN was 2.0 to 2.9 times greater in surface soils (0-5 cm) than in 

deep soils (Figure 4-5D). Significant differences in DON among depths were not 

consistent among times after fire, but DON tended to be lowest in the deepest soils 

(Figure 4-5E). The ratio of DIN:DON did not vary with time after fire (Table 4-4). Across 

all times after fire and depths, mean DIN ranged from 0.49 to 1.79 μg N · g soil-1, mean 

DON ranged from 1.22 to 5.21 μg N · g soil-1, and mean DIN:DON was always less than 

one. 

Potential N mineralization rates (μg N g soil-1 day-1) measured in the lab did not 

vary with time after fire in deeper soils (>5 cm) at field capacity (Table 4-3). In surface 

soils (0-5 cm), N immobilization occurred in 1 yr sites, while N mineralization occurred at 

all other times after fire; N mineralization was 2.5 to 55 times greater in 13 yr sites than 

in other sites (Figure 4-6A). Potential N mineralization tended to be highest in surface 

soils (Table 4-4; Table 5-5). Soil %N and N mineralization rates per g soil (μg N · g soil-1 

· day-1) were positively correlated in surface soils (0-5 cm) in 4 yr sites (r = 0.678, p = 

0.045) and 13 yr sites (r = 0.784, p = 0.007), which caused there to be no differences in 

N mineralization per g N (μg N · g N-1 · day-1) with time after fire in surface soils (Table 

4-3) or with depth (Table 4-4; Table 4-5). Similar to N mineralization, nitrification rates 
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(μg NO3
- · g soil-1 · day-1) tended to be highest in surface soils (0-5 cm) (Figure 4-6B). 

Differences with time after fire, however, were significant at intermediate soil depths (5-

10 cm and 10-15 cm) (Table 4-3) and not in surface soils.  

The effect of water addition on N mineralization (μg N g soil-1 day-1) and 

nitrification (μg NO3
- · g soil-1 · day-1) depended on time after fire and soil depth (Figure 

4-7). In surface soils (0-5 cm), water addition increased N mineralization in 4 yr and 6 yr 

sites, and in 5-10 cm soils, water addition increased N mineralization in 6 yr, 8 yr, and 

10 yr sites. In deep soils (15-20 cm), water addition caused N immobilization in 1 yr and 

4 yr sites (Figure 4-7).  

Chloroform labile microbial N (CLMN) was highest in long unburned sites (Table 

4-3). In surface soils (0-5 cm), CLMN was 2.3 to 3.0 times greater in 13 yr sites than all 

other times after fire (Figure 4-5G). CLMN decreased with depth at all times after fire 

(Table 4-4; Table 4-5), and on average, was 2.5 to 5.6 times greater in surface soils 

than in deep soils (Figure 4-5G). Across all times after fire and depths, mean CLMN 

ranged from 0.94 to 16.26 μg N · g soil-1. 

Bulk Soil Properties 

In surface soils (0-5 cm), soil %C was 2.0 to 3.4 times greater in 13 yr sites than 

other times after fire (Figure 4-5A), soil %N was 2.5 to 4.5 times greater in 13 yr sites 

than other times after fire (Figure 4-5B), and soil C:N ratios were 1.29 and 1.36 times 

greater in 13 yr sites than in 1 yr and 6 yr sites, respectively (Figure 4-5C). Soil %C and 

%N were significantly higher in surface soils than in deep soils (15-20 cm) at all times 

after fire, yet soil C:N varied with depth only in 6 yr sites (Table 4-4; Table 4-5). Similar 

to soil %C and %N, surface soil C pools (g C · m-2) and N pools (g N · m-2) were highest 

in long unburned sites (Table 4-3). Carbon pools were 2.5 and 3.4 times greater in 13 yr 
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sites than in 8 yr and 6 yr sites, respectively (Figure 4-8A), and N pools were 2.5 times 

greater in 13 yr sites than in 6 yr sites (Figure 4-8B). Carbon and N pools varied with 

depth, but these differences were not as strong as or as consistent as differences in soil 

%C and soil %N because of variation in bulk density (Table 4-4; Table 4-5). Total C 

pools per 20 cm depth ranged from 1285 g · m-2 in 6 yr sites to 3729 g · m-2 in 13 yr 

sites. Total N pools per 20 cm depth ranged from 45.6 g · m-2 in 6 yr sites to 93.2 g · m-2 

in 13 yr sites.  

Differences in soil pH with time since fire depended on soil depth (Table 4-3) and 

were most pronounced in the 0-5 cm soil layer where soil pH was approximately 15% 

greater in 1 yr, 4 yr, 6 yr, and 10 yr sites compared to 13 yr sites (Figure 4-5I). In 1 yr, 4 

yr, and 6 yr sites, soil pH was highest in surface (0-5 cm) soils. Differences in soil pH 

with depth were most pronounced one year after fire, when mean pH was at least 0.44 

units greater in surface soils (0-5 cm) than in any other soil depths.  

Soil δ15N tended to increase then decrease with time after fire for surface (0-5 

cm) and 10-15 cm soils (Table 4-3). In surface soils, soil δ15N was negative in 1 yr sites 

and positive at all other times after fire (Figure 4-5H), but was only significantly different 

between 1 yr and 8 yr sites. At all times after fire, soil δ15N was lowest in surface soils 

(Table 4-4; Table 4-5). Soil δ15N was more enriched in 5-10 cm soils than in surface 

soils, increasing 1.21 to 1.86 ‰ (Figure 4-5H).  

Relationships Among Soil Variables 

Dissolved organic N (DON) and dissolved inorganic N (DIN) were positively 

correlated with soil %C and %N (Table 4-7). DON was positively correlated with CLMN 

(Table 4-7) and microbial biomass N (Figure 4-9) for all soil depths except 5-10 cm. 

Across soil depths, microbial biomass N was the only consistent predictor of DIN (Table 
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4-8). In surface soils (0-5 cm), DON was the only significant predictor of N 

mineralization rates; whereas, in sub-surface soils (5-10 cm), microbial biomass N was 

the only significant predictor of N mineralization rates (Table 4-9). Soil %N was 

positively correlated with soil %C, while CLMN was positively correlated with both soil 

%C and %N. Both soil %N and CLMN were negatively correlated with soil pH (Table 4-

7).  

Discussion 

 Over one year, PO4
3- was highest in recently burned and long unburned sites. 

Total inorganic N was highest at intermediate times after fire, but did not vary 

significantly. This caused N:P ratios to be greatest at intermediate times after fire and 

lowest in long unburned sites. In surface soils, soil %C and %N, C and N pools, 

dissolved organic N (DON), net N mineralization, and chloroform labile microbial N were 

all highest in long unburned sites.   

Effects of Time After Fire on Soil Characteristics and Nutrient Availability 

Inorganic N availability, measured as resin exchangeable N or K2SO4 extractable 

N, did not vary significantly with time after fire in scrubby flatwoods. In many 

ecosystems, post-fire increases in NH4
+ and NO3

- persist for only five months or less 

(Schmidt and Stewart 1997; Jensen et al. 2001; Bennett et al. 2002). In palmetto 

flatwoods, which contains some of the same species as scrubby flatwoods but has more 

mesic soils, the post-fire pulse of NH4
+ persisted for less than three months (Chapter 2). 

Recovery of aboveground biomass, which occurs within months in scrubby flatwoods, 

may contribute to short-lived increases in nutrient availability (Hobbs and Schimel 

1984). Thus, fire-induced changes in inorganic N availability may not persist for a year 

after fire. While fire-induced changes in inorganic N availability occur over short time 
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scales (Chapter 2), fire appears to have little direct effect on differences in N availability 

over longer time scales in scrubby flatwoods. 

Net N immobilization occurred in surface soils (0-5 cm) of recently burned sites. 

Turner et al. (2007) also measured net N immobilization after fire, which, in their case, 

may be due to the N deficiency of the site and high quantities of low N wood remaining 

on the soil surface after fire. An increase in net N mineralization shortly after fire (Hobbs 

and Schimel 1984; Adams and Attiwill 1991; Kaye and Hart 1998) due to the positive 

correlation between N mineralization and soil temperature (Wilson et al. 2002) would 

not have been detected in my lab incubations. Nitrogen mineralization rates (μg N · g 

soil-1 · day-1) in surface soils (0-5 cm) were highest in long unburned sites, likely 

because dissolved organic N (DON) was highest in long unburned sites and 

mineralization rates were positively correlated with DON (Table 4-9). Higher N 

mineralization rates in longer unburned sites may also be related to the positive 

correlation between N mineralization and soil %N (Marion and Black 1988; Carreira et 

al. 1994). In addition, N mineralization decreases with an increase in fire frequency 

(Reich et al. 2001), and all of my 13 yr sites have burned only once over the past 35 

years. 

Similarly to N mineralization, dissolved organic N (DON) and chloroform labile 

microbial N (CLMN) in surface soils were highest in long unburned sites. DON and 

CLMN were positively correlated with soil %N and %C, which were also highest in long 

unburned sites. Furthermore, CLMN was a significant predictor of DON. Fire can kill soil 

microbes, and the effects of fire on soil temperature decrease with depth (Ewel et al. 

1981; Giardina et al. 2000; Jensen et al. 2001), so the effects of fire should be greatest 
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in surface soils. The lack of a difference in CLMN from one to ten years after fire 

suggests that fire had limited direct effects on CLMN. In contrast to my results, 

MacKenzie et al. (2006) found that microbial activity declined with time after fire.  

Soil %N and total N pools (g · m-2) in surface soils (0-5 cm) tended to be greater 

in recently burned and long unburned sites than in sites at intermediate times after fire. 

This pattern is likely related to changes in litter quality feedbacks, N inputs, and 

accumulation of organic matter with time after fire. The first leaves flushed after fire 

have higher N concentrations than leaves pre-fire (Chapter 2), and incorporation of 

these leaves to soil organic matter may contribute to high soil %N and N pools in 

recently burned sites. Both an increase in the recalcitrance of litter and a decrease in 

photodegradation of litter (Austin and Vivanco 2006), caused by decreased light 

availability over time, could lead to N accumulation in long unburned sites. Over the 

short-term, inputs of N through symbiotic N-fixation and rainfall are not high enough to 

replace the amount of N volatilized in fire (Carter and Foster 2004; Cook 1994), but over 

longer time intervals, N-fixation can lead to an accumulation of N in the soil (Bormann 

and Sidle 1990). Soil crusts in Florida scrub have a high N-fixing capacity, which 

decreases immediately after fire (Hawkes 2003). The abundance of photosynthetic 

microbes present in soil crusts peaks at intermediate times since fire (10-15 years) in 

rosemary scrub (Hawkes and Flechtner 2002) and declines in long unburned sites likely 

because of increased litter cover and light limitation. Non-symbiotic N2-fixation increases 

with time since fire (Pérez et al. 2004), so high N-fixing capacity of soil crusts may 

contribute to high soil %N and large soil N pools in long unburned sites. In addition, N-
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fixing plants, which contribute N inputs to scrubby flatwood soils, occurred across the 

scrubby flatwoods time after fire chronosequence (Table 4-1).  

Soil %N was correlated with soil %C (Table 4-7), suggesting that accumulation of 

organic matter may regulate N availability and soil N concentrations. Yermakov and 

Rothstein (2006) found that total soil N increased with time after fire due to an increase 

in organic soil N with time after fire. In my study, 13 yr scrubby flatwoods sites had more 

organic matter than any other time after fire (J. Schafer, personal observation). In 

addition, total soil N may decrease with an increase in fire frequency (DeLuca and Sala 

2006; Cech et al. 2008), and all of my 13 yr sites have burned only once over the past 

35 years (Table 4-1).  

Soil δ15N was more enriched at intermediate times since fire compared to 

recently burned and long unburned sites (Figure 4-5H). This suggests that N losses are 

greater at intermediate times after fire (Martinelli et al. 1999). Resin exchangeable N 

was highest at intermediate times after fire, but N availability was not significantly 

different among times after fire. Fire consumes surface soil layers and volatilizes N, 

which can leave post-fire soils enriched in 15N (Högberg 1997); however, soils were not 

enriched in 15N after fire likely because scrubby flatwoods soils generally have little soil 

organic matter. Fractionation during the transfer of N from mycorrhizal fungi to a host 

plants results in plant tissue depleted in 15N relative to the N source (Evans 2001; 

Hobbie and Colpaert 2003).  

Soil %C and soil C pools (g · m-2) followed the same pattern as soil %N and soil 

N pools; soil %C and C pools were highest in long unburned sites, and tended to be 

higher in recently burned sites than in sites at intermediate times since fire. Soil %C and 
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C content are high in recently burned sites likely due to the presence of charcoal, 

because soil C is positively correlated with charcoal C (MacKenzie et al. 2008). Soil 

charcoal has a lower C concentration than recently produced charcoal, suggesting that 

the C content of charcoal decreases over time (Ohlson et al. 2009), and that the 

contribution of charcoal C to soil %C decreases with time after fire. Carbon 

accumulation over time after fire (MacKenzie et al. 2004; Vargas et al. 2008) is likely 

related to litter accumulation, which is positively correlated with canopy cover (Hall et al. 

2006), and the transformation of plant material into soil organic matter, which increases 

over time after fire (Treseder et al. 2004). In fact, total soil C can increase due to an 

increase in organic soil C with time after fire (Yermakov and Rothstein 2006). Thus, as 

organic material accumulates in long unburned scrubby flatwoods, soil %C and C 

content also increase.  

In surface soils, soil pH tended to be higher in more recently burned sites than in 

longer unburned sites. Ash on the soil surface after fire may increase soil pH (Grogan et 

al. 2000; Badía and Martí 2003; Molina et al. 2007) due to the high pH of ash (Jensen et 

al. 2001; Goforth et al. 2005; Molina et al. 2007; Marcos et al. 2009) and the high 

concentration of cations, such as Ca2+ and K+, in ash (Raison et al. 1985b; Arocena and 

Opio 2003). Persistence of high soil pH with time since fire is likely related to 

persistence of ash in the soil.  

Resin exchangeable PO4
3- tended to be higher in recently burned and long 

unburned sites than intermediate times after fire (Figure 4-3). High PO4
3- availability in 

recently burned sites is likely due to high concentrations of P in ash post-fire (Wilbur 

and Christensen 1983; Raison et al. 1985b), since mineral soil PO4
3- is correlated with 
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ash depth (Rice 1993). Microbial immobilization or plant uptake may contribute to the 

decrease in resin exchangeable PO4
3- at intermediate times since fire. Furthermore, 

PO4
3- may become bound in calcium phosphate (Hsu and Jackson 1960; Stephens et 

al. 2004) due to high concentrations of calcium (Ca2+) in ash (Ewel et al. 1981; 

Kauffman et al. 1993). There are several explanations for the increase in resin 

exchangeable PO4
3- in long unburned sites. First, phosphatase activity is highest when 

plants are fertilized with organic P (DeLucia et al. 1997), and increased phosphatase 

activity in long unburned sites, which had high amounts of soil organic matter, could 

increase PO4
3- availability. Second, soil phosphatase activity (Chen et al. 2004) and the 

quantity and quality of root exudates (Grayston et al. 1996) varies among plant species, 

and the biggest difference in plant species composition across my time after fire 

chronosequence was the presence of pines (Pinus clausa and Pinus elliottii) in long 

unburned sites. Several Pinus species, including Pinus elliottii, produce root exudates 

(Agnihotri and Vaartaja 1969; Fox and Comerford 1990; van Schöll et al. 2006) such as 

low molecular weight organic acids, which can bind cations covalently linked to P, 

liberating inorganic P (Jurinak et al. 1986; DeLucia et al. 1997). Third, an increase in the 

abundance of lichens with time after fire (Menges and Kohfeldt 1995) may affect P 

availability if lichens differ from other scrubby flatwood species in their effect on soil pH 

or their production of organic acids. Fourth, fire frequency may have an impact on P 

availability. Availability of PO4
3- is lower in sites with more frequent fires (Hernández and 

Hobbie 2008), and 13 yr sites had burned only once in the last 35 years.  

Resin exchangeable N was highest in 8 yr sites, while resin exchangeable PO4
3- 

was higher in recently burned and long unburned sites. Thus, resin exchangeable N:P 
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ratios increased from one to eight years after fire, then decreased from eight to 13 years 

after fire. My results suggest that N-limitation may be greater in recently burned and 

longer unburned sites and that P-limitation may be greater at intermediate times after 

fire; however, soil N:P ratios have not been used to indicate N limitation, P limitation, or 

co-limitation by N and P as have foliar N:P ratios (Koerselman and Meuleman 1996; 

Güsewell 2004). The relationship between soil N:P ratios and nutrient limitation is 

unclear because foliar N and P concentrations are not always correlated with soil N and 

P availability (Frank 2008; Litaor et al. 2008).  

In many cases, there were differences in soil characteristics and nutrient 

availability between plots within a time after fire (Table 4-3), suggesting that differences 

in fire intensity and fire frequency affect nutrient availability. High fire intensity causes 

greater availability of soil N and P than moderate or low intensity fires (Gimeno-García 

et al. 2000; Kennard and Gholz 2001; Romanyà et al. 2001), and there may be little 

difference in soil properties between unburned sites and sites burned by low severity 

fires (Hatten et al. 2005). Fire intensity is positively correlated with ash depth (Rice 

1993) and high intensity fires cause a greater increase in soil pH (Kennard and Gholz 

2001), which affects P availability (Jaggi et al. 2005). Furthermore, losses of P may be 

greater in high intensity fires (Gimeno-García et al. 2000). Fire intensity can be highly 

variable over distances of only 10 m (Rice 1993), so variation in fire intensity among my 

plots (Table 4-1) likely contributed to variation in soil nutrients. Nitrogen availability 

(Hernández and Hobbie 2008) and N mineralization (Reich et al. 2001) decrease with 

an increase in fire frequency, while nutrient losses increase with an increase in fire 

frequency (Wanthongchai et al. 2008). Differences in species composition can affect the 
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nutrient content of ash (Qian et al. 2009), and greater plant biomass can lead to an 

increase in fire severity (Romanyà et al. 2001). Thus, differences in fire history among 

scrubby flatwoods sites may cause variation in nutrient availability with time after fire. 

Variation in Soil Characteristics and Nutrient Availability with Soil Depth 

Differences in nutrient availability and bulk soil characteristics with depth were 

relatively consistent among times after fire. Soil %N, soil %C, dissolved inorganic N 

(DIN), chloroform labile microbial N (CLMN), N mineralization, and nitrification tended to 

be highest in surface soils, while soil δ15N was more negative in surface soils (Figure 4-

5; Figure 4-6). Concentrations of NH4
+ and NO3

- (Fenn et al. 1993) and net 

ammonification rates (Bloom and Mallik 2006) are affected by the identity and cover of 

plant species, respectively, and soil %N is higher under rather that outside the plant 

canopy (Aguilera et al. 1999). It is likely that the influence of plant leaf litter is greatest in 

surface soils, which may contribute to higher DIN, soil %N, and CLMN in surface soils. 

Soil N and soil C are positively correlated with charcoal content (MacKenzie et al. 

2008), so persistence of charcoal in surface soils may contribute to high soil %N and 

%C. Because plants are more depleted in 15N than their N source (Chapter 2; Michelsen 

et al. 1998, Schmidt and Stewart 2003), surface soils depleted in 15N reflect inputs of 

plant litter to soil organic matter.  

Patterns in soil pH with depth depended on time after fire. Soil pH was higher in 

surface soils (0-5 cm) than in deeper soils only in recently burned sites (one to six years 

after fire). Ash on the soil surface may increase soil pH (Grogan et al. 2000; Badía and 

Martí 2003; Molina et al. 2007). Leaching of ash covered soils increases soil pH (Molina 

et al. 2007), so it is likely that as ash becomes integrated through the soil profile over 

time after fire, soil pH becomes more similar across depths.  
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Effects of Abiotic Factors on Soil Nutrient Availability 

In scrubby flatwood surface soils, N mineralization and nitrification rates tended 

to be higher in soils at field capacity than in soils at ambient field moisture conditions 

(Figure 4-7), likely due to the positive effects of soil moisture on microbial biomass and 

activity. Abundance of soil bacteria and fungi is higher after the wet season than after 

the dry season (Aguilera et al. 1999); in litter subjected to wetting and drying, microbial 

biomass is higher after rewetting (Schimel et al. 1999); and microbial biomass C is 

positively correlated with soil moisture (Tate and Terry 1980). Furthermore, 

dehydrogenase activity, a measure of microbial activity, is positively correlated with soil 

moisture (Tate and Terry 1980; Paradelo and Barral 2009). In deeper scrubby flatwoods 

soils, however, the effect of water addition on N mineralization and nitrification rates 

depended on time since fire (Figure 4-7). Increased soil moisture can inhibit growth of 

bacteria deeper in the soil profile (Tate and Terry 1980), and specific respiration 

increment can be negatively correlated with soil moisture (Merilä and Ohtonen 1997), 

suggesting that too much moisture may limit oxygen, and thus microbial activity. Across 

a variety of ecosystems, net mineralization is positively correlated with precipitation 

(Pérez et al. 2004) and soil moisture (Cassman and Munns 1980; Powers 1990; Evans 

et al. 1998; Frank 2008), but soil may have a maximum mineralization capacity above 

which more water does not increase mineralization (Cassman and Munns 1980).   

Resin exchangeable PO4
3- was negatively correlated with pH of surface soils 

(Figure 4-4). Over one year, resin exchangeable PO4
3- was highest in sites with the 

most acidic soil. Phosphatase activity is negatively correlated with soil pH (Sinsabaugh 

et al. 2008), and low phosphatase activity leads to low PO4
3-availability. Frank (2008) 

found that soil pH (ranging from 6.3 to 7.9) was negatively correlated with net P 
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mineralization in grasslands, so it is not surprising that the change in mean pH from 

3.95 to 4.98 across my scrubby flatwoods sites had significant effects on P availability. 

