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Tropical secondary forests are an increasingly important land cover in the Brazilian 

Amazon, with 30 to 50% of the deforested area of the Brazilian Amazon in some stage of 

abandonment. This study investigated water and nutrient constraints on microbial dynamics and 

nutrient availability in a tropical secondary forest in the Eastern Amazon with manipulative 

experiments – dry-season irrigation and bi-weekly litter removal – using frequent sampling to 

capture seasonal and intra-annual fluctuations in Castanhal, Pará, Brazil. Irrigation did not 

consistently alter microbial dynamics, except for lowered NH4
+ availability and fungal densities, 

and increased phosphatase activity. Litter removal decreased microbial biomass C and P, N-

mineralization, phosphatase activity and NH4
+ availability but increased NO3

- availability. Intra-

annual variability was mainly driven by wet-up events in the dry season that were not minimized 

by continuous irrigation (except for NH4
+ availability), suggesting either that seasonal drought 

may not constrain the availability of nutrients or that irrigation was insufficient to cause a more 

significant effect. These results confirm the critical role of litterfall in tropical forest nutrient 

cycling and the importance of fluctuations in soil moisture status to nutrient availability. How 

these belowground results interact with aboveground processes including C uptake, is a fertile 

area for future research and modeling. 
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CHAPTER 1 
SOIL MICROBIAL AND NUTRIENT DYNAMICS IN SEASONAL TROPICAL 

SECONDARY FOREST: RESPONSES TO CHANGES IN RESOURCE AVAILABILITY IN 
THE EASTERN AMAZON 

Introduction 

This chapter serves as an overall introduction to the study site and experimental design 

used for the research described in Chapters 2, 3 and 4.  The main objective of this study was to 

examine how changes in moisture and substrate availability alter microbial community processes 

and nutrient dynamics in a seasonal tropical secondary forest following agricultural 

abandonment. The overall hypothesis is that moisture and substrate availability constrain 

microbial and nutrient dynamics. This study addressed the effects of the following:  

• Intra-annual variation associated with the seasonality of rainfall or litterfall 
• Wet-up and dry-down events 
• Increased dry-season moisture availability induced experimentally by daily irrigation when 

monthly PPT < 150 mm  
• Reduced substrate availability, induced experimentally by bi-weekly litterfall removal.    

In general, seasonal variation occurs in soil microbial C, N, and P in tropical forests but the 

direction of seasonal change is not consistent across studies. Some studies show a negative 

correlation between biomass C, N and/or P and soil moisture (Ross 1987; Singh et al 1989; 

Srivastava 1992), whereas others have found a positive correlation between soil moisture and 

microbial biomass(Luizao et al 1992; Marschner et al 2002).  At the study site used for the 

research described in this dissertation, pre-treatment results showed higher microbial biomass 

and higher C:N ratio in the dry season (Rangel-Vasconcelos 2002; Table 1.1), and showed 

elevated soil CO2 efflux during the wet season (Vasconcelos et al. 2004; Figure 1.1). Reduced 

microbial biomass in the wet season may be due to a combination of lyses at the onset of the 

rains and increased microherbivory as the wet season progresses  (Lodge et al 1994). In 

seasonally dry tropical forests, the microbial biomass may conserve nutrients in “biologically 
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active” forms during dry periods that are characterized by high microbial biomass and low 

turnover. Subsequent nutrient releases can occur rapidly during wetter periods that are 

characterized by low microbial biomass and high turnover; such “pulse” events can serve to 

stimulate plant growth in nutrient-poor tropical forest and savannah (Singh et al., 1989).  

Prolonged drought followed by flushes of rainfall can impose osmotic stress on 

microorganisms and result in pulses of nutrients from microbial mineralization, death and/or 

rapid turnover (Lodge et al., 1994; Wardle 2002). Dry season pulses may cause short-term 

changes in microbial composition and “transient” pulses of nutrients(Yavitt and Wright 1996).  

Irrigation to field capacity in an old-growth tropical forest on Barro Colorado Island, 

Panama, has shown that alleviating moisture stress reduced the amount of forest floor mass 

throughout the year, increased net decomposition and decay during the dry-season (Wieder and 

Wright 1995), and caused changes in microbial composition (Cornejo et al., 1994). Bacterial 

counts tended to be higher during the drier months of January, February and March and lower in 

April and May for irrigated plots. Fungi were depressed by irrigation and fungal counts were 

greatest when conditions were driest (February and March) and declined after light rains in April 

and heavier rains in May (Cornejo et al., 1994). 

A dry-season irrigation experiment at the study site has maintained the soil moisture status 

relatively constant, favoring continuous decomposition (Vasconcelos et al., 2004). Soil CO2 

efflux during the dry-season irrigation plots was 40% and 30% higher than in control plots in 

2001 and 2002, respectively (Figure 1.2). By the end of the dry season irrigation period forest 

floor may be left with lower litter quality and quantity as previously shown in other irrigation 

studies (Yavitt et al., 1993; Wieder and Wright 1995; Yavitt and Wright 1996; Yavitt et al., 

2004), but there was no evidence of that occurring at this site (Vasconcelos et al. 2004). 
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Microbial biomass and its composition may also change in response to the quality and 

quantity of organic matter (Orchard and Cook 1983; Wardle 2002). Substrate composition, 

including C/N ratio, lignin content and soluble compounds are important factors regulating the 

decomposition and mineralization rates of SOM (Mamilov and Dilly 2002), and the composition 

of the microbial biomass (Wardle 2002).  

Litter removal experiments in a tropical wet forest in Puerto Rico showed that monthly 

changes in soil microbial biomass were not synchronized with aboveground litter inputs, but 

rather preceded litterfall by one month (Ruan et al., 2004). There were also no correlations 

between soil microbial biomass and soil temperature, moisture or rainfall. They suggested that 

lower plant nutrient uptake or retranslocation of carbon and nutrients to roots and stems prior to 

senescence could have triggered increases on microbial biomass one month prior to litterfall; 

first by lessening microbial competition for nutrients and later by increasing root exudates.  

Another study examining the effects of litter removal during 8 years in the White 

Mountain National Forest, New Hampshire (a young northern hardwood forest), concluded that 

litter removal had no effects on the microbial biomass, other than lowered respiration rates (Fisk 

and Fahey 2001).  They concluded that belowground C supply exerted greater control of forest 

floor microbial processes than fresh leaf litter inputs. 

During litter manipulations at the study site, Vasconcelos et al. (2004) showed that soil 

CO2 efflux in litter removal plots was significantly lower than in control plots (Figure 1-3).  This 

trend is apt to worsen with time as labile SOC is consumed and not replenished. 

Ongoing controlled manipulations at the study site, including (1) irrigating in the dry 

season and (2) bi-weekly litter removal provided an excellent opportunity to study how moisture 

availability and substrate removal affect microbial and nutrient dynamics. The following 
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chapters describe several experiments designed to examine seasonal and experimental effects on 

microbial composition and structure (Chapter 2), microbial processes (Chapter 3), and nutrient 

availability (Chapter 4).  

Study Site 

This study was conducted within the MANFLORA project, a collaborative research 

program that includes the University of Florida and two Brazilian institutions, the Universidade 

Federal Rural da Amazônia - Federal Rural University of Amazônia - UFRA, and EMBRAPA 

Amazônia Oriental.  Initiated in 1999, the overall goal of the project was to determine how 

changes in resource availability affect forest recovery following agricultural abandonment.   

Experimental treatments were dry-season irrigation and litterfall removal in tropical forest 

regrowth and were implemented at the UFRA field station in Castanhal, Pará, Brazil 1° 19’ S, 

47° 57’ W.  Mean ± SE annual rainfall received in the last 10 years in this area was 2539 ± 280 

mm, most of which falls between January and June. Mean daily temperatures fluctuate between 

24 and 27°C.   

The soils are classified as Distrophic Yellow Latosol Stony Phase I (Tenorio et al., 1999) 

in the Brazilian Classification, corresponding to Sombriustox in U.S. Soil Taxonomy. Soil 

particle size distribution in the first 20 cm is 20% clay, 74% sand, and 6% silt.  In the surface soil 

(0 - 10 cm), pH is 5.0, total C is 2.2%, total N is 0.15%, C:N is 14.4, and Mehlich-1 extractable 

phosphorus is 1.58 mg kg-1 (Rangel-Vasconcelos et al., 2005).  

Forest regrowth, annual crops, and active and degraded pastures characterize the landscape 

surrounding the field station. The stand under study was last abandoned in 1987 after multiple 

cycles of shifting cultivation, beginning about sixty years ago when the old-growth forest was 

first cleared. Each cycle included cultivation of corn, manioc, and beans, for one to two years 
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followed by fallow. Typical shifting cultivation cycles lasted seven to ten years (G. Silva e Souza 

& O.L. Oliveira pers. comm.). The four most abundant overstory species are Lacistema 

pubescens Mart., Myrcia sylvatica (G Mey) DC, Vismia guianensis (Aubl.) Choisy, and Cupania 

scrobiculata Rich., representing 71% of all stems in the stand.  In July 2000, mean stem density 

was 2130 individuals per 100 m2, mean basal area was 13 m2 ha-1, and mean height was 4.9 m for 

the stand (Coelho et al., 2003). 

Experimental Design 

Plots were established in 1999 in 12-year-old forest regrowth.  There were four replicate 

plots for the irrigation treatment, four plots for the litter removal treatment, and four control plots.  

Each plot was 20 x 20 m with a centrally nested 10 x 10 m measurement subplot (Figure 1-4).   

Irrigation was applied in the late afternoon at a rate of 5 mm day-1, for about 30 min, 

during the dry seasons of 2001, 2002, 2003, and 2004.  The amount of daily irrigation applied 

corresponds to regional estimates of daily evapotranspiration (Shuttleworth  et al., 1984; Lean et 

al., 1996; Jipp et al., 1998). Irrigation water was distributed through tapes with microholes every 

15 cm.  In 2001, irrigation tapes were spaced 4 m from each other.  In 2002 the distance between 

tapes was reduced to 2 m to facilitate more even distribution of water (Vasconcelos et al., 2004). 

In 2004, irrigation was implemented between 21st September 2004 and 19 January 2005. 

We used rainfall and soil water potential data to define approximate boundaries for the dry and 

wet seasons.  The start of the dry season was defined by total rainfall less than 150 mm in the 

previous 30 d and soil suction more negative than –0.010 MPa; the end of the dry season was 

defined by total rainfall greater than 150 mm in the previous 30 d and soil suction less negative 

than –0.010 MPa.  Since the soil suction data were obtained on a weekly basis, we estimate that 

the error in the location of seasonal boundaries is about 7 d (Vasconcelos et al., 2004).  



 

16 

In the litter removal  plots, leaf and branch fall were removed from the forest with plastic 

rakes every two weeks, beginning in August 2001 with the removal of the pretreatment litter 

layer (538 ± 35 g m-2, N = 4); C and N concentrations of the pretreatment litter layer were 41.0 

± 0.9 and 1.3 ± < 0.01%, respectively (N = 8).  Total new non-woody litterfall removed during 

the treatment period (August 2001 to May 2005) was 3051 ± 111 g m-2 (Vasconcelos et al., 

2004). 
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Table 1-1.  Microbial biomass (BMS) carbon (C-BMS), nitrogen (N-BMS), carbon to nitrogen 
microbial ratio (C:N MICROBIAL), basal respiration (CO2-BMS), and metabolic quotient 
(qCO2), from the study site (mean ± standard error).  Data from Rangel-Vasconcelos 
(2002). 

VARIABLES Nov-00 (Dry-season) Apr-01 (Wet-season)
C-BMS  (μg C g-1 soil)* 924.8 ± 60 425.25 ± 59.04 
N-BMS (μg N g-1 soil) 65.8 ± 5.3 50.25 ± 6.13 
C:N MICROBIAL* 14.5 ± 1.85 9.094 ± 1.97 
CO2-BMS (μg C-CO2 g-1 soil h-1)* 1.7 ± 0.08 2.6 ± 0.20 
qCO2 0.002 ± 0 0.007 ± 0 
(*) indicate significant seasonal differences P < 0.05 
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Figure 1-1.  Seasonality of soil CO2 efflux (mean ± se) and daily rainfall at the study site (N = 12). 

White and black horizontal bars indicate dry and wet seasons, respectively. Data from 
Vasconcelos (2006).  
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Figure 1-2.  Effects of dry-season irrigation on soil CO2 efflux (roots and microorganisms) in 

comparison to control plots at the study site (N = 12). White and black horizontal bars 
indicate dry and wet seasons, respectively. Gray bars represent irrigation period in the 
dry season. Standard errors are represented (± se). Data from Vasconcelos (2006).  
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Figure 1-3.  Effects of litter removal on soil CO2 efflux (roots and microorganisms) in 

comparison to control plots at the study site (N = 12). Litter removal started on August 
2001 (indicated by vertical line). Standard errors are represented (± se). Data from 
Vasconcelos (2006). 
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Figure 1-4.  Experimental plot design showing the distribution of treatments. 
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CHAPTER 2 
SEASONAL AND EXPERIMENTAL EFFECTS OF MOISTURE AND SUBSTRATE 

AVAILABILITY ON MICROBIAL STRUCTURE AND COMPOSITION IN SEASONAL 
TROPICAL SECONDARY FOREST IN THE EASTERN AMAZON 

Introduction 

Moisture and litterfall seasonality influence the seasonal variation of soil microbial C, N 

and P in tropical forests but the direction of seasonal change is not consistent across studies. 

Some studies have shown a negative correlation between biomass C, N and/or P and soil 

moisture (Ross 1987; Singh et al 1989; Srivastava 1992), while others found a positive 

correlation (Luizao et al 1992; Marschner et al., 2002). The relationship between soil microbial 

biomass and litterfall seasonality is easily confounded with other variables, including root 

exudates (Ruan et al., 2004), shifts in microbial community structure (Cornejo et al., 1994, 

Marschner et al., 2002, Li et al., 2004 and 2005), N and/or P limitations (Fisk and Fahey 2001, 

Davidson et al., 2004), soil type (Feighl 1995, Villar et al., 2003, Cleveland 2004), nutrient 

pulses (Lodge et al., 1994), and litter quality (Hodge et al., 2000).  

For this chapter, I measured the responses of microbial biomass C, N, and P and microbial 

composition (bacterial and fungal densities, mycorrhizal root-colonization and spore availability) 

to seasonal changes and wet-up events. Frequent drying and rewetting of soils favor is the 

portion of the microbial community best adapted to coping with that stress (Gollan et al., 1992). 

Fast growing microbes capable of rapid growth on the labile substrates released from litter or 

microbial leaching into the soil during a rewetting event may be predominantly composed of 

fungi and bacteria capable of withstanding sudden changes in soil water potential (Gollan et al., 

1992). I also examine substrate and water constraints on microbial biomass and composition 

within two ongoing manipulative experiments designed to alter resource availability-- dry-season 

irrigation and litterfall removal.   
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Irrigation to field capacity in an old-growth tropical forest in Barro Colorado Island, 

Panama, has previously shown that increasing moisture caused changes in microbial composition 

(Cornejo et al., 1994). Fungal densities decreased, while bacterial densities first increased and 

then decreased in response to irrigation, likely as a result of reduced litter quality since more 

recalcitrant material is degraded by specialized groups of fungi.  

Litter removal has been previously employed to examine the consequences of reducing 

substrate availablity on microbial biomass and composition in a tropical wet forest in Puerto 

Rico (Ruan et al., 2004).  Their results showed that monthly changes in soil microbial biomass 

were not synchronized with aboveground litter inputs, but rather preceded litterfall by one 

month. They found no correlations between soil microbial biomass and soil temperature, 

moisture or rainfall. Another study in Puerto Rico showed that microbial biomass C was 

significantly depressed by litter removal (Li et al., 2004), including bacterial and fungal biomass 

(Li et al., 2005). In another experimental litter manipulation in Panama, litter removal changed 

fungal species composition and diversity, decreased soil fauna, decomposition rates, and nitrogen 

and phosphorus from incoming litterfall, while litter addition produced no corresponding 

increases for those variables (Sayer et al., 2006).  

Materials and Methods 

Study site and experimental design are described in Chapter 1. 

Soil Sampling and Processing 

During each of 13 monthly harvests, seven soil cores were taken per plot using a bulk-

density corer with 6 cm diameter and 5 cm depth. These samples were composited by plot, sifted 

through a 2 mm mesh, placed in double-folded, tightly closed plastic bags, transported to the lab 

in a cooler no longer than 4 h after harvest, and stored at 4oC until analyzed. Gravimetric water 
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content was determined using parallel subsamples dried at 105°C for 24 h so that results could be 

expressed on a dry weight basis.  

Microbial Biomass C and N 

The “fumigation-extraction” method was used to estimate microbial biomass carbon and 

nitrogen (Vance et al., 1987). Chloroform fumigation (72 h) and direct extraction (agitation at 

180 rpm in 0.5 M K2SO4 followed by filtration through Whatman No. 42 paper) was performed 

on 20 g subsamples (Vance et al. 1987).  Unfumigated subsamples were similarly extracted.    

The C present in fumigated and unfumigated extracts was determined colorimetrically by 

adaptation of a method described by Islam and Weil (1998). Aliquots of 2 mL were mixed with 

0.75 mL of 0.17M K2Cr2O7 and 2 mL H2SO4 in a 75 mL Pyrex digestion tube.  The covered 

tubes were manually agitated and then heated to 150°C for 10 min with glass beads.  The 

samples were allowed to cool, 10 mL distilled water was added, and then the samples were 

analyzed spectrophotometrically at 590 nm, comparing concentrations to a standard curve with 

samples containing 0-2 mg C as sucrose dissolved in 0.5 M K2SO4.  Microbial biomass-C was 

estimated from the chloroform-labile C, using a Kec factor of 0.35 (Voroney et al., 1991).  

