
The influence of goethite and gibbsite on soluble nutrient
dynamics and microbial community composition

Katherine Heckman • Amy Welty-Bernard •

Angelica Vazquez-Ortega • Egbert Schwartz •

Jon Chorover • Craig Rasmussen

Received: 19 May 2011 / Accepted: 12 February 2012 / Published online: 11 March 2012

� Springer Science+Business Media B.V. 2012

Abstract Iron and aluminum (oxyhydr)oxides are

ubiquitous in the soil environment and have the

potential to strongly affect the properties of dissolved

organic matter. We examined the effect of oxide

surfaces on soluble nutrient dynamics and microbial

community composition using an incubation of forest

floor material in the presence of (1) goethite and

quartz, (2) gibbsite and quartz, and (3) quartz surfaces.

Forest floor material was incubated over a period of

154 days. Aqueous extracts of the incubations were

harvested on days 5, 10, 20, 30, 60, 90, and 154, and

concentrations of P, N, PO4
3-, NO2

-, NO3
-, and

organic C were measured in the solutions. Microbial

community composition was examined through py-

rosequencing of bacterial and fungal small subunit

ribosomal RNA genes on selected dates throughout the

incubation. Results indicated that oxide surfaces

exerted strong control on soluble nutrient dynamics

and on the composition of the decomposer microbial

community, while possibly having a small impact on

system-level respiration. Goethite and gibbsite sur-

faces showed preferential adsorption of P-containing

and high molar mass organic solutes, but not of

N-containing compounds. On average, organic C

concentrations were significantly lower in water

extractable organic matter (WEOM) solutions from

oxide treatments than from the control treatment

(P = 0.0037). Microbial community composition

varied both among treatments and with increasing

time of incubation. Variation in bacterial and fungal

community composition exhibited strong-to-moderate

correlation with length of incubation, and several

WEOM physiochemical characteristics including

apparent (weight averaged) molar mass, pH and

electrical conductivity. Additionally, variation in

bacterial community composition among treatments

was correlated with total P (r = 0.60, P \ 0.0001),

PO4
3- (r = 0.79, P \ 0.0001), and organic C

(r = 0.36, P = 0.015) concentrations; while variation

in fungal communities was correlated with organic C

concentrations (r = -0.48, P = 0.0008) but not with

phosphorus concentrations. The relatively small

impact of oxide surfaces on system-level microbial

respiration of organic matter despite their significant

effects on microbial community composition and

WEOM dynamics lends additional support to the

theory of microbial functional redundancy.
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Introduction

Concerns over global climate change have increased

interest in clarifying the mechanisms regulating

organic C storage in soils. Forest soils contain a

substantial portion of the world’s C stocks, and

therefore mechanisms regulating the size and turnover

rate of organic matter in forest soils are of particular

importance. Though dissolved organic matter (DOM)

comprises only *1% of the total organic C in soils,

DOM is the most mobile fraction of soil organic

carbon (Zsolnay 1996) and is a significant source of

new C inputs to subsurface soils in temperate forest

systems (Zech and Guggenberger 1996). Previous

research has also suggested that biodegradation of soil

organic matter occurs dominantly in the aqueous

phase (Kalbitz et al. 2003) and that DOM may be the

most important C source for soil microbes (Metting

1993; Jandl and Sollins 1997; Wagai and Sollins 2002;

Marschner and Kalbitz 2003). Therefore, changes in

the composition and solid-solution partitioning of

DOM and associated inorganic solutes may have a

profound influence on C mineralization rates and both

the size and activity of the microbial decomposer

community.

Much work has focused on organo-mineral inter-

actions in soil (e.g. Lützow et al. 2006; Kögel-Knabner

et al. 2008), but a substantial knowledge gap remains

concerning the complex interactions among soil

mineral, organic, and microbial components (Six

et al. 2002; Mikutta et al. 2006; Schmidt et al.

2011). This is especially true in regards to how these

interactions change throughout the biodegradation

process (Grandy et al. 2007; Grandy and Neff 2008).

General examinations of the biogeochemistry of SOM

degradation in natural soils have indicated that

mineral, biological, and organic components of soil

influence one another in complex and multifaceted

ways. In addition, the important influence of the

mineral matrix on the biodegradation process has been

highlighted by recent work. However, investigation

into organo-mineral-microbe relationships in the soil

environment is significantly hampered by the implicit

complexity of natural soils. The current study was

designed to examine the dynamic interactions among

dissolved organics, microbial communities, and min-

eral surfaces, and how the relationships among these

components change with increasing degree of organic

matter decomposition. Using simplified systems under

controlled conditions reduced the number of con-

founding factors influencing mineral-microbe-SOM

interactions, and allowed for more quantitative mea-

surement of these interactions than would be possible

if natural soils were used.

Sorption of organic matter to mineral surfaces has

been recognized as one of the most important stabil-

ization mechanisms controlling organic C content in

sediments and soils (Keil et al. 1994; Kalbitz et al.

