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Abstract 24 

Hurricanes are infrequent disturbances that affect tropical ecosystems and cause obvious damage 25 

on aboveground variables, but their impact on soil respiration is unclear. This study is the first 26 

attempt to continuously measure soil CO2 concentrations in a seasonally dry tropical forest to 27 

describe diel patterns of soil CO2 and respiration. Here we used solid-state CO2 sensors and the 28 

gradient flux method to calculate soil respiration following the unexpected pass of hurricane 29 

Wilma at the Yucatán Peninsula, Mexico. Mean annual soil respiration for the year following the 30 

hurricane was 10.4 µmol CO2 m-2 s-1 with a cumulative soil respiration of 3821 g CO2 m-2 y-1. 31 

Soil CO2 concentrations returned to pre-hurricane levels after 6 months at 16 cm depth, however, 32 

soil CO2 remained higher at 2 and 16 cm depth one year after the event. Contrary to previous 33 

studies, our results showed that soil respiration was 18% higher one year after the hurricane than 34 

during the same dates before the event. Diel patterns of soil respiration were decoupled from soil 35 

temperature with higher values at night between 2400 and 0600 hrs. Between 67 and 70% of 36 

total soil respiration was produced in the 2-8 cm layer, and this contribution was relatively 37 

constant across the sampled year and before the hurricane. We found seasonal shifts in the 38 

amplitude and shape and of diel hysteresis effects of soil respiration suggesting that other 39 

biophysical mechanisms regulate daily patterns of soil respiration other than soil temperature 40 

alone in this tropical forest. 41 

 42 

Keywords: hurricane, tropical forest, soil respiration, Mexico, disturbance 43 

 44 

Index terms: Carbon cycling, Diel, Impacts of global change, Ecosystems, Structure and 45 

dynamics 46 
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1.  Introduction 47 

Hurricanes are among a suite of large, infrequent disturbances that have immediate, and 48 

long-range impacts on local ecosystems and ecosystem functioning [Turner and Dale, 1998]. 49 

Large disturbances are unpredictable in space and time so studies on the immediate dynamics of 50 

theses disturbances are rare. Hurricanes impact aboveground forest biomass by defoliating and 51 

uprooting trees, and by damaging branches and stems [Walker, 1991; Whigham et al., 1991; 52 

Basnet et al., 1992]. Subsequently, hurricanes lead to a rapid redistribution of soil nutrients and 53 

belowground biomass due to large inputs of litter and changes in fine root density [Silver and 54 

Vogt, 1993; Herbert et al., 1999; Ostertag et al., 2003; Beard et al., 2005]. However, it is unclear 55 

how hurricane disturbances may affect soil respiration rates because of the limited opportunities 56 

to study these unexpected events [Steudler et al., 1991; Li et al., 2007]. 57 

Furthermore, there is a lack of understanding of diel patterns of soil CO2 dynamics in 58 

tropical forests. The study of diel patterns of soil respiration is crucial for a mechanistic 59 

understanding of the physical and biological processes that regulate soil respiration. Soil 60 

respiration is the result of heterotrophic (i.e. decomposers) and autotrophic respiration (i.e. 61 

respiration of living roots and mycorrhizal fungi), and is a key factor for understanding the 62 

responses of terrestrial ecosystems to climate change [Raich and Schlesinger, 1992; Schimel, 63 

1995; Silver, 1998; Raich et al., 2002].  64 

Diel soil respiration has been related in an exponential relationship with soil temperature 65 

[Lloyd and Taylor, 1994], but recent studies using automated measurements have shown 66 

hysteresis effects where soil respiration was decoupled from soil temperature [Carbone and 67 

Vargas, 2008]. These patterns have been observed in an agricultural field [Parkin and Kaspar, 68 

2004], a boreal forest [Gaumont-Guay et al., 2006], an oak-grass savanna [Tang et al., 2005a], 69 
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and a mix temperate forest [Vargas and Allen, in press]. If diel variation and hysteresis are not 70 

accounted for, errors of up to 60% in soil respiration rates may be computed [Parkin and Kaspar, 71 

2004]. Furthermore, tropical forests have been underrepresented in reviews on soil respiration 72 