Furthermore, PO4
3- can form minerals with Ca2+, and high concentrations of Ca2+ in ash 

may limit mobility and availability of PO4
3- in more basic soils (Hsu and Jackson 1960). 

Conclusion 

In scrubby flatwoods soils, inorganic N availability is not affected by time after 

fire, but is related to soil moisture, while variation in PO4
3- availability is related to soil 

pH. Soil %N, soil %C, N mineralization rates, dissolved organic N, chloroform labile 

microbial N, and PO4
3- availability were highest in long unburned sites. Variation in 

measures of nutrient availability may be due to the differences in species composition 

and fire history of 13 yr sites compared to scrubby flatwoods sites of other times after 

fire rather than the effects of fire. In this study, 13 yr sites had numerous pine trees, high 

soil organic matter, and had only been burned once in the past 35 years, which may 

have contributed to high PO4
3-, soil %N, and soil %C in surface soils; however, in 

scrubby flatwoods sites 20 years after fire with low soil organic matter, and where pines 

are less abundant or absent, soil %N and %C are lower (J. Schafer, unpublished data). 

My 1 yr to 10 yr sites are characteristic of scrubby flatwoods sites in general; whereas, 

my 13 yr sites differ from the characteristic scrubby flatwood sites. Thus, my results 

indicating high nutrient availability in long unburned scrubby flatwoods may not apply to 

all scrubby flatwoods. Species composition and fire frequency, as well as time after fire, 

appear to be important in affecting nutrient availability in Florida scrub soils. 
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Table 4-1.  Description of study sites. Fire intensity 1 = low intensity, 2 = intermediate 
intensity, 3 = high intensity. The total number of burns is based on the record 
of fire history at Archbold Biological Station (1970 – present) and includes the 
most recent burn after which measurements were made. Multiple numbers in 
a column indicate that there may have been differences in fire intensity or fire 
history within the plot area. Intensive sampling indicates plots where soil 
samples were collected and species composition was assessed. 

Time after fire 

(years) 

Date of Burn Burn 

Unit 

Area 

(acres) 

Fire 

Intensity 

Total # 

of Burns 

Intensive 

Sampling 

1 22 June 2004 54B 49 3 3 X 

1 22 June 2004 54C 53 3 1,2  

1 24 May 2004 61A 40 3 3 X 

4 12 Feb 2001 44 163 1,3 2 X 

4 12 Feb 2001 45C 81 3 3,4  

4 12 Feb 2001 47A 67 3 3 X 

6 7 July 1999 48B 100 1-3 2 X 

6 7 July 1999 48B 100 3 1  

6 26 July 1999 56B 27 2-3 3 X 

8 7 May 1997 55 117 2-3 1 X 

8 7 May 1997 55 117 3 1,2  

8 7 May 1997 55 117 3 1 X 

10 15 June 1995 49B 76 3 3,4 X 

10 15 June 1995 49B 76 2-3 3,4  

10 24 May 1995 56C 24 3 2 X 

13 19 May 1992 25B 5 2-3 1 X 

13 20 May 1992 24A 12 2-3 1  

13 9 Dec 1992 31B 15 1-3 1 X 
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Table 4-2.  Species composition (in 2006) of the twelve plots where soil samples were 
collected (in 2005). Values are the number of plots in which species occurred 
except for the total number of species found in plots of each time since fire. 
Only shrubs and sub-shrubs present in at least two plots are included. Only 
herbs present in at least three plots are included. Species identifiable to 
genus only are included if present in at least three plots.  

  Years since fire in 2005 
(in 2006) 

Species Family 1 
(2)  

4 
(5)  

6 
(7)  

8 
(9)  

10 
(11)  

13 
(14)  

Total 

Trees         
Pinus clausa 
 

Pinaceae    1  2 3 

Shrubs         
Asimina obovata* Annonaceae   1 1   2 
Bejaria racemosa Ericaceae 1    2 2 5 
Ilex opaca var. arenicola* Aquifoliaceae  1   1 1 3 
Lyonia ferruginea Ericaceae   1 1   2 
Lyonia fruticosa Ericaceae 2 2 2 2 2 2 12 
Lyonia lucida Ericaceae 2 2 1 2 2 2 11 
Palafoxia feayi* Asteraceae 1 2 2 2 2 2 11 
Persea borbonia var. humilis* Lauraceae    1  1 2 
Quercus champanii Fagaceae 2 2 2 2 2 2 12 
Quercus geminate Fagaceae 2 2 2 2 2 2 12 
Quercus inopina* Fagaceae 2 2 2 2 2 2 12 
Sabal etonia* Arecaceae 2 2 2 1 2 2 11 
Serenoa repens Arecaceae 2 2 2 2 2 2 12 
Sideroxylon tenax Sapotaceae   1 1   2 
Ximenia americana^ 
 

Olacaceae 2 2 2 1 1  8 

Suffrutescent/Sub-shrubs         
Gaylussacia dumosa Ericaceae 1 2 2  2 1 8 
Helianthemum nashii* Cistaceae  1 1 1   3 
Lechea deckertii Cistaceae 1 2 2 2 1 1 9 
Licania michauxii Chrysobalanaceae 1 2 2 1 1 1 8 
Opuntia humifusa Cactaceae 1 1 2 2 1 1 8 
Polygala polygama Polygalaceae 2 1 2 1  1 7 
Smilax auriculata Smilacaceae 2 1 2 2 2 2 11 
Vaccinium darrowii Ericaceae 1  1  1 2 5 
Vaccinium myrsinities 
 

Ericaceae 2 2 2 2 2 2 12 

N-fixers         
Chapmanii floridana* Fabaceae 1 1 2 1   5 
Galactia regularis/elliottii Fabaceae 1 2 1 1  1 6 
Mimosa quadrivalvis* 
 

Fabaceae  1   1 1 3 

Graminoids         
Andropogon floridanus* Poaceae 2    1 1 4 
Aristida beyrichiana Poaceae 2 2 2 2 2 1 11 
Dicanthelium sp. Poaceae 2  1    3 
Rhynchospora megalocarpa Cyperaceae 2 2 2 1 2 1 10 
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Table 4-2 continued. 
  Years since fire in 2005 

(in 2006) 

Species Family 1 
(2)  

4 
(5)  

6 
(7)  

8 
(9)  

10 
(11)  

13 
(14)  

Total 

Herbs         
Ambrosia artemisiifolia Asteraceae 1  1 1   3 
Balduina angustifolia Asteraceae   1 1 1  3 
Cnidoscolus stimulosus Euphorbiaceae  1 1 1 1  4 
Commelina sp. Commelinaceae 1 1 1 1 1 1 6 
Liatris ohlingerae* Asteraceae  1 1 1   3 
Paronychia chartacea* 
 

Caryophyllaceae 1 1  1   3 

Other         
Selaginella arenicola Selaginellaceae 1 2 2 2 2 1 10 
Lichens (Cladina sp., Cladonia sp.) 
 

    1 2 2 5 

Total # of species   28 28 32 33 27 28 40 

* endemic to Florida  
^ hemi-parasitic 
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Table 4-3.  Results of nested analyses of variance of soil variables at each depth. 
Degrees of freedom = 5 for YSF and 6 for Plot(YSF).  

 Soil Depth (cm) 
 0-5 5-10 10-15 15-20 

 F p F p F P F p 

Root Biomass (g/m
2
)^         

     YSF 3.09 0.017 0.87 0.510 0.98 0.440 0.79 0.558 
     Plot(YSF) 1.89 0.101 3.49 0.006 1.68 0.146 0.83 0.555 
pH         
     YSF 8.29 <0.001 1.85 0.121 2.55 0.040 2.33 0.057 
     Plot(YSF) 2.64 0.027 2.61 0.028 3.72 0.004 4.10 0.002 
%N*         
     YSF 6.58 <0.001 1.38 0.248 0.39 0.855 1.60 0.178 
     Plot(YSF) 1.28 0.282 1.66 0.152 2.61 0.029 0.97 0.453 
%C*         
     YSF 6.50 <0.001 0.99 0.435 0.24 0.944 1.82 0.127 
     Plot(YSF) 0.92 0.486 1.21 0.319 2.91 0.017 1.38 0.243 
CN*         
     YSF 3.07 0.017 0.70 0.627 0.29 0.917 1.53 0.197 
     Plot(YSF) 1.40 0.235 1.11 0.372 2.88 0.017 1.75 0.129 
N (g · m

-2
)*         

     YSF 3.75 0.006 1.37 0.250 1.20 0.324 1.54 0.194 
     Plot(YSF) 1.28 0.282 1.66 0.152 2.61 0.029 0.97 0.453 
C (g · m

-2
)*         

     YSF 6.14 <0.001 4.06 0.004 2.30 0.060 3.91 0.005 
     Plot(YSF) 0.71 0.646 5.18 <0.001 4.13 0.002 0.81 0.565 
δ

15
N         

     YSF 2.52 0.042 1.05 0.402 2.74 0.030 0.23 0.947 
     Plot(YSF) 1.41 0.231 2.01 0.083 2.25 0.054 1.61 0.165 
Inorganic N (NH4

+
 + NO3

-
) * 

(μg · g soil
-1

) 
        

     YSF 0.66 0.657 0.41 0.837 1.51 0.205 2.51 0.043 
     Plot(YSF) 1.12 0.362 0.74 0.618 2.16 0.063 2.38 0.043 
Dissolved Organic N*  
(μg N · g soil

-1
) 

        

     YSF 2.46 0.046 3.48 0.009 4.33 0.003 1.57 0.187 
     Plot(YSF) 1.63 0.159 0.57 0.753 1.17 0.338 1.10 0.373 
DIN:DON*  
(μg N · g soil

-1
) 

        

     YSF 1.50 0.208 1.48 0.213 0.92 0.478 1.19 0.328 
     Plot(YSF) 1.57 0.176 0.98 0.450 1.40 0.234 2.14 0.066 
Chloroform labile microbial N* 
(μg N · g soil

-1
) 

        

     YSF 6.14 <0.001 4.06 0.004 2.30 0.060 3.91 0.005 
     Plot(YSF) 0.71 0.646 5.18 <0.001 4.13 0.002 0.81 0.565 
N mineralization (+ H2O)* 
(μg N · g soil

-1
 · day

-1
) 

        

     YSF 3.42 0.010 1.20 0.322 2.02 0.093 1.82 0.127 
     Plot(YSF) 0.64 0.698 2.86 0.019 1.67 0.150 1.02 0.425 
N mineralization (+ H2O) 
(μg N · g N

-1
 · day

-1
) 

        

     YSF 0.85 0.524 0.97 0.443 2.53 0.042 2.42 0.049 
     Plot(YSF) 1.19 0.330 3.42 0.007 2.97 0.015 1.90 0.100 
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Table 4-3 continued. 
 Soil Depth (cm) 
 0-5 5-10 10-15 15-20 

 F p F p F P F p 

Nitrification (+ H2O)* 
(μg N g soil

-1
 day

-1
) 

        

     YSF 1.70 0.154 3.47 0.009 2.73 0.030 0.84 0.526 
     Plot(YSF) 1.53 0.189 2.73 0.023 0.96 0.460 1.07 0.395 

* data were natural log transformed before analyses   
^ data were square root transformed before analyses 
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Table 4-4.  Results of repeated measures analyses of differences with depth for sites 
one, four, and six years after fire. 

 1 year after fire 4 years after fire 6 years after fire 

 F df p F df p F df p 

Root Biomass^  
(g · m

-2
) 

         

   Depth 1.27 3 0.306 6.34 3 0.003 3.32 3 0.037 
   Plot 7.34 1 0.027 0.22 1 0.651 14.61 1 0.005 
   Depth * Plot 1.67 3 0.201 0.89 3 0.457 0.21 3 0.887 
pH          
   Depth 8.87 1.56 0.006 3.33 3 0.036 5.22 3 0.006 
   Plot 0.001 1 0.981 3.05 1 0.698 13.22 1 0.007 
   Depth * Plot 0.46 1.56 0.594 0.48 3 0.119 5.38 3 0.006 
%C*          
   Depth 10.90 3 <0.001 10.34 3 <0.001 11.98 1.69 <0.001 
   Plot 0.42 1 0.532 1.02 1 0.342 1.38 1 0.273 
   Depth * Plot 5.77 3 0.004 0.69 3 0.564 4.69 1.69 0.033 
%N*          
   Depth 17.20 3 <0.001 16.57 3 <0.001 13.04 3 <0.001 
   Plot 0.65 1 0.443 2.71 1 0.138 0.46 1 0.514 
   Depth * Plot 3.32 3 0.037 1.22 3 0.324 3.20 3 0.041 
C:N*          
   Depth 0.73 3 0.544 1.16 3 0.344 5.38 1.75 0.021 
   Plot 0.10 1 0.759 0.20 1 0.665  2.99 1 0.122 
   Depth * Plot 7.34 3 0.001 0.89 3 0.460 3.55 1.75 0.061 
N (g · m

-2
)*          

   Depth 6.11 3 0.003 9.50 3 <0.001 2.68 3 0.069 
   Plot 0.65 1 0.443 2.71 1 0.138 0.46 1 0.514 
   Depth * Plot 3.32 3 0.037 1.22 3 0.324 3.20 3 0.041 
C (g · m

-2
)*          

   Depth 3.95 3 0.020 6.03 3 0.003 4.49 1.69 0.037 
   Plot 0.42 1 0.532 1.02 1 0.342 1.38 1 0.273 
   Depth * Plot 5.77 3 0.004 0.69 3 0.564 4.69 1.69 0.033 
δ15N          
   Depth 6.60 3 0.002 4.40 3 0.013 23.69 3 <0.001 
   Plot 0.02 1 0.881 0.003 1 0.959 22.66 1 0.001 
   Depth * Plot 1.16 3 0.346 0.09 3 0.965 3.89 3 0.021 
DIN*          
   Depth 17.76 3 <0.001 6.94 3 0.002 22.93 3 <0.001 
   Plot 0.16 1 0.696 3.90 1 0.089 0.28 1 0.609 
   Depth * Plot 1.63 3 0.208 2.70 3 0.071 2.55 3 0.079 
DON*          
   Depth 1.41 3 0.265 6.12 3 0.004 3.32 3 0.037 
   Plot 0.24 1 0.639 1.32 1 0.287 0.63 1 0.449 
   Depth * Plot 4.93 3 0.008 2.80 3 0.065 2.45 3 0.088 
DIN:DON*          
   Depth 4.02 3 0.019 2.72 3 0.070 7.97 3 0.001 
   Plot 0.02 1 0.875 1.58 1 0.249 0.07 1 0.801 
   Depth * Plot 1.26 3 0.311 4.10 3 0.019 3.13 3 0.044 
Microbial N*          
   Depth 18.16 3 <0.001 23.43 3 <0.001 38.48 3 <0.001 
   Plot 1.95 1 0.200 10.62 1 0.014 8.23 1 0.021 
   Depth * Plot 3.38 3 0.035 0.87 3 0.471 4.53 3 0.012 

 
 



 

131 
 

Table 4-4 continued. 
 1 year after fire 4 years after fire 6 years after fire 

 F df p F df p F df p 

N mineralization  
(μg N · g soil

-1
 · day

-1
) 

         

   Depth 0.40 3 0.750 2.48 3 0.089 0.26 1.69 0.740 
   Plot 1.41 1 0.269 0.01 1 0.932 2.87 1 0.129 
   Depth * Plot 0.10 3 0.958 1.34 3 0.287 1.19 1.69 0.325 
N mineralization  
(μg N · g N

-1
 · day

-1
) 

         

   Depth 1.96 3 0.146 2.30 1.22 0.165 0.38 3 0.764 
   Plot 2.13 1 0.183 0.01 1 0.926 3.48 1 0.099 
   Depth * Plot 0.98 3 0.418 1.52 1.22 0.258 0.72 3 0.549 
Nitrification*          
   Depth 1.73 3 0.188 4.80 1.46 0.039 1.19 1.09 0.310 
   Plot 2.44 1 0.156 0.11 1 0.752 1.78 1 0.219 
   Depth * Plot 0.68 3 0.616 0.49 1.46 0.569 0.89 1.09 0.381 

* data were natural log transformed  
^ data were square root transformed 
 



 

132 
 

Table 4-5.  Results of repeated measures analyses of differences with depth for sites 
eight, ten, and thirteen years after fire. 

 8 year after fire 10 years after fire 13 years after fire 

 F df p F df p F df p 

Root Biomass^  
(g · m

-2
) 

         

   Depth 5.57 3 0.005 2.54 1.39 0.133 1.40 3 0.267 
   Plot 3.62 1 0.093 0.01 1 0.927 0.38 1 0.556 
   Depth * Plot 0.17 3 0.916 0.85 1.39 0.412 0.98 3 0.420 
pH          
   Depth 2.62 3 0.074 0.68 2.04 0.524 1.03 1.85 0.376 
   Plot 0.83 1 0.388 0.02 1 0.892 1.09 1 0.327 
   Depth * Plot 26.89 3 <0.01 9.58 2.04 0.002 1.63 1.85 0.228 
%C*          
   Depth 11.01 1.87 0.001 10.83 3 0.001 13.12 3 <0.001 
   Plot 12.37 1 0.008 0.31 1 0.594 0.18 1 0.988 
   Depth * Plot 4.41 1.87 0.033 0.39 3 0.761 0.04 3 0.679 
%N*          
   Depth 21.00 3 <0.001 15.87 3 <0.001 28.82 2.02 <0.001 
   Plot 11.08 1 0.010 0.08 1 0.781 0.08 1 0.783 
   Depth * Plot 3.84 3 0.022 0.51 3 0.677 0.21 2.02 0.814 
C:N*          
   Depth 1.22 3 0.323 1.10 3 0.367 0.14 3 0.934 
   Plot 7.09 1 0.029 3.24 1 0.110 0.40 1 0.546 
   Depth * Plot 4.99 3 0.008 0.06 3 0.977 0.16 3 0.921 
N (g · m

-2
)*          

   Depth 5.22 3 0.006 7.47 3 0.001 10.10 2.02 0.001 
   Plot 11.08 1 0.010 0.08 1 0.781 0.08 1 0.783 
   Depth * Plot 3.84 3 0.022 0.51 3 0.677 0.21 2.02 0.814 
C (g · m

-2
)*          

   Depth 3.28 1.87 0.069 5.43 3 0.005 4.91 3 0.008 
   Plot 12.37 1 0.008 0.31 1 0.594 0.18 1 0.679 
   Depth * Plot 4.41 1.87 0.033 0.39 3 0.761 0.04 3 0.988 
δ15N          
   Depth 10.99 3 <0.001 17.02 3 <0.001 8.48 3 0.001 
   Plot 2.69 1 0.139 0.13 1 0.729 0.10 1 0.763 
   Depth * Plot 0.21 3 0.888 2.25 3 0.108 1.11 3 0.364 
DIN*          
   Depth 10.03 3 <0.001 9.36 3 <0.001 8.78 3 <0.001 
   Plot 1.58 1 0.244 0.08 1 0.785 0.65 1 0.443 
   Depth * Plot 0.68 3 0.571 1.24 3 0.315 2.60 3 0.075 
DON*          
   Depth 5.13 1.43 0.034 24.09 3 <0.001 13.19 3 <0.001 
   Plot 2.13 1 0.183 0.14 1 0.713 0.01 1 0.922 
   Depth * Plot 0.37 1.43 0.632 0.44 3 0.719 3.31 3 0.037 
DIN:DON*          
   Depth 3.56 1.77 0.060 0.80 3 0.503 0.25 3 0.857 
   Plot 0.20 1 0.662 <0.01 1 0.998 0.31 1 0.591 
   Depth * Plot 0.30 1.77 0.721 1.67 3 0.199 4.99 3 0.008 
Microbial N*          
   Depth 33.80 1.90 <0.001 28.18 3 <0.001 25.22 3 <0.001 
   Plot 22.64 1 0.001 0.03 1 0.876 0.05 1 0.836 
   Depth * Plot 5.72 1.90 0.015 0.71 3 0.554 0.15 3 0.927 
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Table 4-5 continued. 
 8 year after fire 10 years after fire 13 years after fire 

 F df p F df p F df p 

N mineralization  
(μg N · g soil

-1
 · day

-1
) 

         

   Depth 0.67 3 0.578 0.55 3 0.650 4.85 3 0.009 
   Plot 10.29 1 0.012 4.07 1 0.078 0.06 1 0.811 
   Depth * Plot 1.97 3 0.145 0.44 3 0.728 1.18 3 0.336 
N mineralization  
(μg N · g N

-1
 · day

-1
) 

         

   Depth 0.75 3 0.532 0.61 3 0.617 0.03 3 0.992 
   Plot 9.26 1 0.016 8.87 1 0.018 0.001 1 0.975 
   Depth * Plot 2.40 3 0.093 1.48 3 0.244 1.96 3 0.147 
Nitrification*          
   Depth 4.71 3 0.010 2.36 3 0.096 1.12 3 0.362 
   Plot 4.65 1 0.063 0.01 1 0.925 3.74 1 0.029 
   Depth * Plot 0.47 3 0.702 4.35 3 0.014 7.02 3 0.025 

* data were natural log transformed  
^ data were square root transformed 

 
 

 



 

134 
 

Table 4-6.  Results of multiple regressions, with root biomass (g · m-2) as the dependent 
variable and dissolved inorganic N (DIN), dissolved organic N (DON), and 
percent N, for each soil depth. Root biomass was square root transformed 
and all other variables were natural log transformed before analyses. 