2003; Kögel-Knabner et al. 2008; among others).

Sorption has been shown to reduce the bioavailability

of microbial substrates and can greatly reduce C

mineralization rates (cf. Sollins et al. 1996; Guggen-

berger and Kaiser 2003). Iron and Al oxides in

particular have the potential to strongly affect DOM

abundance and composition through dynamic uptake

and release reactions in bioactive systems due to their

high specific surface area and abundance of reactive

hydroxyl groups.

A considerable amount of prior work has focused

on abiotic sorption–desorption in model (oxy)hydrox-

ide systems where strong bond formation and DOM

molecular fractionation have been observed. For

example, goethite (a-FeOOH) surface Fe atoms form

inner-sphere complexes with DOM carboxyl groups

via ligand-exchange with surface hydroxyls, and the

associated sorption reactions are often irreversible or

hysteretic (Gu et al. 1994; Chorover and Amistadi

2001; Fu and Quan 2006, Kaiser et al. 2007). Goethite

surfaces have been shown to preferentially sorb DOM

molecules of high molar mass (Chorover and Amistadi

2001; Ohno et al. 2007) that are relatively enriched in

N and P (Ognalaga et al. 1994; Celi et al. 1999;

Omoike and Chorover 2006). Gibbsite (c-Al(OH)3)

also forms strong surface bonds with organic matter

(Guan et al. 2006), and its sorption affinity for P

compounds is comparable to that of goethite (Shang

et al. 1996; Stevenson and Cole 1999). In addition,

gibbsite has the potential to influence microbial

community structure and function as a source of

bioaccessible Al, which can decrease microbial

growth and respiration through toxicity effects (Wood

1995; Fischer et al. 2002; Schwesig et al. 2003). By

comparison, primary tectosilicate surfaces such as that

of quartz (a-SiO2), are much less reactive toward

DOM because of their lower hydroxyl site density

(much of the surface is dominated by siloxane sites),

180 Biogeochemistry (2013) 112:179–195

123



their greater surface acidity (lower point of zero

charge), and lower specific surface area.

Prior abiotic sorption studies have provided an

improved understanding of the chemical mechanisms

of interaction between organics and (oxy)hydroxide

surfaces. However, the interaction of these sorption

reactions with nutrient cycling processes in bioactive

mineral-microbe systems has not been addressed,

especially in regards to the influence on (and effects

of) microbial community composition, and how these

interactions may change over time and with increasing

degree of organic matter decomposition. To address

this, we used a controlled laboratory incubation with

native forest soil microbial inoculum to evaluate the

influence of goethite and gibbsite surfaces on soluble

or ‘‘water extractable’’ organic matter (WEOM)

quality, organic C mineralization rates, and changes

in microbial community composition. The incubation

was carried out over 154 days to assess time depen-

dent controls of oxide surfaces on soluble nutrients

and microbial communities. By examining both

dissolved organic C compounds and decomposer

community composition, we had the unique opportu-

nity to track the relationships between changes in

microbial communities and substrate chemistry over

time. The current study builds on a recently published

analysis of the physiochemical characteristics of the

WEOM deriving from the same set of incubation

experiments; those data (Heckman et al. 2011) are

used here to help explain variation in microbial

community composition and nutrient dynamics over

time.

Methods

Experimental design

Natural forest floor organic material was incubated in

the presence of three matrix types to assess the

influence of goethite and gibbsite relative to pure

quartz (a-SiO2) on WEOM characteristics throughout

the degradation process. The matrices for each treat-

ment were as follows: (i) Control treatment: 30 g

quartz sand; (ii) Goethite treatment: 6 g goethite

grains and 24 g quartz sand; and (iii) Gibbsite

treatment: 6 g gibbsite grains and 24 g quartz sand.

Goethite and gibbsite were purchased from Ward’s

Natural Science (Rochester, NY). Quartz sands were

purchased from Fisher Scientific (Pitsburgh, PA). All

minerals were devoid of detectable impurities as

determined by X-ray diffraction. Particle size and

specific surface area varied among the minerals.

Quartz, goethite, and gibbsite particles had mean

diameters of 211, 23, and 14 lm and specific surface

areas of 0.03, 3.51, and 1.32 m2 g-1, respectively

(Heckman et al. 2011).