Organic-N in the extract was digested using hydrogen peroxide and sulfuric acid at 260 °C, and 

then determined colorimetrically (Mulvaney 1996). Microbial biomass N was estimated from the 

chloroform-labile N, using KN factor of 0.54 (Brookes et al., 1985). 

Microbial Biomass P 

 Microbial biomass phosphorus was determined using a modification of the method 

described by Lajtha et al. (1999) for Long Term Ecological Research (LTER). Subsamples were 

analyzed in duplicate for fumigated and non-fumigated samples. Conversion of the total 

dissolved, and organic dissolved phosphorus in fumigated and non-fumigated samples to 

inorganic phosphorus was done by Acid Persulfate Digestion and then determined 
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colorimetrically as described by Murphy and Riley (1962). Microbial biomass P was estimated 

using a KP factor of 0.40 (Lajtha et al., 1999). 

Extraction:  One gram of soil was weighted in duplicates for each sample and transferred 

to 50 mL centrifuge tubes. All samples were agitated with DI-water in centrifuge tubes for 16 h 

with 2 pre-conditioned BDH membrane strips (Gallard-Schlesinger Ind., Product # 55164 2S, 

Plainview, NY, 1-888-686-3454), to remove any inorganic P. Strips were then removed and 

samples were centrifuged for 10 minutes at 5,000 rpm to discard supernatant. Non-fumigated 

samples were stored at room temperature for 24 h while paired samples were fumigated using     

1 mL of chloroform (CHCl3) in each tube and placed uncapped in vacuum desiccators. A beaker 

was placed in the center of desiccators containing 25 mL of chloroform, closed air tight, 

vacuumed for 10 minutes and then left under vacuum for 24 h. After this period, the vacuum was 

released, chloroform volatiles eliminated, and 30 mL of 0.5 M NaHCO3 (sodium bicarbonate 

solution) pH 8.5 was added to all samples and left shaking for 16 hours in a platform shaker. 

Samples were then centrifuged for 10 minutes at 5,000 rpm and supernatant reserved for 

persulfate digestion and analysis.  

Persulfate digestion: A mixture of 0.8 g of potassium persulfate (K2S2O8), 10 mL of 0.9 

M H2SO4 and 5 mL of sample extract was added to 50 mL volumetric flasks. Flasks were capped 

with aluminum foil and placed in an autoclave at 121° C, 17 psi for 50 minutes. Murphy & Riley 

(1962) colorimetric analysis for inorganic P was developed directly in each flask after samples 

were allowed to cool down. All samples were read under a UV spectrophotometer set at 885 nm 

(Murphy & Riley 1962).  



 

24 

Bacterial and Fungal Densities  

The serial dilution technique was used to quantify densities of fungi and bacterial colony 

forming units (CFUs) at the study site (Cornejo et al., 1994). The method measures only a small 

portion of the total population. Nonetheless, it is quite useful for studying changes in the 

population that grows on the chosen medium. Although more recent procedures offer whole 

community analysis through microbial lipid analysis, substrate utilization, enzyme assays, and 

nucleic acid analyses, among others (Sinsabaugh et al. 1999), none was logistically appropriate 

due to the unavailability of material and equipment at the study site.  

Each month, at the day of soil harvest, subsamples from composite soil samples from each 

plot were separated for analysis. The soil subsamples were transported in open plastic bags and a 

3 g sample from each plot was weighed, transferred to a 200 mL Erlenmeyer, and agitated in a 

platform shaker at 300 rpm for 20 minutes in 97 mL of sterile water. All materials used during 

the procedure were autoclaved for 1h at 121° C, 17 psi., and prepared inside of an ultraviolet-

laminar flow chamber to avoid potential contamination. After 3 months of preliminary tests the 

best serial dilutions were -1 for fungi and -2 for bacteria. A 100 µL aliquot of the appropriate 

dilution was added to 20 mL of solid medium, either bacterial or fungal, and swirled. Each liter 

of bacterial medium included 0.5 g dibasic-potassium phosphate (K2HPO4), 0.2 g of magnesium 

sulfate (MgSO4.7H20), 0.01 g of Fe-Na-EDTA, 0.25 g of egg albumin, 1 g of glucose, 1 g of 

yeast extract (levedura), and 20 g of TSA-agar dissolved up to volume in a water-bath, then 

autoclaved. Prior to agar addition, the medium was brought up to pH 6.8. Each liter of fungal 

medium included monobasic-potassium phosphate (KH2PO4), 1 g of magnesium sulfate 

(MgSO4.7H20), 5 g of peptone, 10 g of dextrose, and 20 g of TSA-agar all dissolved up to 

volume in a water-bath and then 3.3 mL of 0.1% Rose Bengal was added. After autoclaving, 0.3 
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g of streptomycin was added under the ultraviolet-laminar flow chamber and mixed slowly to 

avoid bubble formation. Analysis was run in triplicates per plot (n = 12 per treatment), and 

several blanks were incubated with either medium with sterile water under the same conditions 

to check for possible contamination. No contamination was found during the study.  Gravimetric 

water content was determined by drying soil subsamples at 105°C for 24 h so that results could 

be expressed on a dry weight basis. Only one type of agar medium was used for either bacteria or 

fungi, incubated at 28ºC for 1 and 2 days, respectively.  

AMF Root Colonization 

During each soil sampling at the study site, fine roots (< 1cm) were collected to quantify 

arbuscular mycorrhizal fungi (AM) colonization (Giovannetti and Mosse 1980; Johnson et al 

1999). The process was divided in five phases: i) selecting roots; ii) conserving roots until 

analysis; iii) clearing roots; iv) staining roots and finally, v) preparing slides for quantifying 

AMF colonization. Since AMF can easily degrade after their removal from soil, after soil was 

sifted and roots were separated (1-2 g of roots ≤ 1mm diameter), they were carefully washed in 

tap water and conserved in a FAA solution (formalin, ethanol and CH3COOH – glacial acetic 

acid) to conserve the root until analysis. For clearing, roots were soaked and resoaked in KOH 

10%, until very clear. Then, after transfer to a water-bath for 15 minutes at 90°C, KOH was 

discarded; roots were rinsed with water several times and then soaked in 2% HCl for 10 minutes 

prior to staining. Tryplanblue (0.01 - 0, 05%) was used to stain and lactoglicerol to remove 

excess stain (a combination of glycerin, lactic acid and water, 1:1:1). Using a sharp blade and 

forceps, 20-25 root segments 1cm in length were separated to prepare microscope slides. Slides 

were prepared in duplicates per plot. Finally, the number of inoculations was verified using a 

compound or dissecting microscope (fitted with a hairline graticule in the eyepiece). Results 
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were expressed as the average number of AMF per linear cm of root in two slides per plot (n = 

50).  

AMF Spores Quantification 

The method for quantification of mycorrhizal-fungi spores in soil was derived from a 

composite of the methods suggested by Gerdemann and Nicolson (1963), Lopes et al. (1983) and 

Johnson et al. (1999), with some modifications. A 30 g soil sample was  transferred to a beaker 

with water, mixed with a stirring rod to separate the supernatant, and then filtered through two 

sieves – a coarser sieve (0.71 mm) on top of a thinner sieve (0.053mm). This process was 

repeated 4 times (add water to the soil, mix, wait for settling and then filter through the sieves). 

In the end, the material retained on the thinner sieve was collected (residual with spores), and the 

remaining soil material discarded (material remaining on the coarser sieve). During this process, 

the residual with spores was carefully transferred to a centrifuge tube and centrifuged at 2.000 

R.P.M. for 3 minutes. Supernatant was then discarded and approximately 40 mL of 45% sucrose 

solution was added to the remaining residual containing the spores, and centrifuged again.  First 

spore collection consisted of decanting the sucrose solution supernatant through a smaller sieve 

(0.021mm) where minuscule spores were retained. Thereafter, spores were rinsed with water to 

remove excess sucrose and then transferred to a capped Nalgene bottle with water. Using the 

same centrifuged sample, sucrose was added for the second time and the same process was 

repeated. The second spore collection of each sample was then transferred to the respective 

bottle of the first collection and samples were aspired through a vacuum pump through a porous 

porcelain funnel where grid filter paper was inserted and spores retained for count. Drained filter 

paper with spores was transferred to a labeled Petri dish slightly wet for best cohesion and read 

under a compound or dissecting microscope. Results were expressed as the number of spores per 

30 g of soil.  
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Statistical Analysis  

The SAS System for Windows V8 (2) was used for statistical analyses. All response 

variables of interest - were log-transformed to meet the model assumptions of normality. PROC 

MIXED was used using a repeated measures analysis with a heterogeneous-autoregressive error 

structure. This structure allowed modeling within sample correlation over time and calculation of 

individual error variances for each sampling date. Linear models were fitted on the variables 

microbial biomass C, N, P, fungal and bacterial densities (and their ratio) with the following 

effects: season, date, treatment, treatment by season, treatment by date, plot and plot by date. 

CONTRAST statements were used to determine the significance of each fixed effect for each 

pair of treatment comparisons (i.e., control vs. irrigation and control vs. litter removal) and least-

squares means were used to compare treatments and control means for the effects of season, 

treatment and treatment by season interaction on microbial biomass nutrients and their ratios, and 

on microbial densities and their ratios. For root colonization by AMF and spore counts, PROC 

MEANS was used for paired comparisons (Control vs. irrigation or Control vs. Litter removal) 

for each harvest date on log transformed variables. A new variable was created (e.g., DIFF) 

containing the differences between the paired variables and then the T and PRT options of PROC 

MEANS was used to test whether the mean difference significantly differed from zero.  

Within each treatment (control, irrigation, litter removal), Pearson correlation analyses 

were used to explore the bivariate relationships of results reported in subsequent chapters with 

those reported here.  Specifically, I tested for correlations between microbial biomass C, N, P 

(and their ratios), fungal and bacterial densities (and their ratio), and : mineralization rates, 

nitrification rates, phosphatase activity and basal respiration (Chapter 3), NH+
4, NO-

3 and PO-
4 

availability, total soil carbon and nitrogen (Chapter 4) and rainfall and soil water potential.  
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Results 

There were no consistent effects of dry-season irrigation on the measured variables 

(Figures 2-1, 2-2, 2-3) but litter removal significantly reduced microbial biomass carbon and, to 

a lesser extent, microbial phosphorus (Figure 2-4), and bacterial and fungal densities (Figure 2-

5), and had mixed but significant effects on arbuscular mycorrhizal fungi root-colonization 

(Figure 2-6).   

Seasonal Effects 

Microbial biomass C (MBC) was higher in the dry than wet season in control plots (Table 

2-2), particularly after wet up events following an extended dry period (Figure 2-1a). There was 

no significant intra-annual variability for bacterial densities, but fungal densities were 

significantly higher in the dry than wet seasons (Table 2-1 and 2-2).  

Irrigation Effects 

Microbial biomass C (MBC) was elevated in the dry season following an extended dry 

period (Figure 2-1a, Table 2-2). MBC, microbial biomass nitrogen (MBN) and phosphorus (MBP) 

varied significantly in response to date and the treatment by date interaction; MBC was also 

significantly affected by season and the treatment-by-season interaction (Table 2.1). The MBP 

pool was lower in irrigation than control plots during the first harvest of the dry season on Oct.14 

2004, then higher in irrigation plots towards the end of the dry season on Dec.15 2004, following 

a substantial wet-up event after a long dry period (Figure 2.1e). 

Bacterial and fungal CFUs varied significantly in response to all main effects and their 

interactions, except for the main effect of treatment which was significant for fungal CFUs only. 

There was also a significant effect of date and the treatment by date interaction on B:F ratios 

(Table 2.1; Figure 2.2). Bacterial CFUs were higher in the dry than wet season in irrigation plots 

whereas fungal CFUs were higher in the dry season in control plots and lower in irrigated than 
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control plots in the dry season (Table 2-2).  As a result, B:F ratio was higher in irrigated than 

control plots in the dry season (Table 2-2).  There was an abrupt increase in bacterial CFU during 

a wet up event in December, even in irrigated plots. However, sampling after the first rains 

following extended drought in March had no apparent effects on CFU counts. Increased B:F 

ratios towards the end of the wet season resulted from low fungi-CFU and relatively constant 

bacteria-CFU.  

AMF root colonization in irrigated plots was significantly higher than in control plots 

during one sampling in the dry-season, but there was no effect in three wet-season samples. 

Continuous sampling showed a steady decrease in AMF spores in control plots towards the dry 

season but there were no significant differences in AMF spore counts between irrigated and 

control plots (Figure 2.3).   

Litter Removal Effects  

MBC, and to a lesser extent MBP, were significantly reduced by litter removal; MBN was 

largely unaffected by this treatment (Figure 2-3; Tables 2-3, 2-4). Bacterial and fungal CFUs 

were reduced by litter-removal, and fungal CFUs were higher in the dry than wet season. As a 

resulty, bacterial to fungal ratios were higher in the wet season (Figure 2-5, Tables 2-3, 2-4). 

AMF root colonization in litter removal plots was significantly higher than in control plots 

in two samples and lower in one (Figure 2.6a); there were no treatment effects on AMF spores 

(Figure 2.6b).  

Correlation Analyses 

Among the variables reported in this study, MBC in control and irrigation plots was 

negatively correlated with microbial biomass P (Table 2-5A and B). Under litter removal plots, 

MBC was positively correlated with fungi and correspondingly correlated with bacterial to fungal 

ratios (Table 2-5C).  
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Including variables measured in Chapters 3 and 4, MBC was negatively correlated with 

basal respiration and soil water potential across treatments (Table 2-6), with N-mineralization 

rates and phosphatase activity in control plots (Table 2-6A), and with NH4
+ under irrigation plots 

(Table 2-6B). In the contrary, MBC was positively correlated with NH4
+ and PO4

- in litter 

removal plots (Table 2-6C).  

MBN was positively correlated with fungal densities across treatments, and additionally 

with bacterial densities in irrigated plots only (Table 2-5). The variation in MBN across 

treatments was also attributed to phosphatase activity (Table 2-6). MBN was also positively 

correlated with soil water potential under irrigation (Table 2-6 B), and negatively correlated with 

basal respiration and soil C:N in litter removal plots (Table 2-6C).  

The increase in microbial biomass P in control plots was associated with decreases in 

fungal densities, and in litter removal plots with increases in bacterial densities (Table 2-5).  

Microbial phosphorus was not correlated with microbial composition in irrigated plots (Table 2-5 

B), but was positively correlated with nitrate availability, phosphatase activity, rainfall and soil 

water potential (Table 2-6B).  

Under litter removal, MBP was also positively correlated with phosphatase activity and 

basal respiration. Microbial biomass C:N was negatively correlated with phosphatase activity 

and soil water potential across treatments (Table 2-6), positively correlated with NO3
- 

availability across treatments, and negatively correlated with NH4
+ availability in irrigation and 

litter removal plots (Table 2-6). Microbial biomass N:P was negatively correlated with rainfall 

and NO3
-, and positively correlated with NH4

+ in irrigated plots. Under litter removal, MBN:P was 

negatively correlated with basal respiration, soil C:N and rainfall (Table 2-6). Biomass C:P ratios 

was negatively correlated with basal respiration and mineralization in control plots, with basal 
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respiration in litter removal plots, and with phosphatase and soil water potential in irrigation 

plots (Table 2-6). Under litter removal, MBC:P was positively correlated with phosphorus 

availability (Table 2-6).  

Changes in bacteria to fungal ratios were positively correlated with bacteria in control plots 

only; negatively correlated with fungi across treatments (Table 2-5), and with N-nitrification 

irrigated plots (Table 2-6). Fungal and bacterial densities were positively correlated with NH4
+ 

availability and N-mineralization rates in control plots (Table 2-6). Fungal densities were also 

positively correlated with N-mineralization and N-nitrification rates in irrigated plots, and with 

N-mineralization and phosphatase in litter removal plots. In addition to the positive correlation 

with N-mineralization, bacterial densities were also positively correlated with NO3
-, and rainfall 

in litter removal plots. 

Discussion 

Seasonal Effects  

Previous assessments of microbial biomass in tropical forests tend to report one sampling 

period in the dry season and one in the wet season (Table 2.7).  In the present study, microbial 

biomass C, N and P was relatively low compared to previous reports.   

Pre-treatment results at the study site also revealed greater microbial biomass carbon and 

nitrogen in the dry than wet season (Rangel-Vasconcelos et al., 2005). Monthly sampling 

throughout the year confirms the same seasonal trend for microbial biomass carbon across all 

treatments, but the opposite for biomass phosphorus in litter removal plots.  

The seasonal effect on microbial biomass C was associated with decreased basal 

respiration rates as a result of lowering soil water potential (Chapter 3). Lower microbial activity 

was accompanied by concomitant decreases in N-mineralization and phosphatase activity as 

microbial biomass C accumulated. These results support a very common conserving strategy in 
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tropical forests with low nutrient availability, i.e. high immobilization of nutrients in the 

microbial biomass in the dry season and subsequent release in the wet season when plant growth 

is greatest (Singh et al., 1989).  In addition, higher fungal densities in the dry than wet season but 

no significant changes in bacterial densities may indicate a predominantly fungal community in 

that period. This may help explain the corresponding effects that fungal densities had on 

microbial biomass N and P, microbial nutrient ratios, N-mineralization rates and NH4
+ 

availability. 