  B SE B β p R2 F df p 

0-5 cm Constant 34.16 10.44   0.286 7.36 3,55 <0.001 
 DIN 0.77 2.81 0.035 0.783     
 DON 4.40 2.73 0.241 0.112     
 %N 

 
5.17 2.45 0.330 0.039     

5-10 cm Constant 49.78 7.54   0.226 5.36 3,55 0.003 
 DIN 0.68 2.23 0.037 0.762     
 DON 1.14 2.83 0.050 0.688     
 %N 

 
6.10 1.68 0.450 0.001     

10-15 
cm 

Constant 52.04 6.85   0.328 8.93 3,55 <0.001 

 DIN -3.39 1.70 -0.237 0.051     
 DON 0.19 2.22 0.011 0.933     
 %N 

 
6.71 1.44 0.606 <0.001     

15-20 
cm 

Constant 50.34 8.99   0.256 6.31 3,55 0.001 

 DIN -0.95 1.78 -0.069 0.593     
 DON 0.19 2.26 0.012 0.933     
 %N 6.36 1.88 0.523 0.001     
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Table 4-7.  Partial correlations between soil variables at each depth (controlling for time 
since fire). Pearson’s r values are above the diagonal and p values are below 
the diagonal. 

0-5 cm          
 %C* %N* C:N* DIN* DON* DIN:DON* CLMN* δ

15
N pH 

%C*  .969 .730 .355 .617 -.292 .774 .085 -.496 
%N* <0.001  .539 .460 .605 -.196 .794 .024 -.443 
C:N* <0.001 <0.001  -.062 .432 -.456 .443 .222 -.469 
DIN* 0.003 <0.001 0.322  .352 .478 .431 -.007 -.222 
DON* <0.001 <0.001 <0.001 0.003  -.653 .522 -.075 -.351 
DIN:DON* 0.013 0.071 <0.001 <0.001 <0.001  -.141 .065 .149 
CLMN* <0.001 <0.001 <0.001 <0.001 <0.001 0.146  .132 -.510 
δ

15
N 0.263 0.427 0.047 0.480 0.287 0.313 0.162  -.117 

pH  <0.001 <0.001 <0.001 0.047 0.003 0.131 <0.001 0.191  

5-10 cm          
 %C* %N* C:N* DIN* DON* DIN:DON* CLMN* δ

15
N pH 

%C*  .947 .792 .105 .269 -.098 .674 .357 -.671 
%N* <0.001  .553 .229 .242 .031 .704 .352 -.597 
C:N* <0.001 <0.001  -.162 .238 -.312 .409 .258 -.603 
DIN* 0.216 0.042 0.112  .226 .724 .272 -.047 .134 
DON* 0.020 0.034 0.036 0.044  -.508 .192 .141 -.168 
DIN:DON* 0.233 0.407 0.009 <0.001 <0.001  .105 -.141 .238 
CLMN* <0.001 <0.001 0.001 0.019 0.074 0.217  .354 -.568 
δ

15
N 0.003 0.003 0.025 0.364 0.146 0.145 0.003  -.320 

pH <0.001 <0.001 <0.001 0.157 0.104 0.036 <0.001 0.007  

10-15 cm          
 %C* %N* C:N* DIN* DON* DIN:DON* CLMN* δ

15
N pH 

%C*  .957 .903 .228 .493 -.156 .734 .518 -.668 
%N* <0.001  .739 .351 .469 -.028 .733 .518 -.630 
C:N* <0.001 <0.001  .009 .445 -.321 .617 .434 -.616 
DIN* 0.043 0.003 0.472  .261 .708 .366 .020 -.077 
DON* <0.001 <0.001 <0.001 0.024  -.496 .441 .301 -.470 
DIN:DON* 0.121 0.418 0.007 <0.001 <0.001  .006 -.202 .275 
CLMN* <0.001 <0.001 <0.001 0.002 <0.001 0.481  .409 -.542 
δ

15
N <0.001 <0.001 <0.001 0.442 0.011 0.064 0.001  -.364 

pH <0.001 <0.001 <0.001 0.283 <0.001 0.018 <0.001 0.002  

15-20 cm          
 %C* %N* C:N* DIN* DON* DIN:DON* CLMN* δ

15
N pH 

%C*  .939 .910 .402 .607 -.118 .767 .482 -.625 
%N* <0.001  .713 .437 .617 -.096 .799 .459 -.522 
C:N* <0.001 <0.001  .294 .497 -.126 .604 .430 -.647 
DIN* 0.001 <0.001 0.013  .208 .681 .459 .324 -.294 
DON* <0.001 <0.001 <0.001 0.058  -.574 .541 .313 -.417 
DIN:DON* 0.188 0.237 0.173 <0.001 <0.001  -.020 .036 .067 
CLMN* <0.001 <0.001 <0.001 <0.001 <0.001 0.440  .383 -.518 
δ

15
N <0.001 <0.001 <0.001 0.007 0.008 0.393 0.002  -.429 

pH <0.001 <0.001 <0.001 0.012 0.001 0.312 <0.001 <0.001  
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Table 4-8.  Results of multiple regressions, with dissolved inorganic N (μg N g soil-1) as 
the dependent variable and microbial biomass N (MBN), dissolved organic N 
(DON), N mineralization (μg N · g soil-1 · day-1) (N min), and soil C:N as 
independent variables, for each soil depth. All variables were natural log 
transformed before analyses. 

  B SE B β P R2 F df p 

0-5 cm Constant 1.864 0.776   0.296 5.66 4 0.001 
 MBN 0.329 0.118 0.423 0.007     
 DON 0.216 0.131 0.263 0.104     
 N min  0.266 0.630 0.060 0.674     
 C:N 

 
-0.827 0.276 -0.420 0.004     

5-10 cm Constant 0.825 0.521   0.303 5.86 4 0.001 
 MBN 0.353 0.100 0.460 0.001     
 DON 0.370 0.150 0.298 0.017     
 N min -2.213 0.815 -0.331 0.009     
 C:N 

 
-0.661 0.184 -0.474 0.001     

10-15 
cm 

Constant 0.230 0.444   0.294 5.61 4 0.001 

 MBN 0.334 0.105 0.468 0.002     
 DON 0.376 0.165 0.305 0.027     
 N min -1.776 0.849 -0.247 0.041     
 C:N 

 
-0.448 0.170 -0.392 0.011     

15-20 
cm 

Constant -1.057 0.409   0.272 5.05 4 0.002 

 MBN 0.339 0.126 0.415 0.009     
 DON 0.093 0.158 0.082 0.560     
 N min -2.770 1.042 -0.315 0.010     
 C:N -0.015 0.160 -0.014 0.925     
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Table 4-9.  Results of multiple regressions, with N mineralization (μg N · g soil-1 · day-1) 
as the dependent variable and microbial biomass N (MBN), dissolved organic 
N (DON), soil C:N, and soil %N as independent variables, for each soil depth. 
All variables were natural log transformed before analyses. 

  B SE B β p R2 F df p 

0-5 cm Constant 0.397 0.283   0.375 8.08 4 <0.001 
 MBN 0.015 0.033 0.085 0.652     
 DON 0.074 0.026 0.402 0.007     
 C:N -0.094 0.060 -0.213 0.121     
 %N 

 
0.049 0.033 0.311 0.143     

5-10 cm Constant -0.012 0.179   0.138 2.16 4 0.086 
 MBN 0.042 0.020 0.365 0.045     
 DON 0.038 0.025 0.202 0.131     
 C:N -0.051 0.032 -0.245 0.117     
 %N 

 
-0.015 0.022 -0.134 0.497     

10-15 
cm 

Constant -0.070 0.189   0.065 0.94 4 0.445 

 MBN -0.008 0.019 -0.083 0.664     
 DON 0.047 0.026 0.274 0.076     
 C:N 0.009 0.032 0.057 0.778     
 %N 

 
-0.006 0.024 -0.053 0.814     

15-20 
cm 

Constant 0.114 0.174   0.051 0.72 4 0.580 

 MBN -0.004 0.020 -0.048 0.824     
 DON 0.025 0.021 0.195 0.245     
 C:N -0.017 0.023 -0.143 0.462     
 %N 0.016 0.025 0.153 0.536     
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Figure 4-1.  Mean (+ se) root biomass (g · m-2) at each sampling depth for each time 
since fire. 
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Figure 4-2.  Relationship between root biomass and soil percent N for each sampling 
depth. 
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Figure 4-3.  Mean (+ se) resin extractable NH4
+, NO3

-, total inorganic N (A), PO4
3- (B), 

and N:P ratios (C) over one year. Different letters represent significant 
differences among times since fire at α = 0.05. 
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Figure 4-4.  Relationship between pH of surface soils (0-5 cm) and resin exchangeable 
PO4

3-. Data is included from the 12 plots in which both variables were 
measured. 
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Figure 4-5.  Mean (+ se) soil %C (A), soil %N (B), soil C:N (C), K2SO4 extractable 
dissolved inorganic N (DIN) (D), dissolved organic N  (DON) (E), ratio of DIN 
to DON (F), chloroform labile microbial N (G), soil δ15N (H), and soil pH (I) at 
each sampling depth for each time since fire. 
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Figure 4-6.  Mean (+ se) net N mineralization rates (A) and nitrification rates (B) with 
H2O addition at each sampling depth for each time since fire. Different letters 
represent significant differences among times since fire within a depth at α = 
0.05. Differences among depths within a time since fire are indicated by * p < 
0.1, ** p < 0.05, *** p < 0.01. 
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Figure 4-7.  Mean (+ or - se) net N mineralization rates (left panels) and nitrification 
rates (right panels) at ambient field conditions and with H2O addition at each 
time since fire for each sampling depth. Differences between ambient and 
H2O addition for each time since fire at each depth are indicated by * p < 0.1, 
** p < 0.05, *** p < 0.01. 
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Figure 4-8.  Mean (- se) C pools (A) and N pools (B) with depth for each time since fire. 
Different letters indicate significant differences among times since fire in 
surface soils at α = 0.05. 
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Figure 4-9.  Relationship between microbial biomass N and dissolved inorganic N 
(DON) for each sampling depth. 
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CHAPTER 5 
DISTURBANCE EFFECTS ON NUTRIENT LIMITATION OF PLANT PRODUCTIVITY 

IN SCRUBBY FLATWOODS: DOES FIRE SHIFT NITROGEN VERSUS 
PHOSPHORUS LIMITATION? 

Introduction 

Fire is a common disturbance in many ecosystems and can have profound 

impacts on nutrient cycling and availability. Fire consumes plant biomass, litter, and soil 

organic matter, converting organic nutrients to inorganic forms (Certini 2005), which can 

be lost to the atmosphere or returned to the ecosystem in ash. Nitrogen (N) and 

phosphorus (P) are essential plant nutrients that limit plant growth in most, if not all, 

terrestrial ecosystems (Vitousek and Howarth 1991). Yet fire has different effects on N 

and P due to fundamental differences in their biogeochemistry. Since N is more readily 

volatilized than P, relatively more N than P is lost from an ecosystem during fire (Raison 

et al. 1985a). In highly weathered soils, most P is in organic matter. Fire rapidly 

mineralizes the P in these pools, often resulting in enhanced P availability after fire. 

Nitrogen, however, may be relatively less available than P after fire due to greater 

combustion losses, and N inputs in unpolluted ecosystems are largely dependent upon 

biological N-fixation, which accumulates N over the inter-fire cycle.  

During fire, nutrients can be lost from an ecosystem to the atmosphere through 

volatilization (non-particulate forms) or transport of ash (particulate forms). Numerous 

studies have measured the effect of fire on nutrient loss to the atmosphere by 

calculating the difference between the pre-fire nutrient content of fuel (i.e. understory 

plants and/or litter) and the post-fire nutrient content of ash. For example, in a low-

intensity fire in a Mediterranean forest, 77% of N and 35% of P was lost (Gillon and 

Rapp 1989); during fires in Australian forests and woodlands, 92-94% of N and 41-53% 
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of P was lost (Cook 1994); during slash-and-burn agriculture in Amazonia, 93-98% of N 

and 27-47% of P was lost (Mackensen et al. 1996); and fires in Brazilian savannas 

caused 95% of N and 51% of P to be lost (Pivello and Coutinho 1992). Regardless of 

the type of ecosystem or fire, approximately twice as much N as P is lost to the 

atmosphere during fire due to differences in volatilization temperatures and forms of 

nutrient loss. N volatilization occurs at temperatures as low as 200°C (White et al. 

1973), whereas P is volatilized at temperatures above 774°C (Raison et al. 1985a). The 

majority of N in combusted fuel is lost in non-particulate forms, while P is lost in both 

non-particulate and particulate forms. Thus, ash on the soil surface contains high 

concentrations of P and low concentrations of N (Debano and Conrad 1978; Raison et 

al. 1985b).  

The different fates of N and P in consumed fuel affect the total nutrient budget of 

an ecosystem. Inputs of N through symbiotic N-fixation and rainfall are not high enough, 

over the short-term, to replace the amount of N volatilized in fire (Carter and Foster 

2004; Cook 1994). Over time, P in ash becomes relatively less available as it is 

immobilized by plants and microbes or fixed via geochemical reactions. Nitrogen 

availability, in contrast, tends to increase as inputs accumulate. Because fire has the 

potential to alter the relative availability of N versus P both immediately following fire 

and over inter-fire cycles, a fundamental question about nutrient limitation is whether fire 

causes shifts in N versus P limitation. This is important because nutrient limitation of 

plant productivity is a fundamental control over the structure and function of ecosystems 

and has consequences for biomass accumulation (Bret-Harte et al. 2004), nutrient 

retention and loss (Hedin et al. 1995), biodiversity (Wassen et al. 2005), composition 
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(Chapin et al. 1987), and the ecosystem values and services provided to humans (Daily 

et al. 2000). 

Plant growth is limited by any nutrient present in the soil below an optimum 

supply (Chapin et al. 2002). Thus, fire mediated differences in nutrient supply suggest 

that nutrient limitation may change with time since fire, with recently burned sites being 

N-limited and long unburned sites being P-limited, particularly in old, highly weathered 

soils. Research on the effects of fire on nutrient limitation, however, is scarce. Pines and 

oaks in a fire-adapted Mediterranean forest were P-limited in a site 5 years post-fire 

(Sardans et al. 2004). One of four species was N-limited in a lodgepole pine forest 3-5 

years after fire (Romme et al. 2009). Nitrogen limits productivity of trees in secondary 

Amazonian forests, possibly due to the residual effects of fire on N availability 

(Davidson et al. 2004). In lakes within unburned catchments, phytoplankton biomass 

was limited by P or co-limited by N and P, while in lakes within burned catchments, 

phytoplankton biomass was limited by N, likely due to increased loading of P relative to 

N post-fire (McEachern et al. 2002).  

Fire-dependent Florida scrub ecosystems occur on old, highly weathered, 

oligotrophic soils (Myers 1990). Previous research in this system suggests that the 

nutrient most limiting to plant production may change with time since fire. In palmetto 

flatwoods, soil and foliar N:P ratios decreased shortly after fire (Chapter 1). In scrubby 

flatwoods, phosphate, but not total inorganic N, varied with time since fire, causing soil 

N:P ratios to be highest at intermediate times since fire (6-8 years). Although inorganic 

N:P ratios were low in longer unburned sites (13 years), bulk soil %N was high, 

suggesting that N accumulates in soil over time (Chapter 3). Thus, I tested the 
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hypotheses that: (1) plant productivity in recently burned scrubby flatwoods is N-limited; 

(2) plant productivity in intermediately burned scrubby flatwoods is P-limited; and (3) 

plant productivity in long unburned scrubby flatwoods is co-limited by N and P.  

Methods 

Study Site 

This study was conducted at Archbold Biological Station (ABS) in Highlands 

County, Florida, USA (27º10'50"N, 81º21'0" W), which is near the southern tip of the 

Lake Wales Ridge. Archbold Biological Station typically has warm wet summers and 

cool dry winters (Abrahamson et al. 1984). Mean annual precipitation is 136.5 cm (ABS 

weather records, 1932-2004), and mean annual temperature is 22.3°C (ABS weather 

records, 1952-2004). Archbold Biological Station is divided into burn units, which have 

been managed with prescribed fires for over 35 years.   

My research focused on scrubby flatwoods, a distinctive plant community of 

Florida scrub. Scrubby flatwoods are dominated by shrubby oaks (Fagaceae), 

palmettos (Arecaceae), and ericaceous shrubs (Ericaceae). Scrubby flatwoods 

experience fire return intervals of 8-16 years (Menges 2007), and the dominant 

vegetation resprouts after fire (Menges and Kohfeldt 1995). Soils are entisols 

(Abrahamson et al. 1984) that have no horizon development, little organic matter, and 

low exchange capacity and base saturation (Brown et al. 1990). 

Experimental Design 

In July 2007, I located burn units 6 weeks after fire (recently burned), 8 years 

after fire (intermediate), and 20 years after fire (long unburned). For each time since fire, 

I established three blocks in scrubby flatwoods communities. Within each block, I 

established ten 3 x 3 m plots, with a buffer of 2 to 4.5 m between each plot, for a total of 
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30 plots for each time since fire. Plots were established where there were at least three 

individuals of scrub oak (Quercus inopina Ashe) and saw palmetto (Serenoa repens (W. 

Bartram) Small (Arecaceae)) because these are two of the most dominant scrubby 

flatwoods species, with 37 and 22 percent cover, respectively (Abrahamson et al. 1984).  

Each plot was randomly assigned one of the following treatments (3 replicates of 

each per time since fire): control, low N addition (2 g N · m-2), intermediate N addition (5 

g N · m-2), high N addition (10 g N · m-2), low P addition (1 g P · m-2), intermediate P 

addition (2.5 g P · m-2), high P addition (5 g P · m-2), low N + P addition (2 g N + 1 g P · 

m-2), intermediate N + P addition (5 g N + 2.5 g P · m-2), or high N + P addition (10 g N + 

5 g P · m-2). According to the National Atmospheric Deposition Program, deposition of N 

in the area of ABS is 5-10 kg · ha-1. Thus, my low N treatment doubled background N 

deposition. I added P fertilizer at half the rate of N, as is commonly done in nutrient 

fertilization experiments (Vitousek et al. 1993; Davidson et al. 2004), because plant 

demand for N is greater than plant demand for P. While most fertilization studies apply 

one level of fertilizer (Davidson et al. 2004; Vitousek and Farrington 1997), I applied 

different levels of fertilizer as this is likely more realistic in relation to different degrees of 

habitat alteration. Nitrogen was added as ammonium urea and ammonium nitrate (half 

of each) and P was added as Triple Superphosphate.  

The annual dose of fertilizer was divided into quarters and added several times 

over one year because sandy soils in Florida scrub have low sorption capacity (N. 

Comerford, personal communication), and because a large rain event could cause high 

leaching of added nutrients. During the first year of the experiment, fertilizer was added 

in July 2007 (middle of the wet season), October 2007 (beginning of the early dry 
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season), January 2008 (end of the early dry season), and April 2008 (end of the late dry 

season) (Figure 1). In September 2008, the 20 year since fire sites were burned in a 

prescribed fire. Thus, during the second year of the experiment, only the recently 

burned sites (now 1 year after fire) and the sites at intermediate times since fire (now 9 

year after fire), were used. Fertilizer was added in October 2008 (half of the yearly 

amount), January 2009 (one quarter of the yearly amount), and April 2009 (one quarter 

of the yearly amount). Hereafter, sites will be referred to by their time after fire at the 

beginning of the experiment in July 2007 (e.g. 8 years after fire or 8 yr sites).   

Soil Nutrients 

To monitor background nutrient availability in each site, I buried four anion and 

four cation exchange resin bags in the soil near each control plot before the first nutrient 

addition in July 2007. These resin bags were removed before the nutrient addition in 

October 2007 and new bags were buried. I continued this for subsequent fertilization 

events (i.e. bags removed and buried in January 2008; bags removed and buried in 

April 2008; bags removed in July 2008), thus measuring background nutrient availability 

in 3-month intervals over the first year of the experiment. 

In August 2008, I collected soil from three random locations in all plots. Each soil 

core (2.5 cm diameter) was separated by depths (0-10 cm and 10-20 cm), and the three 

cores from each depth were bulked. Within 24 hours of collection, soil samples were 

passed through a 2 mm sieve and sub-sampled for determination of gravimetric soil 

moisture, pH, total percentages of N and C, inorganic N concentrations, N 

mineralization rates, and inorganic P concentrations. Gravimetric moisture content was 

determined on samples dried at 105°C for 48 hrs. For soil pH, 10 g of air dried soil was 

added to 10 mL of deionized water, shaken for 30 sec, allowed to stand for 10 min 
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(Thomas 1996), and then pH was determined with an electronic pH meter (Thermo 

Orion 250A+, Orion Research, Inc., Boston, Massachusetts, USA). A subsample of soil 

was dried at 60°C for 48 hrs and ground on a spex mill (8000D dual mixer/mill, Spex 

Certiprep Inc., Metuchen, New Jersey). One sub-sample of ground surface (0-10 cm) 

soils was analyzed for percentages of N and C at the University of Florida on an 

elemental analyzer (ECS 4010, Costech Analytical, Valencia, California, USA). A sub-

sample of ground soils from each control plot for each time since fire (both 0-10 cm and 

10-20 cm depths) was sent to the ALS Laboratory Group (www.alsglobal.com) for 

analysis of macro- and micronutrients using the four acid “near-total” digestion method. 

To measure inorganic N concentrations, 50 mL of 0.5 M K2SO4 was added to 10 

g of field moist soil, shaken for 30 seconds, and allowed to stand overnight. Solutions 

were filtered through Whatman #42 filter paper that was pre-leached with 0.5 M K2SO4. 