[Raich and Potter, 1995; Subke et al., 2006], and to our knowledge, no previous study has 73 

reported this effect on this type of ecosystems.    74 

In this study we focused on diel variations of soil CO2 dynamics in a seasonally dry 75 

tropical forest (SDTF) on the Yucatan Peninsula after hurricane Wilma. It has been estimated 76 

that 1,048,700 km2 of SDTF remain in the tropics [Miles et al., 2006], which may represent 42% 77 

of the landmass covered by all tropical forests [Murphy and Lugo, 1986]. However, land use 78 

change, recurrent fires, and hurricanes have created a mosaic of successional forests where 79 

mature forests are scarce [Whigham et al., 1991; Turner et al., 2001; Vargas et al., 2008]. 80 

Therefore, there is an increasing need to study the recovery of SDTF after natural and 81 

anthropogenic disturbances [Sanchez-Azofeifa et al., 2005]. Furthermore, this is the first study to 82 

report continuous measurements of soil respiration in a SDTF.  83 

The main goal was to describe diel changes of soil CO2 concentration and respiration and 84 

their relationship with diel patterns of soil temperatures with the aid of solid-state CO2 sensors 85 

[see Hirano et al., 2003; Jassal et al., 2005; Tang et al., 2005b; Baldocchi et al., 2006] in a 86 

SDTF. The sensors were deployed almost three months before the unexpected pass of hurricane 87 

Wilma over our study site. We hypothesized that soil respiration rates would increase with the 88 

added decomposition of leaves and fine roots after the hurricane, but would return to pre-89 

hurricane values in the following months. Previous studies have shown that soil respiration rates 90 

are lower than pre-hurricane rates one year after the event in tropical [Steudler et al., 1991] and 91 

subtropical [Li et al., 2007] ecosystems. We further investigate how the recovery of damages in 92 
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the canopy after the hurricane, may influence the relationship between soil temperature and soil 93 

respiration at the diel scale. 94 

 95 

 96 

2.  Site Description 97 

The study site was located in a SDTF at El Eden Ecological Reserve (21°12.61′ N, 98 

87°10.93′ W) in the northeast Yucatan Peninsula, Quintana Roo, Mexico. The annual average 99 

precipitation in the study site since 1998 is 1650 mm. The wet season is from June to October, 100 

and the dry season is from December to May when precipitation is <100 mm month-1. The mean 101 

annual air temperature is 24.2 °C. The forest was naturally regenerated after a severe fire in 1989 102 

resulting in a dense, even-aged stand with total aboveground carbon of nearly 31 Mg C ha-1 and 103 

total belowground carbon of 66.7 Mg C ha-1 [Vargas et al., 2008]. The forest site had 53 tree 104 

species, with the 10 dominants including individuals of Bursera simaruba (L.) Sarg., 105 

Dendropanax arboreus (L.) Decne. & Planch., Ficus cotinifolia Kunth., Guettarda combsii Urb, 106 

Jatropha gaumeri Greenm., Lonchocarpus castilloi Standl., Lonchocarpus rugosus Benth., 107 

Nectandra salicifolia Kunth, Piscidia piscipula (L.) Sarg., and Vitex gaumeri Greenm [Vargas, 108 

2007]. Soils are shallow with a depth of nearly 20 cm and underlain by limestone bedrock. They 109 

have a bulk density of 0.61 g cm-3, a pH of 7.6, and a porosity of 0.77. The soil texture was 63% 110 

sand, 22% silt, and 15% clay.  111 

 112 

 113 

3.  Methods 114 

3.1 Long Term Measurements of Volumetric Water Content and Soil Temperature 115 
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During August 2004 we installed twelve soil temperature and soil volumetric water 116 

content (VWC) sensors (ECHO dielectric probes, Decagon Inc.) buried horizontally at a depth of 117 

8 cm within 1 ha of the forest stand. All measurements were recorded at 5 minute intervals from 118 

August 2004 to December 2006. 119 

 120 

3.2 Soil CO2 Profile Measurements 121 

During the first week of August 2005, we established two 20 x 20 m plots and installed 122 

soil temperature and VWC sensors inserted horizontally in a had-dug pit at 2, 8 and 16 cm depth 123 

at the center of each plot. In addition, we installed six solid-state CO2 sensors (range 0-10 000 124 

ppm; model GMT 222, Vaisala, Finland) vertically at 2, 8 and 16 cm depth to measure CO2 125 

concentration in the soil profile similar to Tang et al. [2005b] at each plot. The CO2 sensors were 126 

located 30 cm away from the soil moisture and temperature sensors. The low number of 127 

replicates spatially is due to the high cost of the CO2 probes, but this technology has the 128 

advantage of automated measurements with high frequency of recording ideal for studying diel 129 

patterns. However, because of the shallow nature of the soils (20 cm depth at the selected 130 

locations) we measured most of the soil profile at two locations with this sampling design.  131 