Organic material used in the incubation experiment

consisted of partially decomposed forest floor material

(composite of Oi, Oe, Oa horizons) collected from an

Arizona Pinus ponderosa forest. Forest floor material

was dried at 30�C, cut to pieces measuring *1 cm,

and homogenized using a blender. Three grams of

homogenized forest floor material were mixed with

the respective quartz sand, gibbsite or goethite treat-

ments in 125 ml glass jars (Fisherbrand, Fisher

Scientific). Microbial inoculum from the O horizon

material was extracted following Wagai and Sollins

(2002). Freshly collected forest floor material was

mixed with deionized water at a weight to volume

ratio of 1:5. The mixture was shaken vigorously for

30 min on a reciprocal shaker followed by overnight

shaking on a low frequency setting. After 12 h of slow

shaking, the mixture was vacuum filtered through a

5 lm polycarbonate membrane filter. Vacuum line

pressure was kept below 69 kPa to prevent lysing of

microbial cells. The filtrate was stored in a sterilized

bottle overnight at 4�C before use. A 1 ml aliquot of

inoculum solution was added to each jar. Samples

were then homogenized, wetted to 60% of water

holding capacity (Cassel and Nielsen 1986) with

deionized water, and tamped to a uniform bulk

density. Sample cups were placed in 950 cm3 mason

jars. Soil moisture was maintained by the addition of

3 ml of water to the bottom of each jar to maintain

100% relative humidity within the jar atmosphere.

Aerobic conditions in the sample jars were maintained

by venting the samples periodically.

Mason jars were fitted with septa to allow for

headspace sampling. Headspace samples were col-

lected every 2–3 days by removal of a 1 ml aliquot of

headspace gas using a syringe. Headspace CO2

concentration was measured using an Infra-Red Gas

Analyzer (Qubit CO2 Analyzer, Kingston, ON, Can-

ada). Jars were ventilated after each headspace

measurement.

Samples were incubated at 25�C for seven time

intervals: 5, 10, 20, 30, 60, 90 and 154 days. Each time
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interval was replicated three times for a total of 63

samples. All 63 samples were prepared at the same

time. At the end of each time interval, three replicates

from each treatment were destructively sampled.

Samples were mixed with a spatula until homoge-

nized, then 12 g subsamples of material were removed

and frozen at -10�C for microbial analysis at a later

time. The remainder of the sample was mixed with

deionized water in a 15:1 solution to solid ratio and

shaken on a side-to-side shaker for 24 h. Samples were

vacuum filtered, first over a 1 lm glass fiber A/E filter,

then over a 0.22 lm polymer filter (Millipore type

GV). The filtrate containing soluble inorganic ions in

addition to the WEOM fraction was stored in sterilized

bottles at 4�C until analyses were completed. In this

experiment, the WEOM fraction is used as a proxy for

the DOM fraction found in natural environments.

WEOM analysis

Total organic (non-purgeable) carbon and total nitrogen

of the WEOM solutions were measured on a Shimadzu

TOC-VCSH analyzer (Columbia, MD). Inorganic

anions (NO3
-, NO2

-, PO4
3-) were measured by ion

chromatography (Dionex Ion Chromatograph DX-500,

Sunnyvale, CA) using the Ion Pac AS11 column with a

guard column (AG11) and sodium hydroxide (50 mM)

as the mobile phase. Select samples were analyzed for

ammonium using the Berthelot reaction (Forster 1995).

Concentrations of ammonium were below detection

limits (\0.02 ppm), and therefore ammonium mea-

surements were not carried out on the full sample set.

Organic nitrogen was calculated by subtracting NO3
-

and NO2
- from total nitrogen. Total phosphorus was

measured by Inductively Coupled Plasma Mass Spec-

trometry (ICP-MS) using a Perkin Elmer Elan DRC II

ICP-MS (Waltham, MA). Organic P was calculated as

the difference between total phosphorus and ortho-

phosphate. C:N:P ratios were calculated using total C,

total N and total P.

In a prior report (Heckman et al. 2011), WEOM

solutions were characterized by DRIFT (diffuse

reflectance infrared fourier transform spectroscopy)

and TG/DTA (thermogravimetry/differential thermal

analysis). Additionally, measurements of apparent

molar mass, pH, electrical conductivity, dissolved Fe

and dissolved Al were conducted on WEOM solu-

tions. A concise summary of the most relevant data is

included in Table 3.

Microbial community analysis

Shifts in bacterial and fungal community structure

were evaluated over the course of the incubation (days

5, 20, 60, 90, and 154) using bacterial tag-encoded

FLX amplicon pyrosequencing (bTEFAP), a universal

bacterial identification method, and fungal tag-

encoded FLX amplicon pyrosequencing (fTEFAP), a

universal fungal identification method. The fTEFAP

and bTEFAP methods were conducted by the

Research and Testing Laboratory, Lubbock, Texas as

described elsewhere (Acosta-Martinez et al. 2008).

Briefly, DNA was extracted from approximately 0.5 g

of soil using the Fast DNA Spin Kit for soil

(QBIOgene, Carlsbad, CA) following the manufac-

turer’s instructions. The 16S universal Eubacterial

primers 28F (GAGTTTGATCNTGGCTCAG) and

519R (GTNTTACNGCGGCKGCTG) were used for

amplifying the*500 bp region of bacterial 16S rRNA

genes. For analysis of the fungal 18S rRNA gene, the

primers funSSUF (50-TGGAGGGCAAGTCTGGTG-

30) and funSSUR (50-TCGGCATAGTTTATGGT-

TAAG-30) were used (Rousk et al. 2010). All primers

contained a 12 basepair barcode to identify the original

sample. HotStarTaq Plus Master Mix Kit (Qiagen,

Valencia, CA) was used for PCR under the following

conditions: 94�C for 3 min followed by 32 cycles of

94�C for 30 s; 60� C for 40 s and 72�C for 1 min; and a

final elongation step at 72 C� for 5 min. Equal

volumes of the amplicon products were then pooled,

and purified using Agencourt Ampure beads (Agen-

court Bioscience Corporation, MA, USA). DNA

amplicons were then sequenced using a 454 Genome

Sequencer FLX System (Roche, Nutley, New Jersey).

