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Abstract In carbonate aquifers, dissolved organic

carbon from the surface drives heterotrophic metabo-

lism, generating CO2 in the subsurface. Although this

has been a proposed mechanism for enhanced disso-

lution at the water table, respiration rates and their

controlling factors have not been widely evaluated.

This study investigates the composition and concen-

tration of dissolved organic carbon (DOC) reaching

the water table from different recharge pathways on a

subtropical carbonate island using a combination of

DOC concentration measurements, fluorescence and

absorption characterisation. In addition, direct mea-

surements of the microbial response to the differing

water types were made. Interactions of rainfall with

the vegetation, via throughfall and stemflow, increase

the concentration of DOC. The highest DOC concen-

trations are associated with stemflow, overland

recharge and dissolution hole waters which interact

with bark lignin and exhibit strong terrestrial-derived

characteristics. The groundwater samples exhibit the

lowest concentrations of DOC and are comprised of

refractory humic-like organic matter. The hetero-

trophic response seems to be controlled by the

concentration of DOC in the sample. The terrestrially

sourced humic-like matter in the stemflow and disso-

lution hole samples was highly labile, thus increasing

the amount of biologically produced CO2 to drive

dissolution. Based on the calculated respiration rates,

microbial activity could enhance carbonate dissolu-

tion, increasing porosity generation by a maximum of

1 % kyr-1 at the top of the freshwater lens.
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Introduction

Dissolved organic carbon (DOC) has a range of

important functions in groundwater. One key role is as

the prime source of carbon and energy to sustain

heterotrophic microbial communities (Baker et al.

2000; Simon et al. 2010). During heterotrophic

metabolism, organic carbon is consumed and CO2 is

released into the groundwater (Wilhartitz et al. 2009).

In carbonate environments, this additional CO2 has
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been suggested to play an important role in driving

dissolution, enhancing secondary porosity in the

shallow subsurface (Whitaker and Smart 2007a;

Wilhartitz et al. 2009). However, few studies have

considered the rate of CO2 generation (Wilhartitz et al.

2009) and the key factors influencing the response of

the microbial community.

Previous microbial studies of karst aquifer systems

have focused mostly on communities in caves in the

vadose and phreatic zones, as well as spring waters

(e.g. Birdwell and Engels 2010; Simon et al. 2010),

with little attention to the broader aquifer system (e.g.

Pronk et al. 2009). In the absence of photosynthesis,

the groundwater organic carbon pool is sustained by

recharge waters importing fresh DOC from the surface

(Baker et al. 2000; Shabarova and Pernthaler 2010), as

well as organic carbon being derived from the

dissolution of carbonate minerals (Jin et al. 2014).

Rainfall is the precursor to the majority of these

recharging waters with interactions with vegetation,

both the canopy (throughfall) and tree boles (stem-

flow), as well as the exposure carbonate surface,

through surface runoff and infiltration. These interac-

tions may alter the DOC concentrations along with the

water composition, before reaching the groundwater.

Once the surface-derived carbon enters the aquatic

system, various transformations, such as degradation

and mineral sorption, can alter its original character-

istics including bioavailability (Hur et al. 2009; Simon

et al. 2010; Jin et al. 2014).

The composition of DOC in aquatic environments

is inherently heterogeneous, comprising a complex

mixture of organic molecules (Stedmon et al. 2003).

The chemical nature of the coloured (chromophoric)

fraction of the organic matter (CDOM) can be defined

by its optical properties (Stedmon et al. 2003). Specific

functional groups of this CDOM (flourophores) absorb

and fluoresce at different emission/excitation wave-

lengths and these can be used to infer the composition

of the organic matter (Stedmon et al. 2003; Birdwell

and Engel 2010). CDOM can be characterised in three-

dimensions (as a function of excitation and emission

wavelengths and intensity) using fluorescence excita-

tion-emission matrices (EEMs) (Birdwell and Engel

2010).

The aim of this study is to understand the nature and

significance of different delivery pathways of DOC

and their significance for microbial respiration at the

water table in a shallow pristine carbonate aquifer. The

concentration and composition of organic carbon

entering the aquifer are characterised by integrating

DOC concentration data with UV–Vis absorption and

fluorescence data. A range of recharge pathways have

been sampled to understand the variability and trans-

formation of the organic matter as it moves from the

atmosphere to the water table. Incubation experiments

have been employed to gather direct measurements of

heterotrophic microbial activity in these differing

water types and also to ascertain the potential CO2

influxes into this system via respiration. Finally, the

impact of remineralization of organic carbon for

carbonate dissolution was evaluated. This has impli-

cations ranging from porosity and permeability devel-

opment in aquifers and hydrocarbon reservoirs to

global carbon cycling.

Materials and methods

Study site

North Andros, the largest island in the Bahamian

Archipelago (3250 km2), is situated on the windward

side of the north-west Great Bahama Bank (Fig. 1). The

majority of the island comprises Pleistocene deposits,

mostly from the Grotto Beach formation, with very

limited Holocene deposits (Rice Bay formation) along

the east coast andmore extensive tidal flats to thewest of

the island (Carew and Mylroie 1995; Whitaker and

Smart 1997a). The Grotto Beach formation, thought to

have been deposited during Marine Isotope Stage 5e

(132–119 kyr bp), is mostly comprised of low-magne-

sium calcite with minor amounts of aragonite, which

control the carbonate equilibria (Whitaker 1992; Whi-

taker and Smart 2007a). It also has a high hydraulic

conductivity due to extensive secondary porosity and

permeability at a range of scales developed bymeteoric

dissolution (Whitaker and Smart 1997b, 2000). These

dissolutional features are manifest at the exposure

surface as shallow epikarst ranging in scale from

centimetre to decimetre kamanitzas and solution pipes

to metre-scale dissolution pits, locally referred to as

‘‘banana holes’’ (Smart andWhitaker 1989), to pit caves

and dissolutional collapse features including blue holes

up to 300 m diameter and [100 m deep (Whitaker

1998).

The island has a subtropical marine climate, with a

warm wet season (May to November) dominated by
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convective rainfall, and a cooler dry season (Decem-

ber to April) punctuated by rainfall from the occa-

sional cold front (Whitaker and Smart 1997a). The

mean average rainfall has been estimated at

1.3 myr-1, with a potential evapotranspiration rate

of 1.6 myr-1 and an effective recharge 25 % of mean

annual rainfall (Whitaker and Smart 2007b). As the

vadose zone is very thin (average 0.8 m) (Whitaker

and Smart 2007a), the karstic dissolution features act

as conduits focussing recharge rapidly to the water

table. The majority of the recharge occurs during

heavy storm events, during which the water table re-

sponds within 3 h on North Andros (Cooper 2015),

and on nearby Grand Bahama 45–75 % of the rainfall

reaches the water table within 12 h of the rain

(Whitaker and Smart 2007b).