The system was solar powered and measurements were continuously taken from 132 

September 1, 2005 to December 31, 2006 at 5 minute intervals. However, because power was 133 

lost from October 20 to January 1 due to hurricane damage on our solar power system, soil CO2 134 

concentration measurements are missing for this period. Soil temperature and soil moisture were 135 

continuously recorded throughout the hurricane event. All soil CO2 probes were replaced on 136 

December 27, 2005, when access to our study site was once again attainable. The new CO2 137 

probes were simply reinstalled in the same tubes in the soil with no further disturbance. The old 138 
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CO2 probes were taken to the lab for calibration, but these were in perfect conditions providing 139 

confidence that they collected accurate measurements of CO2 concentrations until the solar 140 

power was lost. 141 

To model soil respiration, we used a CO2 gradient flux method similar to Tang et al. 142 

[2005b], and we will refer to these values as ‘soil respiration’ throughout the text. Briefly, 143 

measurements of CO2 concentration from the sensors were corrected for temperature and 144 

pressure according to the manufacturer (Vaisala, Finland). We used Fick’s first law of diffusion 145 

where the diffusivity of CO2 was corrected for temperature and pressure [Jones, 1992], and 146 

calculated as a function of soil volumetric water content, soil porosity, and soil texture according 147 

to Moldrup et al. [1999]. Soil respiration values from the gradient flux method were compared 148 

with diel soil respiration values at the onset of the experiment at six locations surrounding the 149 

soil CO2 sensors using a soil respiration system and a soil chamber: LI-6200 and LI-6000-09, 150 

respectively (LI-COR Inc. Lincoln, NE). For these measurements the litter layer was removed. 151 

 152 

3.3 Soil Respiration Data Analysis 153 

We analyzed the data according to seasonality at our study site: pre-hurricane data 154 

(September-October 2005), dry season (January-April 2006), beginning of the wet season (May-155 

August 2006), and wet season (September-December 2006). Similar temporal analyses have 156 

been done to study seasonality in nitrogen fixation at El Eden Ecological Reserve [Vargas and 157 

Novelo, 2007]. 158 

We explored the relationship of soil respiration with soil temperature as an independent 159 

variable: 160 

! 

R
S

= Boe
(B1*T )       (1) 161 



 

 8 

and a combination of soil temperature and VWC as drivers for soil respiration: 162 

! 

R
S

= Boe
(B1*T )

e
(B 2*" )+(B 3*" 2 )

     (2) 163 

where Rs is soil respiration in µmol CO2 m-2 s-1, T is soil temperature in °C, θ is the volumetric 164 

water content in ( m-3 m-3). Model parameters (Bo, B1, B2 and B3) were estimated using the 165 

Levenberg–Marquardt method. We used the residual standard error (RSE) and the Akaike 166 

Information Criterion (AIC) as a penalized likelihood criterion [Burnham and Anderson, 2002] 167 

to select the best statistical model for soil respiration.  168 

To test for hysteresis effect between soil respiration and soil temperature we used an F-169 

test. We compared the F-values of a single exponential model, using equation (1) and assuming 170 

no hysteresis effect, with the sum of the F-values of two independent exponential models 171 

(Equation1) by splitting the data into two sets based on maximum and minimum daily 172 

temperatures, assuming a hysteresis effect. If the F-test was significant at α = 0.05, then we 173 

concluded that two models better represent the dataset than a single general model and there was 174 

a significant effect [Burnham and Anderson, 2002]. Statistical analyses were performed using 175 

SPSS statistical software (SPSS Inc., v13.0, 2006).  176 

 177 

 178 

4. Results 179 

4.1 Immediate effect of hurricane Wilma on soil CO2, temperature and moisture 180 

Hurricane Wilma was the most intense hurricane recorded in the Atlantic basin with a 181 

minimum barometric pressure of 882 mbar and maximum winds of 295 km h-1. On October 21st 182 

2005, Wilma made landfall over the island of Cozumel as a Category IV storm on the Saffir-183 

Simpson scale, and emerged over the Gulf of Mexico on October 23rd as a Category II. The eye 184 
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of the hurricane crossed over our study site and barometric pressure dropped from nearly 1010 to 185 

970 mbar with sustained winds between 190 and 210 km h-1 between October 22 and 23, 2005 186 