Increased root activity in the dry-season may also explain the boost on microbial biomass 

C shown in this study. Vasconcelos (2006) showed that fine root mass density across treatments 

was approximately twice as high in the dry season of 2004 as in the wet season of 2005 at the 

study site, which may lead to higher microbial activity and leakage of carbon-rich exudates that 

becomes available to the microbial community.  

Contrary to my results, greater microbial biomass estimates corresponded to greater 

microbial activity in an oxisol forest in Costa Rica; but the active portion of the microbial 

biomass remained relatively low regardless of soil C availability (Cleveland et al., 2004). 

Alternatively, the persistent increase in microbial biomass C followed by decreases in microbial 

respiration may indicate the microbial biomass increased efficiency by lowering their 

metabolism in that period (less CO2 evolved per unit biomass). In a seasonally dry tropical forest 

near Manaus (AM), a large proportion of the microbial biomass died off in the dry season, and 

the activity of remaining microorganisms were reduced (Marschner et al., 2002). These effects 

could be enhanced by decreased root exudation, changes in microbial community structure and 

substrate utilization patterns.  
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In general, soil microbial C or N co-varied with microbial C:N, and C:N ratios higher in 

the dry season across treatments (~ 30:1 in control plots and in irrigated plots, and 22:1 in litter 

removal plots), than in the wet season across treatments (~10:1), but maintained an intra-annual 

range similar to other tropical studies (Table 2-7). The seasonal difference in microbial C:N 

ratios suggest that N availability was perhaps recycled more efficiently in the wet season by the 

microbial biomass, than carbon.  

Irrigation Effects 

Although decomposition rates (k) were 2.4 times higher in irrigated than control plots 

during the sampling period (Vasconcelos 2006), irrigation caused no consistent enhancement of 

microbial biomass C, N, and P, or bacteria:fungal ratios, but significantly reduced fungal 

densities.  

Overall, fungal densities were lower in irrigated than control plots, but the decrease in 

fungal densities in irrigated plots was significantly greater in the wet season. The long-term 

effects of irrigation have probably affected fungal counts in agreement with studies that suggest 

that fungi thrives best under lower soil water potentials (Cornejo et al., 1994). Nonetheless, 

greater fungal and bacterial abundances in irrigated plots in the dry-season coincided with higher 

microbial biomass C, higher litter decomposition and fine root mass growth in the same period 

(Vasconcelos 2006); which may also explain the positive influence of fungal densities on N-

mineralization and nitrification rates in irrigated plots.  

Although there were no effects of dry-season irrigation on fine root mass growth 

(Vasconcelos 2006), the indirect effects of greater root C inputs may have enhanced microbial 

abundance and therefore the microbial biomass. However, there were no concomitant increases 

in microbial activity, as can be observed by the lowest rates of microbial basal respiration in the 

same period (Chapter 3). Similar results were found by William and Rice (2007) under 
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continuously wet soils in an upland tallgrass prairie. The decrease in fungal and bacterial 

densities in irrigated plots in the wet season could be a result of decreased litter quality due to 

continuous decomposition in the dry season, but irrigation did not change litterfall quality 

(Vasconcelos et al., 2006).  

Microbial biomass phosphorus was not affected by irrigation but responded well to wet up 

events, explaining the positive correlations with rainfall and soil water potential. The positive 

correlation between MBP and phosphatase activity may indicate that biotic demand for P drives 

phosphatase activity, and hence P mineralization (Vitousek et al., 2002), but this correlation was 

observed only in control plots (Chapter 3 and 4), which suggests that irrigation minimized this 

potential. The lack of correlation between MBP and phosphatase activity in irrigated plots may be 

due to higher phosphatase activity in irrigated than control plots (Chapter 3), which could 

alleviate the microbial demand for P through mineralization, by the higher potential of P 

available through solubilization of inorganic/mineral P.  

In general, the relationship among MBP, microbial N:P and C:P across treatments, 

confirms the intertwined covariance among C, N and P-demand for microbial growth, and to 

enzymatic activities (Paul and Clark 1997, Treseder and Vitousek 2001). Similar results was 

found by Cleveland et al. (2004), with the highest microbial C:P ratio occurring when microbial 

biomass C was at a maximum. The negative relationship between fungal densities and MBP in 

control plots may indicate different P-demands as microbial composition shifts or as fungi 

become more predominant.  

Litter Removal Effects 

Microbial biomass C and P were significantly lower in litter removal than control plots, but 

only microbial biomass C varied seasonally. Similar to the other treatments, increased MBC in 

the dry season seems related to wet up events, to the indirect effects that lower soil water 
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potential had on basal respiration, and to increased fine root abundance and root C inputs in that 

period (as described in the previous section).  The decrease in MBC in litter removal plots stems 

from the lack of substrate to sustain aboveground and belowground microbial decomposition and 

microbial abundance.  

Bacterial and fungal abundances were lower in litter removal than control plots, but in 

agreement with other similar studies, fungal densities were higher within the dry than wet 

seasons (Cornejo et al., 1994; Willian and Rice 2007).  

The concomitant decrease in MBP, basal respiration and phosphatase activity between 

October and December in the dry season suggests that lower microbial activity may result in 

lower phosphatase activity, and perhaps, less soluble P for microbial uptake. Increased 

mycorrhizal associations in response to litter removal may indicate that investments in 

mycorrhizal associations were beneficial; alleviating the demand for P or N, since these 

associations can be highly costly for the plant (Paul and Clark 1997; Rilling 2004).   

This result suggests that arbuscular mycorrhizal fungi could be an important nutrient 

conduit in this tropical secondary forest, consistent with their role in nutrient sequestration in 

nutrient poor soils (Rilling et al., 2004; Hart and Trevors 2005, Sayer 2006). The deprivation of 

the litter layer and consequent impoverishment of the mineral soil could trigger investments in 

mycorrhizal associations; but the extent to which this impoverishment will impair microbial 

activity remains unclear.  A review by Sayer (2006) showed that litter manipulation affected 

fungal growth and diversity by altering decomposers substrate, changing microclimate, leaching, 

availability of nutrients, and spore abundances although the direction of those changes were not 

consistent and often site-specific. In one of those studies, the removal of the organic layers 

returned the soil to an earlier successional stage, resulting in greater abundance and diversity of 
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fungal species. Forest succession studies in eastern Pará showed that AMF spores and 

mycorrhizal infections decrease with increasing forest stand age and become similar to the 

mature forest within 8 years of secondary forest succession (Carvalho et al., 2004, Chu and 

Diekmann 2002).   

Overall, biomass C:N was lower in litter removal than control plots, suggesting that the 

microbial biomass was not as N-deprived as expected in the absence of aboveground litter (Table 

2-7). In the same period, litter removal substantially decreased N-mineralization (Chapter 3), and 

litter nitrogen concentration, although this reduction had not subsequent effects on litterfall mass 

(Vasconcelos  2006). These findings suggest microbial access to N from an alternative nutrient 

pathway. Increased NO-
3 availability in litter removal plots (Chapter 4) may have compensated 

for the increased biomass-N in relation to biomass-C in litter removal plots. Greater mycorrhizal 

infections in litter removal plots may have contributed to increased microbial N-availability but 

imposed higher costs for the symbiotic host (Paul and Clark 1997), as observed by the decrease 

in litter N. In a nearby secondary forest, N amendments significantly improved tree growth, 

while P or N+P amendments did not, suggesting that N was the most limiting nutrient (Davidson 

et al., 2004). 

Although soil C:N ratios were not significantly affected by treatments during the sampling 

period (Chapter 4), correlation results suggested that increases in microbial biomass N and N:P 

corresponded to decreases in soil C:N in litter removal plots. This may indicate that soil nitrogen 

stocks may sustain microbial growth in the absence of litter substrate, and for that reason there 

were no litter removal effects on MBN. These results may have further implications in litter 

removal plots since without litter input the fraction of available carbon and nitrogen may 

diminishes over time, and become critical for the microbial community.
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Table 2-1.  F-statistics for the effects of treatment (Irrigation vs. control), seasons (Wet vs. Dry), 
date, and the interactions between treatment by season and treatment by date on soil 
microbial biomass carbon, nitrogen and phosphorus (MBC, MBN and MBP), bacteria 
and fungi colony forming units (B and F CFU’s) and their ratio. * = P < 0.05; ** = P 
< 0.01; *** = p < 0.001. 

 Irrigation vs control 
Variable Season Date Treat Treat x Season Treat x Date 

MBC 50.2*** 9.1*** 1.2 17.2** 16.2*** 
MBN 4.4 40.6*** 2.1 2.0 39.0*** 
MBP 1.6 19.9*** 0.3 0.7 12.1*** 
B (CFU’s) 7.4* 712.6*** <0.1 3.8* 3608.8*** 
F (CFU’s) 10.0* 166.1*** 6.2* 5.6* 815.3*** 
B:F 2.0 49.1*** 3.7 2.4 267.0*** 
 
Table 2-2.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the irrigation experiment.  (Lower and upper bounds of the 
95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment.  
 MBC 

(mgC/Kg-1soil) 
Bacteria 

(CFU/g-1 dry soil)
Fungi 

(CFU/g-1 dry soil)
Bacteria:Fungi

 Treatment LSM 

Irrigation 299  
(269-328) 

162754 
 (138862-190757) 

1034a 
(841-1270) 

148 
(117- 187) 

Control 275 
(246-305) 

161135 
(138291-187752) 

1499b 
(1220-1841) 

108 
(86-135) 

 Treatment by Season LSM 
Dry Season 

Irrigation 391A 
(340-441) 

211081A 
(170979-260589) 

1283a 
(1000-1646) 

146a 
(105-202) 

Control 363A 
(313-413) 

168047 
(137974-204674) 

1906bA 
(1485-2445) 

88b 
(64-119) 

Wet Season 

Irrigation 241B 
(208-274) 

125492B 
(99756-157868) 

832a 
(604-1148) 

151 
(110-208) 

Control 221B 
(188-253) 

157314 
(125051-197899) 

1178aB 
(855-1625) 

133 
(97-183) 
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Table 2-3.  F-statistics and associate significant levels (p-value) for the effect of treatment (Litter 
removal vs. control), seasons (Wet vs. Dry), date, and the interactions between 
treatment by season or treatment by date on soil microbial biomass carbon, nitrogen 
and phosphorus (MBC, MBN and MBP), bacteria and fungi colony forming units (B 
and F CFU’s) and their ratio. * = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

 Litter removal vs. control 
Variable Season Date Treat Treat x Season Treat x Date 

MBC 40.06 ** 29.75 *** 11.4 ** 17.16 ** 74.27 *** 
MBN 1.04 44.45 *** 0.01 0.63 185.42 *** 
MBP 2.28 16.91 *** 4.89* 2.69 11.2 *** 
B (CFU’s) 0.12 7.94 *** 9.87 ** 3.52 3627.63 *** 
F (CFU’s) 16.81** 4.05 *** 6.04 * 7.69 ** 810.60 *** 
B:F 12.67 ** 3.52 *** 0 4.49 * 278.44 *** 

 
Table 2-4.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the litter removal experiment.  (Lower and upper bounds of 
the 95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment. 

 MBC 
(mgC/Kg-1soil) 

MBP 
(mgP/Kg-1soil) 

Bacteria 
(CFU/g-1 dry soil) 

Fungi 
(CFU/g-1 dry 

soil) 

B:F 

 Treatment LSM 
Litter 
removal 

204a 
(174-233) 

0.46a 
(0.40-0.52) 

114576 a 
(98198-133686) 

1038a 
(845-1276) 

109 
(87-137 

Control 275b 
(246-305) 

0.56b 
(0.50-0.62) 

162592b 
(139541-189449) 

1499b 
(1220-1841) 

108 
(86-135) 

 Treatment by Season LSM 
Dry Season 
Litter 
removal 

276aA 
(226-327) 

0.41 
(0.33-0.49) 

115128a 
(94525-140221) 

1482A 
(1149-1912) 

76A 
(55-105) 

Control 363bA 
(313-413) 

0.53 
(0.45-0.61) 

168181b 
(138084-204838) 

1906A 
(1485-2445) 

88 
(64-119) 

Wet Season 
Litter 
removal 

158aB 
(125-191) 

0.50 
(0.41-0.57) 

114119 
(90715-143561) 

727B 
(527-1003) 

156 
(113-214)

Control 221bB 
(188-253) 

0.58 
(0.49-0.66) 

157329 
(125064-197919) 

1178B 
(854-1624) 

132B 
(96-182) 
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Table 2-5.  Pearson correlation analysis for each treatment Control, Irrigation and Litter removal, among variables reported in this chapter: 
microbial biomass carbon, nitrogen and phosphorus (MBC, N, P) bacteria (B), fungi (F) and their ratio B:F. * = P < 0.05; ** = P < 
0.01; *** = p < 0.001.  

Control 
 MBC MBN MBP B F B:F 

MBC  ns -0.31* ns ns ns 
MBN   ns ns 0.44** ns 
MBP    ns -0.47** ns 
B     ns 0.64*** 
F      -0.67 
B:F       
Irrigation 
MBC  ns -0.34** ns ns ns 
MBN   ns 0.38* 0.49** ns 
MBP    ns ns ns 
B     0.61*** ns 
F      -0.58***
B:F       
Litter removal 
MBC  ns ns ns 0.53** -0.44** 
MBN   ns ns 0.35* ns 
MBP    0.37 ns ns 
B     ns ns 
F      -0.77***
B:F       
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Table 2-6.  Pearson correlation analysis for each treatment  among variables reported in this chapter and variables reported in other 
chapters: microbial biomass carbon, nitrogen and phosphorus (MBC, N and P), and their ratios (MBC:N, C:P, and N:P), 
fungi (F), bacteria (B) and their ratio (B:F), mineralization (MIN), nitrification (NIT), basal respiration (B. resp.), soil C:N 
ratio, rainfall and soil water potential (SWP).* = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

Control 
 MBC MBN MBP MBC:N MBN:P MBC:P B F B:F 
NH4

+ ns ns ns ns ns ns 0.38* 0.48** ns 
NO3

- ns ns ns 0.34** ns ns ns ns ns 
PO4

3- ns ns ns ns ns ns ns ns ns 
MIN -0.34** ns ns ns ns -0.41*** 0.42** 0.54*** ns 
NIT ns ns ns ns ns ns ns ns ns 
Phosp. -0.26* 0.44*** ns -0.45*** ns ns ns ns ns 
B. resp. -0.37** ns ns ns ns -0.36* ns ns ns 
Soil C:N ns ns ns ns ns ns ns ns ns 
Rain ns ns ns ns ns ns ns ns ns 
SWP -0.44*** ns ns -0.31* ns ns ns ns ns 
Irrigation 
NH4

+ -0.31 ns ns -0.55*** 0.49*** ns ns ns ns 
NO3

- ns ns 0.29* 0.31* -0.39** ns ns ns ns 
PO4

3- ns ns ns ns ns ns ns ns ns 
MIN ns ns ns ns ns ns ns 0.47** ns 
NIT ns ns ns ns ns ns ns 0.48** -0.51***
Phosp. ns 0.32** 0.27* -0.35** ns -0.29* ns ns ns 
B. resp. -0.44** ns ns ns ns ns ns ns ns 
Soil C:N ns ns ns ns ns ns ns ns ns 
Rain ns ns 0.37** ns -0.32* ns ns ns ns 
SWP -0.32* 0.34** 0.39** -0.41** ns -0.47*** ns ns ns 
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Table 2-6. Continued 
Litter Removal 

 MBC MBN MBP MBC:N MBN:P MBC:P B F B:F
NH4

+ 0.46*** ns ns -0.41** ns ns ns ns ns 
NO3

- ns ns ns 0.33* ns ns 0.45** ns ns 
PO4

3- 0.45** ns ns 0.33* ns 0.30* ns ns ns 
MIN ns ns ns ns ns ns 0.44** 0.52** ns 
NIT ns ns ns ns ns ns ns ns ns 
Phosp. ns 0.58*** 0.35** -0.37** ns ns ns 0.34* ns 
B. resp. -0.34* -0.30* 0.30* ns -0.32* -0.34 ns ns ns 
Soil C:N ns -0.40** ns ns -0.50*** ns ns ns ns 
Rain ns ns ns ns -0.33* ns 0.33* ns ns 
SWP -0.54*** ns ns -0.40** ns ns ns ns ns 
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Table 2-7.  Comparative seasonal and/or annual mean for extractable microbial biomass C, N and P (mgC/kg-1soil) across differing 
tropical systems, site, depth and soil type (modified w/ permission from Rangel-Vasconcelos 2002). Superscripts depict 
notes on footnote (for more details refer to Appendix A). 