Vegetation on North Andros is predominantly pine

forest (Pinus caribaea var. bahamensis), with an

Fig. 1 North Andros Island, Bahamas with the sample locations marked
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understory of palms and poisonwood (Henry 1974;

Sanchez et al. 2014). Due to the thin vadose zone, the

pine forest is poorly developed and provides a sparse

canopy cover (Henry 1974). There are restricted areas

of hardwood and coppice vegetation, often located

where the vadose zone is locally thicker. Recharging

water infiltrates very rapidly into the vadose zone

through the well-developed epikarst, with overland

flow to surface dissolution features over short dis-

tances (\metres). Much of the surface is broken

limestone with a thin cover of pine litter and isolated

patches of immature soil (Little et al. 1973). Within

the pine forest, the dominant soil is a mineral-poor

black soil which comprises largely organic matter at

various stages of decomposition (Little et al. 1973).

An immature lateritic soil is present in some of the

surface dissolution features, as described in Eleuthera

by Foos (1989).

Meteoric recharge maintains a lens-shaped body of

groundwater which is separated from underlying

denser saline waters by a fresh-salt water mixing zone

(Whitaker and Smart 1997a). The distribution of

freshwater lens thickness is controlled by the size and

shape of the island, effective recharge and aquifer

porosity and permeability (Cant and Weech 1986).

The freshwater lens on North Andros is dissected by a

number of tidal creeks which limit the thickness of the

freshwater lens (Whitaker and Smart 1997a). In the

study area (Fig. 1) the lens is approximately

10–12 km wide and prior to groundwater extraction

attained a maximum thickness of 34 m (Little et al.

1973). This lens provides potable water for the local

population, and from 1972 to 2011 water was barged

to the neighbouring populous island of New Provi-

dence (Cant and Weech 1986; Lloyd et al. 1992). The

freshwater was extracted via an extensive network of

cruciform trenches, pumped at low rates from a central

point to minimise saline up-coning (Lloyd et al. 1992).

Over a swath extending c.5 m either side of each

trench, vegetation was cleared the top 20–30 cm of the

vadose zone scraped off and the surface graded to

promote overland flow to the trenches. Observation

boreholes are also located in the study area, facilitating

sampling of waters from the top of the freshwater lens.

Sampling sites and methods

The sampling locations were predominantly within the

pine forest in the northern part of the island (Fig. 1),

and the samples were collected over the course of two

wet season sampling campaigns: September to Octo-

ber in 2011 and June to July in 2012, representing the

late and early wet season respectively.

Samples were collected to represent different

discrete recharge pathways (Fig. 2) and include: rain

(n = 11); throughfall, rain percolating through the

vegetation canopy (n = 46); stemflow, flow down the

tree trunks (n = 35); overland flow (n = 13) and

samples from the top of the freshwater lens from

trenches (n = 25), dissolution holes (n = 9) and

boreholes (n = 23).

Rain and throughfall were collected using plastic

sheets (2 m2), previously washed with deionized water

and then rinsed with sample, held at 1–1.5 m above

ground level to minimise splash-back. Stemflow was

intercepted using a split pipe encircling the trunk and

channelling flow into a bottle which was collected

after rainfall events. Overland flow was sampled from

bare rock surfaces, solution pipes discharging into the

caves, and scraped areas adjacent to trenches. Natural

dissolution holes and trench waters were grab sam-

pled, and boreholes were pumped from just below the

water table using a peristaltic pump on a low flow

setting through a flow-through cell (U.S. Environ-

mental Protection Agency 2010).

Samples were filtered using pre-combusted What-

man GF/F (0.7 lm) glass fibre filters and stored in

glass vials which had been acid washed in 10 % HCl,

rinsed, furnaced for 4 h at 550 �C and sealed with

combusted aluminium foil. They were frozen imme-

diately after collection, and kept frozen during trans-

port back to the UK and until analysis of the TOC,

UV–Vis and fluorescence analysis was undertaken.

Chemical analysis

DOC

DOC analysis was undertaken using a Shimadzu TOC-

5000A total organic carbon analyser as non-purgeable

organic carbon using high temperature combustion

and a high-sensitivity catalyst. The variance on the

repeat samples was less than 1 %.

Absorption

Ultraviolet–visible (UV–Vis) absorbance spectra from

200 to 800 nmwas obtained at 1 nm increments, using
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a Cary 60 UV–Vis with a 10 mm path-length quartz

cell for a subset of 69 samples. The absorbance spectra

are converted to absorption coefficients using Eq. 1

(Helms et al. 2008):

a ¼ 2:303A=l ð1Þ

where a = absorption coefficient (m-1), A = ab-

sorbance (dimensionless) and l = path-length (m).

The absorption spectrum for CDOM, the fraction of

dissolved organic matter which absorbs ultraviolet and

visible light, increases exponentially (approximately)

with decreasing wavelength (Twardowski et al. 2004;

Helms et al. 2008). Thus spectra can provide a number

of metrics relating to organic carbon composition

which are largely independent of the concentration

(Helms et al. 2008).

The ratio of absorption coefficient at 250–365 nm

(E2:E3) was used in this investigation to reflect the

relative size of the CDOM molecules; larger mole-

cules lead to a decrease in E2:E3 as stronger light

absorption by high molecular weight CDOM occurs at

longer wavelengths (Helms et al. 2008). CDOM

aromaticity correlates positively with the absorption

coefficient at a wavelength of 254 nm (SUVA254),

when normalised by the DOC concentration

(mg C L-1) (Weishaar et al. 2003). The normalised

absorption coefficient at a wavelength of 280 nm

(e280) is positively correlated with both the molecular

weight and aromaticity of the humic substances (Chin

et al. 1994; Helms et al. 2008). Previous studies have

reported a positive relationship between the SUVA254

and e280 as both are measures of the aromaticity, and

an inverse relationship between e280 and E2:E3

reflecting control by molecular weight (Santos et al.

2009).