(Figure 1a).  187 

 About 45 hours before the moment of lowest barometric pressure soils started to become 188 

saturated due to the intense rainfall. At that time, soil temperature decreased from nearly 26.5 ºC 189 

to nearly 25 ºC and stayed at that temperature during the rest of the hurricane event and while the 190 

soils were saturated (Figure 1a, Figure 2a, 2b). The CO2 sensors were working until nearly 50 191 

hours before the lowest recorded barometric pressure. Soil CO2 concentration remained in steady 192 

state with higher values at the depth of 16 cm and lower at the depth of 2 cm even with saturated 193 

soils (Figure 1b). In addition we observed an increase of soil CO2 concentration at all depths that 194 

correspond to a decrease in soil temperatures and an increase in soil volumetric water content 195 

(Figure 1b, 1c).  196 

  197 

4.2 Seasonal Patterns on Soil Temperature, Water Content, and Soil Respiration  198 

 Mean annual soil VWC was similar between 2005 and 2006 (0.22 and 0.21 m-3 m-3, 199 

respectively), but daily soil VWC showed a higher coefficient of variation (CV) during 2006 200 

(39.6%) than during 2005 (29.2%). After hurricane Wilma, daily soil VWC showed larger 201 

amplitude in wetting and drying events compared to the previous year (Figure 2a). Mean annual 202 

soil temperature for 2005 was 24.5 °C and was 24.9 °C for 2006. The differences between 203 

maximum and minimum temperatures were 9.1 and 7.9 °C, respectively. We found similar 204 

values of coefficient of variation (CV) between soil temperatures of 2005 and 2006 (8.8 and 205 

7.9%, respectively, Figure 2b).  206 
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Soil respiration values from the gradient flux method were significantly related (r2 = 0.81, 207 

P < 0.001) with values using the soil respiration chamber with an estimated deviation of 7% 208 

(Figure 2). These measurements did not account for the litter layer, as it is difficult to model CO2 209 

diffusivity through this porous media [Hirsch et al., 2004]. Therefore our values may 210 

underestimate total soil respiration. For logistical reasons measurements of soils respiration with 211 

the chamber method were limited, and values higher than the presented in Figure 2 lack 212 

comparison with the chamber method. However, our measurements of soil CO2 concentration 213 

were always at steady state during dry and wet conditions even during the hurricane event 214 

(Figure 1b).  215 

Mean annual soil respiration rate for 2006 was 10.4 µmol CO2 m-2 s-1 with a CV of 216 

21.5%, and cumulative soil respiration was 3821 g CO2 m-2 y-1. We observed large fluctuations 217 

in soil respiration after the hurricane event that seemed to correspond with wetting and drying of 218 

the soil (Figure 2c). Fluctuations in soil respiration were mainly associated with changes in 219 

VWC and secondarily with changes in soil temperature (Table 1), but both variables were 220 

needed to explain seasonal variation in soil respiration according to the AIC and RSE values. 221 

Soil respiration from September 1 to October 19 of 2005 was 7.6 µmol CO2 m-2 s-1, but for the 222 

same period one year later the rate was 8.9 µmol CO2 m-2 s-1, or 18% significantly higher 223 

(paired-t test, P < 0.001). 224 

 225 

4.3 Soil CO2 Concentrations  226 

Soil CO2 concentration varied from ca. 5000 ppm to ca. 8500 ppm at 16 cm, between ca. 227 

4000 ppm to 8000 ppm at 8 cm, and from ca. 1500 to 6000 ppm at 2 cm depth between 228 

September 2005 and December 2006 (Figure 4).  During September-October 2005 CO2 229 
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concentration at 2 and 16 cm had a mean of nearly 3500 and 7500 ppm, respectively. After the 230 

hurricane, from January to April, soil CO2 concentration had the lowest recorded values for the 231 

study period. From May to December of 2006, CO2 in the soil had a mean of nearly 5000 and 232 

7300 ppm at depths of 2 and 16 cm, respectively. During the study period we observed diel 233 

differences between maximum and minimum soil CO2 concentration with higher concentrations 234 

at night (Figure 4). At a depth of 2 cm, differences were between 360 and 140 ppm, and at 8 cm 235 

depth differences were from nearly 400 to 160 ppm. At 16 cm, differences of CO2 concentrations 236 

were only between 260 and 170 ppm (Figure 4).  The pre-hurricane period September-October 237 