Study 
Site 

Depth 
(cm) 

Soil 
Description

Period/ 
Season 

MBC 
mgC/kg-1 soil 

MBN 
mgC/kg-1 soil 

MBP 
mgC/kg-1 soil 

Treatment 
 

Authors 

Rainy 487 51  20  
Winter 662 70  29  

India 
(Vindhyan 
Hill Tract) 

0-10 Ultisol 

Summer 744 88  31  

- Singh et al 
(1989) 

Manaus 
(AM) 

0-5 Oxisol Annual 
(avg) 

1287  - - - Luizão et 
al (1992) 

Paragominas 
(PA) 

0-10 Yellow 
Latosol 

Annual 
(avg) 

476  35 - - Geraldes 
et al 
(1995) 

Manaus 
(AM) 

0-10 Latosol Annual 
(avg) 

659 102 - - 

Paragominas 
(PA) 

0-10 Latosol Annual 
(avg) 

695 111 - - 

Feigl et al 
(1995) 

0-2.5 700- 1500 70-80  Paragominas 
(PA) 15-20 

Latosol Wet  

280-460 50-60 

- Fertilization 
(N, P, N+P) 
 

Davidson 
et al 
(2004) 

Wet  2000  250  8.5  SW Costa 
Rica 

0-10 Oxisol 
Dry 1000  325  5.5  

Nutrient 
Gradient 

Cleveland 
et al 
(2004) 

Wet 920 - - 
Dry 300 - - 

Control  

Wet 275 - - 

NE Puerto 
Rico 

0-25 Mixed 
Isothermic 
Tropohum
ult 

Dry 120 - - 
7y LR 

Li et al 
(2004) 
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Table 2-7.  Continued 
Study 
Site 

Depth 
(cm) 

Soil 
Description 

Period MBC 
mgC/kg-1 soil 

MBN 
mgC/kg-1soil 

MBP 
mgC/kg-1soil 

Treatment 
 

Authors 

Wet 348.40 54 
Dry 686.40 63 

Pre-Treat 

395.20 36 Control 

MANFLORA
Castanhal-PA  

0-10 Yellow 
Latossol/ 
Oxisol Dry  404.11 32 

- 

1y IRR 

Rangel-
Vasconcelos 
et al (2004) 

Annual 
range 

1080-
1710 

- - Control  NE Puerto 
Rico 

0-10 Oxisol-
Ultisol 

Annual 
range 

1050-
1550 

- - 1y LR 

Ruan et al 
(2004) 

Wet 200 1000 
Dry 150 < 10 

Control 

Wet 300 1000 

BCI (Panama) 0-15 Alfisol 

Dry 

- 

100 50 
5yIRR 

Yavitt et al 
(2004) 

- 618 - - Control NE Puerto 
Rico 

0-10 Mixed 
Isothermic 
Tropohumult - 202 - - 7y LR 

Li et al 
(2005) 

Wet 221.14 21.26 0.59 
Dry 485.06 15.83 0.53 

Control 
 

Wet 247.22 23.09 0.61 
Dry 587.03 17.87 0.55 

4yIRR 
 

Wet 158.63 17.74 0.50 

MANFLORA
Castanhal-PA 

0-5 Yellow 
Latossol/ 
Oxissol 

Dry 468.97 21.01 0.42 
4yLR 

This study 

  ≈ : estimated from a figure plot. 7y : 7 years of litter removal. 1y : 7 years of litter removal. 5y : 5 years of dry-season irrigation 
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Figure 2-1.  Effects of rainfall patterns on control (•) and long-term dry-season irrigation (о) plots 
in seasonally dry tropical forest. a) Daily rainfall at the study site, b) Soil water 
potential (SWP), c) Microbial biomass C, d) Microbial biomass N, and e) Microbial 
biomass P. In b-e, values are means (± se) for n= 4 plots. White and black horizontal 
bars represent dry (Sept 21st 2004 to Jan 19th 2005), and wet seasons (May to Sept 
20th 2004, and Jan 20th to Aug 5th 2005), respectively. Vertical dashed lines indicate 
the dry season irrigation period 23rd September 2004 to 26 January 2005). ANOVA 
and treatment contrasts with fixed effects by each collection date (*P < 0.05; ** P = 
0.0001; *** P < 0.0001).
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Figure 2-2.  Effects of rainfall patterns on control (•) and long-term dry-season irrigation (о) plots 

in seasonally dry tropical forest. Left y-axis: a) Bacterial colony forming units, b) 
Fungal colony forming units, and c) Bacteria to fungal colony forming units ratio. 
Right y-axis: daily rainfall at the study site during the harvest period. (n = 4). In a-c, 
values are means (± se) for n= 4 plots. White and black horizontal bars represent dry 
(Sept 21st 2004 to Jan 19th 2005), and wet season (Jan 20th to Aug 5th 2005), 
respectively. Vertical dashed line represents dry-season irrigation period (Sept 23rd 
2004 to Jan 26th 2005). ANOVA contrasts with fixed effects by each harvest date (*p 
< 0.05).  
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Figure 2-3.  Effects of rainfall patterns on control (solid bars) and long-term irrigation (grey bars) 

plots in seasonally dry tropical forest. a) AMF root colonization and b) AMF spores. 
In a-b values are means (± se) for n= 4 plots.  White and black horizontal bars 
represent dry (Sept 21st 2004 to Jan 19th 2005), and wet season (Jan 20th to Aug 5th 
2005), respectively. Vertical dashed line represents dry-season irrigation period (Sept 
23rd 2004 to Jan 26th 2005), *p < 0.05.
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Figure 2-4.  Effects of rainfall patterns on control (•) and long-term litter-removal (о) plots in 
seasonally dry tropical forest. a) Daily rainfall at the study site, b) Soil water potential 
(SWP), c) Microbial biomass C, d) Microbial biomass N, and e) Microbial biomass P. 
In b-e, values are means (± se) for n= 4 plots. White and black horizontal bars 
represent dry (Sept 21st 2004 to Jan 19th 2005), and wet seasons (May to Sept 20th 
2004, and Jan 20th to Aug 5th 2005), respectively. ANOVA and treatment contrasts 
with fixed effects by each collection date (*P < 0.05; ** P = 0.0001; *** P < 0.0001). 
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Figure 2-5.  Effects of rainfall patterns on control (•) and long-term litter removal (о) plots in 

seasonally dry tropical forest. In a-c, values are means (± se) for n= 4 plots. Left y-
axis: a) Bacterial colony forming units, b) Fungal colony forming units, and c) 
Bacteria to fungal colony forming units ratio. Right y-axis: daily rainfall at the study 
site during the harvest period. (n = 4). White and black horizontal bars represent dry 
(Sept 21st 2004 to Jan 19th 2005), and wet season (Jan 20th to Aug 5th 2005), 
respectively. ANOVA contrasts with fixed effects by each harvest date (*p < 0.05). 
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Figure 2-6.  Effects of rainfall patterns on control (solid bars) and long-term litter removal (grey 

bars) plots in seasonally dry tropical forest. a) AMF root colonization and b) AMF 
spores. In a-b values are means (± se) for n= 4 plots. White and black horizontal bars 
represent dry (Sept 21st 2004 to Jan 19th 2005), and wet season (Jan 20th to Aug 5th 
2005), respectively (*p < 0.05). 
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CHAPTER 3 
SEASONAL AND EXPERIMENTAL EFFECTS ON MICROBIAL PROCESSES IN 

SEASONAL TROPICAL SECONDARY FOREST IN THE EASTERN AMAZON 

Introduction 

Soil microorganisms exert control over nutrient availability through the processes of 

decomposition, immobilization, and mineralization (Singh et al., 1989; Roy and Singh 1995; 

Chander et al., 1998; Mcgroddy et al., 2004). The temporal variability of microbial processes in 

seasonally dry tropical forests is highly influenced by water availability, litterfall quality and 

quantity (Vitousek & Sanford 1986; Wardle 2002; Roy and Singh 1995). Lucas et al. (1993) 

suggested that soil moisture controls a delicate balance between the processes of immobilization 

and mineralization after observing that rewetting of seasonally dry Amazonian soils resulted in 

induced net immobilization, whereas dry periods allowed mineral-N to accumulate (Lucas et al., 

1993). Alternatively, wet and dry cycles may stimulate microbial activity (Cornejo et al., 1994)  , 

promote microbial turnover, desiccation, and osmotic stress, and dramatically affect detrital food 

chains leading to pulses of nutrient mineralization (Lodge 1994, Wardle 2002). Others have 

shown that CO2 evolution increases after rewetting compared to soil kept constantly moist 

(Orchard and Cook 1983; Vasconcelos et al. 2004; Davidson et al. 2000; Kiese and Butterbach-

Bahl 2002; Schwendenmann et al., 2003). 

Changes in rainfall and litterfall seasonality are known to influence the physiological and 

structural functioning of the soil microbial community (Yavitt 2004, William and Rice 2007), 

but their relative contribution to regulating shifts in microbial community composition, microbial 

processes, and soil nutrient availability, is poorly understood.  

This chapter examines water and substrate constraints on N-mineralization and 

nitrification, basal respiration, and acid-phosphatase activity, and their temporal variability in a 

17-year-old secondary forest in the Eastern Amazon during dry and wet seasons within two 
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ongoing manipulative experiments designed to alter resource availability -- dry-season irrigation 

and litterfall removal, described in Chapter 1.  

Together, net mineralization and net nitrification assays provide insight into soil fertility 

and ecosystem function. Nitrogen mineralization is often used as an index of nitrogen available 

to plants in terrestrial ecosystems (Robertson et al., 1999). Microbial mineralization of soil 

organic matter (SOM) can provide a significant amount of the annual nutrient requirement of 

plants (Smith et al 1994) but there are other potential N-available sources/pathways such as the 

direct uptake of amino acid DON without microbial mineralization of organic N to ammonium 

(NH+
4) in tropical soils (Schimell and Bennett 2004). Direct uptake of organic N by plants and 

mycorrhizae has been demonstrated across differing ecosystems and proven as an important 

conduit to plant nutrition (Kaye and Hart 1997; Schimell and Bennett 2004).  

Net nitrification refers to the conversion of ammonium to nitrate by nitrifiers, bacteria that 

oxidize ammonium to nitrite and then, nitrate (Robertson et al., 1999). Nitrification tends to 

dominate in systems with relatively high N availability, with lower plant and heterotroph 

competition for NH+
4, allowing nitrifiers to flourish, slowly shifting the N economy of the system 

to NO-
3 dominated (Schimell and Bennett 2004). 

Basal respiration is defined as the respiration without the addition of organic substrate to 

soil under laboratory conditions. Basal respiration is frequently used  as an index of microbial 

activities in soils and often correlates positively with soil organic matter and water availability 

(Alef 1995; Forster 1995; Chapin III et al., 2002). 

Phosphatase activity improves the availability of soil phosphorus in nutrient poor soils 

such as tropical oxisols. Phosphatases catalyse the hydrolysis of organic phosphomonoester to 

inorganic phosphorus which can be taken up by plants. Acid phosphatase is predominant in acid 
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soils (4-6.5 as pH optimum) and has been detected in animal, plant and microbial cells (Eivazi 

and Tabatabai 1977). 

This chapter also integrates results from Chapter 2 and 4 to show how microbial processes 

may be influenced by microbial biomass structure and composition (Chapter 2), and ultimately 

affect soil solution nutrients (Chapter 5). Most measurements were analyzed in response to 1) 

seasonal changes in moisture regime (wet vs. dry season); 2) reduced moisture stress during the 

dry season (IRR) and, 3) reduced substrate availability (LR). 

Materials and Methods 

Study site and experimental design are described in Chapter 1. 

Net N-Mineralization and Nitrification  

Net N mineralization was estimated from changes in NH4
+ and NO3

- concentrations during 

7-day aerobic incubations at 27°C of 20 g subsamples (Hart et al., 1994). All extracts were stored 

frozen until analyzed.  Ammonium concentrations were determined colorimetrically by the 

salicylate/nitroprusside method (Mulvaney 1996). Nitrate concentrations were determined using 

a simple spectrophotometric procedure described by Yang et al. (1998). Results from this and all 

other assays are expressed on a dry weight basis. Paired soil samples were first extracted with 

100 mL 1M KCl for 2 h, then filtered, decanted and reserved for analysis. Paired subsamples 

were incubated for 7 days, and then extracted, filtered and decanted. Aliquots were analyzed for 

ammonium and nitrate contents. Net N-mineralized was expressed as a function of final nitrate 

and ammonium concentrations, minus initial ammonium and nitrate concentrations, divided by 

incubation time (7 days). The net N-mineralization equation is shown in Equation 3-1. 
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Nmineralized = [(Nitratef + Ammoniumf) – (Nitrate0 + Ammonium0)]/Tdays               (3-1) 
Where Nmineralized = net N mineralization rate, expressed as µg N · g-1 · d-1 
Nitratef = final nitrate concentration, expressed as µg NO3

- -N/g soil 
Ammoniumf = final ammonium concentration, expressed as µg NH4

+ -N/g soil 
Nitrate0 = initial nitrate concentration, expressed as µg NO3

- -N/g soil 
Ammonium0 = initial ammonium concentration, expressed as µg NH4

+ -N/g soil 
Tdays = incubation time/days  

Net nitrification potentials were measured by the soil shaken slurry method (Hart et al., 

1994). Fresh soils were sieved (<2 mm) and 15 g of moist soils were weighed into 250-mL 

flasks. The flasks received 100 mL of phosphate buffer (1 mM potassium phosphate, pH 7.2) and 

were continuously shaken for 24 h at the high speed (200 RPM). Ten-milliliter aliquots were 

sampled at 2 and 24 h (to represent initial and final nitrate concentrations), then filtered, 

decanted, and analyzed colorimetrically as described above. Net nitrification was expressed as 

final nitrate minus initial nitrate concentration divided by incubation time (1d = 24 hours). The 

net nitrification equation is shown in Equation 3-2. 

Nnitrified = (Nitratef  - Nitrate0)/Tdays                                  (3-2) 
Where Nnitrified = net nitrification rate, expressed as µg NO3

- - N · g-1 · d-1 

Acid Phosphatase Activity 

The acid-phosphatase assay was used due to the acidic nature of the study site as suggested 

by Alef et al. (1995). The method was based on the determination of p-nitrophenol (PNP) 

released after the incubation of soil with the artificial substrate p-nitrophenyl phosphate for 1h at 

37ºC. Results were expressed as μgPNP/g-1 dry soil/h-1. Paired soil samples (1g) were placed in a 

10 mL flask with 4mL of Universal Modified Buffer solution at pH 6.5 and placed in desiccators 

with vacuum for 5 minutes to increase solution absorption among soil aggregates. After samples 

were incubated at 37ºC for 10 minutes, 1mL p-nitrophenyl phosphate solution (PNP substrate) 

was added, mixed, and re-incubated for 1h followed by the addition of 4mL CaCl2 (0.5M) and 
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1mL NaOH (0.5M), and transferred to centrifuge tubes. After centrifuging, supernatant was 

saved and diluted to 40X (e.g, 0.25 mL sample to 9.75mL water) prior to absorbance reading on 

a spectrophotometer set at 400nm.  Results were corrected using control samples run in parallel, 

and p-nitrophenol concentration was calculated per milliliter of sample in reference to a 

calibration curve. Results are expressed on a dry weight basis.   

Basal Respiration 

Basal respiration is defined as the respiration without the addition of organic substrate to 

soil and was determined using the traditional procedure described by Isermeyer (1952) revised in 

Alef and Nannipieri (1995). Soil samples (25g) were incubated for 6 d in closed jars with 25 mL 

0.05M NaOH solution. CO2 trapped in NaOH was determined by HCl titration.  Results are 

expressed on a dry weight basis. 

Statistical Analysis  

The SAS System for Windows V8 (2) was used for statistical analyses. PROC MIXED 

was used for a repeated measures analysis with a heterogeneous-autoregressive error structure 

[arh (1)]. This structure allowed modeling within sample correlation over time and calculation of 

individual error variances for each sampling date. Linear models were fitted on the variables 

mineralization rates, nitrification rates, phosphatase activity and basal respiration with the 

following effects: season, date, treatment, treatment by season, treatment by date, plot and plot 

by date. CONTRAST statements were used to determine the significance of each fixed effect for 

each pair of treatment comparisons (i.e., control vs. irrigation and control vs. litter removal) and 

least-squares means were used to compare treatments and control means for the effects of 

season, treatment and treatment by season interaction on mineralization rates, nitrification rates, 

phosphatase activity and basal respiration. Within each treatment (control, irrigation, litter 

removal), Pearson correlation analyses were used to explore the bivariate relationships of results 
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reported in previous and subsequent chapters to those reported here.  Specifically, I tested for 

correlations  between mineralization rates, nitrification rates, phosphatase activity and basal 

respiration with microbial biomass C, N, and P and their ratios, fungal and bacterial densities 

(Chapter 2), NH+
4, NO-

3 and PO-
4 and (Chapter 3), as well as rainfall and soil water potential. 

Results  

Seasonal Effects 

Basal respiration rates were lower in the dry than wet seasons in control plots, and within 

treatments (Tables 3-2 and 3-4). There was no seasonal effect on any of the other measured 

processes. 

Irrigation Effects 

Net nitrogen mineralization was unaffected by the irrigation treatment, but varied 

substantially at different sampling dates (Figure 3-1), and that is reflected in the significant effect 

of date on mineralization (Table 3-1). During one occasion in the wet season of 2004, N-

mineralization was higher in irrigated than control plots (Figure 3-1C), and that is reflected by 

the significance of the treatment-by-date interaction (Table 3-1).  Nitrification rates were 

significantly lower in irrigated plots on one sample date at the onset of the dry season (Figure 3-

1), and were also significantly affected by treatment and the treatment-by-date interaction (Table 

3-1).  

Phosphatase activity was elevated by irrigation on three sample dates (Figure 3-1).  Date, 

treatment, and treatment-by-date effects were significant for phosphatase activity  (Table 3-1). 