Statistical methods

Calculation of CO2 respired throughout the incubation

followed Zibilske (1994). Percent CO2 was converted

to mass of C and normalized to the C content of the

sample prior to incubation (mg C g-1 sample C).

Nonlinear regression was used to fit a first order decay

model to C mineralization data (Rasmussen et al.

2006). The model that gave the best fit consisted of

two pools that both exhibited first order decay, a

faster-cycling ‘‘labile’’ pool and a slower-cycling

‘‘recalcitrant’’ pool: �dC=dt ¼ CLe�kLt þ CRe�kRt,

where -dC/dt is [mg C g-1 sample C h-1], CL and

CR are the decomposition rates of the labile and
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recalcitrant pools of C, and kL and kR are the

decomposition rate constants (hr-1) for the C pools.

The total pool size (mg C g-1 sample C) for each

soil C pool, CLT and CRT, respectively, was esti-

mated by integrating the area under the curve for

each pool: CTL ¼ CL=kL 1� e�kLt
� �

, and CTR ¼ CR=

kR 1� e�kRt
� �

. The statistical software program, JMP,

was used for estimation of model parameters and their

associated error terms.

Each sample harvested at a specific destructive

sampling period was treated as a replicate for a given

treatment, providing three replicates for each treat-

ment per sample time and a total of 21 replicates per

treatment across all time periods. Significant differ-

ences between WEOM solution properties among

treatments were determined by two-way ANOVA

using mineral treatment (goethite, gibbsite or control)

and time as the main effects followed by Tukey–

Kramer post hoc test at a 95% confidence limit

(n = 21 for each mineral treatment). A time 9 treat-

ment interaction term was included in ANOVA

analyses, but was never statistically significant.

Differences within and between microbial commu-

nities were determined by analysis of the relative

abundance of species frequencies and analyzed rela-

tive to time, mineral composition, and solution

chemistry in the multivariate statistical software

package PC-ORD version 5 software (McCune and

Mefford 2006). Pairwise community distances were

estimated with the Sørensen (Bray-Curtis) index and

ordinated with nonmetric multidimensional scaling

(NMS). NMS is an iterative, best-fit technique that

arranges samples in space so that the distance between

each pair of samples is in rank order with their

similarities in species composition. The optimal

number of dimensions (k) was selected based on a

Monte Carlo test of significance at each level of

dimensionality comparing 250 runs with empirical

data against 250 randomized runs with a step-down in

dimensionality from 6 to 1 and a random seed starting

value. For the bacterial communities, the k = 1 and

k = 2 dimensional solutions produced the best solu-

tions with stress values smaller than those in random-

ized runs (P = 0.004). For ease of interpretation, the

two-dimensional solution was selected and the data re-

ordinated with k = 2 configuration using the seed

generated from the K 2 dimensional solution, a

stability criterion at 0.0000001, 100 iterations to

evaluate stability. For the fungal communities, the

k = -2 dimensions produced the best solutions with a

stress value smaller than those in randomized runs

(P = -0.004). The data was then re-ordinated fol-

lowing the same steps.

Relationships between communities and WEOM

solution properties measured during the incubation

were assessed by overlays or joint biplots of those

variables, which included mineral treatment, length of

incubation (Time), pH, EC, total organic C, total N,

apparent molecular weight (Mw), NO2
-, NO3

-, PO4
3-,

Al, Fe, and total P. The angle and length of the lines on

the biplots indicate the direction and strength of the

correlation among variables and microbial community.

Varimax rotation on the ordination axes was used to

maximize variance explained by the most significant

correlation vectors. Univariate relationships between

the newly rotated ordination scores and environmental

variables were examined with Pearson’s correlation

coefficient in JMP 7.0 (SAS Institute, Cary NC).

A multiresponse permutation procedure (MRPP)

using Sørensen’s distance and rank transformation

was used to examine statistical significance between

communities from different treatments and incubation

lengths. MRPP produces a test statistic A which ranges

from -1 and 1. Objects that are more dissimilar

between groups than within groups are indicated by an

A statistic greater than 0.

Results

Phosphorus dynamics

Average values of both total P and orthophosphate were

significantly lower in the oxide treatments than in the

control (controlA [ goethiteB = gibbsiteB, Fig. 1).