Further information was obtained from the spec-

trum using a single exponential decay function fitted to

the data in order to obtain the spectral slope (Stedmon

and Markager 2001; Helms et al. 2008). In line with

Helms et al. (2008), this decay function should have an

Throughfall

Fig. 2 Schematic showing the recharge pathways on North

Andros. The effects of interaction of rainfall with the vegetation

via the canopy and the trunk are evaluated using samples of

throughfall and stemflow respectively. At the ground recharge

infiltrates to the freshwater lens directly, via dissolution holes,

solution pipes and caves. Overland flow is limited, except where

the epikarst has been removed adjacent to the trenches. The

caves provide access to water sourced by overland flow as it

percolates through the vadose zone

Biogeochemistry (2016) 129:215–234 219
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R2\ 0.9 in order for the decay function to be

significant. The spectral slope can indicate character-

istics of the CDOM but, because of complexities in the

form of the decay function, it can be very dependent on

the range of wavelengths over which it is calculated

(Helms et al. 2008). Helms et al. (2008) suggested that

the ratio between spectra slope values, SR, over two

short ranges of wavelengths, 275–295 and

350–400 nm, is more sensitive to shifts in molecular

weight and/or source of CDOM. As for E2:E3, the

stronger absorbance of the high molecular weight

molecules at longer wavelength would decrease the

SR, resulting in an inverse relationship between SR and

molecular weight (Helms et al. 2008).

Fluorescence analysis

Fluorescence analysis (n = 157) was carried out using

a Fluorolog-3 spectrofluorometer with a xenon lamp

excitation source and a quartz cuvette with a 10 mm

path-length. Instrument stability and performance

were checked daily by measuring the Raman peak of

Milli-Q water using an excitation wavelength (kex) of
350 nm, and an emission wavelength (kem) of 397 nm.

EEM analysis was undertaken over using a kex range
of 230–420 nm and a kem range 290–550 nm, at

increments of 5 nm for the bulk samples and 2 nm for

the inoculation samples, with an integration time of

0.1 s and a bandpass of 5 nm for both excitation and

emission. Blank Milli-Q samples were run daily.

The EEMs were recorded in signal divided by

reference mode, and incorporated instrument-specific

corrections to adjust for spectral biases (Lawaetz and

Stedmon 2009). Inner-filter effects were corrected for

using the UV–Vis absorbance spectra (Ohno 2002).

When sample volumes were too low to perform this

measurement, data from a sample of the same type of

water with a similar DOC concentration was used for

the correction. Although this is not best practice, it was

suggested to be preferable to UV–Vis correction and

as the samples had been filtered previous work has

suggested there is a linear correlation between CDOM

adsorption and DOC concentration (Zhang et al.

2005). The intensity of the fluorescence was converted

from an arbitrary unit (counts per second—CPS), to a

quantifiable inter-comparable Raman unit (RU), by

normalising EEM data to the water Raman signal of

blank Milli-Q samples, specifically the area under the

Raman peak (kex = 350 nm) between 370 and

430 nm, as per the method detailed in Lawaetz and

Stedmon (2009). The blank EEM was then subtracted

from the EEM of the sample using a custom written

script in MATLAB (Mathworks, MA) software, thus

removing the water signature of the sample and

correcting for daily instrumental variations. As a

number of the sample groups contain\20 samples it

was not possible to perform the commonly used

PARAFAC, a principle component analysis method-

ology, for the samples groups as it would not be

statistically robust (Stedmon and Bro 2008), instead

different components were identified using an ‘‘algo-

rithm-based’’ approach, which defines regions of

interest (highlighted in Fig. 3) and systematically

extracts the maximum intensity within that region

(Korak et al. 2014).

EEMs of natural waters have a number of well

characterised component fluorophores which are

associated with humic-like and protein-like substances

(Coble et al. 2014; Korak et al. 2014; Birdwell and

Engel 2010; Stedmon et al. 2003; Baker and Lamont-

Black 2001). The humic-like substances emit light

between 350 and 500 nm and can give rise to distinct

peaks indicative of humic acid (C peak), fulvic acid

(AC peak) and autochthonous humic-like material (AM

and M peaks) (Coble et al. 2014; Birdwell and Engel

Fig. 3 Typical EEM showing the humic-like C peak region

(kex 300–390 nm, kem 395–480 nm) and AC peak region (kex
220–260 nm kem 400–500 nm), and the protein-like T peak

region (kex 270–310 nm, kem 330–390 nm) and AT peak region

(kex 210–250 nm, kem 330–380 nm). The fluorescence index

(FI) is the ratio between (kex 370 nm, kem 450 nm) and (kex
370 nm, kem 500 nm), marked with ?. The BIX index is the

ratio between (kex 310 nm, kem 380 nm) and (kex 310 nm, kem
430 nm), marked with x

220 Biogeochemistry (2016) 129:215–234
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2010). The protein-like substances emit light at lower

values between 300 and 350 nm, and can be sub-

divided into tryptophan-like (AT and T) and tyrosine

peaks (AB) (Coble et al. 2014; Birdwell and Engel

2010). The peak intensities for the most commonly

peaks—AC, C, T and AT—were identified (see Fig. 3

for the different peak regions).

Ratios between these florophores were used to

provide insights into the composition and source of the

organic matter. The ratio AC:C was used to indicate

the maturity of the humic-like material, with the C

peak representing older, more degraded and humified

material (Huguet et al. 2009). The ratio T:C was used

to reflect the productivity of the aquatic environment,

with increases in T peak intensities (tryptophan)

indicating microbial activity (Huguet et al. 2009).

Specific fluorescence indices were also used to assess

the origin of the organic matter (Huguet et al. 2009;

Birdwell and Engels 2010). The fluorescence index

(FI) is the ratio of (kem 450 nm, kex 370 nm) to (kem
500 nm, kex 370 nm), and provides a measure of the

relative proportions of terrestrial-derived to microbial-

derived humic-like material (McKnight et al. 2001).

Terrestrial-derived humic-like acids, from plant litter

and soils, have a higher aromatic carbon content than

their microbial counterparts. The FI uses this differ-

ence to indicate the potential source of the material

(McKnight et al. 2001), with FI valuesB1.4 indicating

a terrestrial origin, and values C1.9 indicating a

microbial source.

The biological/autochthonous index (BIX) is the

ratio between (kem 380 nm, kex 310 nm) and (kem
430 nm, kex 310 nm) and assesses the contribution of

the in situ biologically-produced organic matter, M

peak (Huguet et al. 2009). Values of BIX between 0.8

and 1 are attributed to the broadening of the emission

spectra by increased M peak contributions, suggesting

a microbial source from the DOM. In contrast, low

values, B0.6, indicate little contribution from micro-

bial production and can be attributed to a terrestrial

source, such as plants and soil (Birdwell and Engels

2010; Huguet et al. 2009).

Microbial response to the different types of water

Samples of rain, throughfall, stemflow, overland flow

and dissolution hole waters collected during a single

heavy rainfall event in September 2011 were used to

assess the bioavailability of organic carbon to the

groundwater aerobic microbial community (n = 9).