Across all sampling dates, phosphatase activity, on average, was slightly but significant higher in 

the irrigated plots (Table 3-2).  

Basal respiration was not significantly affected by the irrigation treatment, although small 

enhancements of basal respiration in the irrigation plots were apparent on three sample dates 
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(Figure 3-1).  Season, date, treatment-by-season, and treatment-by-date effects were significant 

for basal respoiration (Table 3-1), with values on average about 50% higher in the west season 

than in the dry season (Table 3-2).   

Litter Removal Effects 

Nitrogen mineralization was consistently and significantly reduced by litter removal 

(Figure 3-2); treatment, treatment-by-season, and treatment-by-date effects were significant 

(Table 3-3).  On average, the reduction in N-mineralization due to litter removal was about 40% 

(Table 3-4). In contrast, nitrification rates were largely unresponsive to  litter removal (Figure 3-

2), and only the treatment-by-date interaction effect was significant (Table 3-3). 

Phosphatase activity was also consistently and significantly reduced by litter removal 

(Figure 3-2); date, treatment, treatment-by-season, and treatment-by-date effects were significant 

(Table 3-3).  On average, the reduction in phophatase activity due to litter removal was ~30% 

(Table 3-4).  Basal respiration also tended to be significantly lower in litter removal than control 

plots, but seasonal and date effects on treatment were dominant (Table 3-4) and the effect was 

inconsistent over time (Figure 3-2).  All main and interaction effects were significant for basal 

respiration (Table 3-3).   

Correlation Analyses 

N-mineralization was positively correlated with phosphatase activity, basal respiration 

(Table 3-5), fungal and bacterial densities (Table 3-6) across treatments; and negatively 

correlated with N-nitrification across treatments (Table 3-5). N-mineralization was positively 

correlated with NH4
+ availability in control plots only, and negatively correlated with microbial 

biomass C and C:P (Table 3-6). In irrigated plots, N-mineralization was also negatively 

correlated with soil water potential. Under litter removal, N-mineralization was also positively 

correlated with phosphorus availability (Table 3-6). 
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Nitrification rates were negatively correlated with bacterial to fungal ratio in irrigated 

plots, and with NO3
- in control plots. Under irrigation nitrification rates were positively 

correlated with fungal densities; and with rainfall in control plot (Table 3-6).   

Phosphatase activity was negatively correlated with microbial biomass C:N and positively 

correlated with NH4
+ availability and microbial biomass N and P across treatments (Table 3-6). 

In control plots, phosphatase activity was also negatively correlated with microbial biomass C 

and phosphorus availability (Table 3-6). Under irrigation, phosphatase activity was also negative 

correlated with C:P ratios and positively correlated soil water potential; and in litter removal 

plots also positively correlated with fungal densities (Table 3-6). 

Basal respiration was negatively correlated with microbial biomass C across treatments 

and with C:P in control and litter removal plots (Table 3-6). Basal respiration also varied 

positively with soil water potential in control and litter removal plots, but not in irrigated plots 

(Table 3-6). In litter removal plots, basal respiration was also negatively correlated with 

microbial biomass N, N:P, bacterial to fungal ratios and P-availability, and positively correlated 

with microbial biomass P and rainfall (Table 3-6). 

Discussion 

Seasonal Effects 

Rainfall seasonality imposed a consistent decrease in microbial basal respiration in the dry 

season across all treatments, even in irrigated plots.  Similar results was reported for this site by 

Rangel-Vasconcelos (2004), with higher microbial basal respiration during the 2001 wet season 

compared to the previous dry season, as observed in other tropical forests (Luizao et al., 1992; 

Cleveland et al., 2004).  

Unlike measurements of soil CO2 efflux, which does not discriminate between autotrophic 

(e.g., roots) and heterotrophic respiration (e.g., microbial), decreases in basal respiration 
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indicated lower microbial activity in that period. Soil CO2 efflux previously measured at this site 

was also significantly lower in the dry than wet season in control and litter removal plots, but 

significantly enhanced in irrigated plots (Vasconcelos et al., 2004; Table 3-7). Although CO2 

efflux may not be compared to microbial basal respiration rates measured under laboratory 

incubations, these results are suggestive that the increase in CO2 efflux in irrigated plots in the 

dry season was attributed to increased root respiration and/or increased activity of microbes in 

decomposing aboveground litter rather than soil microbes.  

Irrigation Effects 

Dry-season irrigation had a limited and inconsistent impact on microbial processes. 

Although decomposition rates (k) were 2.4 times higher in irrigated than control plots during the 

sampling period (Vasconcelos 2006), irrigation had no significant effects on N-mineralization, 

nitrification and basal respiration, but slightly increased phosphatase activity. 

The weak response to water availability can be observed by the lack of seasonal 

differences in phosphastase activity, although it was positively correlated with soil water 

potential. In contrast, phosphatase activity was higher in the dry than wet season in a wet tropical 

forest in Costa Rica (Cleveland et al., 2004), and in a mature tropical forest on the BCI following 

“closed” laboratory incubations that simulated the dry-season (Yavitt et al., 2004). However, 

dry-season irrigation had no effects on phosphatase activity on the BCI study (Table 3-7). Lower 

phosphatase activity in the wet season was attributed to “aging” of litter under prolonged wet 

conditions; microorganisms decomposing fresher litter, immobilized more P and synthesized 

more phosphatase enzymes.  

P-availability may increase as a result of phosphatase activity (Malcolm et al., 1983), and 

this potential was observed as  the positive correlation between phosphatase activity and biomass 

P, and consequent decreases in the microbial biomass C:P ratio, although phosphatase activity 
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had no direct effects on P-availability (Chapter IV). The slight increase in phosphatase activity in 

irrigated plots could also be due to higher mycorrhizal infections during the irrigation period 

(Chapter 2). Cornejo et al. (2007) showed that phosphatase activity was enhanced in mycorrhizal 

soils where N was supplied as NO3
- although P uptake by arburscular mycorrhizae increased by 

25% irrespective of the N source supplied.  

The consistent correlation between phosphatase activity and NH4
+ availability and biomass 

N  may be related to the role of N in enzyme production. When P is in short supply, microbial N 

investments for enzyme production to acquire more N may not be as rewarding as using N to 

acquire more P (Vitousek et al., 2002).  

Litter Removal Effects 

The decrease in N-mineralization in response to litter removal occurred without 

corresponding decreases in soil organic matter (Chapter 4), and may reflect a direct effect of 

decreased litter substrate for microbial activity.  Hence decreases in bacterial and fungal 

densities, and microbial biomass C in litter removal plots (Chapter 2), may have contributed to 

decreases in N-mineralization. 

Changes in microbial immobilization and mineralization rates can also be related to 

changes in microbial C:nutrient ratios in relation to their substrate’s ratios (Hodge et al., 2000). 

In this study, the consistent decrease in N-mineralization rates was not equivalent to decreases in 

microbial biomass N (Chapter 2), or nitrogen availability (Chapter IV), but was positively related 

to P-availability, phosphatase activity and basal respiration, and thus, increases in microbial 

activity. For discussion of the relationship among N-mineralization, biomass-N, and litterfall N, 

refer to Chapter 2 (pp. 38-38).  

Litter removal had no effects on N-oxide emissions between 2000 and 2002, but 

nitrification rates were marginally lower than in control plots in that period (Vasconcelos et al., 
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2004). Prolonged litter-removal has had no further effects on nitrification rates based on my 

laboratory incubation results. As expected, net N-nitrification covaried with N-mineralization 

across treatments, but no other variable affected nitrification rates even though nitrate 

availability was higher in litter removal than in control plots (Chapter 4). 

Variability in microbial activity reflected by basal respiration may explain variations in 

phosphatase activity, which then causes changes in phosphorus availability and microbial 

biomass C, N, and P (and their ratios). However the causal relationships among these variables 

remain unclear.   

Although phosphatase was lower in litter removal plots, the pattern of variation was very 

similar to control and irrigation plots, but not related to soil water potential or rainfall events. 

Phosphatase activity was related positively with fungal densities, and perhaps influenced by the 

substantial increase in mycorrhizal infections in litter removal than in control plots. The 

significant decrease in fungal densities in litter removal plots (Chapter 2) may account to the 

decrease in phosphatase activity, but also to the decrease in N-mineralization since these 

processes appeared to be co-varying altogether.  

The positive effect of rainfall and soil water potential on basal respiration in litter removal 

plots contradicted the lack of response to continuous water availability in irrigated plots, but it is 

in agreement with the seasonal effect that resulted in lower rates in the dry season. If water was a 

major factor deriving this pattern, a corresponding increase in basal respiration should be seen in 

irrigation plots, unless irrigation was insufficient. Nonetheless, this decrease was not 

accompanied by decreases in biomass C, root biomass, and microbial densities as previously 

discussed in Chapter 2 (pp. 35-36). Decreases in soil respiration following litter removal in a 

mature tropical forest on the BCI were attributed to a substantial decline in the soil microbial 
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biomass, and to a slight decrease in fine root biomass. Higher soil respiration in the wet season 

was attributed to a concomitant increase of the same variables (Sayer 2004, Table 3-7). 

Likewise, there was a 2-3 fold decrease in soil CO2 efflux in a secondary forest in Puerto Rico 

due to root and litter removal, followed by root or litter removal alone. This decrease was 

followed by substantial decreases in microbial biomass following the same pattern of CO2 efflux 

across treatments (Li et al., 2004, Table 3-7). 

This chapter illustrates the role of litter as an important conduit for nutrient transfer to 

microorganisms and microbial processes that can ultimately affect the recovery and productivity 

of secondary forests in Eastern Amazon. My results also reveal inter-relationships among 

microbial processes, microbial structure/composition and nutrient availability. 
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Table 3-1.  F-statistics and associated significance levels (p-value) for the effects of treatment 
(Irrigation vs. Control), season (wet vs. dry), date, and the interactions between 
treatment by season and treatment by date on microbial processes (mineralization, 
nitrification, acid-phosphatase activity and basal respiration). * = P < 0.05;  ** = P < 
0.01; *** = p < 0.001. 

 Irrigation vs. Control 
Variable Season Date Treat Treat x Season Treat x Date

Mineralization 0.27 16.25*** 0 0.17 8.4*** 
Nitrification 0.16 28.87*** 1.35 1.07 15.59*** 
Phosphatase 0.35 10.32*** 6.03** 2.22 21.25*** 
Basal Resp 335.98*** 45.10*** 2.61 112.48*** 45.10*** 

 
Table 3-2.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the irrigation experiment.  (Lower and upper bounds of the 
95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment. 

 Phosphatase 
(µgPNP/g-1soil/h-1)

Basal Respiration 
(µgCO2/g-1soil) 

 Treatment LSM 

Irrigation 2425a 
(2318-2532) 

156 
(151-160) 

Control 2236b 
(2129-2343) 

161 
(156-166) 

 Treatment by Season LSM 
Dry Season   

Irrigation 2421 
(2243-2599) 

128A 
(123-134) 

Control 2180 
(2002-2358) 

124A 
(118-129) 

Wet Season   

Irrigation 2427 
(2302-2551) 

194B 
(185-203) 

Control 2261 
(2137-2386) 

189B 
(181-197) 
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Table 3-3.  F-statistics and associate significant levels (p-value) for the effects of treatment 
(Litter Removal vs. Control), season (wet vs. dry), date, and the interactions between 
treatment by season or treatment by date on microbial processes (mineralization and 
nitrification rates, acid-phosphatase activity and basal respiration). * = P < 0.05; ** = 
P < 0.01; *** = p < 0.001 

 Litter Removal vs. Control 
Variable Season Date Treat Treat x Season Treat x Date

Mineralization 0.81 16.04 68.04*** 23.84** 11.35*** 
Nitrification 0.05 21.57 0.22 0.54 11.23*** 
Phosphatase 0.30 15.02*** 63.7*** 22.11** 171.13*** 
Basal Resp 305.20*** 147.25*** 17.08** 107.58*** 124.10*** 

 
Table 3-4.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the litter removal experiment.  (Lower and upper bounds of 
the 95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment.  

 Mineralization 
(µgN/g-1soil/d-1)

Phosphatase 
(µgPNP/g-1soil/h-1)

Basal Respiration 
(µgCO2/g-1soil) 

 Treatment LSM 

Litter Removal 4.92a 
(4.37, 5.47) 

1614a 
(1507, 1721) 

142a 
(138, 147) 

Control 8.21b 
(7.65, 8.76) 

2236b 
(2129, 2343) 

156b 
(151, 161) 

 Treatment by Season LSM 
Dry Season    

Litter Removal 5.09a 
(4.38, 5.80) 

1632a 
(1454, 1810) 

116A 
(111, 121) 

Control 8.42b 
(7.68, 9.15) 

2180b 
(2056, 2304) 

124A 
(118, 129) 

Wet Season    

Litter Removal 4.79a 
(4.01, 5.56) 

1606a 
(1482, 1730) 

169aB 
(162, 176) 

Control 8.05b 
(7.28, 8.81) 

2261b 
(2137, 2386) 

189bB 
(181, 197) 
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Table 3-5.  Pearson correlation analysis for each treatment, Control, Irrigation or Litter removal between variables reported in this 
chapter: N-mineralization rates (Min), nitrification rates (Nit.), phosphatase activity (Phosp.) and basal respiration (Resp.).   
* = P < 0.05; ** = P < 0.01; *** = p < 0.001.  

Control     
 Min. Nit. Phosp. B. resp 
Mineralization  -0.26* 0.56* ns 
Nitrification   ns ns 
Phosphatase    ns 
B. respiration     
     
Irrigation    
Mineralization  -0.26* 0.39** 0.49*** 
Nitrification   ns ns 
Phosphatase    ns 
B. respiration     
     
Litter removal    
Mineralization  -0.30** 0.42** 0.35** 
Nitrification   ns ns 
Phosphatase    ns 
B. respiration     
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Table 3-6.  Pearson correlation analysis for each treatment (Control, Irrigation or Litter removal), between variables reported in this 
chapter and variables reported in other chapters: soil C:N ratio, microbial biomass carbon, nitrogen and phosphorus (MBC, 
N and P), and their ratios (MBC:N, C:P, and N:P), fungi (F), bacteria (B) and their ratio (B:F), ammonium (NH4

+), nitrate 
(NO3

-) and phosphorus (PO4
3-), rainfall and soil water potential (SWP).* = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

 Control Irrigation Litter Removal 
 Min Nit Phosp. Resp. Min Nit Phosp. Resp. Min Nit Phosp. Resp. 

MBC -0.34** ns -0.26* -0.37** ns ns ns -0.44** ns ns ns -0.34* 
MBN ns ns 0.44*** ns ns ns 0.32** ns ns ns 0.58*** -0.30* 
MBP ns ns 0.35** ns ns ns 0.27* ns ns ns 0.35** 0.30* 
MBC:N ns ns -0.45*** ns ns ns -0.35** ns ns ns -0.37** ns 
MBN:P ns ns ns ns ns ns ns ns ns ns ns -0.32* 
MBC:P -0.41*** ns ns -0.36* ns ns -0.29* ns ns ns ns -0.34* 
B 0.42* ns ns ns 0.57*** ns ns ns 0.44** ns ns ns 
F 0.54*** ns ns ns 0.47** 0.48** ns ns 0.52** ns 0.34* ns 
B:F ns ns ns ns ns -0.51*** ns ns ns ns ns ns 
NH4

+ 0.47*** ns 0.36** ns ns ns 0.47*** ns ns ns 0.35** -0.42**
NO3

- ns -0.29* ns ns ns ns ns ns ns ns ns ns 
PO4

3- ns ns -0.32* ns ns ns ns ns 0.40** ns ns -0.34* 
Soil C:N ns ns ns ns ns ns ns ns ns ns ns ns 
SWP ns ns ns 0.33* -0.31* ns 0.29* ns ns ns ns 0.39** 
Rainfall ns 0.25* ns ns ns ns ns ns ns ns ns 0.44** 
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Table 3-7.  The effects of seasonality (Dry-D vs. Wet-W season), litter removal (LR), and irrigation (IRR) on N-mineralization (Net 
Min.), nitrification (Net Nit.), phosphatase activity (Phosp.), basal respiration (Basal Resp.), substrate induced respiration 
(SIR), and soil CO2 efflux across studies.  