Amounts of orthophosphate were below detection level

(0.34 lM) in the oxide treatments for all sampling

periods except day 30 in the goethite treatment when

very low levels of orthophosphate were measured in one

of the replicates. Total P concentrations in the control

treatment were higher than in the oxide treatments,

approximately *1.25–2.75 lmol g-1 C, and the con-

trol also showed an increase in P content on Day 154 of

approximately 3.0 lmol g-1 C (Table 1). Similarly,

organic P concentrations in the oxide treatments were

low throughout the incubation, with values around
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0.2–0.4 lmol g-1 C, until Day 154 when a dramatic

increase of *1.2 lmol P g-1 C was observed.

Carbon dynamics: DOC concentrations

and respiration rates

DOC concentrations were lower in the oxide treat-

ments than in the control when averaged over time

(Table 1). This difference was mainly the result of two

large, but reproducible, spikes in C concentration at

days 20 and 60 in the control treatment (Fig. 2). By

day 154, there was no significant difference in DOC

concentrations among the control and oxide treat-

ments. DOC concentrations decreased by approxi-

mately 50% over the course of the incubation in both

the control and oxide treatments, though DOC

concentrations of the control treatment exhibited

larger fluctuations over time than the oxide treatments.

Respiration rates were similar among treatments

(Fig. 3; Table 2). Approximately 15% of the total

substrate C was respired over the 154 day period in all

treatments. The total amount of C respired by the

gibbsite treatment was statistically lower than the

amount of C respired by the control treatment

(153 ± 6 and 173 ± 5 mg C, respectively). Respira-

tion rate model parameters indicated that the labile

pool of C (CLT) was larger in the gibbsite treatment

than in the control and goethite treatment, while the

recalcitrant pool (CRT) was smaller (Table 2). How-

ever, differences in respiration rate parameters were

not significant.

Nitrogen dynamics

Total soluble N concentrations were not significantly

different among the treatments when averaged over

time, ranging from 17 ± 5, 13 ± 6, and 13 ± 4

lmol N g-1 C for control, goethite, and gibbsite,

respectively. However, relative concentrations of

nitrate, nitrite, and total N fluctuation patterns did

show differences among the treatments (Fig. 4), and

concentrations of nitrate were significantly higher in

the goethite treatment than in the control with values

of 2.82 ± 0.47 and 1.25 ± 0.24 lmol N g-1 litter C,

respectively.

C:N:P ratios of WEOM solutions

The carbon to phosphorus (C:P) molar ratio serves as

an apparent predictor of P mineralization and/or

immobilization during forest floor decomposition

(Blair 1988). Saggar et al. (1998) suggested a critical

forest floor C:P molar ratio of 550 for net P miner-

alization. In the oxide treatments, C:P molar ratios of

WEOM were well above this critical value throughout

the incubation until day 154 when they declined

sharply by an order of magnitude (Table 1). In
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general, C:P molar ratios of WEOM solutions from the

control treatment were lower than in the oxide

treatments and often dipped below the critical C:P

molar ratio of 550.

The generally accepted critical C:N value for N

limitation is approximately 30. At C:N ratios above 30

net immobilization dominates, while at C:N ratios below

20 mineralization dominates (Stevenson and Cole,

1999). C:N ratios were above the critical 30:1 value

until day 154 of the incubation across all treatments.

Microbial community composition

Analysis of the pyrosequencing data indicated that

length of incubation was a dominant factor in struc-

turing both bacterial and fungal communities (Figs. 5,

6). NMS ordinations fit both bacterial and fungal

datasets well (stress = 4.3, P = 0.004, stress = 7.6,

P = 0.004, respectively). Note that P values given in

reference to NMS ordination fits do not denote

significant differences among treatment groups, but

are rather related to the fit of the overall data set to the

defined axes. However, the P values given in reference

to correlations among WEOM properties and NMS

axes do denote significance of correlation.

For bacterial communities (Fig. 5), the primary

axis correlated strongly with length of incubation

(r = 0.89, P \ 0.0001), but showed moderate and

significant correlation to other WEOM solution

qualities including pH (r = 0.48, P = 0.0009), EC

(r = -0.43, P = 0.0036), and MwAPP (r = 0.57,

P \ 0.0001). Axis 2 exhibited strong-to-moderate

significant positive correlations with concentrations

of total P (r = 0.60, P \ 0.0001), PO4 (r = 0.79,

P \ 0.0001), and organic C (r = 0.36, P = 0.015).

According to the MRPP, bacterial communities

differed significantly by incubation time (A = 0.49,

P \ 0.01). All pairwise comparisons of the commu-

nities from different lengths of incubation (sampling

dates) were significantly different except for days 60

and 90. Significant differences among communities

according to sampling date are indicated by dashed

circles in Fig. 5. Because of the overwhelming

dominance of time as a factor influencing variance

in microbial community, MRPP did not indicate a

statistical difference among communities by mineral

treatment. However, communities clearly appeared to
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Fig. 2 Changes in dissolved organic C (DOC) content of the

WEOM solutions over time. The DOC contents of the solutions

were normalized to the grams of C in each solid sample prior to

incubation. Bars represent the standard error of 3 replicates
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Symbols are the average respiration rate for each treatment and

sampling time. Lines are the two-pool models fit to the measured
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cluster visually by mineral treatment, and further

statistical analysis indicated that when examined by

sampling date, communities from different mineral

treatments were statistically different from one

another.