The groundwater microbial community used for the

experiments was collected from the water table in a

borehole with a vadose zone thickness of 1.1 m. The

samples were filtered, using pre-combusted GF/F

(0.7 lm) glass fibre filters, prior to mixing with the

unfiltered groundwater sample, with a ratio of 70:30

recharge water to groundwater, and decanted in

triplicate into 60 ml biological oxygen demand

(BOD) bottles. Unfiltered groundwater was used in

triplicate as a control. Initial dissolved oxygen (DO)

measurements were taken using a Hach HQ40d DO

meter and then the bottles were incubated in the dark at

approximately 30 �C, which is similar to the temper-

ature of the groundwater at the top of the lens during

these months (27–31 �C) (Cooper 2015). After

*50 h, a second DO measurement was taken, using

the same meter. The average respiration rate of the

aerobic heterotrophic microbial communities was

calculated in lg C L-1 h-1 by converting the moles

of O2 consumed to moles of C respired, assuming a

one to one molar conversion. This was then used to

calculate the concentration of DOC consumed over the

course of the incubation, assuming that one mole of

DOC is equal to one mole of carbon respired and that

the rate was constant. This was then expressed as a

percentage of the initial DOC concentration and used

to estimate the bioavailability for each sample.

The average respiration rates were then used to

estimate the possible rate of dissolution of the host

carbonate rock through the release of CO2 into the

groundwater. First, the respiration rates were corrected

for the ratio of inoculant water to groundwater to

produce a rate based on just the inoculant waters. The

average bioavailability for each water type was

calculated in a similar fashion to the individual water,

described above. Obviously the remainder of the DOC

is likely to be somewhat bioavailable, but as the rates

of consumption are known to decrease over time this

was thought to be a valid assumption without further

rate decay experiments. The total volume of recharge

waters was calculated for the sampling area (20 km2).

The minimum estimated rate was based on recharge of

0.34 myr-1, on the assumption that the dissolution

occurs after evapotranspiration, and the maximum rate

based on recharge of 0.94 myr-1, which assumed

dissolution was complete prior to evapotranspiration

(Whitaker 1992; Whitaker and Smart 2007b). The

volumes of recharge routed via different pathways are

Biogeochemistry (2016) 129:215–234 221
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poorly constrained, but it was estimated that for this

forested areas on North Andros, direct infiltration of

rainfall and throughfall account for 15 and 30 % of

recharge respectively, some 5 % of recharge is routed

directly to the subsurface via stemflow (Levia and

Frost 2003), 30 % enters by percolation of overland

flow and 20 % via dissolution holes (Whitaker and

Smart 2007b). For each pathway, the average concen-

tration of DOC was used to calculate the annual

incoming DOC budget. The bioavailable fraction of

the DOC budget was then calculated and used to infer

the dissolution rate, using the assumption that one

mole of C respired was equal to one mole of CaCO3

dissolved and that the dissolution was focussed within

10 cm of the water table.

Statistical analysis

Where the variance between water types was shown to

be equal using a Levene’s test, the statistical signif-

icance of this difference was tested using a one-way/

two-way ANOVA followed by post hoc Tukey test.

When the variance was shown not to be equal, a

Kruskal–Wallis test followed by pair-wise compar-

isons was used to assess the statistical significance.

Testing the variation between two sample sets was

undertaken using either a paired-T test or a Wil-

coxon’s signed ranks test on the arithmetic mean,

depending on homogeneity of the sample variance.

The correlation between two variables was calculated

using least-square regression. Statistical tests were

carried out using SPSS software, and significance is

reported as probability in brackets with the highest

confidence level.

Results

DOC

DOC concentrations ranged from 0.33 mg C L-1 to a

maximum of 60.3 mg C L-1, and are summarised in

Fig. 4. The concentration of DOC in the majority of

rainfall samples was low (\3 mg C L-1), and passage

through the canopy leads to slight enrichment in DOC,

although sample populations were not statistically

significantly different (Krustal–Wallis, post hoc pair-

wise comparisons, p[ 0.01). The stemflow samples

had the highest measured DOC concentrations, with a

mean of 32.4 mg C L-1, though not significantly

higher than that of overland flow waters (Krustal–

Wallis, post hoc pair-wise comparisons, p\ 0.01). In

comparison, all samples from the water table were

significantly depleted in DOC, with very low concen-

trations in trench waters and those from boreholes,

while waters from dissolution holes had rather higher

values (Krustal–Wallis, post hoc pair-wise compar-

isons, p\ 0.02). There was no significant differences

between the DOC of samples collected in the early

compared to the late wet season (Wilcoxon signed

rank test, p\ 0.05).

Absorption

Representative UV–Vis absorption spectra for the

different water types are shown in Fig. 5. To avoid

possible concentration interferences, the absorption

coefficients were normalised by the DOC concentra-

tions and reported as specific absorptivity (g-1

C L cm-1) (Santos et al. 2009). The stemflow samples

had higher specific absorptivity throughout the spec-

tra, when compared to the other water types (Fig. 5),

with the trench and borehole waters generally exhibit-

ing the lowest values. The latter also exhibited non-

exponential spectra curves which were relatively low

and flat at longer wavelengths, with an exponential

increase at[c.225 nm. This was not the case for the

other water types which, in general, showed an

exponential increase in absorptivity over the entire

Fig. 4 Box and whisker diagram of the DOC concentrations of

the different water types. The x denotes the arithmetic mean, the

whiskers are the maximum and minimum values and the green

diamonds are the values for the samples used in the inoculation

experiment. The circles are the outliers in the data set ([±2 SD

from the mean)
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spectral range. This flattening affected the spectral

slope parameter, SR, as a single exponential decay

function could not be fitted well (R2[ 0.9) to samples

with low absorbance at high wavelengths and there-

fore SR was only calculated for 42 samples, which

excluded the majority of the trench and observation

borehole waters, whereas the other metrics were

calculated for all samples (see Table 1).

As with the DOC data, there was a high variability

within the individual water types for each metric,

though UV–Vis spectra were only measured for a

subset of samples (n = 69). The arithmetic mean

values for the two indicators of molecular weight

(E2:E3 and e280) showed a clear positive correlation

(Fig. 6; least-square regression r2 = 0.74), excluding

the samples from boreholes and trenches which

showed a reduction in e280 due to reduction of

absorbance at wavelengths \280 nm. In contrast,

strong correlations existed for all the water types

between the measures of aromaticity, SUVA254, e280
and SR, (least-square regression r2 = 0.99 for

SUVA254 and e280 and least-square regression

r2 = 0.99 and r2 = 0.59 for SR with SUVA254 and

e280 respectively). These spectral parameters showed

that the aromaticity was lowest in the rainfall and

throughfall with a significant increase in the stemflow

and overland flow (one-way ANOVA, post hoc Tukey,

p\ 0.01).