 Seasonal Effect Treatment Effect  Study Location Control Plots Irrigation Litter Removal  Source 
Net Min. BCI D<W D<W N.D. ns Yavitt et al. (2004) 
 BCI N.D. N.D. N.D. ns Sayer (2004) 
 Eastern Amazonia ns ns ns LR<Control This study 
Net Nit. BCI D>W D>W N.D. ns Yavitt et al. (2004) 
 BCI N.D. N.D. N.D. LR<Control Sayer (2004) 
 Eastern Amazonia ns ns ns ns This study 
Phosp. BCI D>W D>W N.D. ns Yavitt et al. (2004) 
 Eastern Amazonia ns ns - IRR>Control This study 
 Eastern Amazonia ns - ns LR<Control This study 
Basal Resp. Eastern Amazonia D<W D<W D<W LR<Control This study 
 Eastern Amazonia D<W D<W N.D. IRR<Control Rangel et al. (2004) 
SIR  Resp. Konza Prairie  D<W D<W N.D. IRR<Control Williams and Rice (2004)
CO2 efflux Luquilo (Puerto Rico) D<W N.D. D<W LR<Control Li et al. (2004) 
 Luquilo (Puerto Rico) D<W N.D. D<W LR<Control Li et al. (2005) 
 BCI D<W N.D. D<W LR<Control Sayer (2004) 
 Eastern Amazonia D<W D>W - IRR>Control Vasconcelos et al. (2004) 
  D<W - D<W LR<Control Vasconcelos et al. (2004) 

ns = non-significant. N.D. = not determined 
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Figure 3-1.  Effects of rainfall patterns and dry-season irrigation on microbial-mediate processes: 
(A) daily rainfall at the study site, (B) soil water potential (SWP), (C) N-
mineralization, (D) N-nitrification and (E) Acid-phosphatase, and (F) Basal 
respiration. In B-F, solid and open circles represent means (± se) for control and 
irrigation treatments, respectively (N = 4 for soil water potential, N=4 to microbial 
processes). Vertical dashed lines indicate the dry season irrigation period (Sept 23rd 
2004 to Jan 26th 2005). White and black horizontal bars represent dry (Sept 21st 2004 
to Jan 19th 2005), and wet season (May to Sept 20th 2004, or Jan 20th to Aug 5th 
2005), respectively. ANOVA and treatment contrasts with fixed effects by each 
collection date (*P < 0.05; **P > 0.01; *** P<0.001). 
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Figure 3-2.  Effects of rainfall patterns and litter removal on microbial-mediate processes: (A) 
daily rainfall at the study site, (B) soil water potential (SWP), (C) N-mineralization, 
(D) N-nitrification and (E) Acid-phosphatase, and (F) Basal respiration. In B-F, solid 
and open circles represent means (± se) for control and litter removal treatments, 
respectively (N = 4 for soil water potential, N = 4 to microbial processes). White and 
black horizontal bars represent dry (Sept 21st 2004 to Jan 19th 2005), and wet season 
(May to Sept 20th 2004, or Jan 20th to Aug 5th 2005), respectively. ANOVA and 
treatment contrasts with fixed effects by each collection date (*P < 0.05; **P > 0.01; 
*** P<0.001). 
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CHAPTER 4 
IRRIGATION AND LITTER REMOVAL EFFECTS ON SOIL NUTRIENT AVAILABILITY 

IN A SEASONAL TROPICAL SECONDARY FOREST IN THE EASTERN AMAZON 

Introduction 

Temporal variability of soil nutrient concentrations in tropical forests is poorly understood, 

although it has been directly linked to microbial activity and ecosystem productivity (Yavitt and 

Wright 1996; Cleveland et al., 2002; Ruan et al., 2004). Pronounced dry seasons produce 

reductions in organic matter decomposition, reduced plant uptake of soil nutrients, and increased 

soil nutrient pools (Luizao and Schubart 1987; Singh et al., 1989; Yavitt et al., 1993; Yavitt and 

Wright 1996).  Nutrient and moisture availability are often associated with litterfall dynamics 

(Vitousek 1984), but the direct effects of litter and water on soil nutrient availability are not 

consistent across studies. Pulses of nutrient mineralization and immobilization fluctuations in 

microbial populations have a direct impact on nutrients in solution. Lucas et al. (1993) suggested 

that soil moisture controls a delicate balance between the processes of immobilization and 

mineralization after observing that rewetting of seasonally dry Amazonian soils resulted in net 

immobilization, whereas dry periods allowed mineral-N to accumulate. Maximum root growth 

may actually occur in the transition from wet to dry and from dry to wet seasons as a response to 

water and/or to nutrient pulses (Cavelier et al., 1999). In tropical dry forests, drying and 

rewetting causes crashes in microbial populations and induces pulses of nutrient release from 

epiphytes and dead microbial biomass (Lodge et al. 1994). The mechanism apparently relates to 

the wetting of dry soil that disrupts the osmotic balance of soil microorganisms, causing nutrient 

release to the soil, with nutrients accumulating in plant biomass during the wet season (Lodge et 

al., 1994; Yavitt and Wright 1996).  

A rich and informative literature on the effects of continuous irrigation on an old-growth 

tropical-moist forest (a well-drained Alfisol) resulted from a five-year study on Barro Colorado 
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Island (BCI), Panama.  Within that study, irrigation had little effect on concentrations of 

inorganic N (Yavitt et al., 1993, Yavitt and Wright 1996). Irrigation altered microbial 

composition by decreasing fungal densities, and bacterial densities after five months of exposure 

(Cornejo et al., 1994), enhanced decomposition rates of the forest floor, and reduced forest floor 

mass throughout the year (Wieder and Wright 1995), but did not affect nutrient concentrations in 

leaf-fall or nutrient return from forest trees to the forest floor (Yavitt et al., 2004).  Sayer (2005) 

separately examined the effects of litter manipulations on BCI and found that two years of litter 

removal had no effects on nutrient concentrations in the mineral soil, except to increase NO3
- 

availability in litter addition plots, . Soil CO2 efflux decreased by 27% in litter removal plots, 

accompanied by a significant decline in total microbial biomass, but increased approximately 

25% in litter addition plots after accounting for changes in root biomass (Sayer 2005). Litter 

removal reduced the abundance of meso-arthropods in Simaroub litter, slowed leaf-litter 

decomposition, and significantly reduced the concentration of N and P in Cecropia litter (Sayer 

et al., 2006). Correspondingly, litter addition accelerated the decay of wood and increased 

nutrient concentrations of Cecropia litter (N, P and K), but had no effects on leaf litter 

decomposition and meso-arthropod abundance (Sayer et al., 2006).  

Whether the results from BCI are indicative of generalized responses of tropical forests to 

altered moisture and substrate availability remains unclear. There have been two other litter-

removal studies in a tropical wet forest in the Luquillo Experimental Forest in north-eastern 

Puerto Rico.  The first study consisted of parallel measurements in a pine plantation and a 

secondary forest between 1996 and 1997 under three treatments (root exclusion, litter exclusion, 

and root-and-litter exclusion) that were initiated in 1990 (Li et al., 2004 and 2005). Their results 

showed that litter removal significantly reduced soil respiration and microbial biomass in both 
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the pine plantation and the secondary forest, but litter removal had a greater effect on soil CO2 

efflux than root exclusion in the secondary forest. The second study found that microbial 

biomass was highly correlated with aboveground litter inputs from the preceding month, 

suggesting that enhanced root exudates prior to senescence, could have influenced microbial 

biomass abundance (Ruan et al., 2004).  

The main objectives in the present study were to (1) determine the responses of NH4
+, 

NO3
-, and PO4

3- availability, and soil C:N to seasonal changes and wet-up events in a tropical 

secondary forest in the Eastern Amazon, and (2) to examine substrate and water constraints to 

the availability of those nutrient species within two ongoing manipulative experiments designed 

to alter resource availability in that forest -- dry-season irrigation and litterfall removal.  The site 

selected for this work contrasts with the BCI site in that it is (1) secondary v. old-growth forest; 

(2) seasonally-dry v. continuously moist; and (3) underlain by a shallow, coarse, and relatively 

infertile soil v. a the deep, fine-textured, relatively fertile soil present at the BCI site.  These 

contrasts allow us to draw inferences about both the similarities and differences in the responses 

of soil nutrient availability to resource manipulations at the two sites. 

Study Site and Experimental Design 

Study site and experimental design are described in Chapter 1. 

Materials and Methods 

Ion Exchange Resins  

The Dowex 50W-X8 cation exchange resins, 50-100 mesh, H+ form and 1.9 mmolc cm-3 

(Sigma Aldrich Family, Catalog # 217492, Milwalkee, WI) was used to measure ammonium 

availability (NH4
+), in the mineral soil (5 cm depth) of all 12 plots. 

The resin-bag technique consisting of a specified quantity of loose resin beads placed onto 

a piece of porous fabric (mesh) and sealed into a convenient shape or size (Skogley and 
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Dobermann 1996) was deployed in the field to quantify NH4
+ availability. The 25 cm2 resin bag 

containing 2.2g ± 0.02 of dry weight resins was hand-made of non-adsorbent fabric (07-40/25 

Pecap, Sefar America Inc. - Filtration Division, www.sefaramerica.com) re-used after extraction 

procedures for 2 harvest cycles and then discarded.  

Resin bags were recharged prior to deployment in the field by placing them in Nalgene 

bottles with 100 ml 0.3M HCl, shaking for 1hr on a platform shaker, and then rinsing 3 times 

with deionized water. Researchers that have previously used Dowex resins (25-50 mesh) 

recharged, eluted and sometimes re-used them by shaking each bag in a platform shaker for one 

hour in 100 ml of 2 M NaCl in 0.1 M HCl (Giblin et al., 1994) or soaking for at least 18 h in 100 

ml 1.2 M HCl (Yavitt et.al., 1996), then rinsing with de-ionized water before use. For Dowex 

resins (50-100 mesh), resin extraction efficiency was greatest using 100 ml of 2 M NaCl in 0.3 

M HCl (unpublished results).  

During the first month of installation, 5 resin bags were installed randomly per 

experimental plot, for a total of 20 units per treatment. A small slit was carefully lifted from the 

top 5cm of the mineral soil using a flat, sharp and clean plastic spatula. Each bag location was 

identified with a colored flag, so that bags would be replaced at the same location in the 

following months. After each monthly harvest of resin bags installed in the field, resins were 

transported to the laboratory facility in individual Nalgene bottles containing only de-ionized 

water. Then, after excess organic matter and residuals were rinsed off the bags with de-ionized 

water, 100 ml of 2 M NaCl in 0.3 M HCl was used for each bag to extract NH4
+ ions. Bags were 

shaken on a platform shaker for 1.5 h, removed, and an aliquot reserved for colorimetric 

analysis. Ammonium concentrations were determined colorimetrically by the salicylate-

http://www.sefaramerica.com/
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nitroprusside method (Mulvaney 1996) on duplicate samples. An average of the 2 samples was 

used for statistical analysis; duplicates mean differed by < 8% (± 0.4).  

Anion Exchange Membrane  

We used BDH Anion exchange membranes (Gallard-Schlesinger Ind., Product # 55164 2S, 

Plainview, NY, 1-888-686-3454) to measure nitrate (NO3
-), and phosphorus availability (PO4

-) in 

the mineral soil (5 cm depth) of all plots. This membrane is supplied in the chloride form, with 

exchange capacity estimated at 0.2 mmol P g-1 (Turrion et al 1997).  

Testing and deployment of anionic membranes for quantification of nitrate and phosphate 

followed the method described by Turrion et al. (1997), modified to use 16cm2 membrane strips 

during in situ incubations. They suggested that the resin bag technique have several 

disadvantages over anion membranes. Resin bags may tear and wear out, loose resin beads, trap 

fine roots, fungi, and soil particles that may interfere with analysis, and add diffusion problems 

due to their three-dimensional spherical structure, while membranes’ flatness impose no 

diffusion problems and have greater surface area that improves contact with soil surface. 

Before use, chloride-saturated anion-exchange membranes were converted to the 

bicarbonate form set at 8.5 pH. Strips were shaken for 1 hour for each of three successive washes 

in 50 ml 0.5M NaHCO3 /per strip (sodium bicarbonate), and then rinsed the strips three times in 

deionized water. Strips were taken to the field in Nalgene bottles filled with deionized water. 

During the first month of installation, 4 membranes were installed randomly per 

experimental plot, for a total of 16 units per treatment. Each strip was labeled by placing a nylon 

tread through a hole in one corner of the strip. A small slit was carefully lifted from the top 5cm 

of the mineral soil using a flat, sharp and clean plastic spatula. Each membrane location was 

labeled with a colored flag, so repeated collections could be carried out during the following 

months.  After each monthly harvest of membrane strips installed in the field, strips were 
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transported to the laboratory facility in individual Nalgene bottles containing only deionized 

water. Then, after excess organic matter and residuals were rinsed off the bags with deionized 

water, strings were cut and 32 ml of 0.3 M HCl (hydrochloric acid) was used to extract the 

anions of interest (NO3
- and PO4

-). Strips were shaken on a platform shaker for 2 h, removed, and 

an aliquot reserved for colorimetric analysis. Nitrate was analyzed using a simple 

spectrophotometric method to detect nitrate in water, resin or soil extracts as described by Yang 

et al (1998), modified by the addition of 0.2ml 3 M KOH for each 2ml of aliquot (matrix 0.3M 

HCl) to neutralize [Cl-] interference. Phosphorus determination was done using the standard 

Murphy and Riley procedure (1962). Samples were analyzed in duplicates, and their average was 

used for statistical analysis; on average, duplicates differed by <10% (± 0.5).  

Soil C:N Ratios 

Soil sampling and processing:  In each plot, seven soil cores were taken using a bulk-

density corer with 6 cm diameter and 5 cm depth. These samples were composite per plot, sifted 

through a 2 mm mesh, placed in double-folded, tightly closed plastic bags, transported to the lab 

in a cooler no later than 4 hours after harvest, and stored at 4oC until analyzed. Subsamples taken 

to run total soil carbon were dried at 40ºC and total soil nitrogen was left air-drying prior to 

analysis.  

Determination of soil organic carbon (SOC):  I used the Nelson-Somers method (1975) 

revised in Forster (1995). This is a routine carbon analysis generally recommended for mineral 

soils. Paired soil samples were digested using wet potassium dichromate, followed by titrimetric 

measurement of unreacted dichromate.  
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Determination of Total N:  I used the Keeney and Nelson’s method (1982) revised in 

Forster (1995). Paired soil samples were digested using sulfuric acid (the Kjedahl procedure) 

followed by titrimetric analysis.  

Soil Water Potential (SWP)  

We used a four-channel datalogger with four gypsum resistance block sensors installed in 

each plot at 10cm depth (Model 220, Spectrum Technologies, Inc) between 12 May and 17 

December 2004. Measurements were taken hourly and then averaged per day and downloaded to 

our database monthly. Due to technical problems with the dataloggers, between 18 of December 

2004 and 30 of June 2005, SWP was recorded on a weekly basis in the morning using one 

tensiometer installed per plot at 10cm depth (Model 2710 ARL, Forestry Supplier, Inc. Catalog 

53, Jackson, Mississippi 39284-8397). Resistance block sensors have close correlations with 

tensiometer readings of soil water potential (SWP) depending on soil type (Shock et al 2001). 

For example, in an irrigation field, silt loam soil (Malheur Experiment Station, Oregan Sate 

University), the resistance block closely tracked those obtained with a tensiometer (r2= 0.83).  At 

our study site, r2 values were 0.80, 0.81, and 0.60) for control, litter-removal, and irrigation plots, 

respectively. 

Statistical Analysis  

The SAS System for Windows V8 (2) was used for statistical analyses. The response 

variables of interest - NH+
4, NO-

3 and PO-
4 - were log-transformed to meet the model 

assumptions of normality. PROC MIXED was used using a repeated measures analysis with a 

heterogeneous-autoregressive error structure [arh (1)]. This structure allowed modeling within 

sample correlation over time and calculation of individual error variances for each sampling date. 

Linear models were fitted on the variables NH+
4, NO-

3 and PO-
4 and soil C:N with the following 

effects: season, date, treatment, treatment by season, treatment by date, plot and plot by date. All 
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effects were considered fixed with the exception of plot and plot by date for NH+
4, NO-

3 and   

PO-
4, thereby allowing assessment of correlation between samples in the same plot on any date. 

CONTRAST statements were used to determine the significance of each fixed effect for each 

pair of treatment comparisons (i.e., control vs. irrigation and control vs. litter removal) and least-

squares means were used to compare treatments and control means for the effects of season, 

treatment and treatment by season interaction on NH+
4, NO-

3 and PO-
4 availability, and soil C:N 

ratio. In order to correct for multiple testing the Bonferroni correction was used for each 

response variable considering an experiment-wise significance level of 5%. Within each 

treatment (control, irrigation, litter removal), Pearson correlation analyses were used to explore 

the bivariate relationships of results reported in previous chapters to those reported here.  

Specifically, I tested for correlations for NH+
4, NO-

3 and PO-
4 and soil C:N with microbial 

biomass C, N, and P and their ratios, fungal and bacterial densities (Chapter 2); mineralization 

rates, nitrification rates, phosphatase activity, basal respiration (Chapter 3), as well as rainfall 

and soil water potential.   

Results  

Dry-season irrigation reduced NH4
+ (Table 4-1, Figure 4-1c) and litter removal reduced 

NH4
+ and PO4

3- availability, while enhancing NO3
- availability (Table 4-5, Figure 4-2). There 

were no seasonal or treatment effects on soil C:N ratios (Table 4-1). Correlations between NH4
+, 

NO3
-, and PO4

3- availability and measurements reported in previous chapters were strongly 

influenced by treatment.  

Seasonal Effects 

The only seasonal effect was increased phosphorus availability in the dry than wet season 

in control plots (Tables 4-1, 4-2, 4-3 or 4-4). There was also intra-annual variation observed 
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within treatment for PO4
3- availability in irrigated plots (Table 4-2), and for NH4

+ availability in 

litter removal plots (Table 4-3). 

Irrigation Effects 

The dry-season extended from mid-July 2004 to early-January2005 (Figure 4-1a), resulting 

in lower water potential during this period (Figure 4-1b). November was the driest month of the 

year, when there was only 8 mm of rainfall in the 27 d prior to our next harvest. Mean soil water 

potential for the dry season was -0.046 ± 0.001 and -0.018 ± 0.001MPa (mean ± SE), for control 

and irrigation plots with corresponding gravimetric soil water content of 0.67 ± 0.07 and 0.83 ± 

0.10 (± SE), respectively. In the wet season of 2004, mean soil water potential was -0.016 ± 

0.001 and - 0.011 ± 0.001 MPa, for control and irrigation plots with corresponding gravimetric 

soil water content of 0.81 ± 0.05 and 0.65 ± 0.10, respectively. In the wet season of 2005, mean 

soil water potential was -0.010 ± 0.005 and - 0.006 ± 0.003 MPa, for control and irrigation plots 

with corresponding gravimetric soil water content of 1.38 ± 0.04 and 1.64 ± 0.05, respectively. 