Filtered extracts were frozen and taken to the University of Florida. Dissolved inorganic 

N (NH4
+ + NO3

-) concentrations were determined colorimetrically on a segmented flow 

autoanalyzer (Astoria-Pacific, Inc., Clackamas, Oregon, USA). 

To measure inorganic P concentrations, 30 mL of 0.05 M hydrochloric acid (HCl) 

and 0.0125 M hydrogen sulfate (H2SO4) was added to 15 g of field moist soil, shaken for 

5 min, then filtered through Whatman #42 filter paper. I stored filtered samples in a 

refrigerator for up to three weeks before analysis for phosphate (PO4
3-) concentrations 

on a spectrophotometer microplate reader (μQuant Microplate Spectrophotometer, Bio-

Tek Instruments, Inc., Winooski, Vermont, USA) using the malachite green method 

(D’Angelo et al. 2001) at the MacArthur Agro-Ecology Research Center (Highlands, Co., 

Florida). 
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I calculated the mean resin exchangeable nutrients per plot and used a one-way 

ANOVA to analyze differences with time since fire. I analyzed differences in 

macronutrients and micronutrients (determined with the “four-acid” digestion) with time 

since fire separately for surface (0-10 cm) soils and deep (10-20 cm) soils. One-way 

ANOVAs were used when data were normally distributed and Kruskall-Wallis tests were 

used when data were not normally distributed. In addition, I used Kruskall-Wallis tests to 

analyze differences in total P and calcium (Ca) with depth for each time since fire. The 

effects of nutrient addition on soil extractable N and P, N:P ratios, soil %N, %C, C:N 

ratios, and soil pH were determined separately for each time after fire and depth. All 

data were analyzed using a general linear model with treatment as a fixed effect and 

block as a random effect. I used post-hoc Dunnett’s tests to determine if treatment 

differences were greater than the control. Data were natural log transformed when 

necessary to meet the assumptions of normality (SPSS 11.5).  

 Aboveground Biomass and Growth 

In each plot, before the first fertilization event, I marked three individuals of Q. 

inopina and S. repens, and up to three individuals of Lyonia lucida (Lam.) K. Koch, 

Lyonia fruticosa (Michx.) G. S. Torr, Quercus chapmanii Sarg., Quercus geminata 

Small, and Sabal etonia Swingle ex Nash (nomenclature follows Wunderlin and Hansen 

2003). These species account for over 97% of the shrub cover in my experimental plots 

(Table 5-1). The oaks (Quercus species) and ericaceous shrubs (Lyonia species) are 

clonal, multi-stemmed species, and the number of stems per individual (defined by a 

circle of 10 cm in diameter centered on the tallest stem), at the beginning of the 

experiment, ranged from 1 to 22 in recently burned sites, from 1 to 11 in sites at 

intermediate times since fire, and from 1 to 9 in long unburned sites. For the shrubs L. 
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lucida, L. fruticosa, Q. chapmanii, Q. geminata, and Q. inopina, I measured crown 

length and width, and measured the diameter and height of each stem. In addition, I 

measured apical shoot growth on a randomly selected subset of stems for Q. inopina 

each individual. If a stem had many new apical shoot growth increments, I measured a 

subset of them and scaled up to the entire stem. For the palmettos S. etonia and S. 

repens, I measured maximum crown length, minimum crown length, and height, and 

counted leaves. In July 2008, after one year of fertilization, I made the same 

measurements listed above and estimated percent cover of all shrub species. In July 

2009, after two years of fertilization, I measured only the most dominant species, Q. 

inopina and S. repens. In addition, I estimated percent cover of all shrub species pre-

fertilization and one year after fertilization. Differences in percent cover of shrubs and 

contribution to total shrub cover with time since fire were determined with Kruskal-Wallis 

tests.   

I used age specific allometric equations (Chapter 2) for different times after fire (6 

weeks, 1-2 years, 8-10 years, 20-22 years) to estimate total stem biomass and leaf 

biomass of each stem of each shrub species and total leaf biomass of each palmetto 

individual. For several shrub stems in sites 6 weeks after fire, leaf biomass estimates 

were greater than total stem biomass estimates, so leaf biomass was used for total 

stem biomass. I used several methods to investigate the effects of nutrient addition on 

aboveground shrub biomass. I assessed differences in total shrub biomass among 

treatments at each time after fire. I used measurements of shrub length (maximum 

crown length) and width (minimum crown length) to calculate the area of each marked 

individual. For oaks and lyonias, I summed stem biomasses to determine the biomass 
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of each individual. I then calculated the total measured biomass and total area for each 

species in each plot. If the area covered by a species was greater than what I 

measured, I used estimates of percent cover of each species to scale up biomass of 

each species to the entire plot. Total plot biomass was analyzed using a general linear 

model with treatment as a fixed effect and block as a random effect.  

I assessed differences in total plant biomass among treatments for Quercus 

inopina and Serenoa repens because these species occurred in all plots. For Q. 

inopina, I summed stem biomass to determine the biomass of each individual. For both 

species, I calculated the percent change in total biomass for each species separately for 

the first and second years of fertilization. Because stem turnover occurred during the 

course of the experiment, I assessed differences in basal diameter and height for Q. 

inopina stems that were alive for multiple years. I calculated the mean percent change 

in basal diameter and height of stems per individual. For sites six weeks and eight years 

since fire, I analyzed differences in stems that were alive over the first year of 

fertilization, over the second year of fertilization, and over both years of fertilization. For 

apical shoot growth, I calculated mean growth per individual (based on a subset of 

stems if individuals had more than 3 stems). To analyze the effects of treatment on 

percent change in total plant biomass, basal diameter, height, and apical shoot growth, I 

used general linear univariate models with treatment as a fixed effect and block as a 

random effect. I used post-hoc Dunnett’s tests to determine if the percent change in 

treatment plots was greater than in the control plots. Extreme outliers (> 3 standard 

deviations from the mean) were removed if the percent change for a measure was 

negative. I analyzed differences in percent change in biomass because the number of 
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new leaves produced per year by S. repens and S. etonia is positively correlated with 

palmetto biomass (Abrahamson 2007), suggesting that pre-treatment biomass may 

affect the biomass response to added nutrients. For sites six weeks and eight years 

after fire (the sites that were fertilized for two years), I used paired t-tests to compare 

differences in percent change in total biomass, basal diameter, and height between 

years. In addition, I assessed differences in stem percent survival, number of new 

stems, and percent change in stem number, which accounts for both stem death and 

stem recruitment, over the first year of fertilization for each Q. inopina individual. I 

analyzed the effects of treatment separately for each time since fire using Kruskal-

Wallis tests after confirming with Kruskal-Wallis tests that there were no block effects 

(SPSS 11.5).   

Litterfall 

In each plot pre-fertilization (July 2007), I measured litter depth at 12 locations. I 

measured litterfall over one year by placing 4 litter traps in a cross formation on the 

ground of each 3 x 3 m plot. Litter traps were 0.09 m2, 10 cm deep, and made of 2 mm 

hardware cloth. Litter was collected in December 2007 (the first time at which there was 

litter to collect), March 2008, May 2008, and July 2008. Litter was pooled at the plot 

level, sorted to fractions (leaf, twig, and reproductive litter), dried at 60°C for 48 hours, 

and weighed. Leaf and reproductive litter collected in May and July was sorted to 

species before being dried and weighed. Quercus inopina litter samples from May 2008 

were ground on a wiley mill and analyzed for percentages of N at the University of 

Florida on an elemental analyzer (ECS 4010, Costech Analytical, Valencia, California, 

USA). 



 

158 
 

I calculated total leaf litterfall (g · m-2 · year-1) for each plot and used a separate 

general linear model for each time after fire with treatment as a fixed effect, block as a 

random effect, and mean (of pre- and one year post-fertilization) total percent shrub 

cover as the covariate to analyze the effects of nutrient addition on leaf litterfall. 

Because oak leaf turnover occurs in the spring (Abrams and Menges 1992), and 

Quercus inopina was the dominant oak in my plots, I analyzed treatment effects on Q. 

inopina litterfall from March-May 2008. I used a separate general linear model for each 

time after fire with treatment as a fixed effect, block as a random effect, and post-

fertilization Q. inopina percent cover (measured in July 2008) as a covariate to analyze 

the effects of nutrient addition on Q. inopina leaf litterfall  and Q. inopina leaf litterfall N 

(g N · m-2 · 2 months-1). I analyzed differences in %N of Q. inopina litter collected in May 

2008 using a general linear model with treatment as a fixed effect and block as a 

random effect. I used post-hoc Dunnett’s tests to determine if litterfall biomass and N in 

treatment plots was greater than in the control plot. Data was natural log transformed 

when necessary to meet the assumptions of normality (SPSS 11.5).  

Foliar Nutrients 

I collected foliar samples of all marked Quercus inopina and Serenoa repens 

individuals pre-fertilization. In July 2008, after one year of fertilization, and July 2009, 

after two years of fertilization, I collected foliar samples of all Q. inopina and S. repens 

individuals that were still alive. All samples from pre-fertilization and one year after 

fertilization, but only samples from control and high nutrient addition plots from two 

years after fertilization, were dried, ground, and analyzed for percentages of N following 

the same methods as for litter samples. I measured foliar phosphorus of pre-fertilization 

and one year after fertilization samples of Q. inopina and S. repens from the control, 
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high N, high P, and high N + P plots. Subsamples of 0.05 to 0.5 grams were weighed 

into crucibles, ashed in a muffle furnace at 500°C for 5 hours, extracted with 6 M HCl, 

then brought to volume so that the solution was 0.6 M HCl. Extracts were stored in the 

refrigerator for several days then analyzed colorimetrically on a spectrophotometer 

microplate reader (PowerWave XS Microplate Reader, Bio-Tek Instruments, Inc., 

Winooski, Vermont, USA) at the University of Florida using the ascorbic acid 

molybdenum-blue method (Murphy and Riley 1962). Standard NIST peach leaves were 

used to determine the efficiency of the digestion. 

To analyze differences in all measures of pre-fertilization foliar nutrients (%N, 

%P, and N:P ratios) I fit a model with species and time since fire and their interaction as 

main effects. Differences among species and times since fire were determined with 

post-hoc Tukey HSD tests (JMP 8.0). I analyzed the effect of treatment on the percent 

change in foliar %N, %P, and N:P ratios one year after fertilization using general linear 

models with treatment as a fixed effect and block as a random effect. I used post-hoc 

Dunnett’s tests to determine if the percent change in treatment plots was greater (%N 

and %P) or less (N:P) than in the control plot (SPSS 11.5). 

Root Productivity 

I used root ingrowth cores (Cuevas and Medina 1988) to measure root 

productivity during the first year of fertilization. In each plot pre-fertilization (July 2007), I 

randomly established three cylindrical, closed-bottom root ingrowth cores (2 mm mesh, 

20 cm deep, 8 cm diameter). I collected soil cores, sieved the soil through 2mm and 

1mm sieves to remove roots (< 2 mm diameter) and underground stems (> 2 mm 

diameter), placed the ingrowth cores in the ground, and then filled the cores with the 

root free soil. I weighed the sieved roots after drying at 65°C for 48 hours. Root ingrowth 
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cores were removed from the ground in August 2008, and each core was immediately 

put into a plastic bag. I hand picked roots from the inside of each core and sieved all 

sand from inside each core through 2mm and 1mm sieves. Long thin roots that passed 

through the sieve were picked out by hand. Roots were dried at 60°C for 48 hours then 

weighed. I used a general linear univarite model with treatment as a fixed effect, block 

as a random effect, and pre-fertilization root biomass (>2mm + 2mm fraction; g · m-2) as 

the covariate to analyze the effects of nutrient addition on root productivity (> 2 mm + 2 

mm fraction; g · m-2 · year-1). I used post-hoc Dunnett’s tests to determine if the root 

productivity in treatment plots was greater than in the control plot (SPSS 11.5).  

Results 

Soil Nutrients   

 Over one year, resin exchangeable NH4
+ (F2,6 = 4.62, p = 0.061) and NO3

- (F2,6 = 

4.22, p = 0.072) tended to be highest during the first year after fire (Figure 5-2). Total 

resin exchangeable N was 3.2 and 2.6 times greater during the first year after fire than 

in 8 yr and 20 yr sites, respectively (F2,6 = 9.60, p = 0.013). Resin exchangeable PO4
3- 

was 5.1 and 3.8 times greater during the first year after fire than in 8 yr and 20 yr sites, 

respectively (F2,6 = 11.86, p = 0.008). There was no difference, however, in resin 

exchangeable N:P ratios with time after fire (F2,6 = 0.34, p = 0.726). 

 In surface soils (0-10 cm) of control plots, P was highest in recently burned sites, 

while zinc (Zn) was lowest in 8 yr sites. Soil P and Zn did not differ with time after fire in 

deep soils (Table 5-3). In recently burned sites, soil P (χ2 = 5.00, df = 1, p = 0.025) and 

Ca (χ2 = 3.33, df = 1, p = 0.068) were higher in surface soils than in deep soils. In 8 yr 

and 20 yr sites, P (χ2 = 0, p = 1 and χ2 = 0.41, p = 0.317, respectively) and Ca (χ2 = 

2.50, p = 0.114 and χ2 = 0.67, p = 0.414, respectively) did not vary with soil depth. Other 
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elements were below detection limits (Table 5-2) or did not vary with time after fire 

(Table 5-3) in control plots.  

After one year of fertilization, N addition had a minimal impact on soil N (Table 5-

4), only increasing inorganic N availability in deep soils (10-20 cm) in 20 yr sites (Figure 

5-3). Eight years after fire, the significant effect of treatment occurred because high P 

addition caused a decrease in inorganic N availability (Figure 5-3). After one year of 

fertilization, P addition had a minimal effect on soil extractable P in recently burned sites 

(Table 5-4). Eight years after fire, all levels of P addition increased soil extractable P, 

while 21 years after fire, only high and intermediate P addition increased soil extractable 

P above levels in control plots (Figure 5-4). In 8 yr and 20 yr sites, high P addition 

increased extractable P 10-fold in surface and deep soils. Soil extractable P in high P 

and high N+P plots was similar in recently burned and long unburned sites. Due to the 

effects of P addition on soil extractable P, soil N:P ratios were higher in control and N 

addition plots than in P and N+P addition plots eight and twenty years after fire. There 

was no effect of nutrient addition on soil %N, soil %C, C:N ratios, or soil pH at any time 

after fire (Table 5-4).  

Aboveground Cover, Biomass, and Growth 

 Pre-fertilization, percent cover of Quercus inopina and Serenoa repens, as well 

as total percent cover of dominant shrubs, was lowest in 6 wk sites (Table 5-1). In 

recently burned sites, aboveground biomass of dominant shrubs was 71 g · m-2 + 5 g · 

m-2 (mean + se), and dominant shrubs covered, on average, 23% (2.1 m2) of the plot 

area (9 m2) (Table 5-1). Eight years after fire, aboveground biomass of dominant shrubs 

was 334 g · m-2 + 20 g · m-2 (mean + se), and dominant shrubs covered, on average, 

58% (5.2 m2) of the plot area. Twenty years after fire, aboveground biomass of 
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dominant shrubs was 377 g · m-2 + 25 g · m-2 (mean + se), and dominant shrubs 

covered, on average, 59% (5.3 m2) of the plot area.  

At all times after fire, nutrient addition did not have a significant effect on the 

percent change in total shrub biomass (Table 5-5). In recently burned sites, mean 

percent change in total shrub biomass was highest in high N plots (542%) and lowest in 

high P plots (273%). Mean percent change in total shrub biomass across treatments 

was negative in two of the three blocks at intermediate times after fire and was negative 

in one block in long unburned sites.  

Over the first year of fertilization in recently burned sites, mean percent change in 

S. repens biomass was 662% in high N plots, which was significantly higher than the 

control (Figure 5-5A). Percent change in biomass of Serenoa repens was not affected 

by nutrient addition over the first year of fertilization at intermediate times after fire 

(Table 5-5); however, in long unburned sites, the mean increase in percent change in 

biomass was approximately 12 times greater in high N addition plots than in control 

plots (Figure 5-5E). Percent change in S. repens biomass was greater in the first than in 

the second year of fertilization in both 6 wk (t = 21.09, df = 29, p < 0.001) and 8 yr (t = 

3.67, df = 29, p = 0.001) sites, and was not affected by nutrient addition over the second 

year of fertilization. 

Over the first year of fertilization in recently burned sites, mean percent change in 

biomass of Quercus inopina was 645% in high P addition plots, which was significantly 

greater than the control (Figure 5-6A). In 8 yr and 20 yr sites, however, nutrient addition 

had no effect on percent change in Q. inopina biomass; in 8 yr sites, mean percent 

change in biomass was higher in control plots than in treatment plots (Figure 5-6C). 
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Percent change in Q. inopina biomass was greater in the first than in the second year of 

fertilization in 6 wk sites (t = 9.84, df = 29, p < 0.001), but not 8 yr sites (t = 0.35, df = 29, 

p = 0.726), and was not affected by nutrient addition over the second year of 

fertilization.   

Over the first year of fertilization in recently burned sites, mean percent change in 

height of Q. inopina stems was significantly higher in high P plots (195%) compared to 

control plots (90%) (Figure 5-7A), while intermediate N + P addition significantly 

increased mean percent change in basal diameter (Figure 5-8A) and apical shoot 

growth (Figure 5-9A) of Q. inopina. Over the first year of fertilization in 8 yr and 20 yr 

sites, nutrient addition did not affect mean percent change in height or basal diameter of 

Q. inopina stems (Table 5-5). Apical shoot growth of Q. inopina, however, was 

significantly higher in low N + P addition, intermediate N addition, and high P addition 

plots than in control plots in 8 yr sites, and significantly higher in high P addition plots 

than in control plots in 20 yr sites (Figure 5-9). For stems alive all three years of the 

experiment (in 6 wk and 8 yr sites), percent change in basal diameter (6 wk sites: t = 

14.19, df = 29, p < 0.001; 8 yr sites: t = 14.19, df = 29, p < 0.001) and height (6 wk sites: 

t = 9.53, df = 29, p < 0.001; 8 yr sites: t = 2.45, df = 29, p = 0.020) were greater in the 

first year than in the second year of fertilization.  

In recently burned and long unburned sites, nutrient addition had no effect on 

percent survival of stems, the number of new stems, or percent change in stem number 

of Quercus inopina after one year of fertilization (Table 5-6). At intermediate times after 

fire, percent survival of stems was lower in control plots than in low N plots, but nutrient 

addition had no effect on percent change in stem number (Table 5-6). 
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Litterfall 

 Mean + se total leaf litterfall (g · m-2 · year-1) was 75.4 + 5.3, 164.3 + 10.4, and 

147.9 + 10.9 in 6 wk, 8 yr, and 20 yr sites, respectively. At all times after fire, total leaf 

litterfall was not affected by nutrient addition, but in 20 yr sites, percent cover of shrubs 

was a significant predictor of total litterfall (Table 5-7). Similarly, Q. inopina spring leaf 

litterfall was not affected by nutrient addition (Figure 5-10), but post-fertilization percent 

cover of Q. inopina was a significant predictor of Q. inopina litterfall in 6 wk and 20 yr 

sites (Table 5-7). In 8 yr sites, Q. inopina litterfall %N was higher in high N + P 

treatments  than in control plots (Table 5-8); however, Q. inopina litterfall N was not 

affected by nutrient addition at any time after fire (Table 5-7). Mean Q. inopina litterfall N 

(g N · m-2 · 2 mos-1) was 0.12, 0.23, and 0.23 in 6 wk, 8 yr, and 20 yr sites, respectively. 

Foliar Nutrients 

 Pre-fertilization, foliar %N and %P were consistently higher in Q. inopina than in 

S. repens (Table 5-9). The largest difference occurred in 6 wk sites, where foliar %N 

and %P were 1.27 and 1.53 times higher in Q. inopina than in S. repens, respectively 

(Figure 5-11). Proportionally, the decrease in foliar %P of Q. inopina and S. repens from 

6 wk to 8 yr sites was greater than the decrease in foliar %N. Foliar N:P ratios increased 

8 and 6 units for Q. inopina and S. repens, respectively from 6 weeks to 20 years after 

fire (Figure 5-11). Foliar %N, %P, and N:P ratios were similar in 8 yr and 20 yr sites.

 In recently burned sites, foliar %N and %P decreased over the first year of 

fertilization. Nutrient addition had a significant effect on percent change in foliar %N of 

Q. inopina (Figure 5-12), and high P and N + P addition caused less of a decrease in 

foliar %P of Q. inopina and S. repens (Figure 5-13). Eight years after fire, nutrient 

addition had no effect on percent change in foliar %N of Q. inopina or S. repens, but the 
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increase in foliar %P of Q. inopina was seven times greater in high P plots than in 

control plots (Figure 5-13A). This caused the percent change in foliar N:P ratios of Q. 

inopina to be positive in control plots and negative in high P addition and high N + P 

addition plots (Figure 5-13C). In long unburned sites, percent change in foliar %N of S. 

repens was approximately three times higher in high N and N + P plots than in control 

plots (Figure 5-12E), while high P and N + P addition significantly increased percent 

change in foliar %P of Q. inopina (Figure 5-13A).  

Root Productivity 

 In control plots, mean + se root productivity (g · m-2 · year-1) was 193.7 + 50.7, 

128.8 + 10.7, and 145.4 + 41.1 in 6 wk, 8 yr, and 20 yr sites, respectively. In recently 

burned sites, nutrient addition had a slightly significant effect on root productivity, and 

pre-fertilization root biomass was a significant predictor of root productivity (Table 5-7). 

Eight years after fire, root productivity was 3.6 times higher in high N+P addition plots 

than in control plots, and pre-fertilization root biomass was a significant predictor of root 

productivity (Figure 5-14B). Twenty years after fire, root productivity was 2.4 times 

higher in high N + P plots than in control plots (Figure 5-14C).  