For fungal communities (Fig. 6), the primary axis

also correlated primarily with incubation length

(r = 0.84, P \ 0.0001), and moderately to weakly

with MwAPP (r = 0.51, P = 0.0003), pH (r = 0.46,

P = 0.0016) and EC (r = -0.35, P = 0.017). Axis 2

exhibited a moderate negative correlation with organic

C concentrations (r = -0.48, P = 0.0008). Accord-

ing to the MRPP, fungal communities also differed

significantly by incubation time (A = 0.37, P [ 0.01)

and all pairwise comparisons among different incu-

bation times were significantly different except for

days 60, 90, and 154. Significant differences among

communities according to sampling date are indicated

by dashed circles in Fig. 6. Although MRPP did not

indicate significant separation by mineral treatment,

communities from the goethite and gibbsite treatments

appeared to cluster separately from the control.

Similar to the statistics for the bacterial communities,

fungal communities from the oxide treatments were

statistically different from control communities when

examined by individual sampling date.

Discussion

Influence of oxide surfaces on soluble nutrient

dynamics

Phosphorus

The presence of geothite and gibbsite had the strongest

effects on total P and orthophosphate concentrations

but also influenced N and C concentrations to a lesser

degree (Table 1). Assuming equivalent soluble releases

from forest floor organic matter, essentially all ortho-

phosphate and 75% of organic P were removed from

solution in the oxide treatments, most likely through

sorption to oxide and organic matter surfaces and

possibly through formation and precipitation of metal-P

complexes (Gerke 2010). It is well established that P

may be removed from active cycling through sorption

to oxide surfaces (Stevenson 1994; Stevenson and Cole

1999). Both inorganic P (HPO4
2-, H2PO4

-) and

organic P (biomolecules) may form strong bonds withT
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oxide surfaces through ligand exchange and metal

bridging (Gerke and Hermann 1992), and the strength

of phosphate fixation is approximately equal for

goethite and gibbsite (Stevenson and Cole 1999).

Changes in microbial community composition along

with increases in organic matter decomposition could

also have influenced P concentrations in WEOM

solution (Hunt et al. 2007). However, given the well-

documented affinity of oxide surfaces for P, it seems

more likely that sorption was the dominant processing

influencing P concentrations in WEOM solutions.

The data suggest phosphorus limitation had a

significant effect on microbial community composi-

tion throughout the incubation. Correlation analyses

suggest bacterial communities were more sensitive to P

limitation than fungal communities, as evidenced by

strong correlation between total P concentration and

variation in bacterial community composition that was

absent with fungal community variation (Figs. 5, 6).

Furthermore, total P and orthophosphate concentra-

tions were the dominant WEOM solution chemical

properties separating bacterial communities among

treatments, and they significantly affected bacterial

community composition regardless of incubation time.

In general, fungi have lower nutrient requirements than

bacteria (Smith 2002), and the greater ability of fungal

communities to cope with P limitation may explain the

lack of correlation between P concentrations and

variation in fungal community composition.

Carbon

When averaged over time, total organic C concentra-

tions in WEOM solutions from the oxide treatments

were half that observed for the control (Table 1).

Though differences in dissolved organic C concentration

among the treatments may be partially attributed to

differences in microbial degradation rates and incorpo-

ration of C into microbial biomass, it is likely that

variation in sorptive affinity of dissolved C for the

(oxy)hydroxide surfaces played a dominant role. Surface

hydroxyl groups of gibbsite and goethite surfaces are

known to form bonds with organic molecules through

ligand exchange reactions with organic phosphoryl

(Omoike and Chorover 2006), carboxylate and (to a

lesser extent at circumneutral pH) phenolate groups

(Parfitt et al. 1977; Gu et al. 1994; Molis et al. 2000;

Amistadi and Chorover 2001; Schneider et al. 2010).

Once such stable inner-sphere complexes are formed,

they are slow to dissociate even with a reduction in

aqueous phase DOC concentrations, and have been

shown to persist and strengthen over time (Gu et al.

1994; Kaiser et al. 2007; Journey et al. 2010). If it is

assumed that once formed, DOC-oxide complexes are

stable over the period of incubation, then the

0

5

10

15

20

25

30

35

40

5 10 20 30 60 90 154 Avg.

µ
m

ol
 (

g 
C

-1
)

(a) controlnitrite

nitrate

organic N + ammonium

0

5

10

15

20

25

30

35

40

5 10 20 30 60 90 154 Avg.