Ammonium availability declined due to irrigation (Figure 4-1c).  Toward the end of the 

dry season, there were two wet-up events that significantly increased the availability of NH4
+ in 

control plots with little effect on irrigation plot values. The first pulse occurred after a 52 mm 

rainfall event on 14 December 2004 (two days prior to our sampling).  This event represented 

double the amount of precipitation for the month prior to this date (25 mm from 14 November to 

13 December 2004). On the 11 January 2005 there was a second pulse that followed smaller rain 

events on 10 January and 11 January 2005 (13 mm and 17 mm), respectively (Figure 1a).  These 

events are responsible for the significant treatment by season interactions shown in Table 4-1.   

Overall, the dampening effect of dry-season irrigation on NH4
+ availability is apparent in both 

the dry and the wet season (Table 4-2).  
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The two wet up events toward the end of the dry season also substantially increased NO3
- 

availability in both control and irrigation plots. NO3
- availability was not significantly affected by 

the irrigation treatment for any single sampling date (Figure 1d).  There were significant effects 

of date and treatment-by-date interactions (Table 4-1), but overall there was no significant effect 

of irrigation on NO3
- availability during either season, although annual and seasonal mean values 

trended lower for the irrigation plots (Table 4-2). Phosphate availability in both control and 

irrigation plots was also increased by the two wet up events, and the increase was significantly 

greater for the irrigation treatment (Figure 1e).  There were significant main effects of date and 

season, and both treatment-by date and treatment–by-season interactions on PO4
3- availability 

(Table 4-1).  Overall, there was no significant effect of irrigation on PO4
3- availability during 

either season, but values were significantly higher in the dry season in both irrigation and control 

plots (Table 4-2). There were significant effects of date and treatment by date interaction on soil 

C:N ratios (Table 4-1). 

Litter Removal Effects 

Soil water potential varied seasonally and in response to precipitation during the dry 

season, but was unaffected by litter removal (Figure 4-2a, and b).  Ammonium availability was 

significantly lower in litter removal than control plots in 9 out of 15 sampling dates, 8 in the wet 

season (Figure 4-2c).  These results are responsible for the significant main effects of date and 

season, and the treatment-by-date and treatment-by-season interactions shown in Table 4-4.  The 

two wet-up events in the late dry season increased NH4
+ in the litter removal plots, but the effect 

was smaller than in the control plots (Figure 4-2c). Overall NH4
+ availability was significantly 

reduced by litter removal, and that overall effect was driven by the significant treatment effect in 

the wet season (Table 4-5).   
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Nitrate availability was significantly higher in litter removal than control plots in 6 out of 

15 sampling dates, 5 in the wet season (Figure 4-2c).  These results are responsible for the 

significant main effects of treatment and date, and the treatment-by-date interactions shown in 

Table 4-4.  The one significantly different dry-season sampling occurred at the second wet-up 

event toward the end of dry season, which increased NO3
- availability in the litter removal plots 

to a substantially greater extent than that exhibited in the control plots (Figure 4-2d). Overall, 

NO3
- availability was significantly increased by litter removal and that overall effect was driven 

by the significant treatment effect in the wet season (Table 4-5).  

Phosphate availability was significantly higher in litter removal than control plots in 4 out 

of 15 sampling dates (Figure 4-2e).  All of the main and interaction effects tested were 

significant (Table 4-4). The first wet-up event toward the end of the dry season significantly 

increased phosphate availability in the litter removal plots but the second wet up had the opposite 

effect (Figure 4-2e). Overall PO4
3- availability was slightly but significantly reduced by litter 

removal, and the effect was consistent in both dry and wet seasons (Table 4-5). There were 

significant effects of date and treatment by date interaction on soil C:N ratios (Table 4-3). 

Correlation Analyses 

The only significant correlations among variables measured in this study were between 

NH4
+ and PO4

3- availability in control plots, and between NO3
- and PO4

3- availability in irrigated 

plots (Table 4-5).  

Control plot NH4
+ availability was positively correlated with bacterial, fungal densities and 

N-mineralization, and negatively correlated nitrification rates (Table 4-6). Under irrigation, NH4
+ 

availability was positively correlated with phosphatase activity and microbial biomass N:P, and 

negatively correlated with microbial biomass C and C:N (Table 4-6). Contrary to the results in 

irrigation plots, NH4
+ was positively correlated with microbial biomass C in litter removal plots, 
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but positively correlated with phosphatase activity. Additional results showed a negative 

correlation between NH4
+ and basal respiration, soil water potential and biomass C:N (Table 4-

6C).  

NO3
- availability was negatively correlated with nitrification rates in control plots only 

(Table 4-6A), with microbial biomass N:P in irrigated plots (Table 4-6B), and with soil water 

potential in litter removal plots (Table 4-6C). The positive correlation between NO3
- and 

microbial phosphors was consistent in control and irrigated plots; and between NO3
- and 

microbial C:N was consistent across treatments. Under irrigation, NO3
- availability was also 

positively correlated with rainfall.  

PO4
3- availability was negatively correlated with phosphatase activity in control plots only 

(Table 4-6A), and with soil water potential in irrigated plots (Table 4-6B). Under irrigation plots, 

PO4
3- availability was also positively correlated with bacterial densities. Likewise in irrigated 

plots, PO4
3- availability was negatively correlated with soil water potential in litter removal plots, 

and with microbial basal respiration (Table 4-6C). Under litter removal, PO4
3- availability was 

also positively correlated with microbial biomass C, C:N, C:P and with N-mineralization. 

Soil C:N ratios appeared to be significantly affected by the effects of litter removal only. 

Under litter removal, soil C:N was positively correlated with microbial biomass C:N, and 

negatively correlated with soil water potential, microbial biomass N, and N:P (Table 4-6C).  

Discussion 

This study showed that dry season wet-ups were a principal source of temporal variability 

in nutrient status resulting in higher nutrient availability in this period.  The observed peaks in 

NH4
+, NO3

- and PO4
3- availability in the dry season as a result of wet up events is typical of dry 

tropical forests with monsoonal climate, when pool sizes of these nutrients tend to increase 

towards the dry season, as plants senesce, then decrease during the wet growing-season (Singh et 
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al., 1989, Lodge et al., 1994). In this study, the four peaks in ammonium throughout the year 

accounted for half of the annual NH4
+ availability, thus wet up events appear to greatly 

contribute to the total annual N-pool in this tropical seasonal forest, perhaps due to a positive net 

mineralization response to wet-up (Table 4-6). The positive correlation between NH4
+ 

availability with fungal and bacterial densities, and N-mineralization in control plots could be a 

result of their intrinsic relationship, observed by concomitant increases of these variables during 

wet-up events.   

The reduction in NH4
+ availability in irrigated plots could indicate that continuous water 

availability resulted in higher nutrient immobilization (lower mineralization), but additional 

results showed no effects of treatment on mineralization and nitrification rates (Chapter 3), even 

though leaf decomposition was 2.4 times faster in irrigated than control plots (Vasconcelos et al., 

2006).  Lodge et al. (1994) suggested that environments with dampened microclimate 

fluctuations may enhance microbial N-immobilization, increase the competition for N, and even 

affect primary productivity if microbial N-mineralization does not synchronize with plant N-

uptake. Nonetheless, under irrigated conditions, the association between microbial biomass 

nutrient concentrations with NH4
+ availability suggested that continuous water availability have 

increased the potential for microbial NH4
+ uptake, also indicated by the negative correlation 

between NO3
- and microbial N:P ratios (Table 4-6). The additional positive correlation between 

NO3
- availability with microbial biomass P and rainfall was probably driven by concomitant 

responses of these variables to wet-up events.  Changes in the ratio of nutrient concentrations of 

the substrate in relation to that of the decomposing microbial biomass may also trigger changes 

in the ratios of the latter (Hodge et al., 2000). 
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Reduced NH4
+ and P availability as a result of litter removal suggest that recycling of 

nutrients in litter is an important pathway for nutrient availability as this secondary forest is 

nutrient poor and a large proportion of potentially available nutrients are retained in the living 

biomass and recycled in the litter (Singh et al., 1989).  Some studies have suggested that prior to 

leaf senescence, some tropical forests experience nutrient translocation from shoot to roots that 

may result in increased root-exudates and nutrient availability (Ruan et al., 2004), which may 

explain the high peak in NH4
+ and NO3

- availability prior to the onset of the dry-season when soil 

water potential was very high (- 0.06 MPa, Figure 4-1b).  Yavitt and Wright (1996) report that 

fluctuations in soil nutrient availability imposed by the timing of leaf litterfall and nutrient 

leaching from forest floor litter (also measured with ion-exchange resins), essentially 

disappeared with depth in the mineral soil.  

Soil NH4
+ availability was likely reduced in litter removal plots because long-term effects 

of four years of litter removal consistently reduced litterfall N (Vasconcelos et al., 2006), 

confirming that litterfall is a significant source of N for tropical forest plants. The next plausible 

explanation can be drawn by the positive feedback that increased water availability had on 

microbial basal respiration (Chapter 3, Table 3-6C), which led to more NH4
+ uptake, and 

increased microbial biomass C in litter removal plots (Table 4-6C). Based on these correlations, 

NH4
+ availability increases as the soil dries because basal respiration also decreases, and there is 

less NH4
+ uptake. The same assumption can be applied to the availability of phosphorus, which 

followed a similar pattern as NH4
+, and covaried with it. The reduction of NH4

+ and P-

availability in litter removal plots could also be attributed to removal of the microflora biomass 

(mostly fungi and bacteria) inhabiting the litter that contributes to immobilization and 

mineralization of these nutrients in the interface between the mineral soil and the litter layer, as 
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suggested by Sayer (2005) in a similar study on the BCI. In fact, this study has shown that 

bacterial and fungal densities significantly decreased in the mineral soil in litter removal 

compared to control plots (Chapter 2).  

There were however, no significant reductions on litter P concentrations although 

Vasconcelos et al. (2006) characterized this site as having low litterfall P concentration in 

accordance to values proposed by Vitousek (1986). They also suggested that this site may have 

sufficient P-supply through soil organic matter mineralization based on recent studies that 

showed substantial amounts of labile P-fractions for secondary forests in the Amazon (Frizano et 

al., 2003, Markewitz et al., 2004). Alternatively, Vasconcelos et al. (2006) suggested that litter P 

concentrations were not affected by litter removal likely due to enhanced P-acquisition through 

mycorrhizal associations and high phosphatase exudation rates as previously observed in 

secondary forests with low soil P (Marschnner 1995). Results from this study showed that litter 

removal in fact enhanced arbuscular mycorrhizal fungi associations (Chapter 2), but phosphatase 

activity was lower than in control plots and did not respond to seasonal changes (Chapter 3). 

Arbuscular mycorrhizal fungi may enhance the reabsorption of nutrients lost through root 

exudation, influence biochemical reactions in soil including mineralization of organic matter and 

nitrification, and improve the capacity of their host plant to use organic sources of P and N 

(Hamel 2004).  

The litter layer may absorb N that would otherwise be available in the mineral soil, here 

evident with higher NO3
- availability in litter removal than control plots. Results from a recent 

study in a seasonally dry tropical forest in Mexico showed that N-dynamics in the litter layer was 

influenced by rainfall seasonality and labile C, with lowest C and N immobilization rates in the 

rainy season (Anaya et al., 2007). Low substrate availability, could have resulted in less 
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microbial immobilization of NH4
+

 allowing higher nitrification rates and therefore, higher NO3
- 

availability, but nitrification rates were not significantly affected by litter removal (Chapter 3). 

Soil microsites may even shift from NH4
+ to NO3

- dominated depending on demand and supply 

of these nutrients (Schimel and Bennett 2004). The positive correlation between NO3
- and 

biomass C:N may further indicate that NO3
- is the preferred N-source for microbial organisms in 

litter removal plots, whereas the contrary relationship was observed between NH4
+ and microbial 

biomass C:N. The positive correlation between nitrate and bacterial densities in this study may 

be related to nitrifiers, bacteria that oxidize ammonium to nitrite and then, nitrate (Robertson et 

al., 1999).  

Higher NO3
- availability for litter removal plots could also indicate that litter is 

intercepting NO3
- in throughfall, as previously observed in a Northwestern Amazonian forest 

(Tobon et al., 1994).  The fact that NO3
-
 availability was negatively correlated with soil water 

potential even though it responded to wet up events contradicts nitrate’s usual higher mobility in 

water, and discard its potential relation to throughfall in this study site. Another study using the 

same ionic membrane showed that NO3
-diffusion to the membrane was impaired as the soil dried 

(Turrion et al., 1997).   

The linkage between soil C:N and microbial biomass nutrients in litter removal plots, may 

suggest that the organic soil carbon and nitrogen pools has become an active reservoir of 

nutrients for microbial uptake. However, further studies would be necessary to explore these 

findings, and perhaps investigate how long soil carbon and nitrogen pools would sustain forest 

and microbial activity under continuously litter removal. 

In contrast with the results obtained in the BCI experiments (Yavitt et al., 1993; Yavitt and 

Wright 1996, Yavitt et al., 2004), I found that dry-season irrigation reduced the availability of 
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NH4
+ and that litter removal reduced NH4

+ and PO4
3- availability, while enhancing NO3

- 

availability. The results by Sayer (2006), showed that litter removal lowered the concentration of 

N and P in Cecropia litter, but this results was not followed by reductions in nutrient availability 

in the mineral soil (NH4
+ , NO3

-, and PO4
3- ), except to an increase in NO3

- in litter-addition plots. 

This study also showed that other nutrient pools may temporary counteract the nutrient 

deficit imposed by litter removal, such as the contribution of nutrients stored on microbial 

biomass, derived from soil C:N pools or compounds from root and mycorrhizal exudates, but 

further studies would be necessary to identify the magnitude of these contributions. 

Thus, nutrient availability could ultimately be affected by changes in microbial 

composition, structure and activity as shown by their interactive effects in this seasonal tropical 

forest. 

On individual collection dates in this study, differences between treated and untreated plots 

varied from non-significant to upwards of four-fold, suggesting that complex interactions shape 

the responsiveness of nutrient dynamics to changes in resource availability. Frequent sampling is 

needed to adequately capture intra-annual variability in soil nutrient availability. 



 

90 

Table 4-1.  F-statistics and associated significance levels (p-value) for the effects of treatment 
(Irrigation vs. control), season (wet vs. dry), date, and the interactions between 
treatment by season and treatment by date on soil solution nutrients (NH+

4, NO-
3 and 

PO-
4), and soil C:N. * = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

 

 
Table 4-2.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the irrigation experiment.  (Lower and upper bounds of the 
95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment.

 NH4
+ 

(µgN/ml/bag)
NO3

- 
(µgN/ml/strip)

PO4
- 

(µgP/ml/strip) 
 Treatment LSM 

Irrigation 3.36a 
(2.83-3.98) 

0.30a 

(0.16-0.55) 
0.07a 

(0.06-0.08) 

Control 4.65b 
(3.92-5.52) 

0.45 a 
(0.25-0.82) 

0.07a 
(0.06-0.08) 

 Treatment by Season LSM 
Dry Season 

Irrigation 3.32 a 
(2.59-4.25) 

0.33 
(0.17-0.62) 

0.10A 
(0.08-0.12) 

Control 5.12b 
(3.98-6.59) 

0.43 
(0.22-0.81) 

0.10A 
(0.08-0.12) 

Wet Season 

Irrigation 3.38a 
(2.85-4.00) 

0.29 
(0.16-0.54) 

0.06B 
(0.06-0.08) 

Control 4.45b 
(3.76-5.27) 

0.47 
(0.25-0.87) 

0.06B 
(0.05-0.07) 

Irrigation vs. Control 
Variable Season Date Treat Treat x Season Treat x Date 

NH+
4 0.640 15.33*** 6.97** 2.58* 12.60*** 

NO-
3 0.006 33.06*** 0.84 0.47 16.33*** 

PO-
4 25.60*** 10.55*** 0.34 8.71*** 11.76*** 

Soil C:N 0.30 5.46*** 0.32 0.87 6.12*** 
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Table 4-3.  F-statistics and associate significant levels (P-value) for the effects of treatment 
(Litter removal vs. control), season (wet vs. dry), date, and the interactions between 
treatment by season or treatment by date on soil solution nutrients (NH+

4, NO-
3 and 

PO-
4), and soil C:N. * = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

Litter Removal  vs. control 
Variable Season Date Treat Treat x Season Treat x Date 
NH+

4 23.42*** 9.26*** 22.44*** 21.29*** 10.85*** 
NO-

3 2.10 34.77*** 4.06* 2.21 17.15*** 
PO-

4 33.64*** 27.67*** 20.34*** 18.07*** 166.56*** 
Soil C:N 0.01 17.05*** 0.42 1.37 147.93*** 

 
Table 4-4.  Least square mean values for significant season, treatment, and treatment by season 

contrasts associated with the litter removal experiment.  (Lower and upper bounds of 
the 95% confidence interval are provided in parenthesis). Lower case letters indicate 
differences at P < 0.05 between treatments both annually and within each season. 
Upper case letters indicate significant seasonal differences at P < 0.05 within each 
treatment. 