Fluorescence

EEM classification and water types

The peaks identified in the EEMs and their fluores-

cence intensities were variable within and between

different sample types (example shown in Fig. 7). The

most common peaks were C and AC, humic-like

materials, appearing in all but 18 samples. In most

samples, the protein-like peaks were less common, T

being more prevalent than AT. As the AT peak is small,

it may not have been identifiable in the lower

resolution EEMs and therefore could be under-repre-

sented in the data. Where present, the humic-like

peaks generally exhibited the highest fluorescence

intensities, with the AC peak being dominant com-

pared to peak C, in 62 % of samples. The fluorescence

Fig. 5 Representative specific absorptivity (g-1 C L cm-1)

UV–Vis spectra, where the specific absorbance has been

normalised by the DOC concentration, for each of the seven

water types. The stemflow, overland flow and dissolution hole

examples show an exponential shaped spectra. The rain,

throughfall, borehole and trench water examples have a flatter

section at higher wavelengths and only start to increase

exponentially at *225 nm. These samples tend to have lower

specific absorptivity than the stemflow, overland flow and

dissolution hole samples

Table 1 The mean ± 1 SD values for SUVA254, e280, E2:E3 and SR metrics of each water type

Rain n = 3 Throughfall

n = 17

Stemflow

n = 18

Overland flow

n = 3

Dissolution hole

n = 5

Trench

n = 12

Borehole

n = 11

SUVA254

(L mg-1 m-1)

2.6 ± 1.5 4.0 ± 2.1 8.8 ± 2.1 7.2 ± 3.4 5.0 ± 0.6 4.4 ± 2.3 5.3 ± 2.6

e280 (L g-1 cm-1) 19.0 ± 12.7 29.7 ± 16.8 68.6 ± 17.1 55.9 ± 26.6 35.8 ± 4.6 36.2 ± 19.3 43.3 ± 24.1

E2:E3 3.9 ± 1.0 4.7 ± 1.5 5.1 ± 0.5 5.4 ± 0.8 4.7 ± 1.4 2.9 ± 1.3 2.2 ± 0.9

SR 1.9 ± 0.3 1.2 ± 0.3 0.7 ± 0.1 1.3 ± 0.7 1.0 ± 0.04 1.5 ± 0.5 1.1

(n = 2) (n = 12) (n = 18) (n = 3) (n = 3) (n = 3) (n = 1)

For some water types SR could only be calculated for a subset of samples (sample size in brackets)
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intensities range from 0.04 to 87.46 RU with the

highest intensities,[15 RU being associated with the

AC peak.

There were systematic differences between the

water types. The EEMs obtained from rain samples

were largely dominated by peak C; whereas the

throughfall showed much more variability in the

EEMs, with C, AC and AT all being dominant in

different samples. The AC peak was dominant for

stemflow, overland flow and dissolution hole samples.

These also exhibited the highest fluorescence intensi-

ties. The trench samples showed more variability, with

an increase in the prevalence of the C, T and AT peaks.

The borehole samples were dominated by the C peak.

Given the range of EEM groups represented in the

throughfall, it is not surprising that the C/AC and C/T

ratios varied widely (Fig. 8). C/AC was also variable

for rainfall, but most C/T ratios were\1. In contrast,

the stemflow, overland flow and dissolution hole

waters all showAC and C peaks dominant over T peak.

The trench and borehole samples spanned a range of

C/AC and C/T ratios. However, most trench samples

had low C/AC ratios, reflecting the dominance of the

AC peak, with C/T ratios similar to the stemflow/

overland flow/dissolution hole samples, although

some samples had a ratio\1. The borehole samples

fell into two distinct groupings of C/AC ratio, either

\0.8 or[1.5.

Fluorescence indexes

The FI and BIX were plotted for each water type in

Fig. 9 to investigate the differences in the source of the

DOC. The rain samples were defined as dominantly

microbial-sourced based on both the indexes, although

the variability in the FI and BIX is high. Some

throughfall samples appeared to be terrestrial-derived

(most clearly based on FI), and others microbial-

sourced. Only the stemflow and overland flow had

Fig. 6 Relationships between the arithmetic mean values for

each water type for the absorption metrics: SUVA254, e280, SR
and E2:E3. There is a strong positive correlation (indicated by

the dotted grey line) between SUVA254 and e280 and between

E2:E3 and e280 (excluding trench and observation borehole

samples, boxed), and an inverse correlation between e280 and SR
(and also SUVA254 not shown here)

(a)

(b)

Fig. 7 Example EEMs for a sample with a defined AC, C and T

peak, where the AC peak is dominant and b sample with a large

AC peak and a shouldering C peak. Note order of magnitude

change in RU between two EEMs
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clearly distinct BIX and FI values which indicated a

terrestrial source (Kruskal–Wallis, post hoc pair-wise

comparisons, p\ 0.05). The dissolution hole samples

were similar to stemflow and overland flow, but show

more spread in both the BIX and FI. The trench

samples resembled the throughfall, with a spread of

high BIX values, whilst samples from boreholes,

spanned a large range of the FI values.

Microbial response and DOC bioavailability

Microbial respiration in the control groundwater

sample from the borehole indicated a baseline of

3.41 ± 0.53 lg C L-1 h-1 (Fig. 10). In comparison,

the addition of all water types, apart from rain,

stimulated the microbial community within the

groundwater sample. There was a positive correlation

between DOC concentration of the inoculant water

and the carbon respired in the inoculated groundwater

sample, with the exception of the slow flow overland

sample, which was excluded from subsequent inter-

pretation (least-square regression r = 0.44; Fig. 10).

The EEMs of the inoculant waters showed fluores-

cence intensity dominated by either the AC or T peak.

The maximum intensity of the EEM of the inoculant

showed a positive correlation with the respiration

measurements of the corresponding inoculated sam-

ple. Similarly, an increase in the AC/T ratio in the

(a) (b)

(c)

Fig. 8 Scatterplots of the C/T and C/AC ratios for the different water types for a rain and throughfall EEMs, b stemflow, overland flow

and dissolution hole waters and c trench and borehole samples
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inoculant was associated with a higher microbial

utilisation of organic carbon (least-square regression

r2 = 0.58, Fig. 10). There was a negative correlation

between the BIX of the inoculant water and microbial

respiration (least-square regression r = 0.49, Fig. 10).

No other significant relationships between the char-

acteristics of the EEMs of the inoculant waters and

their corresponding microbial utilisation of organic

carbon were apparent, including the bioavailability,

expressed in % DOC, as shown in Fig. 10.