µ
m

ol
 (

g 
C

-1
)

(b) Goethite

nitrite

nitrate

organic N + ammonium

0

5

10

15

20

25

30

35

40

5 10 20 30 60 90 154 Avg.

µ
m

ol
 (

g 
C

-1
)

Incubation time (days)

(c) Gibbsitenitrite

nitrate

organic N + ammonium

Fig. 4 Changes in nitrate, nitrite and organic N? ammonium

content of WEOM solutions over time. The N contents of the

solutions were normalized to the respective C content of the

solid sample prior to incubation

188 Biogeochemistry (2013) 112:179–195

123



reproducible fluctuations in DOC (Fig. 2) are the result

of microbial processes. Differences in dissolved organic

C concentrations among treatments were most pro-

nounced on days 20 and 60 of the incubation (Fig. 2).

We hypothesize that these large ‘flushes’ of C in the

control treatment were representative of microbial

biomass turnover events when large changes in com-

munity size or composition took place. Furthermore, we

postulate that similar biomass turnover events were

taking place in the oxide treatments, but that the

solubilized C was rapidly sorbed by the oxide surfaces

(McKnight et al. 1992; Day et al. 1994) and therefore not

detected in the WEOM extractions. The NMS plots of

variation in fungal community composition (Fig. 6)

shows that variation in fungal communities along axis 2

was primarily correlated with concentration of dissolved

organic C. This may support the above hypothesis, and

indicate that changes in DOC concentrations were the

result of microbial cell lysis and turnover. Alternatively,

the correlation between DOC concentration and fungal

community composition could indicate that community

composition was changing as a result of changes in

dissolved organic C availability. Given that forest floor

material was present in the microcosms at a 10% by

weight proportion and that concentrations of C were

much larger than concentrations of N or P, it seems

unlikely that C availability was a driver of variation in

fungal community composition. The same may be true

for bacterial communities. Variation in bacterial

community composition was also correlated, though

weakly, with DOC concentration along axis 2 (Fig. 5).

Microbial community composition was signifi-

cantly affected by the presence of goethite and gibbsite

perhaps due to their effects on N and P availability, but

respiration rates were not, which is suggestive of

something akin to functional redundancy. The hypoth-

esis of functional redundancy or functional equiva-

lence is based on the idea that more than one species is

capable performing a given function or role within a

particular ecosystem or environment (Walker 1992).

Indeed, many studies of C mineralization rates in soils

have found that even given significant changes in

environmental parameters, microbial communities are

able to adapt and change such that microbial commu-

nity structure is significantly different while decom-

position and C mineralization rates are unchanged

(Griffiths et al. 2000; Griffiths et al. 2001; Ayres et al.

2006; Wertz et al. 2006; Balser and Firestone 2005).

These studies suggest something a step beyond

functional redundancy or functional equivalence.

Specifically they suggest that soil microbial commu-

nities can adapt to changing environmental conditions

through changes in community composition such that

communities operating under substantially different

stress levels can all achieve similar C mineralization

rates. The observed highly similar respiration rates

among all treatments in this study may lend support to

this hypothesis.
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Fig. 5 Non-metric multidimensional scaling ordination of

bacterial pyrosequencing data. Symbols code for treatment
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for length of incubation. Lines show correlation vectors of the

measured WEOM properties with the ordination: EC, C (organic

C), PO4, P (total P), Mw, pH, Time (length of incubation). The

final solution has two dimensions (stress = 4.3, P = 0.004).

Circles of dashed lines are drawn around data points to indicate

statistical differences among communities grouped by sampling

date
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Nitrogen

Aqueous total N concentrations were affected by

mineral type to a lesser degree than C and P

concentrations. Perhaps the most striking aspect of

the nitrogen data time series (Fig. 4) was the large

fluctuations in N concentration. The treatments all

exhibited one large spike in N content, at day 20 in the

oxide treatments and at day 60 in the control. One

explanation for the patterns of N concentrations may

be microbial turnover and concomitant cell lysis.

However, increases in N concentration were not

accompanied by similar spikes in either dissolved C

or P concentrations. The apparent decoupling of N and

C dynamics in dissolved organic matter solutions has

been observed previously in many field studies. In

experiments in spruce and pine forests, addition of N

to soils did not cause observable changes in dissolved

organic C yield (Stuanes and Kjønass 1998; Emmett

et al. 1998), whereas others note no clear dependence

of DOC flux on N availability (Gunderson et al. 1998;

McDowell 2002). This apparent decoupling of nutri-

ent dynamics may imply that fluctuations in nutrients

are more the product of predator/prey dynamics or

shifts in nutrient limitations rather than strictly cell

lysis.