 NH4
+ 

(µgN/ bag)
NO3

- 
(µgN/ strip)

PO4
- 

(µgP/ strip) 
 Treatment LSM 

Litter removal 2.59a 
(2.18-3.07)

1.09a 
(0.59-1.99) 

0.05a 
(0.04-0.05) 

Control 4.65b 
(3.92-5.52)

0.45b 
(0.25-0.82) 

0.07b 
(0.06-0.08) 

 Treatment by Season LSM 
Dry Season 

Litter removal 3.95A 
(3.07-5.07)

0.91 
(0.48-1.72) 

0.07aA 
(0.05-0.08) 

Control 5.12 
(3.98-6.59)

0.43 
(0.22-0.81) 

0.10bA 
(0.08-0.12) 

Wet Season 

Litter removal 2.14aB 
(1.81-2.53)

1.20a 
(0.65-2.24) 

0.04aB 
(0.03-0.05) 

Control 4.45b 
(3.76-5.27)

0.47b 
(0.25-0.87) 

0.06bB 
(0.05-0.07) 
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Table 4-5.  Pearson correlation analysis for each treatment, Control, Irrigation and Litter removal 
among variables reported in this chapter: ammonium (NH4

+), nitrate (NO3
-), 

phosphorus availability (PO4
3-), and soil C:N. * = P < 0.05; ** = P < 0.01; *** = p < 

0.001.  
Control     
 NH4

+ NO3
- PO4

3- Soil C:N 
NH4

+  ns 0.34** ns 
NO3

-   ns ns 
PO4

3-    ns 
Soil C:N     
Irrigation    
 NH4

+ NO3
- PO4

3- Soil C:N 
NH4

+  ns ns ns 
NO3

-   0.57*** ns 
PO4

3-    ns 
Soil C:N     
Litter removal   
 NH4

+ NO3
- PO4

3- Soil C:N 
NH4

+  ns ns ns 
NO3

-   ns ns 
PO4

3-    ns 
Soil C:N     
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Table 4-6.  Pearson correlation analysis for each treatment  among variables reported in this chapter (NH4
+, NO3

-, PO4
3-, and soil C:N), 

and variables reported in other chapters: microbial biomass carbon, nitrogen and phosphorus (MBC, N and P), and their 
ratios (MBC:N, C:P, and N:P), fungi (F), bacteria (B) and their ratio (B:F), mineralization (MIN), nitrification (NIT), basal 
respiration (B. resp.), soil C:N ratio, rainfall and soil water potential (SWP).* = P < 0.05; ** = P < 0.01; *** = p < 0.001. 

 
 Control Irrigation Litter Removal 
 NH4

+ NO3
- PO4

3- NH4
+ NO3

- PO4
3- NH4

+ NO3
- PO4

3- 
MBC ns ns ns -0.31* ns ns 0.46*** ns 0.45** 

MBN ns ns ns ns ns ns ns ns ns 

MBP ns 0.29* ns ns 0.29* ns ns ns ns 

MBC:N ns 0.24* ns -0.55*** 0.31* ns -0.41 0.33* 0.33* 

MBN:P ns ns ns 0.49*** -0.39** ns ns ns ns 

MBC:P ns ns ns ns ns ns ns ns 0.30* 

B 0.38* ns ns ns ns 0.45** ns 0.45** ns 

F 0.48** ns ns ns ns ns ns ns ns 

B:F ns ns ns ns ns ns ns ns ns 

MIN 0.47*** ns ns ns ns ns ns ns 0.40** 

NIT -0.27* -0.29* ns ns ns ns ns ns ns 

PNP ns ns -0.32* 0.47*** ns ns 0.35** ns ns 

B. resp. ns ns ns ns ns ns -0.42** ns -0.34* 

SWP ns ns ns ns ns -0.43** -0.41** -0.47*** -0.40**

Rain ns ns ns ns 0.38** ns ns ns ns 
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Table 4-6.  Continued 

 Control Irrigation Litter Removal
 Soil C:N Soil C:N Soil C:N 

MBC ns ns  

MBN ns ns -0.40** 

MBP ns ns  

MBC:N ns ns 0.46*** 

MBN:P ns ns -0.50*** 

MBC:P ns ns  

B ns ns  

F ns ns  

B:F ns ns  

MIN ns ns  

NIT ns ns  

PNP ns ns  

B. resp. ns ns  

SWP ns ns 0.27* 

Rain ns ns ns 
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Figure 4-1.  Effects of rainfall patterns on control (•) and long-term dry-season irrigation (о) plots 
in seasonally dry tropical forest. a) Daily rainfall at the study site, b) Soil water 
potential (SWP), c) NH+

4, d) NO-
3 and e) PO-

4 availability. In b-e, values are means (± 
se) for n= 4 plots. White and black horizontal bars represent dry (21st September 2004 
to 19 January 2005), and wet seasons (20 May to September 2004, and 20 Jan to 5 
August 2005), respectively. Vertical dashed lines indicate the dry season irrigation 
period 23rd September 2004 to 26 January 2005). ANOVA and treatment contrasts 
with fixed effects by each collection date (*P < 0.05; ** P = 0.0001; *** P < 0.0001). 
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Figure 4-2.  Effects of rainfall patterns on control (•) and long-term litter removal (о) plots in 
seasonally dry tropical forest. a) Daily rainfall at the study site, b) Soil water potential 
(SWP), c) NH+

4, d) NO-
3 and e) PO-

4 availability. In b-e, values are means (± se) for 
n= 4 plots. White and black horizontal bars represent dry (21st September 2004 to 19 
January 2005), and wet seasons (20 May to September 2004, and 20 Jan to 5 August 
2005), respectively. ANOVA and treatment contrasts with fixed effects by each 
collection date (*P < 0.05; ** P = 0.0001; *** P < 0.0001). 
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Figure 4-3.  Effects of rainfall patterns and dry-season irrigation on soil organic carbon 

(C) to total nitrogen (N) ratios: (A) daily rainfall at the study site, (B) soil 
water potential (SWP), (C) C:N ratios. A-B solid and open circles represent 
means (± se) for control and irrigation treatments, respectively (N = 4 for 
soil water potential and N=4 soil C:N ratio). Vertical dashed lines indicate 
the dry season irrigation period (Sept 23rd 2004 to Jan 26th 2005). White 
and black horizontal bars represent dry (Sept 21st 2004 to Jan 19th 2005), 
and wet season (May to Sept 20th 2004, or Jan 20th to Aug 5th 2005), 
respectively.  
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Figure 4-4.  Effects of rainfall patterns and litter removal on soil organic carbon (C) to total 

nitrogen (N) ratios: (A) daily rainfall at the study site, (B) soil water potential (SWP), 
(C) C:N ratios. A-B solid and open bars represent means (± se) for control and litter 
removal treatments, respectively (N = 4 for soil water potential and N=4 soil C:N 
ratio). White and black horizontal bars represent dry (Sept 21st 2004 to Jan 19th 
2005), and wet season (May to Sept 20th 2004, or Jan 20th to Aug 5th 2005), 
respectively. 
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CHAPTER 5 
CONCLUSIONS  

Table 5-1 summarizes the responsiveness to intra-annual variability, dry-season irrigation, 

and litter removal, exhibited by the suite of variables related to soil microbial structure and 

composition, and microbial and nutrient dynamics, that were measured for this dissertation.  

Overall my results reveal complex inter-relationships among soil microbial processes, microbial 

structure/composition and nutrient availability in a seasonal tropical secondary forest.   

Microbial biomass carbon, bacterial and fungal densities, basal respiration, soil phosphorus 

and water availability showed marked intrannual variation associated with rainfall seasonality 

(Table 5-1). Although rainfall seasonality affected these variables, dry-season irrigation had no 

corresponding responses on the same variables (except to increased soil water potential). Higher 

microbial biomass C in the dry season was possibly fostered by greater root mass density in the 

same period (Vasconcelos 2006-dissertation), and linked to lower basal respiration as the soil 

dried. Or else, nutrients accumulated in the microbial biomass in the dry season, become 

available at the onset of the wet season, when plant growth is usually at its peak, a well known 

nutrient-conserving strategy (Singh et al., 1989). Lower microbial C:N ratios in the wet season 

across treatments gives to the latter alternative a plausible explanation to the pattern seen here. 

Nonetheless, irrigation increased mycorrhizal-root infections and phosphatase activity, and 

decreased fungal densities and ammonium availability (Table 5-1).  

The long-term effects of litter removal compromised microbial structure and dynamics, 

microbial processes, and soil solution nutrients; combined, these effects could ultimately impair 

or delay aboveground processes. These effects included decreased microbial biomass C and P, 

bacterial and fungal densities; net N-mineralization, phosphatase activity, basal respiration, 

ammonium and phosphorus availability; but increases in mycorrhizal infections and nitrate 
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availability (Table 5-1). Although arbuscular mycorrhizal fungi could be an important nutrient 

conduit in this tropical secondary forest, the extent to which litter removal will cause 

impoverishment of the mineral soil that impairs microbial activity remains unclear.   

The decrease in NH4
+ and P availability was probably related to the fact that available 

nutrients were retained in the living biomass and recycled in the litter, and removing the litter 

had a negative effect on soil nutrients. In fact, litter removal consistently reduced litterfall N but 

had no effects on litterfall P (Vasconcelos 2006). NH4
+ availability was also linked to increased 

microbial activity, but with decreased microbial biomass C as soil water availability increased. 

Litter P concentrations were not affected by litter removal possibly because P-acquisition was 

enhanced by greater mycorrhizal associations in litter removal plots as demonstrated in this 

study, and in other secondary forests with low soil P (Marschner 1995). Microbial biomass N 

was not affected by litter removal although N-mineralization and NH4
+ availability decreased, 

but was significantly linked with soil C:N ratios, suggesting that organic nitrogen sources may 

sustain microbial demand for N in the absence of aboveground litter; microbial C:N ratios were 

substantially reduced litter removal. The decrease in MBC in litter removal plots may have 

resulted from the lack of substrate to sustain aboveground and belowground microbial processes, 

and was correlated with the decrease in bacterial and fungal densities, and basal respiration rates. 

Collectively, these findings confirm that water and substrate availability, seasonal droughts 

and wet-up events have an important influence on the physiological state of the soil microbial 

community and on nutrient availability in this tropical secondary forest. The evident and 

consistent response to litter removal confirms its role as a conduit of nutrient and as a habitat for 

microorganisms that actively serve as a reservoir for nutrients, and as substrate for fine roots and 

mycorrhizal associations. The potential increase in nutrient uptake by fine roots and mycorrhizae 
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at the soil interface may have compensated for the lack of nutrients percolating through and from 

the litter to the mineral soil in the litter removal plots, and may help explain why aboveground 

measurements showed high resistance to altered nutrient availability through litter removal 

(Vaconcelos 2006), and belowground measurements were more sensitive. Conversely, the 

overall lack of response that belowground processes had to increased moisture availability may 

indicate the great plasticity of these native microorganisms to seasonal drought, whereas 

moisture availability at the study site significantly constrained ANPP in the year prior to the 

sampling period of this study, interannual changes in ANPP were not followed by significant 

changes in litterfall quantity or quality, nor significantly linked to belowground processes 

measured in this study (Vasconcelos 2006). 

The steady and reduced availability of NH4
+ under irrigation may reflect that of an 

environment without microclimate oscillations, buffered by the lack of seasonal droughts, and 

intermittent decomposition. Although it is unclear how this response may ultimately affect forest 

productivity, it is a strong confirmation of the pulse hypothesis articulated by Lodge et al. 

(1994), especially when combined with the overall responsiveness to wet up events reported 

throughout this dissertation.  

Future research efforts should focus on the impacts of moisture and nutrient constraints on 

microbial dynamics affects on aboveground processes (including C uptake) in tropical secondary 

forests, as their importance to tropical landscapes continues to grow. 
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Table 5-1. Summary of ecosystem processes responses to intrannual variability of rainfall 
seasonality (control plots), and to resource manipulations (dry-season irrigation and 
bi-weekly litterfall removal). The responses of manipulative experiments are relative 
to control treatments. 

Process/Variable Intrannual Variability Dry-season Irrigation Litter Removal
Biomass C Yes 0 -- 
Biomass N No 0 0 
Biomass P No 0 -- 
Bacteria  Yes 0 -- 
Fungi  Yes -- -- 
B:F  Yes 0 0 
Mycorrhizae No + ++ 
Spores No 0 0 
Net Mineralization No 0 -- 
Net Nitrification No 0 0 
Phosphatase No ++ -- 
Basal Respiration Yes 0 -- 
NH4

+ Yes -- -- 
NO3

- No 0 ++ 
PO4

- Yes 0 -- 
Soil C:N No 0 0 
Soil water availability Yes ++ 0 

Yes: presence of variability   
No: absence of variability   
 +: slight, but significant increase   
 ++: significant increase   
 --: significant decrease   
 0: no significant variation   
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APPENDIX 
MICROBIAL BIOMASS COMPARISSONS 
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Table A-1.  Comparative seasonal and/or annual mean for extractable microbial biomass C, N and P (mgC/kg-1soil) across differing 
tropical systems, site, depth and soil type (modified w/ permission from Rangel-Vasconcelos 2002).  

Cover Type 
Description Period Extraction Type 

MBC 
mgC/kg-1 

soil 

MBN 
mgC/kg-1 

soil 

MBP 
mgC/kg-1 soil 

 

Proportionality 
constant (KC, KN, 

KP) 

Treatment 
 Authors 

Rainy 487 51 20 KN = 0.68 
Winter 662 70 29  

FTd 
Dry Tropical Forest Summer 

Fumigation-
incubation 744 88 31  

- Singh et al. 
(1989) 

FTAp 
Primary Amazon 
Tropical Forest 

Annual 
(avg) 

Fumigation-
incubation 

1287 - -  - Luizão et al. 
(1992) 

FN 
Native Forest 

Annual 
(avg) 

Fumigation-
extraction 

476 35 - KC = 0.33 
KN = 0.54 

- Geraldes et al. 
(1995) 

FTAp 
Primary Amazon 
Tropical Forest 

Annual 
(avg) 

Fumigation-
extraction 

659 102 - KC = 0.35 
 - 

FTAp 
Primary Amazon 
Tropical Forest 

Annual 
(avg) 

Fumigation-
incubation 

695 111 - KC = 0.41 - 

Feigl et al. 
(1995) 

700- 1500 70-80 
KC = 0.35 
KN = 0.68 

 

FTs13 
Tropical-Dry 
Secondary Forest 
(13y Abandoned 
Pasture) 
 

Wet Season Fumigation-
extraction 

280-460 50-60 

- 
KC = 0.35 
KN = 0.68 

Fertilization 
(N, P, N+P) 

 

Davidson et al. 
(2004) 

Wet 2000 250 8.5 
KC = 0.45 
KN = 0.54 

 

FTRp 
Primary Tropical 
Rain Forest Dry 

Fumigation-
extraction 

1000 325 5.5 -- 

Nutrient 
Gradient 

Cleveland et al. 
(2004) 

Wet 920 -- -- -- 
Dry 300 -- -- -- Control 

Wet 275 -- -- -- 

FTws20 
Tropical-Wet 
Secondary Forest Dry 

Fumigation-
incubation 

120 -- -- -- 7y LR 
Li et al. (2004) 
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Table A-1. Continued 
Cover Type 
Description Period Extraction Type 

MBC 
mgC/kg-1 

soil 

MBN 
mgC/kg-1 

soil 

MBP 
mgC/kg-1 soil 

 

Proportionality 
constant (KC, KN, 

KP) 

Treatment 
 Authors 

Wet 348.40 24 
Dry 686.40 28 

-- Pre-treatment 

Dry 395.20 16 Control 

FTws14 
Tropical-Wet 
Secondary Forest 

Dry 

Fumigation-
extraction 

404.11 14.22 
-- 

KC = 0.35 
KN = 0.54 

 
1yIRR 

Rangel-
Vasconcelos et 

al. (2004) 

Wet+Dry 
season Not reported 1080-1710 -- -- -- Control FTw 

Wet Tropical Forest Wet+Dry 
season Not reported 1050-1550 -- -- -- 1y LR 

Ruan et al. 
(2004) 

Wet 200 ≈ 1000 
Dry 150 ≈ < 10 Control 

Wet 300 ≈ 1000 

FTm 
Moist Tropical 
Forest (old growth) 

Dry 

Fumigation-
extraction -- 

100 ≈ 50 

KN = 0.54 
KP = 0.37 

5yIRR 

Yavitt et al. 
(2004) 

Wet+Dry 
season 618 -- -- Control FTws20 

Tropical-Wet 
Secondary Forest Wet+Dry 

season 

Fumigation-
incubation 202 -- -- 

-- 
7y LR 

Li et al. (2005) 

Wet 221.14 21.26 0.59 
Dry 485.06 15.83 0.53 

Control 
 

Wet 247.22 23.09 0.61 
Dry 587.03 17.87 0.55 

4yIRR 
 

Wet 158.63 17.74 0.50 

FTws17 
Tropical-Wet 
Secondary Forest 

Dry 

Fumigation-
extraction 

 

468.97 21.01 0.42 

KC = 0.35 
KN = 0.54 
KP = 0.40 

 
4yLR 

Veluci 2006 

  ≈ : estimated from a figure plot. 7y : 7 years of litter removal. 1y : 7 years of litter removal. 5y : 5 years of dry-season irrigation
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