2005 had significantly lower (paired-t test, P < 0.001) concentration of soil CO2 at 2 and 8 cm 238 

than the same period for 2006. No significant differences in soil CO2 concentrations were found 239 

for this period at 16 cm depth. 240 

 241 

4.3 Diel Patterns of Soil Respiration 242 

In general, using automated measurements of soil CO2, we observed higher respiration 243 

rates at night between 2400 and 0600 hrs (Figure 5). During September-October 2005 the 244 

maximum soil respiration rate was 7.8 µmol CO2 m-2 s-1 at 2100 hrs.  For January-April and 245 

May-August 2006 the maximum was 13.1 µmol CO2 m-2 s-1 and 9.5 µmol CO2 m-2 s-1, 246 

respectively, at 0500 hrs. During September-December 2006 we observed a maximum soil 247 

respiration rate of 9.4 µmol CO2 m-2 s-1 at 1000 hrs.  248 

We calculated soil respiration from 16-8 cm depth, 8-2 cm depth, and total soil 249 

respiration (16-0 cm depth) for the periods of September-October 2005, January-April, May-250 

August, and September-December 2006 (Figure 5). Contribution to total soil respiration from 16-251 

8 cm depth varied from 22.5 to 30%, while contribution from the 8-2 cm depth varied from 67.7 252 
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to 70%. The contribution of the 8-2 cm depth was relatively constant before and after the 253 

hurricane, but we observed an increase between 4 and 7% from the 16-8 cm depth after the 254 

hurricane event.  255 

During all periods we observed a significant (P > 0.001) diel hysteresis effects with 256 

variation in soil temperature at 8 cm depth (Figure 5). We tested this effect with temperatures at 257 

all depths but the effect was still significant (P > 0.001). The selection of temperature at 8 cm 258 

depth was based on the higher production of CO2 at the 8-2 cm layer (Figure 4).  Based on these 259 

results, the observed effects had clockwise loops with different shape and inclination during the 260 

months following the hurricane, but a counter clockwise loop before the event. The maximum 261 

differences of soil respiration at the same temperature for September-October 2005, January-262 

April, May-August, and September-December 2006 were 0.9, 8.3, 9.7, and 8.2%, respectively.  263 

 264 

 265 

5. Discussion 266 

Impacts of large, infrequent disturbances are among the most difficult events to study, as 267 

they are unpredictable in space and time, but are critical to understanding the functioning of 268 

ecosystems [Turner and Dale, 1998]. Soils have usually been ignored while studying hurricane 269 

disturbances and this study is one of the first attempts to study soil CO2 dynamics following a 270 

hurricane event [Steudler et al., 1991; Li et al., 2007]. Furthermore this is the first study that 271 

report automated measurements and diel patterns of soil respiration in a seasonally dry tropical 272 

forest (SDTF). In addition, we described the output from automated measurements that we could 273 

not undertake by hand up to one day before maximum winds, and contrast the post-hurricane 274 

data against our dataset obtained prior to the event. Our data show that soil CO2 concentrations 275 
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returned to pre-hurricane levels after 6 months at 8 and 16 cm depths, however, soil CO2 276 

remained higher at 2 cm even after 10 to 14 months of recovery. We found that the diel patterns 277 

of soil CO2 concentration, at all depths, and soil respiration were decoupled from soil 278 

temperature with higher concentrations and rates at night. Our data shows significant seasonal 279 

shifts in amplitude and shape of hysteresis effects in soil respiration. In addition, our results 280 

showed that soil respiration was 18% higher one year after the hurricane than during the same 281 

dates before the event.  282 

Our result of increased soil respiration one year after hurricane Wilma contrast with 283 

previous studies in which a reduction in soil respiration was observed following hurricane 284 

disturbances in tropical and subtropical forests [Steudler et al., 1991; Li et al., 2007]. However, 285 

our study site suffered considerably more damage from a hurricane category IV compared to the 286 

hurricanes category I and II in those studies. We found that diel patterns of soil temperature, soil 287 

CO2 concentrations and soil respiration were different one year after the hurricane compared to 288 

pre-hurricane levels. It is clear that additional long-term studies, using automated measurements 289 

of soil respiration, are needed to better understand recovery after hurricane damage and 290 

interannual variability in SDTF.  291 

Our data provide information of soil CO2 concentration dynamics up to 50 hours before 292 

the lowest barometric pressure while the eye of the hurricane crossed our study site. This is the 293 

first report of continuous soil CO2 measurements during a hurricane event, and shows the 294 

potential of automated measurements to study soil processes during large-scale disturbances 295 