Modelling carbonate dissolution

The results from the modelling of carbonate dissolu-

tion are presented in Table 2. The proportion of DOC

consumed during the incubation experiments ranges

from 1.4 to 6 % of the original DOC concentrations,

for rainfall and throughfall respectively. The estimated

rate of porosity generation within 10 cm below the

water table ranged from 0.4 to 1.0 % kyr-1, with the

lower estimate based on the effective recharge of

0.34 myr-1, and the higher estimate assuming all

evapotranspiration occurred after dissolution.

Discussion

The results of this study demonstrate considerable

differences in the concentration and the composition

of the DOC of the differing waters types, according to

the recharge pathway both above and below the

ground surface. DOC concentration is variable but

high, most notably in stem flow, but also in waters

interacting with detrital organic material at the bed-

rock surface, whilst that of the shallow aquifer waters

is low. These differences in both the concentration and

the composition of DOC according to recharge route

influence the heterotrophic respiratory response of the

groundwater heterotrophic community, with implica-

tions for development of the shallow epikarst and

limestone dissolution at the water table.

Composition and variability of recharge waters

Rainfall

The convective rainfall events sampled were extre-

mely localised and storm hydrodynamics highly

variable, but most have a low DOC concentration,

with no systematic differences in concentration or

composition between samples from different times

during the wet season. The mean value of

3.8 mg C L-1 is similar to an earlier estimate from

Andros of 1.5 mg C L-1 based on a small number of

samples (Whitaker 1992). Both inorganic and organic

components of rainfall are controlled by the reactivity

Fig. 9 The FI and BIX index for each water type. The

terrestrially sourced organic matter should plot within region

A of the graph, FI\ 1.4 and BIX\ 0.6, and the microbial

sourced organic matter plot within region B of the graph,

FI[ 1.9 and BIX[ 0.8. Where one or both indices fail to

provide a conclusive indicator of source, samples plot within

region C
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and composition of cloud condensation nuclei, atmo-

spheric aerosols and gases, the sources of which vary

both seasonally and spatially, and are heavily influ-

enced by storm hydrodynamics (Pryor et al. 2007).

The majority of atmospheric aerosols on North Andros

are likely to be derived from either marine or local

terrestrial sources, and the variability in the concen-

tration of DOC could depend on meteorological

conditions, sample location and the input from these

sources.

The EEM data showed that rainfall samples are

either dominated by the C or T peak (Fig. 8). The C

peak is thought to reflect scavenging, both within and

below the clouds, of aerosols from anthropogenic,

biomass burning, marine and secondary organic

sources (Muller et al. 2008; Zhang et al. 2014).

However, the absorption data suggests a markedly low

molecular weight and aromaticity, as previously noted

by Graber and Rudich (2006).

Previous fluorescence studies of rain DOC compo-

sition indicate the ubiquitous presence and common

dominance of tryptophan-like fluorescence (Muller

et al. 2008; Salve et al. 2012; Santos et al. 2012; Zhang

et al. 2014). As with the humic substances, tryptophan-

like material is thought to be incorporated during

cloud formation due to the presence of proteinaceous

and biogenic matter in cloud waters (Muller et al.

2008). Atmospheric sources include bacteria, yeast,

(a)

(b)

(c)

(d)

Fig. 10 a Relationship between the respiration rate (mean ± 1

SD) for the inoculated samples and DOC concentrations of the

inoculant. The control respiration rate line is the unfiltered

groundwater, with the dashed lines representing±1 SD. The blue

linear regression lines show the positive correlation between the

BOD and DOC, excluding the slow flow. b Relationship between

AC/T and c BIX of the inoculant waters and respiration rates and

d bioavailability of the waters and respiration rates
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spores and pollen (Milne and Zika 1993; Determann

et al. 1996; Muller et al. 2008). The presence of

tryptophan-like material, along with relatively high

BIX values (\0.8), has previously been used to infer a

significant microbial-origin for atmospheric compo-

nents within the rainfall (Salve et al. 2012; Zhang et al.

2014).

The variation in the composition of the EEMs

between rainfall samples and the relative dominance

of C or T peaks could be related to storm dynamics.

Tryptophan-like material is not reported to be influ-

enced by climatic factors (Muller et al. 2008),

however, the humic-like material can reflect the

source and type of rainfall event which therefore

affects the relative magnitude of C and T peaks

(Cottrell et al. 2013; Zhang et al. 2014). Muller et al.

(2008) noted that high content of humic material is

associated with tropical continental convective storms

and localised thunderstorms, such as those which

contribute most of the rainfall on North Andros. The

majority of the sampled rainfall events on North

Andros represent localised convective thunderstorms,

albeit it heavily influenced by the local marine

environment. Thunderstorms promote vertical mixing

in the atmosphere, where the intense sunlight and high

ozone levels may contribute to the formation of

organic acids (Avery et al. 1991).

Throughfall

As rainfall is the pre-cursor to both throughfall and

stemflow, the variability in organic carbon in rainfall

will be transmitted down the flow path (Levia and

Frost 2006). DOC concentrations of throughfall are

marginally higher than those of rainfall, suggesting

additional source(s) of organic carbon. This may be

soluble terrestrial- and/or microbial-derived organic

matter from the foliage, dry deposition and compo-

nents leached from the canopy (Ciglasch et al. 2004

and references therein). The composition of the

throughfall is also more variable than that of the

rainfall samples (for example the spread in C/AC and

C/T in Fig. 8). Some samples exhibit similar low

molecular weights and aromaticity to rainfall, with a

similarly high BIX and a high or inconclusive FI

index, suggesting organic matter of microbial origin.

The samples with higher aromaticity and molecular

weight are associated with low BIX and FI values,

more similar to the stemflow samples, suggesting

more interaction during passage through the canopy.

The EEMs, despite being dominated by humic-like

material, are more similar to stemflow than to rainfall,

with a higher fluorescence intensity of peak AC rather

than peak C. This suggests a common terrestrial source

of organic matter, potentially from material leached

from the trees. However, the molecular mass of these

samples is lower than that of the stemflow, perhaps

because the terrestrial leached material is from the

foliage, rather than the bark, which generally has a

lighter molecular mass (Levia et al. 2012).

Differing extent of interaction between the rainfall

and canopy may account for variability in both

concentration and composition of the organic matter

in these samples. Those with limited interactions with

the foliage resemble the precursor rainfall, whereas

increased interaction with the canopy would incorpo-

rate organic matter from dry deposition and/or leached

material from the plant (Levia and Frost 2006). Both

these processes could contribute either terrestrially

sourced or microbially altered organic matter (Ci-

glasch et al. 2004), contributing to the variability

observed in the throughfall samples.