Discussion  

Soil Nutrients  

Over the first year of the experiment, background nutrient availability (resin 

exchangeable N and P) was highest in recently burned sites, likely due to the short-term 

effects of fire on nutrient availability. High N availability in burned sites is likely due to 

microbial or ash derived N. Increased soil temperatures associated with fire (Ewel et al. 

1981) kill soil microbes, indicated by a decrease in microbial C and N after fire (Prieto-

Fernández et al. 1998), which causes the release of N from ruptured microbial cells 
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(Dunn et al. 1985; Serrasolsas and Khanna 1995). In addition, ash can contain high 

concentrations of N (Ewel et al. 1981; Kauffman et al. 1993), which can cause an 

increase in soil N after fire. High concentrations of NH4
+ and NO3

- in burned sites may 

also be related to high N mineralization and nitrification rates (DeLuca et al. 2002; 

DeLuca and Sala 2006); however, previous research in Florida scrub ecosystems has 

found that N immobilization, rather than N mineralization, may occur within the first year 

after fire (Chapters 1 and 3). In other scrubby flatwoods sites, resin exchangeable N 

was slightly lower over the second year after compared to eighth year after fire (Chapter 

3), which suggests that the short-term effects of fire on N persist for less than one year 

after fire (Chapter 1).  

High PO4
3- availability in recently burned sites is likely due to high concentrations 

of P in ash post-fire (Wilbur and Christensen 1983; Raison et al. 1985b), since mineral 

soil PO4
3- is correlated with ash depth (Rice 1993). In other scrubby flatwoods sites, P 

availability was higher 13 years after fire than one year after fire (Chapter 3); however, 

this could be related to the presence of pine trees, which did not occur in plots in this 

study, or a greater amount of organic matter than in the sites used in this study (1.47 

versus 0.66 mean soil %C). Soil N:P ratios were only slightly, and not significantly 

lower, in recently burned sites than other times after fire. Soil macronutrients and 

micronutrients in deep soils (10-20 cm) of control plots did not vary with time after fire 

(Table 5-3). Thus, differences in soil nutrients in surface soils are likely related to fire, 

and variation in plant growth and biomass across times after fire should not be due to 

differences in parent material.   
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Nitrogen addition had a greater effect on soil extractable N 20 years after fire 

compared to other times after fire (Figure 5-4). Litter depth was highest 20 years after 

fire suggesting that some of the added fertilizer is retained in the system in organic 

matter. The lack of an effect of N addition on soil N six weeks and eight years after fire 

could be due to uptake of added N by plants and/or microbes. In coastal Florida scrub-

oak ecosystems, soil microbial communities were primarily N-limited with a secondary P 

limitation (Brown et al. 2009), and in dry tropical ecosystems, N, but not P, addition 

caused an increase in microbial biomass C, suggesting that N is more limiting than P 

(Tripathi et al. 2008). At the global scale, microbial N:P ratios average 7:1 (Cleveland 

and Liptzin 2007), so microbial demand of N is greater than demand of P. Other studies 

from a variety of ecosystems have found that N addition increases soil NO3
- and NH4

+ 

(Bret-Harte et al. 2004; Caffrey et al. 2007; Hungate et al. 2007; Iversen and Norby 

2008). Scrubby flatwoods differ from other sites by having sandy soils with low 

exchange capacity, suggesting that leaching may be important in these sites if plants 

and microbes do not use the added N quickly.  

 Unlike N, P addition led to a significant increase in soil extractable P after one 

year of fertilization in sites nine and 21 years since fire, but not in recently burned sites 

(Figure 5-3). Nine years after fire, high P addition (5 g P · m-2) did not increase soil 

extractable P more than low P addition (1 g P · m-2); whereas, 21 years after fire, only 

high P addition significantly increased soil extractable P. These results support three 

primary conclusions about P addition. First, the effect of added P was greater in sites 

with lower background P availability. Based on background soil P concentrations 

measured in surface soils (0-10 cm) of control plots one year after fertilization, low P 
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addition in sites eight years since fire had the potential to increase soil P content by the 

same factor as high P addition in recently burned sites (~60 fold). High P addition in 

sites eight and 20 years since fire could have increased soil P content approximately 

160 and 310 fold, respectively. Second, some added P was retained in the soil, either in 

organic matter or bound to soil particles. In treatments with high P addition, 6-7% of the 

added P was retained in the top 20 cm of soil. The other 93-94% of added P was either 

leached or taken up by plants and microbes. Third, plants and microbes did not use all 

of the available P because it was leached or bound to soil particles. Alternatively, N may 

have become limiting, which is possible considering that as P addition increased eight 

years after fire, N availability decreased (Figure 5-3). Litaor et al. (2008) found that N 

addition caused a decrease in soil pH, and phosphorus availability is negatively 

correlated with soil pH (Chapter 3; Jaggi et al. 2005); however, N addition did not affect 

soil pH in my study. Similar to my study, P fertilization increased resin exchangeable 

PO4
3- in tundra (Bret-Harte et al. 2004) and increased soil P in alder wetlands (Gökkaya 

et al. 2006).  

 Fertilization increased nutrient availability in scrubby flatwoods ecosystems. The 

independence of soil inorganic N availability six weeks and eight years after fire to N 

addition is more likely related to the offset in times of nutrient addition and soil collection 

than a lack of an effect of N addition. Soils were collected four months after the last 

fertilizer addition, which was only one fourth of the total amount of nutrients added, by 

which time added N was taken up by plants or microbes, or leached. I likely measured 

an increase in soil P because fertilizer P may become rapidly immobilized or sorbed 

(Sarmiento et al. 2006). 
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Aboveground Biomass and Growth  

Nutrient addition did affect biomass and growth of the dominant shrubs in several 

cases. High N addition increased biomass of Serenoa repens individuals six weeks and 

20 years after fire (Figure 5-6), suggesting that palmettos are N-limited in recently 

burned sites and long unburned sites. Over the first year of fertilization in sites six 

weeks after fire, high P addition increased biomass and height growth of Quercus 

inopina, intermediate N + P addition increased basal diameter change and total apical 

shoot growth, suggesting that Q. inopina is co-limited by N and P, with a stronger P-

limitation, in recently burned sites. Eight years after fire, low N + P addition, intermediate 

N addition, and high N addition increased apical shoot growth, while 20 years after fire, 

high P addition increased apical shoot growth (Figure 5-9).  

These results suggest that different scrubby flatwoods species are limited by 

different nutrients. Similar results have been documented in other systems (Romme et 

al. 2009). Foliar N:P ratios suggest that species from the same habitat can be limited by 

different nutrients, possibly because of differences in mycorrhizal status (Diehl et al. 

2008), but nutrient addition can have a positive (Nijjer et al. 2010) or negative (Sims et 

al. 2007) effect on mycorrhizal fungi. Oaks have associations with ectomycorrhizae 

(Langely et al. 2002) and S. repens has associations with arbuscular mycorrhizae 

(Fisher and Jayachandran 1999). These differences in mycorrhizal status may 

contribute to limitation by different nutrients.  

Nutrient addition had no effect on total aboveground shrub biomass (Table 5-5). 

Eight years after fire, S. repens biomass was not affected by nutrient addition. Eight and 

20 years after fire, biomass, basal diameter, and height growth of Q. inopina were not 

influenced by nutrient addition. The limited response of shrubs to nutrient addition on 
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shrub biomass and growth eight and 20 years after fire was surprising given that 

scrubby flatwoods have low nutrient availability and that my focal species have 

responded to nutrient addition in previous studies in Florida scrub. Abrahamson (1999) 

found that NPK fertilization increased biomass of Serenoa repens and Sabal etonia, and 

Berry and Menges (1997) found that P fertilization increased growth of Quercus inopina 

stems, while N fertilization increased S. repens leaf production. These studies, however, 

added fertilizer around an individual rather than over the area of a plot.  

Johnson and Abrahamson (2002) found that 80 to 90% of Q. inopina stems died 

over a 10 year period, but new stems were recruited so that the number of stems of Q. 

inopina individuals remained the same or increased over time. The number of stems per 

individual decreased only in sites one year after fire; however, individuals in recently 

burned sites did not decrease in biomass, and percent change in stem number of 

Quercus inopina individuals was not affected by nutrient addition at any time after fire. 

Thus, the limited effect of nutrient addition on biomass and growth is likely not due to a 

decrease in stem number of shrubs. Rather, numerous other factors could have 

influenced the nutrient addition on biomass and growth. 

First, I measured a random sub-sample of shrubs in each plot, which is less 

precise than harvesting and weighing all plant biomass. In addition, I did not measure 

biomass of sub-shrubs or herbaceous species. In other ecosystems, however, 

graminoids had a larger response to fertilizer addition than deciduous and evergreen 

shrubs (Bret-Harte et al. 2004); nutrient addition led to an increase in the abundance of 

graminoids and forbs, while deciduous and evergreen shrubs declined in abundance 

(Jägerbrand et al. 2009). Nutrient addition may have had a greater impact on the 



 

171 
 

biomass of sub-shrubs, graminoids, and forbs because these species may have most of 

their roots in surface soils giving them greater access to added nutrients. I would not 

have detected an effect of nutrient addition on biomass if one of the less common 

species showed the greatest response to added nutrients. Furthermore, P addition 

increased the annual diameter increment of Acacia koa trees increased only when trees 

were thinned and grasses were controlled with herbicide (Scowcroft et al. 2007), 

suggesting that competition for nutrients may have limited growth of shrubs and the 

effects of nutrient addition on shrub biomass.  

Second, the buffer between plots may not have been large enough to ensure that 

oaks and ericaceous shrubs were not connected underground. Clones of the Australian 

shrub Zieria baeuerlenii can cover distances of at least 5 m (Sharma 2001), clones of 

Rhododendron ferrugineum range from < 1.5 to 27 m2 (Pornon and Escaravage 1999), 

and clones of Quercus geminata, a common species in scrubby flatwoods, are often at 

least 9 m2 and can cover distances of up to 18 m (Ainsworth et al. 2003). If clones of 

oaks or ericaceous shrubs extended across plots, and stems were connected 

underground, individuals that were in the control plots could have had access to 

nutrients in the fertilized plots. Such a growth pattern could have diluted the effect on 

nutrient addition on biomass and growth.  

Third, if nutrient addition led to an increase in new growth or foliar nutrients 

higher herbivory may have resulted. Gall-wasp occurrence (Abrahamson et al. 2003) 

and abundance of leaf-miners (Cornelissen and Stiling 2008) are correlated with oak 

leaf chemistry. Cornelissen and Stiling (2006) found that fertilized Q. geminata had 

higher foliar %N, lower tannins, and higher densities of numerous herbivore guilds. I did 
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not quantify herbivory, but I did not observe greater herbivory in fertilized plots 8 and 20 

years since fire. In sites six weeks after fire, the tops of several resprouts appeared to 

have been consumed by larger herbivores, but this occurred across treatments and 

seemed to occur most often in Quercus chapmanii, not the more dominant species.  

Fourth, shrubs may have allocated resources to reproductive parts that were not 

included in my aboveground biomass estimates. Acorn production differs between white 

oaks (Quercus chapmanii, Quercus geminata) and red oaks (Quercus inopina, Quercus 

laevis, Quercus myrtifolia). Cycles of acorn production range from 2 to 2.4 years for 

white oaks and from 3.6 to 5.5 years for red oaks (Abrahamson and Layne 2003). 

Resprouts of white oaks produce acorns during the first year after fire, whereas red 

oaks produce acorns three or four years after fire (Abrahamson and Layne 2002a). In 

addition, the mean number of acorns per bearing individual tends to increase with ramet 

size (Abrahamson and Layne 2002b). I assessed acorn production by Q. inopina and Q. 

geminata in September 2008, one year after fertilization. Overall, I counted 13 acorns 

on 735 stems, 273 acorns on 378 stems, and 103 acorns on 350 stems in sites one 

year, nine years, and 21 years after fire, respectively. Most stems, however, produced 

no acorns. Only nine stems produced more than 10 acorns, and the stems that 

produced multiple acorns were from a variety of nutrient treatments. Abrahamson and 

Layne (2003) found that precipitation accounted for 44% to 74% of the variation in crop-

size of the oaks, suggesting that nutrient availability may play a secondary role in 

affecting oak reproduction. Flowering of Sabal etonia or Serenoa repens increased in 

the first year or two after fire, but was not stimulated but fertilization (Abrahamson 

1999). I counted reproductive stems, but did not quantify flowering or fruiting, of S. 
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repens individuals after the first and second years of fertilization. Similar to Abrahamson 

(1999), I found no effect of nutrient addition on allocation to reproductive stems. After 

the first year of the experiment, more reproductive stems were produced by plants in 

sites one year after fire, while after the second year of the experiment, plants in sites 

nine years after fire produced more reproductive stems than plants in sites two years 

after fire.    

Fifth, resources other than N and P may have limited plant growth. Scrubby 

flatwoods sandy soils have low water holding capacity (Abrahamson et al. 1984), and 

low water availability may limit the ability of plants to respond to increased nutrient 

availability. In coastal scrub, the biomass increment of oaks was positively correlated 

with annual rainfall (Seiler et al. 2009). In my study, rainfall was lower than average and 

similar to average during the first and second years of fertilization, respectively (Figure 

5-1). Quercus inopina has a shallower depth of water uptake than Q. chapmanii and Q. 

geminata, as indicated by analysis of stable oxygen isotopes (Saha et al. 2008). Thus, 

Q. inopina in particular may have experienced water limitation and drought stress during 

months with low rainfall. Larger plants, which occur in longer unburned areas, may 

deplete water resources more rapidly than smaller plants; however, gravimetric soil 

moisture, leaf water potential, and stomatal conductance do not vary with time since fire 

(K. Adams and S. Saha, unpublished data), suggesting that water limitation may not be 

a confounding factor with time after fire. Light limitation, particularly in longer unburned 

sites, may hinder the ability of plants to respond to increased nutrient availability. For 

seedlings of the tropical tree Inga vera, light levels had a greater effect on growth than 

N and P addition (Myster 2006). In scrubby flatwoods, oaks and ericaceous shrubs are 
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the dominant overstory species, and leaf blade area and canopy area of the palmettos 

Serenoa repens and Sabal etonia are positively correlated with percent overstory 

(Abrahamson 2007). Biomass of S. repens increased with N addition in sites 20 years 

after fire, which is when light limitation may be highest, suggesting that plants were 

investing in increasing leaf and canopy area to increase light reception. In addition, 

other nutrients such as potassium (K) or calcium (Ca) may have limited productivity or 

fertilization with only one nutrient, such as N, could have induced P deficiency (Teng 

and Timmer 1995). In a flooded savanna, only addition of N, P, K, and sulfur (S) 

together increased plant productivity (Sarmiento et al. 2006), and biomass of Serenoa 

repens and Sabal etonia increased with addition of fertilizer that contained N, P, K, Ca, 

and magnesium (Mg) (Abrahamson 1999). The P fertilizer I used, triple 

superphosphate, contained Ca in addition to P. Background levels of Ca in scrubby 

flatwoods range from 12.6 to 25.2 g · m-2 (Abrahamson et al. 1984). At my rate of P 

addition, however, I only added 0.66 to 3.31 g Ca · m-2, which likely would not have 

alleviated any Ca limitation. Furthermore, D’Antonio and Mack (2006) found that N 

limitation exists despite high annual rates of net N mineralization, possibly because of 

asynchrony in plant nutrient demand and nutrient availability; however, by adding 

fertilizer numerous times over one year, I hopefully mitigated asynchrony in nutrient 

availability and plant nutrient demand. 

Sixth, plants may have allocated resources to acquiring more resources rather 

than in growth. For example, nutrient addition increased root productivity eight and 20 

years after fire, when nutrient addition had less of an effect on aboveground biomass 
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and growth of Q. inopina and S. repens. In addition, increasing foliar nutrient 

concentrations may occur at a cost to increasing biomass and growth. 

I found large variation in the mean percent change in biomass and growth within 

a treatment, even when there were not significant block effects. This variation could be 

related to difference in ages of clumps of stems or differences in growth among specific 

oak clones or palmetto individuals. Aerts (2009) found intraspecific variation in the 

response of leaf production to N addition and Bown et al. (2009) found that clones of 

Pinus radiata differ in growth allocation, with the slowest growing genotype partitioning a 

smaller fraction of GPP to ANPP than the fastest growing genotype. Thus, genotypic 

variation may have increased variability in the effects of fertilization if all of the 

individuals of any species in one plot were the same clone.    

 Assessment of nutrient limitation in an ecosystem may depend on the length of 

fertilization studies (Niinemets and Kull 2005), and other studies have found significant 

effects of nutrient addition after two years of fertilization (Gökkaya et al. 2006; Lund et 

al. 2009). In my study, however, nutrient addition had a significant effect on plant 

biomass and growth in after one year, but not two years, of fertilization. This could be 

due to the fact that in sites that were fertilized for two years, the percent change in 

aboveground biomass, across all treatments, was greater during the first year than 

during the second year of fertilization. Studies from a variety of other ecosystems have 

found that N addition (D’Antonio and Mack 2006; Darby and Turner 2008; Iversen and 

Norby 2008) and P addition (Gökkaya et al. 2006) can increase aboveground biomass 

and growth. This suggests that scrubby flatwoods shrubs have a limit on their ability to 
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increase growth in response to nutrient addition, and that shrubs may maximize growth 

in the first year of increased nutrient availability.   

Litterfall 

Nutrient addition did not affect total leaf litterfall over the first year of fertilization 

(Table 5-7). Leaf litterfall of Quercus inopina had higher %N in high N + P treatments 

than in control plots eight years after fire; however, nutrient addition did not affect leaf 

litterfall N (g N · m-2 · 2 mos-1) or biomass (g · m-2 · 2 mos-1) of Q. inopina. In other 

fertilization experiments, N and P fertilization increased litterfall in an N-limited montane 

forest (Tanner et al. 1992) and a P-limited Hawaiian forest (Herbert and Fownes 1995). 

The lack of an effect of nutrient addition on Q. inopina litterfall may be related to the fact 

that percent cover of Q. inopina was a predictor of leaf litterfall. There are gaps within 

the shrub matrix of scrubby flatwoods, and most shrub species, including Q. inopina, 

have somewhat patchy distributions. Although litter traps were spread throughout each 

plot, Q. inopina litter often accumulates under the canopy, which could have contributed 

to the large variation in litterfall and the lack of an effect of nutrient addition. 

Furthermore, Q. inopina stems near litter traps that died, which happened in several 

plots, contributed high amounts of leaf litter. Other shrub and sub-shrub species had low 

leaf litterfall in general, but they may have responded differently to nutrient addition than 

Q. inopina because the mechanisms that cause an increase in the amount of N and P 

transferred to the soil with nutrient fertilization differ among species (Aerts 2009). 

Leaves of both Serenoa repens and Sabal etonia have an average life span of 2 to 3 

years, and the number of new leaves produced per year by S. repens and S. etonia is 

positively correlated with palmetto biomass (Abrahamson 2007). For palmettos, leaf 
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turnover may be a better indicator than litterfall of nutrient effects of litter production 

because leaves remained suspended above the ground for a while after they die.      

Foliar Nutrients 

Pre-fertilization foliar N:P ratios suggested that Quercus inopina and Serenoa 

repens in recently burned sites would be N-limited and in sites eight and 20 years since 

fire would be P-limited or co-limited by N and P (Koerselman and Meuleman 1996; 

Güsewell 2004). In recently burned sites, high N addition biomass of S. repens; 

whereas, high P and high N + P increased biomass and growth of Q. inopina, 

suggesting that these species are limited by different nutrients. Eight and 20 years after 

fire, nutrient addition had little effect on growth of Q. inopina, but high N addition 

increased biomass of S. repens. Thus, foliar N:P ratios do not appear to be accurate 

indicators of aboveground nutrient limitation in scrubby flatwoods. Similarly, in South 

African grasslands, foliar N:P ratios suggested sites were N-limited when all sites were 

co-limited by N and P (Craine et al. 2008).  

In recently burned sites, foliar %N and %P of Q. inopina and S. repens 

decreased from pre-fertilization to one year post-fertilization regardless of fertilization 

treatment because the effects of fire on foliar nutrient concentrations were greater than 

the effects of nutrient addition. High N and N + P addition, however, caused less of a 

decrease in foliar %P of both species. Eight years after fire, high P addition caused a 

significant increase in foliar %P of Q. inopina, which led to a significant decrease in 

foliar N:P ratios. This is consistent with a study in an alpine ecosystem where P 

fertilization caused a decrease in foliar N:P ratios (Litaor et al. 2008). Twenty years after 

fire, high P and high N+ P increased foliar %P of Q. inopina, but this did not cause 

significant decline in foliar N:P ratios. Eight and 20 years after fire, foliar %P and N:P 
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ratios of S. repens were not affected by nutrient addition. Pre-fertilization, foliar %N was 

significantly higher in Q. inopina than in S. repens 20 years after fire, and high N and N 

+P addition increased foliar %N of S. repens, but not foliar %N of Q. inopina. Similarly, 

Abrahamson (1999) found that N fertilization increased foliar N concentrations of 

Serenoa repens. My results suggest that Q. inopina may be a better competitor for N in 

long unburned sites and Q. inopina has come close to maximizing foliar N content. On 

the other hand, because S. repens had a lower initial foliar %N, it likely had a greater 

capacity to increase foliar %N. Regardless, across all nutrient treatments, foliar %N of 

Q. inopina tended to increase over the first year of fertilization; whereas, foliar %N of S. 

repens decreased in many treatments (Figure 5-12). 