[Allen et al., 2007]. Soils were saturated and we observed an increase in concentration especially 296 

at 2 cm depth. The soil CO2 profile remained at steady state during the hurricane event and 297 

during all wetting and drying events throughout the sampled year [Vargas, 2007]. These results 298 
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contrast with other ecosystems where the steady state assumption of CO2 concentration in the 299 

soil is not valid during rain events [e.g. Tang et al., 2005b]. This may be a unique characteristic 300 

of our site with high organic and shallow soils, but further research is needed to fully understand 301 

soil CO2 production in different ecosystems under different environmental conditions.  302 

Although our soil respiration system failed during the hurricane event due to the strong 303 

winds, we observed that litter rapidly decomposed following the hurricane (less than 2 months) 304 

producing between 2 and 3.3 Mg C ha-1 [Vargas, 2007]. One month before the hurricane litter 305 

biomass was 1258 g m-2, we estimate a litter input of 743 g m-2 during the hurricane, and two 306 

months after the event litter biomass was reduced to 887 g m-2 [Vargas, 2007]. Similar values of 307 

litter input and rapid decomposition have been observed in tropical forests after hurricanes where 308 

litter biomass returned to pre-hurricane conditions between 2 months and less than 1 year [Lodge 309 

and McDowell, 1991; Whigham et al., 1991; Ostertag et al., 2003].  310 

Between 67 and 70% of total soil respiration was produced in the 2-8 cm layer. This 311 

contribution was relatively constant across the sampled year and our results showed that the 312 

contribution of this layer to the total soil respiration was not significantly different following the 313 

hurricane event. Our results are consistent with previous reports of the importance of organic 314 

horizons in the soil profile for CO2 production observed in temperate forests [Davidson et al., 315 

2006].  316 

It is important to understand the contribution of heterotrophic and autotrophic respiration 317 

to total soil respiration. Root respiration may account for nearly 80% of total soil respiration in 318 

Amazonian tropical ecosystems [Trumbore et al., 2006]. However, we do not know how much of 319 

the CO2 produced in the 2-8 cm depth represents heterotrophic or autotrophic respiration. 320 

Moreover, it is unknown how the relative contribution of each component may be affected by a 321 
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hurricane disturbance. The combination of automated measurements of soil respiration with 322 

isotopic measurements may be an alternative method to understand the contribution and patterns 323 

of these components [Carbone et al., in press]. 324 

In tropical forests, seasonal variation in soil temperature is minor when compared to 325 

temperate forests. Thus, a function that included soil temperature and soil VWC better 326 

represented seasonal soil respiration at our study site. Similar results for modeling soil 327 

respiration based on VWC have been found in tropical forests with low variation in soil 328 

temperature [Davidson et al., 2000; Schwendenmann et al., 2003]. However, at the diel scale, 329 

soil temperature may be a better predictor of soil CO2 concentrations and soil respiration rates 330 

because soil CO2 production may be related with temperature in a mature tropical forest 331 

[Schwendenmann and Veldkamp, 2006].  332 

We found that diel soil respiration was decoupled from soil temperature with higher 333 

respiration rates at night. We found a diel difference between 1 and 4 °C at 8 cm depth in soil 334 

temperature at our study site. During 2006, despite the small difference in diel temperature 335 

variation, diel differences in soil respiration were up to 9.7% at the same soil temperature. 336 

Similarly, Stoy et al. [2007] found that the diel cycle of soil respiration was not always a clear 337 

exponential function in tropical forests, but lower respiration rates were registered at night. To 338 

our knowledge, this is the first report on diel hysteresis effects on soil respiration in tropical 339 

forests.  340 

The mechanistic explanation of this pattern is yet unclear, but several physical and 341 

biological possibilities exist. The effect may be due to a lag in diffusivity of soil CO2 in the soil 342 

profile [Stoy et al., 2007], or due to a lag in production of CO2 in the soil regulated by tree 343 

photosynthesis [Tang et al., 2005a; Liu et al., 2006], or a combination of both processes. In 344 
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addition, Sotta et al. [2004] found a poor relationship between soil respiration and soil 345 

temperature associated with plant and soil microbial water stress. Our study site presented large 346 

fluctuations in VWC after the hurricane that could have generated water stress in addition to 347 

natural recovery of vegetation. Further research is needed to explain this effect but ignoring it 348 