A number of other factors influence the rain-

fall/canopy interactions, including the canopy struc-

ture and climate, and could contribute to the variable

nature of the throughfall samples. Although the pine

forest is predominantly a monoculture, the density of

canopy cover is heterogeneous and in many locations

sparse. The low leaf surface area, can limit both the

availability of dry deposition and also the contact

between the rainfall/canopy (Levia and Frost 2006).

Dry deposition, comprising dust and degraded

Table 2 Calculated rate of dissolutional porosity generation

driven by respiration of DOC in different types of recharge

water

% DOC

consumed

during

incubant

Low rate of

dissolution

(% kyr-1)

High rate of

dissolution

(% kyr-1)

Rainfall 1.4 0.01 0.02

Throughfall 6.0 0.11 0.30

Stemflow 1.9 0.03 0.09

Overland flow 2.1 0.14 0.39

Dissolution hole

water

3.4 0.08 0.21

Total 0.37 1.02
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biological material, accumulates between rainfall

events (Levia and Frost 2006; Ciglasch et al. 2004).

During the wet season on North Andros there is a rapid

succession of storm events, limiting the accumulation

of this material.

Stemflow

The stemflow samples had both the highest and the

most variable DOC concentration, likely accounted

for by the leaching of organic matter from the tree

boles (Ciglasch et al. 2004) and the storm hydrody-

namics respectively. However, in contrast to the

throughfall, the absorption and fluorescence data have

a very low variance, a consistent homogeneous

signature of the organic carbon source. The DOM

has the highest molecular weight of all the sample

types, along with a high level of aromaticity. The

fluorescence data indicates the source of the organic

matter is terrestrial. The EEMs are dominated by the

two humic-like peaks (with a clear AC peak and

shouldering C peak) and the T is minimal or absent

(example shown in Fig. 7). Both the FI and BIX values

are low. The composition of the stemflow organic

matter, high molecular weight and aromaticity, along

with prevalence of humic-like substances, conform to

previous studies (Guggenberger et al. 1994; Ciglasch

et al. 2004; Levia et al. 2012) which suggest organic

matter is derived from the soluble lignin degradation

by-products released from the bark of trees. This gives

the samples their strong terrestrial signal.

Overland flow and dissolution hole waters

Overland flow shares many characteristics with stem-

flow, with a high DOC concentration, high molecular

weight and aromaticity, prevalence of humic-like

peaks in the EEMs and low FI and BIX values.

However, the EEMs for a number of the overland flow

samples do show an increased T peak compared to the

stemflow. Variability in characteristics of overland

flow samples is thought to be due to the range of flow

paths sampled. Overland flow from the scraped

surface feeding the trench has a lower DOC concen-

tration than that running over the natural surface into a

cave. The latter also has a higher molecular weight and

aromaticity, suggesting terrestrial-derived matter from

interaction with the canopy and tree boles of the

predominantly coppice vegetation, and patchy organic

soil in depressions on the bare rock surface. In contrast

overland flow towards the trenches interacts with grass

anda discontinuous thin soil, developed on the less

weathered surface bedrock leading to a stronger

microbial source.

Although much of the overland flow infiltrates via

solution channels, water-levels can rise in these after

heavy rainfall, whilst deeper dissolution holes, and

those in areas where the vadose zone is particularly

shallow, are permanently water-filled. The DOC

concentration of these waters is lower than that of

source stemflow and overland flow, but elevated

compared to groundwater sampled in boreholes. A

similar contrast between the DOC of dissolution hole

waters and groundwaters from observation boreholes

was noted by Whitaker (1992), with mean concentra-

tions of 16.1 and 4.4 mg C L-1 respectively, although

the DOC from pumped boreholes was considerably

higher (17.3 mg C L-1). Although the EEMs indicate

that the DOC is terrestrial-derived, the molecular

weight and aromaticity is low. The BIX and FI values

are more variable than those for the source waters.

This shift in characteristics of the organic matter may

reflect the more extended residence time of the water

within the dissolution holes.

Some of these karst features are perched above the

water table, providing temporary surface detention,

whilst others expose the top of the freshwater lens. In

both cases these surface declivities also tend to

accumulate foliage debris, such as pine needles, which

is comprised of lighter carbohydrates when compared

to the bark-derived lignins (Levia et al. 2012). This

could explain the lower molecular weight, and

aromaticity, of dissolution hole waters when com-

pared to the stemflow. Furthermore, the longer resi-

dence time of these waters within the dissolution holes

could lead to increased contribution and organic

carbon transformation from microbial sources, indi-

cated by higher BIX and FI values and enhanced T

contributions in some of the samples. The increased

residence time could also account for the C/AC ratio

which indicates older, more humified terrestrial

material, compared to the source water.

Groundwater from boreholes and trenches

Samples from the water table from trenches and

boreholes exhibit a homogeneously low concentration

of DOC, less even than in rainfall, but a highly
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heterogeneous DOC composition. The molecular

weight and aromaticity for both sets of samples are

lower than that of stemflow and overland flow, yet

higher than the majority of the other water types.

These water types are unique in that the absorption

spectra at shorter wavelengths are relatively low. This

precludes the use of SR values.

Whilst some indicator ratios resemble those for

overland flow samples, with some terrestrial-sourced

organic matter, most of the BIX values are high

suggesting more microbial-derived sources. Overland

flow is likely to be the major source of organic matter

for the trench waters, explaining the similarity in the

BIX, FI and the C/AC and C/T ratios for some of the

samples. As the trench waters are exposed to the

atmosphere they may also receive DOC from other

sources, such as direct rainfall and dry deposition. If

so, this similarity to throughfall, in terms of common

source of organic matter, would account for some of

the samples exhibiting a similar elevation in BIX

values associated with low FI values.

The groundwater samples are enriched in humic-

like material, with high SUVA254 and e280 values

suggesting higher molecular weights and aromaticity.

The majority of groundwater samples are distin-

guished by dominance of the C peak and a clear

associated increase in the FI index. The increase in the

C/AC ratio in the bulk of the samples suggests that the

humic-like material at the water table comprises more

humified, older organic molecules compared to the

majority of the samples from the surface. This is

similar to results for shallow stagnant cave pools

where the microbial decomposition of organic matter

transforms it to a more stable refractory form in older

waters (Shabarova et al. 2014). The increase in the

C/AC ratio may indicate the longer residence time, and

thus greater age, of groundwater at the top of the

freshwater lens, compared to waters interacting with

vegetation, the land surface and vadose zone during

rapid recharge.