Overall, Q. inopina had a greater percent change in aboveground biomass, 

growth, and foliar nutrient concentrations in response to P addition, while S. repens had 

a greater percent change in aboveground biomass and foliar nutrient in response to N 

addition. This could in part be related to the different mycorrhizal associations of each 

species. Ectomycorrhizae may be better able to increase N to Q. inopina leading to 

greater P-limitation; whereas arbuscular mycorrhizae may be better able to increase P 

to S. repens leading to greater N-limitation. This suggests that within scrubby flatwoods 

ecosystems, differences among species may have a larger effect on nutrient limitation 

than time after fire. 

Root Productivity 

Nutrient addition did not affect root productivity in recently burned sites; however 

high N + P addition significantly increased root productivity eight and 20 years after fire 

(Figure 5-14). It is not clear if higher root biomass was due to an increase in root length 

or an increase in root width, but Blair and Perfecto (2008) found that root length, and not 
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root width, was greater in soils with added N and P. Because aboveground biomass 

showed a stronger response to nutrient addition in recently burned sites than other 

times after fire, my results suggest that there is a trade-off between allocation to 

aboveground and belowground resources with nutrient addition. Although an increase in 

soil nutrient availability can cause a decrease in allocation to belowground biomass 

(Nadelhoffer 2000; Darby and Turner 2008), allocation to belowground biomass is 

proportionally greater in low nutrient and dry ecosystems (Chapin et al. 2002). Eighty 

percent of biomass may be belowground in Florida scrub ecosystems (Saha et al. in 

review), and within oak domes, two-thirds of the biomass is belowground (Guerin 1993). 

Furthermore, belowground reserves (McPherson and Williams 1998; Paula and Ojeda 

2009) affect resprouting ability (Moreno and Oechel 1991) and biomass of resprouts 

(Lloret and López-Soria, 1993; Cruz et al. 2002). Because dominant scrubby flatwoods 

shrubs resprout after fire, in longer unburned sites (e.g. eight and 20 years after fire), 

increasing belowground biomass is likely important for future survival; aboveground 

biomass will be consumed in the next fire. I did not sort roots to species, but roots from 

all the dominant shrub groups (oaks, palmettos, ericaceous shrubs) were present in root 

ingrowth cores, suggesting that increased root growth is a common response of 

dominant scrubby flatwoods species.  

Conclusions 

The effects of nutrient addition on biomass and growth depend both on time after 

fire and species. Over the first year of fertilization in recently burned sites, aboveground 

biomass and growth of Quercus inopina responded to P and N + P addition, while 

aboveground biomass of Serenoa repens responded to N addition. Nutrient addition 

had no effect on leaf litterfall or root productivity. Thus, resprouts of scrubby flatwoods 
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shrubs are able to respond to nutrient addition above nutrients made available by fire, 

and they do so by increasing aboveground growth. Different species, however, appear 

to be limited by different nutrients. Eight years after fire, apical shoot growth and foliar 

%P of Q. inopina increased with nutrient addition, and high N + P addition increased 

root productivity. At intermediate times after fire, scrubby flatwoods shrubs appear to 

invest more in belowground than aboveground productivity and show co-limitation by N 

and P with a stronger P-limitation. Twenty years after fire, N addition increased biomass 

and foliar %N of S. repens, P addition increased apical shoot growth of Q. inopina, and 

N + P addition increased root productivity. In long unburned sites, scrubby flatwoods 

appear to invest in both aboveground and belowground productivity and show co-

limitation by N and P. Thus, my results support my hypothesis that plant productivity in 

long unburned scrubby flatwoods is co-limited by N and P. My hypotheses that plant 

productivity in recently burned scrubby flatwoods is N-limited and plant productivity in 

intermediately burned scrubby flatwoods is P-limited, however, are only partially 

supported. 

In sites that were fertilized for two years, any increase in biomass or growth with 

nutrient addition occurred during the first year of fertilization. Dominant scrubby 

flatwoods species were only able to respond to one years of increased nutrient 

availability, which is what would occur naturally after fire (Chapter 1). This suggests that 

shrubs are adapted to respond to nutrients made available by fire, but may not be 

capable of increased growth above what is possible with nutrients made available by 

fire. Alternatively, microbes may be better competitors for nutrients than plants, and if 

fire caused a decrease in microbial biomass, over the second year of fertilization in 
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recently burned sites, once microbes had recovered, microbial uptake of nutrients could 

have limited the response of plants to nutrient addition. In addition, the sandy soils of 

scrubby flatwoods likely have a limited ability to retain added nutrients, and in the 

second year of fertilization added nutrients could have leached from the soil such that 

plants were not able to acquire the added nutrients. I only fertilized scrubby flatwoods 

for one or two years, which is a short time in the 8-16 year fire return interval of scrubby 

flatwoods (Menges 2007). Perhaps over a longer time period, shrubs would be able to 

adapt to elevated nutrient availability rather than just a pulse of nutrients. Large areas of 

land along the Lake Wales Ridge have been converted to agriculture and pastureland, 

leading to increased nutrient inputs. Some of these areas are now being restored to 

Florida scrub, and my results suggest that increased nutrient availability may not benefit 

native shrub species. 
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Table 5-1.  Mean (median) percent of total shrub cover of focal shrubs in all plots pre-fertilization at different times after 
fire and results of Kruskall-Wallis tests analyzing differences with time after fire (df = 2 for all tests). Different 
letters represent significant differences at α = 0.0167 (adjusted for multiple comparisons). 

  Percent Cover Percent of Total Shrub Cover 

  χ2 P 6 
weeks  

8  
years  

20 
years  

χ2 p 6 
weeks  

8  
years  

20 
years  

Ericaceous 
shrubs 

Lyonia fruticosa 5.83 0.054 0.7  
(0) 

4.9 
(0.5) 

2.7  
(0) 

4.97 0.083 2.3  
(0) 

7.8 
(0.7) 

4.5  
(0) 

 Lyonia lucida 8.46 0.015 1.5 a 
(1) 

1.4 b 
(0) 

3.1 ab 
(1) 

12.12 0.002 6.8 a 
(3.6) 

2.0 b 
(0) 

5.2 ab 
(1.54) 

Oaks Quercus chapmanii 0.73 0.692 1.4  
(0) 

1.9  
(0) 

3.4  
(0) 

0.14 0.931 5.6  
(0) 

3.4  
(0) 

5.4  
(0) 

 Quercus geminata 0.26 0.879 1.3  
(1) 

3.2  
(1) 

3.3  
(1) 

7.34 0.026 5.9 a 
(4.6) 

5.2 b  
(1.5) 

5.8 ab 
(1.4) 

 Quercus inopina 44.6 <0.001 11.2 a 
(10) 

28.0 b 
(25) 

31.8 b 
(30) 

3.52 0.172 44.6 
(48.2) 

47.0 
(45.4) 

51.9 
(54.9) 

Palmettos Sabal etonia 29.31 <0.001 1.3 a 
(1) 

4.7 b 
(5) 

0.8 c 
(0) 

24.59 <0.001 6.0 a 
(4.3) 

7.9 a 
(8.0) 

1.6 b 
(0) 

 Serenoa repens 43.61 <0.001 6.0 a 
(5) 

14.0 b 
(12.5) 

13.7 b 
(10) 

0.68 0.711 25.9 
(25.1) 

24.2 
(22.1) 

23.6 
(21.8) 

Total  58.16 <0.001 23.4 a 58.1 b 58.9 b 0.99 0.608 96.9  97.5  98.0  
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Table 5-2.  Mean (se) concentrations of macronutrients and micronutrients in scrubby flatwoods soils. 
Time 

since fire 
Al 

(%) 

Ca 
(%) 

Co 
(ppm) 

Cu 
(ppm) 

Fe 
(%) 

K  
(%) 

Mg  
(%) 

Mn 
(ppm) 

Mo 
(ppm) 

Na  
(%) 

Ni 
(ppm) 

P  
(ppm) 

S  
(%) 

Zn 
(ppm) 

1 year               
0-10 cm 0.023 

(0.003) 
0.027 

(0.007) 
0.67 

(0.03) 
10.47 
(0.96) 

0.36 
(0.022) 

<0.01 <0.01 31.67 
(2.18) 

7.72 
(1.23) 

<0.01 5.13 
(0.73) 

20  
(0) 

<0.01 7.67 
(1.45) 

10-20 cm 0.017 
(0.003) 

0.01 
(0) 

0.77 
(0.18) 

8.5 
(0.49) 

0.36 
(0) 

<0.01 <0.01 25.67 
(2.18) 

8.87 
(1.60) 

<0.01 4.60 
(0.78) 

10  
(0) 

<0.01 4.0 
(1.0) 

8 years               
0-10 cm 0.02 

(0) 
0.017 

(0.003) 
0.70 

(0.11) 
8.43 

(0.62) 
0.38 

(0.017) 
<0.01 <0.01 30.83 

(5.26) 
8.88 

(1.72) 
<0.01 4.52 

(0.57) 
10  
(0) 

<0.01 3.0 
(0.58) 

10-20 cm 0.02 
(0) 

0.01 
(0) 

0.73 
(0.09) 

14.7 
(3.12) 

0.48 
(0.07) 

<0.01 <0.01 32.33 
(3.76) 

8.54 
(0.59) 

<0.01 5.23 
(0.58) 

10  
(0) 

<0.01 4.0 
(1.0) 

20 years               
0-10 cm 0.023 

(0.003) 
0.013 

(0.003) 
0.73 

(0.03) 
13.6 

(3.18) 
0.43 

(0.036) 
<0.01 <0.01 31.0 

(0.58) 
9.11 

(0.88) 
<0.01 5.47 

(0.42) 
13.3 
(3.3) 

<0.01 11.0 
(4.0) 

10-20 cm 0.02 
(0) 

0.01 
(0) 

0.70 
(0.10) 

10.86 
(3.03) 

0.37 
(0.015) 

<0.01 <0.01 24.0 
(1.73) 

8.99 
(0.91) 

<0.01 4.43 
(0.45) 

10  
(0) 

<0.01 3.0 
(0.58) 
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Table 5-3.  Results of one-way ANOVAs (df = 2,6) and Kruskall-Wallis tests (df = 2) 
analyzing differences in soil nutrients with time after fire in surface (0-10 cm) 
and deep (10-20 cm) soils. 

 Element F/χ2 p df 

0-10 cm Al (%) 1.14 0.565 2 
 Ca (%) 3.44 0.179 2 
 Co (ppm) 0.96 0.619 2 
 Cu (ppm) 1.80 0.244 2,6 
 Fe (%) 2.03 0.213 2,6 
 Mn (ppm) 0.02 0.982 2,6 
 Mo (ppm) 0.32 0.739 2,6 
 Ni (ppm) 0.67 0.547 2,6 
 P (ppm) 5.60 0.061 2 
 Zn (ppm) 5.14 0.077 2 

10-20 cm Al (%) 2.00 0.368 2 
 Ca (%) 0.00 1.00 2 
 Co (ppm) 0.16 0.921 2 
 Cu (ppm) 1.53 0.290 2,6 
 Fe (%) 2.59 0.154 2,6 
 Mn (ppm) 2.66 0.149 2,6 
 Mo (ppm) 0.04 0.958 2,6 
 Ni (ppm) 0.47 0.647 2,6 
 P (ppm) 0.00 1.00 2 
 Zn (ppm) 0.92 0.631 2 
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Table 5-4.  Results of general linear univariate models with treatment as a fixed effect and block as a random effect for 
soil nutrients.  

  1 year after fire 9 years after fire 21 years after fire 

  F df p F df p F df p 

Total Inorganic N b 
(μg · g soil-1) 0-10 cm 

         

    Treatment 0.98 9,18 0.485 3.44 9,18 0.012 1.40 9,18 0.257 
    Block 8.50 2,18 0.003 12.16 2,18 <0.001 4.20 2,18 0.032 
 10-20 cm          
    Treatment 0.80 9,18 0.618 0.75 9,18 0.663 3.70 9,18 0.009 
    Block 15.80 2,18 <0.001 5.06 2,18 0.018 7.32 2,18 0.005 
NH4

+ b  
(μg · g soil-1) 0-10 cm 

         

    Treatment 1.13 9,18 0.391 3.25 9,18 0.016 1.15 9,18 0.381 
    Block 6.96 2,18 0.006 11.99 2,18 <0.001 2.93 2,18 0.079 
 10-20 cm          
    Treatment 0.97 9,18 0.495 0.79 9,18 0.630 2.95 9,18 0.024 
    Block 16.09 2,18 <0.001 5.10 2,18 0.018 6.65 2,18 0.007 
Total Inorganic P a 
(μg · g soil-1) 0-10 cm 

         

    Treatment 2.32 9,18 0.061 20.51 9,18 <0.001 6.48 9,18 <0.001 
    Block 5.59 2,18 0.013 0.45 2,18 0.643 0.24 2,18 0.789 
 10-20 cm          
    Treatment 3.87 9,18 0.007 27.57 9,18 <0.001 6.96 9,18 <0.001 
    Block 5.18 2,18 0.017 0.41 2,18 0.668 0.13 2,18 0.879 
N:P a 0-10 cm          
    Treatment 3.51 9,18 0.011 27.77 9,18 <0.001 8.26 9,18 <0.001 
    Block 3.34 2,18 0.058 5.15 2,18 0.017 1.35 2,18 0.285 
 10-20 cm          
    Treatment 4.60 9,18 0.003 11.45 9,18 <0.001 18.80 9,18 <0.001 
    Block 0.39 2,18 0.680 4.48 2,18 0.026 6.17 2,18 0.009 
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Table 5-4 continued 

  1 year after fire 9 years after fire 21 years after fire 

  F df p F df p F df p 

%N bd 0-10 cm          
    Treatment 0.39 9,18 0.923 1.87 9,18 0.124 0.41 9,18 0.912 
    Block 2.99 2,18 0.076 6.99 2,18 0.006 1.13 2,18 0.346 
%C bd 0-10 cm          
    Treatment 0.54 9,18 0.829 1.65 9,18 0.175 0.45 9,18 0.890 
    Block 0.85 2,18 0.445 0.96 2,18 0.402 0.52 2,18 0.603 
C:N c 0-10 cm          
    Treatment 1.44 9,18 0.242 1.27 9,18 0.317 0.50 9,18 0.858 
    Block 12.27 2,18 <0.001 3.45 2,18 0.054 11.60 2,18 0.001 
pH c 0-10 cm          
    Treatment 0.55 9,18 0.822 1.99 9,18 0.102 1.71 9,18 0.158 
    Block 0.98 2,18 0.393 0.13 2,18 0.878 1.20 2,18 0.324 
 10-20 cm          
    Treatment 1.05 9,18 0.441 0.22 9,18 0.986 0.38 9,18 0.927 
    Block 1.42 2,18 0.267 0.63 2,18 0.544 1.47 2,18 0.256 

a  all data natural log transformed  
b data for 1 year after fire natural log transformed 
c data for 9 years after fire natural log transformed 
d data for 20 years after fire natural log transformed 
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Table 5-5.  Results of general linear univariate models with treatment as fixed effect and block as random effect testing for 
treatment effects on percent change in biomass and growth.  

 6 weeks after fire 8 years after fire 20 year after fire 

 1
st
 year of  

fertilization 
2

nd
 year of 

fertilization 
1

st
 year of 

fertilization 
2

nd
 year of 

fertilization 
1

st
 year of 

fertilization 

 F df p F df p F df p F df p F df p 

Total plot biomass                 
   Treatment 0.53 9,18 0.837    1.84 9,18 0.130    1.04 9,18 0.450 
   Block 0.56 2,18 0.582    7.13 2,18 0.005    0.53 2,18 0.600 
S. repens biomass                
   Treatment 3.01 9,78 0.004 1.25 9,78 0.275 0.93 9,78 0.500 1.54 9,78 0.148 1.84 9,78 0.074 
   Block 11.30 2,78 <0.001 2.92 2,78 0.060 2.07 2,78 0.133 0.24 2,78 0.788 0.13 2,78 0.876 
Q.inopina biomass                
   Treatment 3.15 9,77 0.003 1.32 9,76 0.239 0.35 9,77 0.953 0.95 9,72 0.485 0.75 9,76 0.661 
   Block 2.75 2,77 0.070 1.83 2,76 0.167 0.43 2,77 0.650 1.25 2,72 0.293 0.26 2,76 0.773 
Q. inopina  
basal diameter 

bc
 

               

   Treatment 2.48 9,76 0.015 1.86 9,75 0.071 2.06 9,77 0.043 1.54 9,70 0.151 1.44 9,73 0.189 
   Block 0.15 2,76 0.862 4.91 2,75 0.010 2.93 2,77 0.059 0.51 2,70 0.601 0.16 2,73 0.854 
Q. inopina height 

a
                

   Treatment 1.91 9,77 0.062 0.86 9,75 0.560 1.32 9,77 0.241 1.57 9,72 0.141 0.65 9,73 0.750 
   Block 0.98 2,77 0.381 0.77 2,75 0.466 1.20 2,77 0.306 2.20 2,72 0.118 0.68 2,73 0.509 
Q. inopina new 
growth (mm) 

a
 

               

   Treatment 3.88 9,77 <0.001 1.10 9,76 0.107 2.14 9,78 0.036 0.98 9,71 0.463 2.78 9,74 0.007 
   Block 2.07 2,77 0.134 1.33 2,76 0.138 5.30 2,78 0.007 2.64 2,71 0.079 3.81 2,74 0.027 

a  all data natural log transformed  
b data for 1 year after fire natural log transformed 
c data for 20 years after fire natural log transformed
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Table 5-6.  Results of Kruskal-Wallis tests analyzing the effects of treatment on Quercus 
inopina stem survival and turnover over the first year of fertilization. Degrees 
of freedom = 9 for all tests. There were no block effects. 

 6 weeks  
after fire 

8 years 
after fire 

20 years  
after fire 

 χ2 p χ2 p χ2 p 

Percent survival of 
stems 

7.90 0.544 19.57 0.021 10.72 0.295 

Number of new 
stems 

7.70 0.565 13.06 0.160 12.57 0.183 

Percent change in 
stem number 

10.73 0.294 4.90 0.843 10.87 0.285 
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Table 5-7.  Results of general univariate models with treatment as a fixed effect, block as a random effect, and a 
covariate. 

 Time after fire 

 6 weeks 8 years 20 years 

 F  p F  p F  p 

Litterfall (g · m-2 · year-1) a          
     Treatment 0.44 9,17 0.896 1.51 9,17 0.221 0.19 9,17 0.992 
     Block 0.26 2,17 0.776 0.97 2,17 0.398 0.99 2,17 0.391 
     Mean (Pre- and Post-fertilization)  

Q.inopina % cover 
0.01 1,17 0.947 0.21 1,17 0.651 5.19 1,17 0.036 

Q. inopina litterfall (g · m-2 · 2 mos-1) b          
     Treatment 0.40 9,17 0.920 1.45 9,17 0.242 0.25 9,17 0.981 
     Block 1.61 2,17 0.230 0.97 2,17 0.400 0.56 2,17 0.582 
     Post-fertilization Q. inopina % cover 10.05 1,17 0.006 3.23 1,17 0.091 11.75 1,17 0.003 
Q. inopina litterfall N (g N · m-2 · 2 mos-1) b          
     Treatment 0.56 9,17 0.811 1.28 9,17 0.316 0.29 9,17 0.969 
     Block 1.77 2,17 0.199 1.58 2,17 0.235 0.44 2,17 0.653 
     Post-fertilization Q. inopina % cover 11.03 1,17 0.004 2.83 1,17 0.111 10.50 1,17 0.005 
Root Productivity (g · m-2 · year-1)          
     Treatment 2.08 9,77 0.041 3.15 9,77 0.003 2.55 9,77 0.013 
     Block 5.28 2,77 0.007 0.74 2,77 0.479 0.05 2,77 0.952 
     Pre-fertilization root biomass (g · m-2) 4.99 1,77 0.028 5.52 1,77 0.021 2.81 1,77 0.098 

a natural log transformed 
b data from sites 6 weeks and 20 years after fire natural log transformed
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Table 5-8.  Effects of treatment on percent change in foliar and litter nutrients. Results 
of general linear univariate models with treatment as a fixed effect and block 
as a random effect.  

 6 weeks after fire 8 years after fire 20 years after fire 

 F df p F df p F df p 

Q. inopina 
litterfall %N a 

         

   Treatment 0.71 9,18 0.693 3.44 9,18 0.012 1.03 9,18 0.451 
   Block 0.07 2,18 0.983 1.21 2,18 0.320 0.07 2,18 0.936 
Q. inopina  
foliar %N 

         

   Treatment 2.11 9,77 0.038 1.95 9,78 0.056 1.33 9,75 0.236 
   Block 6.12 2,77 0.003 2.40 2,78 0.097 9.31 2,75 <0.001 
Q. inopina  
foliar %P 

         

   Treatment 2.96 3,29 0.048 9.07 3,30 <0.001 4.82 3,28 0.008 
   Block 0.42 2,29 0.661 1.82 2,30 0.179 0.14 2,28 0.868 
Q. inopina  
foliar N:P 

         

   Treatment 2.32 3,29 0.096 6.41 3,30 0.002 2.28 3,28 0.101 
   Block 2.16 2,29 0.133 0.10 2,30 0.905 2.69 2,28 0.086 
S. repens  
foliar %N (g) 

         

   Treatment 0.50 9,78 0.868 0.96 9,78 0.477 2.56 9,78 0.012 
   Block 2.32 2,78 0.105 0.04 2,78 0.958 6.51 2,78 0.002 
S. repens  
foliar %P 

         

   Treatment 2.85 3,30 0.054 0.24 3,30 0.866 0.77 3,30 0.519 
   Block 0.79 2,30 0.463 0.27 2,30 0.764 2.91 3,30 0.070 
S. repens  
foliar N:P (g) 

         

   Treatment 1.76 3,30 0.176 0.13 3,30 0.941 0.73 3,30 0.544 
   Block  1.20 2,30 0.315 0.07 2,30 0.931 0.46 2,30 0.634 

a  all data natural log transformed  
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Table 5-9.  Results of one-way ANOVAs analyzing pre-fertilization foliar nutrients of 
Quercus inopina and Serenoa repens. 