may over- or underestimate calculated soil respiration rates based on traditional point chamber 349 

methods depending on the timing and frequency of respiration measurements and the intensity of 350 

the hysteresis loop. For example, if we calculate soil respiration for the last season of the study 351 

which has a large loop we can estimate a loss of 1056 g C m-2 without accounting for the effect 352 

and 1170 g C m-2 while accounting for it.    353 

Measuring soil respiration is challenging and absolute values driven from the gradient 354 

flux method or the chamber method may have technical limitations [Rochette et al., 1992; Jensen 355 

et al., 1996; Tang et al., 2003; Liang et al., 2004; Pumpanen et al., 2004]. The CO2 gradient in 356 

the soil was always at steady state in our study site, but this may not be the case in other systems. 357 

Furthermore, the gradient flux method is sensitive to changes in soil water content at our study 358 

site [Vargas, 2007] and total soil respiration considering the litter layer is difficult to represent 359 

[Hirsch et al., 2004]. However, automated measurements have increased our understanding of 360 

the patterns and mechanisms of soil respiration [Goulden and Crill, 1997; Irvine and Law, 2002; 361 

Liang et al., 2003; Savage and Davidson, 2003; Liang et al., 2004; Allen et al., 2007].  362 

The mean annual soil respiration rate of 10.4 Mg C ha-1 yr-1, after the hurricane, was 363 

higher than the mean for a dry tropical forest of 6.73 Mg C ha-1 yr-1 [Raich and Schlesinger, 364 

1992], but within the range of fluxes reported for wet tropical forests of 2.8 to 20 Mg C ha-1 yr-1 365 

[Raich and Schlesinger, 1992; Davidson et al., 2000; Schwendenmann et al., 2003; Sotta et al., 366 

2004; Silver et al., 2005; Schwendenmann and Veldkamp, 2006]. Soil respiration was sensitive to 367 
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changes in soil VWC and larger fluctuations were observed during 2006, as the canopy 368 

recovered of defoliation, compared to data from 2005 [Vargas, 2007]. Fluctuations in soil VWC 369 

may be explained by gaps in the canopy that caused soils to become wetter with individual rain 370 

events but allowed faster drying as rain subsided. However, we did not find significant 371 

differences in soil temperature between 2005 and 2006 suggesting low interannual variability 372 

after a hurricane event. Although, our comparisons of soil respiration before and after the 373 

hurricane are limited by the few months of measurements before the unexpected event, this study 374 

has shown seasonal and diel variability in a SDTF following a large-scale disturbance. 375 

Furthermore, we have shown evidence that soil respiration rates and diel patterns may not 376 

recover one year after the event suggesting the sensitivity of this process in SDTFs. 377 

 378 

 379 

6. Conclusions 380 

Correctly interpreting the diel patterns in soil respiration in tropical forests still remains a 381 

challenging task, but automated measurements of soil CO2 concentrations have provided new 382 

insights on the patterns of this process. This study is the first to report diel patterns of soil 383 

respiration in a seasonally dry tropical forest and our results suggest that these patterns are 384 

nonlinear and may be influenced by seasonality and wind disturbances. Furthermore, higher 385 

respiration rates were measured at night suggesting that other biophysical mechanisms regulate 386 

daily patterns of soil respiration other than soil temperature alone.  At the seasonal scale, soil 387 

water content appears to be the main driver for soil respiration rates and soil temperature has a 388 

secondary role due to the low seasonal and interannual variation even after a hurricane event.  389 

Our results contrast with previous studies as soil respiration was 18% higher one year after the 390 
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hurricane than for the same dates before the event. Our results show that CO2 concentrations in 391 

the soil profile were in steady state and increased until nearly 50 hours before the lowest 392 

barometric pressure during the hurricane as soils became saturated.  393 

It is clear that more soil respiration studies are needed in tropical forests during and 394 

following hurricane disturbances to understand the recovery of soil CO2 dynamics at larger 395 

temporal and spatial scales. Furthermore, it is important to examine the possible links between 396 

soil CO2 dynamics and photosynthesis, especially to understand their relationship when the 397 

vegetation has been defoliated and clearly affects photosynthesis rates after hurricane events [Li 398 

et al., 2007]. Further research is needed to understand how biophysical factors regulate soil 399 

respiration in tropical forest, and the establishment of long-term automated networks is needed to 400 

identify interannual variability and disturbance recovery [Porter et al., 2005; Allen et al., 2007].  401 

 402 
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 573 

TABLE 574 

 575 

Table 1.     Results of nonlinear regression analyses relating soil respiration to soil water content 576 

and soil temperature.  577 

 578 

Model β0 β1 β2 β3 r2 P value RSE AIC ME 

    

! 