Microbial response to recharge waters

The inoculation experiment showed that modification

of rainfall by interaction with vegetative and land

surfaces and percolation though the vadose zone

results in recharge waters that can enhance respiration

in the native heterotrophic groundwater microbial

community. The degree to which respiration rates are

stimulated varied according to the type of recharge

water, suggesting that the associated differences in

organic matter concentration and/or composition are

reflected in differences in bioavailability. Excluding

one anomalous overland flow sample, there is a clear

correlation between the respiration rate and the

concentration of DOC in the samples (Fig. 10). As

more organic matter is provided to the microbial

community, there is a linear increase in respiration

rate.

DOC comprises both labile components, more

bioavailable smaller molecules such as carbohydrates

and proteins, and refractory components, larger less

bioavailable macromolecules such as humic sub-

stances (Hur et al. 2009). Our data suggests that the

differences in the quantity of the organic matter within

the inoculant waters is a determinant of microbial

activity, where there is a positive correlation between

microbial respiration and the concentration of DOC

(excluding one anomalous overland flow sample). On

the other hand, whether DOM is of terrestrial or of

microbial origin contributes very little to controlling

the respiration response. Samples with a higher

respiration rate—stemflow, overland flow and natural

dissolution hole waters—show EEMs where both the

C/AC ratio and BIX value are low, classifying the

organic matter as derived from terrestrial rather than

microbial sources. Previous work suggests that humic-

like material from terrestrial sources is less likely to be

utilised by microbial populations as the material tends

to be refractory (Hudson et al. 2008). However, Baker

et al. (2000) found that large percentages of DOC

derived from soil organic matter, rich in humic and

fulvic acids, can be consumed by groundwater

heterotrophic communities, suggesting that natural

systems respond to relative bioavailability.

Recently, Shabarova et al. (2014) showed a signif-

icantly decrease in concentration of humic and fulvic

acids in cave pools, over a period of weeks, as a result

of microbial activity. Our data demonstrate that fresh

organic matter derived from terrestrial plants (e.g. via

stemflow and in dissolution holes) is somewhat

bioavailable (2–4 % DOC), and the bioavailability

of the throughfall and runoff is slightly higher. The

interaction between rain and vegetation could there-

fore be an important mechanism that generates

terrestrial labile DOC, which in turn maintains

microbial respiration in groundwater. In contrast,

input of low DOC water, such as rainfall, does little
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to stimulate respiration in groundwater. These waters

characteristically show a dominant T1 peak, inter-

preted as organic matter derived from microbial

activity which is less bioavailable both in this study

(approximately 1 % DOC), and in previous work by

Cammack et al. (2004).

Implications for carbonate dissolution

The role of microbial respiration in generating CO2 to

drive carbonate dissolution and contributing to the

development of the subsurface karst features has

previously been suggested on North Andros by

Whitaker and Smart (2007a, b) and more recently on

San Salvador in the southern Bahamas by Gulley et al.

(2015). The high permeability and limited thickness of

the vadose zone ensure rapid transmission (over hours)

of recharge water from the ground surface to the top of

the freshwater lens, providing a source of both

particulate and dissolved organic carbon (Whitaker

1992). Our study expands on this earlier work,

highlighting the contrast between the concentrations

and composition of organic matter that characterise

different recharge pathways, and specifically the role

of interactions with vegetation. It also shows that the

organic matter entering the system is for the most part

labile, and quantifies the degree to which it can

stimulate respiration within the heterotrophic micro-

bial community.

The results (Table 2) from the dissolution calcula-

tions suggest a rate of porosity generation through the

respiration of the heterotrophic microbial community

ranging from 0.4 to 1.0 % kyr-1 distributed over a

10 cm thick zone at the water table. The higher figure,

which is based on evapotranspiration occurring after

dissolution, is more likely to be correct given the

rapidity of recharge, organic matter oxidation and

carbonate dissolution. The most important contribu-

tions to this total are from overland flow (38 %) and

stemflow (30 %), reflecting their high fraction of total

flow and high DOC respectively. Although this

estimation does account for the differing rates of

respiration based on the type of recharge water it does

not factor in how these rates may vary with time. The

assumption in the calculation is that the bioavailable

DOC would be consumed rapidly and that over time

this consumption rate would decrease. Here, ‘‘rapidly’’

is defined as the duration of the incubation experiment

(50 h), and is supported by high rates of consumption

during this period. However, because of this assump-

tion the estimated rate of dissolution at the water

table is potentially an minimum estimate of the

amount of DOC which is consumed by the microbial

community.

Heterogeneities in recharge pathways and in the

concentration and nature of DOC in different types of

recharge waters, imply the resulting distribution of

dissolution is likely to be spatially variable over the

scale of centimetres to tens of metres. Dissolution will

be focussed at the bases of trees, where the effect of

concentrated input of DOC from stemflow will

augment that of CO2 production from root respiration

and the possible addition of organic acids. This creates

a positive feedback loop whereby the features act as

conduits for stemflow, and its associated labile organic

matter, to directly reach the freshwater lens. Similarly,

rapid routing of overland flow waters to the water

table via dissolutional conduits will lead to concen-

tration of dissolution and enlargement of voids at

water table which are not necessarily laterally

connected.

Conclusions

This study is, to our knowledge, the first to charac-

terise differing recharge water DOC concentration and

composition in a subtropical carbonate environment

and evaluate the response of the heterotrophic micro-

bial groundwater community. Results suggest that the

different recharge pathways at the surface have a

considerable influence on the concentration of DOC in

the waters, with increased interaction with vegetation

leading to an increase in DOC. These interactions lead

to distinctive terrestrial characteristics, with interac-

tion with the foliage or leaf litter providing lighter

molecular weight molecules, and interaction with the

bark contributing heavier humic lignin molecules.

Once the waters reach the water table, the DOC

concentrations decrease and there is a shift in the

humic-like fraction of organic matter to more refrac-

tory stable form.

The experiments to evaluate the response of the

groundwater microbial community to different types

of DOC show that the majority of the recharge waters

provide compounds which enhance heterotrophic

respiration within microbial populations in the water

table by up to an order of magnitude, depending on the
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water type. Although increased DOC concentration

generally leads to an increase in the respiration

response, the bioavailability of the organic matter

has an important influence. The terrestrially sourced

organic matter was shown to be highly labile and

readily metabolised. In contrast, microbial-derived

DOC seemed to be more refractory, suggesting prior

transformation of the labile material in these samples.

This study has a number of implications for

karstification. The rapid recharge to the freshwater

lens of labile storm derived organic matter has the

capacity to stimulate respiration from the hetero-

trophic microbial community. Based on measured

respiration rates, microbially-mediated carbonate dis-

solution at the top of the lens could generate porosity

within the range of 0.4–1 % kyr-1. However, the

distribution of this dissolution at the decimetre to

metre scale could be highly heterogeneous in nature

reflecting recharge pathways of different input waters.
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