 F df p 

%N    
YSF 154.62 2 <0.001 

Species 101.15 1 <0.001 
YSF*Species 13.50 2 <0.001 

%P    
YSF 403.21 2 <0.001 

Species 88.14 1 <0.001 
YSF*Species 40.46 2 <0.001 

N:P    
YSF 169.96 2 <0.001 

Species 4.64 1 0.035 
YSF*Species 3.10 2 0.052 
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Figure 5-1.  Mean monthly precipitation and total monthly precipitation during the study 
period at Archbold Biological Station. Arrows indicate months in which 
fertilizer was added. 
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Figure 5-2.  Mean (+ se) resin exchangeable inorganic N (A), phosphorus (B), and N:P 
ratios (C) in control plots over one year. Different letters represent significant 
differences at α = 0.05. 
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Figure 5-3.  Mean (+ se) soil extractable inorganic N in surface (0-10 cm) and deep (10-
20 cm) soils in control and treatment plots in sites 1 year, 9 years, and 21 
years after fire. * indicates a treatment is different from the control at α = 0.05. 
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Figure 5-4.  Mean (+ se) soil extractable P in surface (0-10 cm) and deep (10-20 cm) 
soils in control and treatment plots in sites 1 year, 9 years, and 21 years since 
fire. * indicates a treatment is different from the control at α = 0.05. 
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Figure 5-5.  Mean (+ se) percent change in Serenoa repens biomass during the first and 
second years of fertilization in sites 6 weeks (A,B), 8 years (C,D), and 20 
years (E) since fire. * indicates a treatment is significantly different from the 
control at α = 0.05. 
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Figure 5-6.  Mean (+ se) percent change in Quercus inopina plant biomass during the 
first and second years of fertilization in sites 6 weeks (A,B), 8 years (C,D), 
and 20 years (E) since fire. * indicates a treatment is different from the control 
at α = 0.05.  
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Figure 5-7.  Mean (+ se) percent change in Quercus inopina stem height during the first 
and second years of fertilization in sites 6 weeks (A,B), 8 years (C,D), and 20 
years (E) since fire for stems alive during each year of fertilization. * indicates 
a treatment is different from the control at α = 0.05. 
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Figure 5-8.  Mean (+ se) percent change in Quercus inopina stem basal diameter during 
the first and second years of fertilization in sites 6 weeks (A,B), 8 years (C,D), 
and 20 years (E) since fire for stems alive during each year of fertilization. * 
indicates a treatment is different from the control at α = 0.05. 
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Figure 5-9.  Mean (+ se) length of Quercus inopina total apical shoot growth increments 
during the first and second years of fertilization in sites 6 weeks (A,B), 8 years 
(C,D), and 20 years (E) since fire. * indicates a treatment that is different from 
the control at α = 0.05. 
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Figure 5-10.  Mean (+ se) Quercus inopina leaf litterfall from March to May (g · m-2 · 2 
mos-1) during the first year of fertilization in sites 6 weeks (A), 8 years (B), and 
20 years (C) after fire. 
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Figure 5-11.  Mean (+ se) foliar %N (A), foliar %P (B), and foliar N:P ratios of Quercus 
inopina and Serenoa repens 6 weeks, 8 years, and 20 years since fire in all 
plots pre-fertilization. Different letters represent significantly different means 
at α = 0.05. 
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Figure 5-12.  Mean (+ se) percent change in foliar %N of Q. inopina and S. repens over 
the first year of fertilization in sites 6 weeks (A,B), 8 years (C,D), and 20 years 
(E,F) after fire. * indicates a treatment is different from the control at α = 0.05. 
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Figure 5-13.  Mean (+ se) percent change in foliar %P (A,B) and N:P ratios (C,D) of Q. 
inopina and S. repens over the first year of fertilization. * indicates a treatment 
is different from the control at α = 0.05. 
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Figure 5-14.  Mean (+ se) root productivity during the first year of fertilization. * indicates 
a treatment is significantly different from the control at α = 0.05. 
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CHAPTER 6 
CONCLUSION 

Previous research in Florida scrub ecosystems has found limited effects of fire on 

soil nutrient availability (Schmalzer and Hinkle 1991). I found that a pulse of nutrients is 

detectable if soils are sampled soon enough after fire. Fire caused a short-term increase 

in soil NH4
+ and PO4

3- in a palmetto flatwoods ecosystem; PO4
3- remained elevated 

above pre-fire levels twice as long as NH4
+, possibly due to differences in microbial 

uptake and mobility of NH4
+ and PO4

3-. Both foliar %N and %P of resprouting plants 

increased over the short-term after fire. The relative increase in soil and foliar P was 

greater than that of soil and foliar N, leading to a decrease in the soil N:P ratio and the 

foliar N:P ratio of the palmetto Serenoa repens shortly after fire. The difference in the 

magnitude of the decrease in soil and foliar N:P ratios after fire coupled with 

measurements of soil and foliar δ15N suggest that both increased soil nutrient 

availability and reallocation of nutrients from belowground to aboveground tissue 

contribute to the increase in foliar %N and %P shortly after fire. My results suggest that 

even a short-term increase in soil nutrient availability can be important for plant nutrient 

status, especially in ecosystems with low nutrient availability. 

Overall, growth, allocation of resources to aboveground tissues, and allometric 

equations tended to differ with time after fire, but the majority of differences occurred 

among species and between recently burned and intermediate and longer unburned 

sites. Resprouting ability of scrubby flatwood species appears to be important in 

determining growth and allometry immediately after fire. Six weeks after fire, Quercus 

inopina, the dominant species in my scrubby flatwoods study sites, had the highest 

height:diameter ratio and the highest leaf:stem biomass ratio. The ability of Q. inopina to 
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resprout and aquire aboveground space after fire may contribute to the maintenance of 

its dominance in the sites where it occurs.  

The fire return interval for scrubby flatwoods in 8-16 years (Menges 2007), and 

there was little or no difference in plant size, biomass, or allometric relationships from 8-

22 years after fire within a species; however, there were differences among species 

within these times after fire. Thus, as time after fire increases, species specific 

constraints in growth and allometry appear to become more important. My results also 

suggest that caution should be taken in using allometric equations developed for plants 

from longer unburned sites to estimate biomass of plants in recently burned sites. 

In scrubby flatwoods soils, inorganic N availability was not affected by time after 

fire, but is related to soil moisture, while variation in resin exchangeable PO4
3- was 

related to soil pH. Resin exchangeable N was highest eight years after fire and resin 

exchangeable PO4
3- was highest 13 years after fire, so N:P ratios increased then 

decreased with time after fire. Other measures of soil N (mineralization rates, %N, 

chloroform labile microbial N) were highest in surface soils (0-5 cm) in sites 13 years 

after fire. In addition, soil %C was highest in sites 13 years after fire.  

The increased in soil N and C in long unburned sites may be due to the 

differences in species composition and fire history of sites 13 years after fire compared 

to scrubby flatwood sites of other times after fire rather than the direct effects of time 

after fire. In this study, sites 13 years since fire had numerous pine trees, high soil 

organic matter, and had only been burned once in the past 35 years, which may have 

contributed to high PO4
3-, soil %N, and soil %C in surface soils; however, in scrubby 

flatwoods sites 20 years after fire with low soil organic matter, and where pines are less 
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abundant or absent, soil %N and %C are lower (J. Schafer, unpublished data). Thus, 

my results indicating high nutrient availability in long unburned scrubby flatwoods may 

not apply to all scrubby flatwoods. Species composition and fire frequency, as well as 

time after fire, appear to be important in affecting nutrient availability in Florida scrub 

soils. Management of scrubby flatwoods ecosystems should include burning every 8-16 

years (Menges 2007). My results suggest that the trajectory of nutrient availability and 

accumulation may change if fire is suppressed or not prescribed at the suggested return 

intervals. 

The effects of nutrient addition on biomass and growth depend on time after fire. 

Over the first year of fertilization in recently burned sites, aboveground biomass and 

growth of Quercus inopina responded to P and N + P addition, while aboveground 

biomass of Serenoa repens responded to N addition. Nutrient addition had no effect on 

leaf litterfall or root productivity. Thus, resprouts of scrubby flatwoods shrubs are able to 

respond to nutrient addition above nutrients made available by fire, and they do so by 

increasing aboveground growth. Different species, however, appear to be limited by 

different nutrients. Eight years after fire, apical shoot growth and foliar %P of Q. inopina 

increased with nutrient addition, and high N + P addition increased root productivity. At 

intermediate times after fire, scrubby flatwoods shrubs appear to invest more in 

belowground than aboveground productivity and show co-limitation by N and P with a 

stronger P-limitation. Twenty years after fire, N addition increased biomass and foliar 

%N of S. repens, P addition increased apical shoot growth of Q. inopina, and N + P 

addition increased root productivity. In long unburned sites, scrubby flatwoods appear to 

invest in both aboveground and belowground productivity and show co-limitation by N 



 

207 

and P. Thus, my results support my hypothesis that plant productivity in long unburned 

scrubby flatwoods is co-limited by N and P. My hypotheses that plant productivity in 

recently burned scrubby flatwoods is N-limited and plant productivity in intermediately 

burned scrubby flatwoods is P-limited, however, are only partially supported. 

In sites that were fertilized for two years, any increase in biomass or growth with 

nutrient addition occurred during the first year of fertilization. Dominant scrubby 

flatwoods species were only able to respond to one years of increased nutrient 

availability, which is what would occur naturally after fire (Chapter 1). This suggests that 

shrubs are adapted to respond to nutrients made available by fire, but may not be 

capable of increased growth above what is possible with nutrients made available by 

fire. Alternatively, microbes may be better competitors for nutrients than plants, and if 

fire caused a decrease in microbial biomass, over the second year of fertilization in 

recently burned sites, once microbes had recovered, microbial uptake of nutrients could 

have limited the response of plants to nutrient addition. In addition, the sandy soils of 

scrubby flatwoods likely have a limited ability to retain added nutrients, and in the 

second year of fertilization added nutrients could have leached from the soil such that 

plants were not able to acquire the added nutrients. I only fertilized scrubby flatwoods 

for one or two years, which is a short time in the 8-16 year fire return interval of scrubby 

flatwoods (Menges 2007). Perhaps over a longer time period, shrubs would be able to 

adapt to elevated nutrient availability rather than just a pulse of nutrients.  

Large areas of land along the Lake Wales Ridge have been converted to 

agriculture and pastureland, leading to increased nutrient inputs. Some of these areas 

are now being restored to Florida scrub. My results suggest that managing with fire 
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should cause pulses of nutrient availability that can be used by plants and maintaining 

the proper fire return intervals could lead to patterns of nutrient availability similar to 

native scrub soils. Phosphorus increased growth of Quercus inopina and N increased 

growth of Serenoa repens, suggesting that these species may occupy different niches in 

scrubby flatwoods communities. Because scrub species are adapted to low nutrient 

availability and fire-related increases in nutrient availability, and only increased 

aboveground growth during the first year of nutrient addition, the increased availability 

of nutrients in restoration sites may have limited benefits for native shrub species. 



 

209 

APPENDIX A 
SHORT-TERM EFFECTS OF FIRE ON SOIL AND PLANT NUTRIENTS IN SCRUBBY 

FLATWOODS 

Scrubby flatwoods are dominated by scrub oak (Quercus inopina), sand live oak 

(Quercus geminata), palmettos, and ericaceous shrubs. The shrubs are evergreen with 

an average height of 1-2 m, and herbaceous species are sparse (Abrahamson et al. 

1984). Soils are entisols (Abrahamson et al. 1984) with no horizon development, little 

organic matter, and low exchange capacity and base saturation (Brown et al. 1990). 

Scrubby flatwoods experience fire return intervals of 8-16 years (Menges 2007), and 

dominant species resprout after fire. Because scrubby flatwoods have low standing 

biomass and patches of bare sand, fires often create a mosaic of unburned to intensely 

burned areas (Abrahamson et al. 1984).  

I randomly selected six sampling locations within the scrubby flatwoods 

vegetation association in a 34 acre burn unit that had previously burned in 1994. At all 

sampling locations, which were separated by at least 10m, we marked a soil sampling 

site and the nearest individual of six different species (when present within 1m of the 

soil sampling location). My focal species, all of which resprout after fire, were the shrubs 

Lyonia lucida, Quercus geminata, and Quercus inopina, the palmettos Sabal etonia and 

Serenoa repens, and the sub-shrub Vaccinium myrsinities. On March 14th, 2006, I 

collected a soil sample (0-15cm depth, 8cm diameter core) at each sampling site and 

collected a foliar sample from all marked individuals. A prescribed fire was initiated on 

March 15th, 2006, but had to be extinguished due to high winds (K. Main, pers. comm.), 

and the fire was re-ignited on March 16th, 2006. The fire was patchy with burned and 

unburned areas; of my marked plants, 15 were consumed by the fire, 13 were scorched 

and two were unburned. The maximum one minute average temperature recorded was 
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680°C, while the absolute maximum temperature recorded was 870°C (E. Menges, 

unpubl. data). Post-fire soil samples were collected on March 17th, May 8th, July 17th, 

and October 5th, 2006. The first post-fire foliar samples were collected on May 8th, 2006, 

but all marked plants had not yet resprouted. Subsequent post-fire foliar collections 

were made on July 17th, 2006 and October 6th, 2006.   

Soil samples were returned to the lab, passed through a 2 mm sieve, and then 

sub-sampled for determination of pH, total percentages of N and C, and extractable P.  

Soil pH was measured as described above. Soil subsamples for determination of 

percent N and C were dried at 60°C for 48 hr then ground to a fine powder with a mortar 

and a pestle. Leaf samples were dried at 60°C for 48 hours and ground on a Wiley mill 

(Thomas Scientific, Swedesboro, NJ, USA) with a no. 40 screen. Soil and foliage was 

analyzed for percentages of N and C at the University of Florida on an ECA 4010 

elemental analyzer (Costech Analytical, Valencia, California, USA). Foliar P was 

measured as describe above. 

To measure inorganic P concentrations, 30 mL of 0.05 M hydrochloric acid (HCl) 

and 0.0125 M hydrogen sulfate (H2SO4) was added to 15 g of air dried soil, shaken for 5 

min, then filtered through Whatman #42 filter paper. Filtered samples were stored in a 

refrigerator for several days before analysis for phosphate (PO4
3-) concentrations on an 

absorbance microplate reader at the University of Florida using the ascorbic acid 

molybdenum-blue method (Murphy and Riley 1962). 

All data were analyzed using repeated measures analysis of variance to examine 

changes in variables over time after fire. Variable means were compared with 
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Bonferroni confidence interval adjustments. Non-normal data were transformed to meet 

the assumptions of normality. All other data were analyzed using SPSS 11.5. 

Soil pH tended to increase over time after fire; however, there were no 

differences in soil %N, %C, or C:N with time since fire. Although there was not a 

significant difference in soil P over time after fire, soil P tended to increase then 

decrease (Table A-1). 

For S. repens present at the first sampling date, foliar %N and foliar %P increased 

over time after fire (Figure A-1), and foliar N:P varied over time (Table A-2). Foliar %N 

of Q. geminata and Q. inopina increased after fire (Figure A-2). Sabal etonia had new 

leaves by the second sampling date and foliar %N increased over time (Table A-2). 

Foliar %N of ericaceous species tended to be higher post-fire than pre-fire regardless of 

the time of first resprouting (Figure A-2).  

Foliar %N of the palmettos S. repens and S. etonia increased over time, while 

foliar %N of oaks and ericaceous species tended to increase then decreased over time 

after fire (Figures A-2 and A-3). This suggests that different mechanisms may be 

causing the observed changes in foliar %N for different species in the same habitat. The 

ratio of belowground to aboveground biomass of palmettos and oaks in scrubby 

flatwoods is 7.35 and 2.13, respectively (Saha et al. in review). Higher root to shoot 

ratios may confer palmettos with a greater capacity to retranslocate nutrients from 

belowground to aboveground, allowing palmettos in scrubby flatwoods to continue to 

increase foliar %N after soil N availability has returned to pre-fire levels. 
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Table A-1.  Mean (+ se) of soil variables measured in the scrubby flatwoods site before fire and after fire with results of 
repeated measures analyses. Degrees of freedom = 4 for all variables. 

   Pre-Fire Days Post-Fire 

Variable F p  1 52 122 202 

pH* 5.28 0.028 4.44 + 0.17 4.56 + 0.17 4.65 + 0.25 5.11 + 0.26 5.09 + 0.26 

P (μg · g · soil-1) 2.10 0.118 2.25 + 0.39  5.02 + 1.33 4.16 + 0.85 3.87 + 0.85 3.39 + 1.64 

%C* 2.06 0.124 1.46 + 0.32 2.09 + 0.61 1.14 + 0.30 1.38 + 0.27 1.11 + 0.35 

%N* 2.28 0.096 0.056 + 0.011 0.076 + 0.021 0.041 + 0.009 0.049 + 0.008 0.042 + 0.014 
C:N 0.85 0.512 25.68 + 1.68 26.98 + 1.55 26.47 + 2.04 27.73 + 1.43 26.56 + 1.32 

* data were natural log transformed 
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Table A-2.  Results of repeated measures analyses of variance for foliar %N, %P, and 
N:P ratios. Ericaceae includes L. lucida and V. myrsinities. The number in 
parentheses indicates the number of post-fire sampling dates based on time 
of resprouting. 

 %N %P N:P 

 F df p F df p F df p 

Quercus geminata (3) 86.41 3 < 0.001       
Quercus geminata (2) 5.66 2 0.068       
Quercus inopina (3) 11.12 3 0.001       
Sabal etonia (2) 31.71 2 < 0.001       
Serenoa repens (3) 14.50 3 < 0.001 16.32 3 < 0.001 5.35 3 0.014 
Ericaceae (3) 10.13 3 0.009       
Ericaceae (1) 80.41 1 0.071       
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Figure A-1.  Mean (+ se) foliar %N (A), foliar %P (B), and foliar N:P ratios (C) of S. 

repens in scrubby flatwoods (n = 5). Different letters represent significant 
differences in mean values at α = 0.05.  
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Figure A-2.  Mean (+ se) foliar %N of plants in scrubby flatwoods pre-fire and over time 
post-fire. Top panel: plants present at three sampling dates post-fire (n = 3, 5, 
5, and 3 for Q. geminata, Q. inopina, S. repens, and Ericaceae, respectively). 
Different letters represent significantly different means at α = 0.05 (Q. 
geminata: lowercase a and b; Q. inopina: uppercase; S. repens: lowercase c 
and d); Middle panel: plants present at two sampling dates post-fire (n = 3, 6, 
1, and 1 for Q. geminata, S. etonia, S. repens, and V. myrsinities, 
respectively). Different letters represent significantly different means at α = 
0.015; Bottom panel: plants present at one sampling date post-fire (n = 2). 
Ericaceae includes V. myrsinities and L. lucida. 
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APPENDIX B 
SEASONAL VARIATION IN RESIN EXCHANGEABLE NITROGEN AND 

PHOSPHORUS IN SCRUBBY FLATWOODS 

Seasonal effects may mediate fire effects on N and P availability. For instance, 

seasonality of precipitation causes variation in soil moisture, despite fire history (Todd et 

al. 2000), and net N mineralization is correlated with soil moisture (Evans et al. 1998; 

Frank 2008). Differences in NH4
+ and NO3

- with time since fire may be greater during 

the winter compared to the spring (Durán et al. 2009), suggesting that seasonality of 

plant growth and nutrient uptake influences fire effects on nutrient availability. 

Furthermore, fire severity varies with burn season, and short-term effects of fire on soil 

abiotic conditions and nutrient availability depend on burn season (Hamman et al. 

2008). Thus, I was interested in how availability of N and P varies seasonally. 

In May 2005, I established eighteen 30 x 30 m plots in scrubby flatwood 

communities (Abrahamson et al. 1984), three each in sites 1, 4, 6, 8, 10, and 13 years 

since fire. Within a time since fire, plots were located in different burn units when 

possible. Plots in the same burn unit were separated by at least 150 m and may have 

experienced differences in fire intensity. Overall, plots covered a distance of 

approximately four miles, and although summer thunderstorms can be patchy, all plots 

experience the same climate. All plots were established in scrubby flatwoods dominated 

by scrub oak (Quercus inopina Ashe) on flat or gently sloped sites. Thus, the climate, 

organisms, relief, and parent material were the same in all sites (Jenny 1941); the only 

state factor that varied among sites was time after fire. In each plot, I established 30m 

transects across each plot that were initiated at 5m, 10m, 15m, 20m, and 25m along the 

NW to SW side of the plot.  
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In all plots, I used ion exchange resins to measure soil nitrate (NO3
-), ammonium 

(NH4
+), and phosphate (PO4

3-). At a random location on each transect, separate anion 

and cation exchange resin bags (5 x 5 cm) were placed in the top 5 cm of the soil and 

left in the field for 3 month intervals. Resin bags were in the field for one year 

continuously (Mid June – Mid Sept. 2005, Mid Sept. – Mid Dec. 2005, Mid Dec. 2005 – 

Mid March 2006, and Mid March – Mid June 2006). Before being buried in the field, 

anion and cation resin bags were charged with 2M HCl and 2M NaCl, respectively. After 

resin bags were removed from the field, they were rinsed with DI H2O to remove dirt and 

any attached roots. Anion and cation resin bags were extracted with 50 mL of 0.5 M HCl 

and 0.5 M NaCl, respectively and shaken for six hours. Resin extracts were frozen and 

taken to the University of Florida where NO3
-, NH4

+, and PO4
3- concentrations were 

determined colorimetrically on a continuous flow autoanalyzer (Astoria-Pacific, Inc., 

Clackamas, Oregon, USA). 