R
S

= Boe
(B1*T )

e
(B 2*" )+(B 3*" 2 )

 78.12 -0.055 -7.144 12.474 0.580 <0.0001 0.1052 405 3.8±0.06 

! 

R
S

= Boe
(B1*" )+(B 2*" 2 )

 17.337 -5.527 7.698 - 0.443 <0.0001 0.2053 492 - 

! 

R
S

= Boe
(B1*T )

 34.880 -0.05 - - 0.112 <0.0001 0.3529 640 - 
          

 579 

1 The best-fit model parameters (β0, β1, β2, β3, and β4) are reported for each model together with the squared 580 

coefficient of regression (r2), Akaike Information Criterion (AIC), residual standard error (RSE), and the 581 

model error (ME). ME is the departure between estimates and gradient flux method values (in %) ± 1 582 

standard error. Model error = ((100*(CO2 estimated - CO2 from gradient method)/( CO2 estimated)). T is temperature 583 

(°C), θ is volumetric water content (m-3 m-3), and Rs is soil respiration (µmol CO2 m-2 s-1).  584 

585 
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FIGURE LEGENDS 585 

 586 

Figure 1. Immediate effect of hurricane Wilma on (A) barometric pressure (solid line), soil 587 

volumetric water content (VWC, dashed line), and soil temperature (at 2, 8 and 16 cm depth); 588 

(B) soil CO2 concentrations and soil temperature at 2, 8, 16 cm depth; and (C) barometric 589 

pressure and VWC before CO2 sensors lost power. Time is in hours since 0000 hrs of 590 

10/19/2005.  591 

 592 

Figure 2. Mean daily average of (A) soil volumetric water content, (B) soil temperature, and (C) 593 

soil respiration from January 2005 to December 2006. Soil volumetric water content and soil 594 

temperature values represent mean daily average of 2-16 cm depth. Arrows indicate the 595 

approximate day of the maximum intensity of hurricane Wilma. The x axis represents the days of 596 

the year (DOY) in 2005 and 2006.  597 

 598 

Figure 3. Comparison between soil respiration values from gradient method and the chamber 599 

method using solid-state CO2 sensors and a soil respiration system connected to a soil respiration 600 

chamber (see methods for details). Dashed line represents the 1:1 line. 601 

 602 

Figure 4. Diel patterns of CO2 concentrations in the soil between September 2005 (pre-hurricane 603 

data) and December 2006 (14 months after the hurricane). CO2 concentrations were measured at 604 

depths of 2 cm (A-D), 8 cm (E-H), and 16 cm (I-L). Error bars are  ±1 standard errors. Dashed 605 

lines correspond to diel patterns of soil temperature at the corresponding depth. 606 

 607 



 

 29 

Figure 5. Diel patterns of soil respiration at the soil surface (A-D), from 8-2 cm (E-H), and from 608 

16-8 cm (I-L) depth. Measured periods correspond from September 2005 (pre-hurricane data) to 609 

December 2006 (post-hurricane data). Error bars are ±1 standard errors. Dashed lines correspond 610 

to diel patterns of soil temperature at 2, 8 and 16 cm depths. 611 

 612 

Figure 6. Comparisons of the daily patterns of soil respiration and soil temperature at 8 cm depth 613 

(A) before the hurricane from September-October 2005, and (B) after the hurricane from 614 

January-April, (C) March-August, and (D) September-December 2006. Highest soil respiration 615 

rates were observed at night (A-C), but this pattern shifted between September-December 2006 616 

(D). Mean soil volumetric water content from 2-16 cm depth was (A) 0.34, (B) 0.19, (C) 0.19, 617 

and (D) 0.20 m-3 m-3.  618 

 619 

620 
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Figure 1. Immediate effect on soil moisture, soil temperature and soil CO2  620 

 621 

 622 

623 
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Figure 2. Soil  moisture, soil temperature and soil respiration 623 

 624 

 625 
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Figure 3. Gradient flux method vs. chamber method for soil respiration 626 
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Figure 4. CO2 concentrations in the soil profile 638 
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Figure 5. Soil respiration in the soil profile 643 
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Figure 6. Diel variation in soil respiration 646 
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