 To analyze differences in resin exchangeable nutrients, I averaged transect 

values for each plot so that plot was the statistical unit. Resin bags that were found on 

the soil surface were not included in plot means; thus, the number of resin bags per plot 

ranged from one to five. For total inorganic N and N:P ratios, if either the cation or anion 

bag was found out of the ground, the site was not included in the plot mean. I used 

repeated measures analysis with date as the within-subjects factor and time since fire 

as the between-subjects factor to analyze differences in resin exchangeable nutrients. 

All data were natural log transformed before analyses. One N:P ratio outlier from the 

June-September sampling period was removed from the analysis because the N:P ratio 

was 232, which was nine standard deviations above the overall mean for June-
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September. For all repeated measures analyses, when the assumptions of sphericity 

were not met, the degrees of freedom were adjusted using the Greenhouse-Geisser 

estimated epsilon values, which is a conservative correction (Field 2009), and 

differences among dates and times since fire were determined with post-hoc pairwise 

comparisons with Bonferroni confidence interval adjustments. 

Monthly rainfall during the year of my study tended to be above average during 

the wet season and below average during the dry season (Figure B-1). Resin 

exchangeable NH4
+, NO3

-, total inorganic N, PO4
3-, and N:P ratios tended to increase 

from the wet to the dry season (Table B-1). Resin exchangeable NH4
+ increased from 

the wet season (June-Sept) to the dry-wet transition period (March-June) and was 19 

times greater in the dry-wet transition period than in the wet season (Figure B-2). Resin 

exchangeable NO3
- was lowest during the late wet/early dry season (Sept-Dec). The 

ratio of NH4
+ to NO3

- was always greater than one and increased 23 fold between the 

wet season and the dry-wet transition period; thus, total inorganic N increased from the 

wet season to the dry-wet transition period, mirroring the change in resin exchangeable 

NH4
+ over time. Resin exchangeable PO4

3- showed the least amount of seasonal 

variation; the highest values, which occurred during the dry-wet transition period, were 

only 1.5 times greater than the lowest values, which occurred during the wet season. 

Resin extractable N:P ratios were greater during the dry/early wet season (Dec.-June) 

than the wet/early dry season (June-Dec.) and increased 4 fold from the wet season to 

the late dry/early wet season (Figure B-2).  

Within a season, resin exchangeable N was not significantly correlated with resin 

exchangeable P (Table B-2). Resin exchangeable NH4
+, total inorganic N, and N:P 
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ratios were negatively correlated with rainfall, but there was not a significant correlation 

between resin exchangeable NO3
- or PO4

3- and rainfall (Figure B-3). 

Resin exchangeable NH4
+, and thus total resin exchangeable N, varied 

seasonally in scrubby flatwoods, but although N mineralization increased with water 

addition, resin exchangeable N was negatively correlated with rainfall. Several 

mechanisms could explain why resin exchangeable NH4
+ was high during the dry-wet 

transition period (March-June) when rainfall was low, or why resin exchangeable NH4
+ 

was low during the early wet season (June-September) when rainfall was high. First, 

soil microbial biomass and activity is higher in wet than in dry soils (Tate and Terry 

1980; Aguilera et al. 1999; Paradelo and Barral 2009). When rainfall, and thus soil 

moisture, is low, nitrification rates may be low, causing NH4
+ to accumulate in soils. This 

is unlikely, however, because mineralization rates, as well as nitrification rates, are 

water limited in surface soils, suggesting that resin exchangeable NH4
+ should be low. 

Second, plant nutrient uptake affects soil nutrient availability, and NH4
+ and NO3

- 

availability may be higher during the season when plants are not growing (Durán et al. 

2009). Rainfall was lowest during the late dry season (March-June), and NH4
+ could 

have accumulated on resins if plant N uptake low during this time period. This is 

unlikely, however, because oaks, the dominant shrubs in scrubby flatwoods, turn over 

their leaves from March-May (Abrams and Menges 1992), so oaks should be taking up 

N during this time period. Thus, I hypothesize that resin exchangeable NH4
+ is 

negatively correlated with rainfall due to high leaching losses of N. Dissolved organic 

nitrogen (DON) contributes a large fraction of N lost from terrestrial ecosystems in runoff 

(Hedin et al. 1995; Schlesinger et al. 1999), particularly in unpolluted ecosystems 
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(Perakis and Hedin 2002). Atmospheric N deposition is relatively low in central 

peninsular Florida, and the ratio of DON:DIN in scrubby flatwood soils is greater than 

one, suggesting that DON makes up a large part of N losses in Florida scrub 

ecosystems. Losses of DON are positively related to rainfall (Perakis and Hedin 2002), 

and high rainfall in scrubby flatwoods may lead to high losses of DON. Early wet season 

rainfall in central peninsular Florida most often occurs as afternoon thunderstorms, and 

even short, heavy rain events could lead to N losses because DON losses are greatest 

during the beginning of rainfall events (Schlesinger et al. 1999). DON is a significant 

predictor of N mineralization rates in surface soils (0-5 cm) of scrubby flatwoods 

(Chapter 4). Low concentrations of DON contribute to low N mineralization rates, which 

contributes to low resin exchangeable NH4
+. Pérez et al. (2004) found that inorganic N 

availability is positively correlated with precipitation in forest soils, but the low water 

holding capacity of sandy scrub soils likely contributes to greater leaching losses. Total 

rainfall during my one year study period (1130 mm) was slightly lower than, but similar 

to, mean annual rainfall (1365 mm) at my study site, suggesting that during the average 

year, resin exchangeable N in scrubby flatwoods is similar to or lower than what I 

measured. Similar to my results, resin exchangeable N decreased over a rainfall 

gradient in tropical montane forests (Schuur and Matson 2001); however, the rainfall in 

all sites was higher than in scrubby flatwoods, and differences in resin exchangeable N 

were likely related factors such as redox potential.  

Although N mineralization rates were positively affected by water availability 

(Chapter 3), resin exchangeable N was negatively correlated with rainfall. This 

difference in the effects of water on N availability is likely related to differences in 
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sampling methods. Resin exchangeable N was measured in an open system, which 

allowed for leaching losses; whereas, N mineralization and nitrification were measured 

in a closed system, which did not allow for leaching losses. In the field, N can be 

leached from the system; whereas, in lab incubations, N is contained. In addition, 

rainfall was correlated with resin exchangeable N over three months, while N 

mineralization was determined from one week incubations. In some cases, 

concentrations of NH4
+ are positively correlated with soil water content (Todd et al. 

2000) and soil moisture tracks rainfall in scrubby flatwoods (Weekley et al. 2007), 

suggesting that over short time scales, rain events that do not cause high leaching of 

DON may increase N mineralization, and thus NH4
+, in scrubby flatwood soils.  

Resin exchangeable PO4
3- varied seasonally in scrubby flatwoods, but was not 

significantly correlated with rainfall. Similarly, across a larger rainfall gradient in 

montane forests, resin available P was not correlated with rainfall (Schuur and Matson 

2001). The ratio of resin exchangeable N:P was negatively correlated with rainfall. 

Although resin exchangeable PO4
3- was not correlated with rainfall, there was a 

negative relationship between rainfall and total inorganic N, which drove the relationship 

between N:P and rainfall. The N:P acquisition activity ratio of soil enzymes is negatively 

related to mean annual precipitation (Sinsabaugh et al. 2008). This suggests that 

precipitation affects the activity of soil microbes in addition to affecting leaching of 

nutrients. 
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Table B-1.  Results of repeated measures analyses of resin exchangeable nutrients. 
Date and the date by years since fire (YSF) interaction are within subject 
factors, and YSF is a between subject factor. All data were natural log 
transformed before analyses. When the assumption of sphericity was not met, 
the Greenhouse-Geisser correction for degrees of freedom was used. 

 F Df P 

NH4
+  

(μg ode-1 day-1) 
   

Date 65.26 3 <0.001 
YSF 1.93 5 0.162 

Date * YSF 1.11 15 0.381 
NO3

-  
(μg ode-1 day-1) 

   

Date 11.51 2.006 <0.001 
YSF 6.24 5 0.004 

Date * YSF 1.98 10.028 0.083 
Total Inorganic N 
(μg ode-1 day-1) 

   

Date 32.20 1.952 <0.001 
YSF 1.02 5 0.446 

Date * YSF 0.66 9.759 0.742 
PO4

3-  
(μg ode-1 day-1) 

   

Date 6.33 3 0.001 
YSF 2.96 5 0.058 

Date * YSF 1.41 15 0.195 
N:P    

Date 19.83 3 <0.001 
YSF 3.92 5 0.024 

Date * YSF 0.97 15 0.501 
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Table B-2.  Partial correlation coefficients (controlling for the effects of time since fire) 
for resin exchangeable total inorganic N and PO4

3- for each sampling period 
and over one year. 

Time period R df p 

June – September -.026 82 0.409 
September – December -.154 79 0.085 
December – March .109 65 0.190 
March – June  -.049 73 0.336 
Total per year .199 87 0.031 
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Figure B-1.  Mean monthly rainfall (1932-2005) and total monthly rainfall during my 
study period (June 2005-June 2006) at Archbold Biological Station by soil 
moisture season. Modified from Weekley et al. 2007. 
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Figure B-2.  Mean (+ se) resin extractable NH4
+ (A), NO3

- (B), total inorganic N (C), 
PO4

3- (D), and N:P (E) during each sampling period. Different letters 
represent significant differences among sampling periods at α = 0.05. 
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Figure B-3.  Relationship between resin extractable NH4
+ (A), NO3

- (B), total inorganic N 
(C), PO4

3- (D), and N:P (E) and rainfall during each 3 month sampling period. 
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APPENDIX C 
SCRUBBY FLATWOODS SOIL ANALYSIS 

Abrahamson et al. (1984) provides one of the few measurements of multiple soil 

elements in scrubby flatwood soils. To my knowledge, however, a complete soil 

analysis has not been conducted on scrubby flatwood soils. A sub-sample of ground 

soils from each control plot (from the fertilization experiment; Chapter 4) for each time 

since fire (both 0-10 cm and 10-20 cm depths) was sent to the ALS Laboratory Group 

(www.alsglobal.com) for analysis using the four acid “near-total” digestion method. 

Most elements were similar among times after fire and depths (Table C-1). Several 

elements were below detectable limits in scrubby flatwoods soils. Arsenic (As) was 

below detection limits nine and 21 years after fire, but in recently burned sites, arsenic 

was high in both surface and deep soils. This suggests that fire may increase soil 

arsenic, which could affect soil microorganisms; however, an increase in phosphate 

after fire (Chapter 1) may reduce the toxic effects of arsenic compounds (DaCosta 

1972). Lead (Pb) and strontium (Sr) were also highest in surface soils of recently 

burned sites. Further sampling is needed to determine the effects of fire on these soil 

elements. 
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Table C-1.  Mean (se) concentrations of elements in scrubby flatwoods soils at different times after fire and soil depths. 
Elements were measured in parts per million (ppm) or percents (%). 

Time 
after fire 

Ag 
(ppm) 

As  
(ppm) 

Ba 
(ppm) 

Ce 
(ppm) 

Cr 
(ppm) 

Cs 
(ppm) 

Ga 
(ppm) 

Ge 
(ppm) 

Hf 
(ppm) 

Li 
(ppm) 

Nb 
(ppm) 

Pb 
(ppm) 

Rb 
(ppm) 

Re 
(ppm) 

1 year               
0-10 cm 0.013 

(0.003) 
1.73 

(1.14) 
<10 

 
1.18 

(0.11) 
122 

(33.2) 
<0.05 0.16  

(0) 
<0.05 0.17 

(0.03) 
1.27 

(0.07) 
0.43 

(0.03) 
2.80 

(1.05) 
0.23 

(0.03) 
<0.002 

10-20 cm 0.01 
(0) 

1.00 
(0.56) 

<10 
 

0.91 
(0.04) 

211 
(70.8) 

<0.05 0.14 
(0.01) 

<0.05 0.10 
(0) 

1.20 
(0.10) 

0.43 
(0.03) 

1.23 
(0.28) 

0.10 
(0) 

0.002 

9 years               
0-10 cm 0.01 

(0) 
<0.2 <10 

 
1.38 

(0.29) 
142 

(51.4) 
<0.05 0.17 

(0.01) 
<0.05 0.15 

(0.03) 
1.13 

(0.03) 
0.42 

(0.06) 
1.60 

(0.10) 
0.20 
(0) 

0.0025 
(0.001) 

10-20 cm 0.02 
(0.01) 

<0.2 <10 
 

1.25 
(0.23) 

156 
(22.3) 

<0.05 0.20 
(0.01) 

<0.05 0.17 
(0.03) 

1.23 
(0.14) 

0.60 
(0.06) 

1.20 
(0.10) 

0.17 
(0.03) 

0.002 
(0) 

21 years               
0-10 cm 0.01 

(0) 
<0.2 <10 

 
1.02 

(0.04) 
162 

(31.9) 
<0.05 0.21 

(0.003) 
<0.05 0.13 

(0.03) 
1.33 

(0.07) 
0.53 

(0.03) 
1.77 

(0.03) 
0.20 
(0) 

0.002 

10-20 cm 0.01 
(0) 

<0.2 <10 
 

0.97 
(0.07) 

171 
(75.9) 

<0.05 0.17 
(0.12) 

<0.05 0.13 
(0.03) 

1.33 
(0.09) 

0.57 
(0.03) 

0.93 
(0.06) 

0.17 
(0.06) 

0.002 
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Table C-1 continued. 
Time after 

fire 
Sb 

(ppm) 
Sc 

(ppm) 
Se 

(ppm) 
Sn 

(ppm) 
Sr 

(ppm) 
Ta 

(ppm) 
Te 

(ppm) 
Th 

(ppm) 
Ti  

(%) 
Tl 

(ppm) 
U 

(ppm) 
V 

(ppm) 
W 

(ppm) 
Y 

(ppm) 
Zr 

(ppm) 

1 year                
0-10 cm 0.16 

(0.03) 
0.40 
(0) 

1.67 
(0.33) 

0.57 
(0.12) 

2.43 
(0.79) 

<0.05 0.10 0.27 
(0.03) 

0.019 
(0.001) 

<0.02 0.13 
(0.03) 

3.67 
(0.33) 

0.53 
(0.12) 

0.30 
(0) 

5.10 
(0.20) 

10-20 cm 0.10 
(0.02) 

0.27 
(0.09) 

1.00 
(0) 

0.40 
(0.15) 

0.80 
(0.21) 

<0.05 0.20 
(0.12) 

0.23 
(0.03) 

0.020 
(0.001) 

<0.02 0.10 
(0) 

4.33 
(0.33) 

0.57 
(0.13) 

0.23 
(0.03) 

4.53 
(0.14) 

9 years                
0-10 cm 0.11 

(0.003) 
0.35 

(0.08) 
1.00 
(0) 

0.45 
(0.03) 

1.15 
(0.18) 

<0.05 0.11 0.27 
(0.03) 

0.022 
(0.003) 

<0.02 0.13 
(0.03) 

4.00 
(0.58) 

0.37 
(0.07) 

0.27 
(0.03) 

5.73 
(0.86) 

10-20 cm 0.12 
(0.03) 

0.37 
(0.03) 

1.67 
(0.33) 

0.57 
(0.13) 

0.70 
(0) 

<0.05 0.11 
(0.02) 

0.23 
(0.03) 

0.030 
(0.006) 

<0.02 0.10 
(0) 

5.00 
(0.58) 

0.53 
(0.18) 

0.33 
(0.03) 

2.85 
(1.59) 

21 years                
0-10 cm 0.12 

(0.01) 
0.40 
(0) 

1.67 
(0.33) 

0.50 
(0.06) 

1.30 
(0.21) 

<0.05 0.15 0.23 
(0.03 

0.022 
(0.002) 

<0.02 0.10 
(0) 

4.33 
(0.33) 

0.60 
(0.10) 

0.30 
(0) 

4.57 
(0.17) 

10-20 cm 0.10 
(0.03) 

0.30 
(0.06) 

1.33 
(0.33) 

0.43 
(0.14) 

0.70 
(0.15) 

<0.05 0.36 
(0.16) 

0.20 
(0) 

0.025 
(0.003) 

<0.02 0.10 
(0) 

4.00 
(0.58) 

0.50 
(0.15) 

0.27 
(0.03) 

4.63 
(0.35) 
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APPENDIX D 
DIFFERENCES IN ABOVEGROUND BIOMASS AND STEM TURNOVER WITH TIME 

AFTER FIRE IN SCRUBBY FLATWOODS 

To measure the effects of nutrient addition on total aboveground biomass 

(Chapter 5), I used allometric equations to estimate shrub biomass. I used 

measurements of shrub length (maximum crown length) and width (minimum crown 

length) to calculate the area of each marked individual. For oaks and lyonias, I summed 

stem biomasses to determine the biomass of each individual. I then calculated the total 

measured biomass and total area for each species in each plot. Using my estimates of 

percent cover of each species, I scaled up biomass of each species to the entire plot. In 

many cases, the biomass I measured was greater than total plot biomass determined 

from scaling up, suggesting that I underestimated shrub cover. In these instances, I 

used the biomass of the plants I measured rather than the biomass scaled to my 

estimates of shrub percent cover.Differences in pre-fertilization biomass among times 

after fire were determined with a Kruskal-Wallis test.  

Biomass of dominant shrubs was significantly higher eight and 20 years after fire 

than six weeks after fire (χ2 = 60.01, df = 2, p < 0.001). There was no difference in total 

shrub biomass 8 and 20 years after fire, suggesting that biomass does not increase 

over this time period. Oak aboveground biomass increased linearly over time after fire 

(Seiler et al. 2009). Several mechanisms could explain the lack of change in total shrub 

biomass eight to 20 years after fire. First, there is a negative relationship between 

abundance and total plant mass (Allen et al. 2008); however, percent cover of shrubs 

overall and the number of stems within clumps does not vary between eight and 20 

years since fire (J. Schafer, unpublished data). Second, as stem diameter increases, 

resources are allocated to the root system to increase stability (Drexhage et al. 1999). 
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Stem diameter did not increase from eight to 20 years since fire, and root productivity 

does not differ between sites 8 and 20 years since fire. I hypothesize that shrub stems 

experience die-back due to water (Saha et al. 2008) or nutrient limitation. Although the 

longer unburned sites have received similar amounts of precipitation over the last eight 

to nine years, the 20 to 21 years since fire sites were located at the southern end of 

Archbold Biological Station, where scrubby flatwoods occur 2 m higher in elevation than 

further North, where the eight years since fire sites were located (Abrahamson et al. 

1984). Thus, the 20 to 21 years since fire sites are located further above the water 

table, suggesting that during times of drought, species such as Q. chapmanii and Q. 

geminata, which take up water from 40-200 cm (Saha et al. 2008), may experience 

greater water stress. Percent dieback (Au and Tardif 2007) and the ratio of biomass 

loss to the gross production of aboveground biomass (Kawamura and Takeda 2008) 

increase with stem age; however, the mean and maximum life span of Q. inopina stems 

is 4 years and 9 years, respectively (Johnson and Abrahamson 2002), so it is unlikely 

that stem age alone causes the observed patterns in stem size. Previous research 

found that the height of Q. inopina stems did not vary over a nine year period in a long-

unburned site (Johnson and Abrahamson 2002). Aboveground biomass of Q. inopina 

did not vary from 2-34 years after fire in Florida rosemary scrub (Johnson et al. 1986); 

whereas, aboveground biomass of oak shoots increased, while aboveground biomass 

of other shrub species, including Lyonia species, did not vary, from 3-25 years since fire 

in scrubby flatwoods (Saha et al. in review). Biomass of shrubs in Florida Keys pine 

forests did not increase from 12 to 30 years after fire (Sah et al. 2004). Stimulation of 
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biomass increment of oaks in coastal scrub (increase in biomass per year) decreased 

over time (Seiler et al. 2009). 

For all focal Quercus inopina individuals, I followed stem survival and 

recruitment. I used Kruskall-Wallis tests to analyze differences in mean stem percent 

survival and percent change in stem number among times since fire. Post-hoc 

differences among times since fire were determined with Bonferroni adjusted 

significance values. Both stem percent survival (χ2 = 18.31, df = 2, p < 0.001) and 

percent change in stem number (χ2 = 25.76, df = 2, p < 0.001) varied with time since fire 

(Figure D-1). Mean percent survival was 7% and 13% lower 20 years and 6 weeks after 

fire, respectively, than 8 years after fire. Mean percent change in stem number was 

negative six weeks after fire and positive both 8 and 20 years after fire. Johnson and 

Abrahamson (2002) found that 80 to 90% of Q. inopina stems died over a 10 year 

period, but new stems were recruited so that the number of stems of Q. inopina 

individuals remained the same or increased over time. Survival of Quercus inopina 

stems was lower 1 and 20 years after fire than 8 years since fire, but individuals in sites 

20 years since fire recruited new stems so that percent change in stem number was 

similar 8 and 20 years since fire.  
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Figure D-1.  Boxplots of percent survival (A) and percent change in stem number (B) of 

Quercus inopina plants 6 weeks, 8 years, and 20 years since fire. The lower 
and upper bars of the boxplot represent the 25th and 75th percentiles, 
respectively; the solid middle bar represents the median and the dotted bar 
represents the mean. The lower and upper “whiskers” show the largest and 
smallest values that are not outliers. The circles indicate outliers. Different 
lowercase letters below the boxplots indicate significant differences among 
times since fire. 
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