Nutrient ratios

Molar ratios of N to P suggested differences in nutrient

limitations between the control and oxide treatments,

and these differences in nutrient limitations are

important due their influence on microbial community

composition. Güsewell and Gessner (2009) found that

N-limited conditions favor bacteria, while P-limited

conditions favor fungi, with the shift from N to P

limitation occurring at N:P molar ratios of 15–45. The

average total N:P molar ratio of control WEOM was

12, indicating that growth was most likely N-limited

throughout the incubation. In contrast, total N:P ratios

varied more widely in the oxide treatments, ranging

from [1000:1–10:1 (Table 1). Time averaged values

were 121 in goethite WEOM and 263 in gibbsite

WEOM indicating a prevalence of P-limiting condi-

tions (Table 1).

The critical N:P ratio where nutrient limitation

shifts from N to P is not well defined since it depends

to a large degree on community composition and the

associated species’ variance in nutrient requirements,

and threshold N:P ratios may be slightly different for

WEOM solutions than for solid organics as used in

Güsewell and Gessner’s (2009) calculations. How-

ever, nitrate data may add additional support to the
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Fig. 6 Non-metric multidimensional scaling ordination of

fungal pyrosequencing data. Symbols code for treatment

(control square, goethite circle, gibbsite triangle). Colors code
for length of incubation. Lines show correlation vectors of the

measured WEOM properties with the ordination: EC, Al, C

(organic C), Mw, pH, day (length of incubation). The final

solution has two dimensions (stress = 7.6, P = 0.004). Circles
of dashed lines are drawn around data points to indicate

statistical differences among communities grouped by sampling

date
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idea that microbial growth in the oxide treatments was

primarily P limited while microbial growth in the

control was more N limited. Nitrate and nitrite are

typically only formed when N is not limiting, and

nitrate concentrations were higher in the oxide treat-

ments than the control throughout the incubation

(though only the goethite treatment was statistically

significantly higher than the control at the a = 0.05

level).

Although there were significant treatment effects

on nutrient ratios, general trends were apparent across

all treatments. Over time, as decomposition of the

forest floor material progressed, molar nutrient ratios

(C:N and N:P) declined significantly, and C:N values

were an order of magnitude lower at the end of the

incubation than at the beginning. The decreases in C:N

over time is consistent with an enrichment of micro-

bial-sourced compounds in WEOM solutions. At day

154 of the incubation, C:N values of WEOM solutions

were 27, 19, and 16 for control, goethite and gibbsite

treatments, respectively. These values are only

slightly higher than typical C:N of soil biomass which

is usually *8-12 (Paul and Clark, 1996; Wright and

Coleman, 2000). Furthermore, N:P ratios also

declined significantly throughout the incubation, and

after 154 days were drawing near the global stoichi-

ometric average for forest microbial biomass of 9:1

(Cleveland and Liptzin 2007). In a related study, FTIR

analysis of WEOM solutions indicated a steady

increase in amide:COO- and amide:polysaccharide

ratios over time in the same samples (Heckman et al.

2011), consistent with accumulation of microbial

byproducts produced during cell lysis and turnover.

Changes in nutrient ratios together with changes

observed in the molecular structure of WEOM over

time (see 4.2 below) both indicate an enrichment of

microbial biomolecules and metabolites in WEOM

solutions with increasing time and degree of biodeg-

radation. This is consistent with research indicating

that microbial metabolites comprise a significant

portion of dissolved organic matter in natural soil

systems (Kalbitz et al. 2000).

Correlations among WEOM solution properties

and microbial community composition

Measures of WEOM molecular structure, nutrient

content and chemical properties all indicated signif-

icant differences in WEOM properties both over time

and among mineral treatments. Changes in WEOM

properties with increasing time of incubation included

a steady increase in aromaticity and MwAPP in all

treatments, and a general increase in metal:C ratios in

the goethite and gibbsite treatments. Significant dif-

ferences in WEOM properties among mineral treat-

ments included differences in nutrient limitation as

discussed above, and also differences in the structural

composition of WEOM solutions. Thermal and FTIR

analysis indicated that WEOM from the gibbsite

treatment was rich in thermally recalcitrant and

carboxyl-rich compounds in comparison to the control

treatment, and WEOM from the goethite treatment

was significantly depleted in both amide (as a proxy

for proteins) and ester (as a proxy for lipids) structures

relative to the control WEOM (Table 3) (Heckman

et al. 2011).

Significant correlation among community compo-

sition variation and WEOM solution properties

(Figs. 5, 6) indicated that changes in WEOM were

related to changes in microbial community structure.

Since microbial communities rely on dissolved organ-

ics as a growth substrate, it is likely that changes in

microbial communities are indicative of concurrent

dynamics in nutrient availability and/or structural

lability of dissolved organic molecules (Griffiths et al.

1998; Schutter and Dick 2001). However, it is also

likely that differences in community composition

among treatments and over time may have led to the

production of different biomolecules which would

also be reflected as changes in WEOM solution

properties (Grandy et al. 2008; Wickings et al. 2011).

Apparent weight averaged molar mass (MwAPP) of

WEOM was correlated with variation in community

composition along axis 1 in both bacterial and fungal

communities. WEOM MwAPP values were positively

correlated with dissolved metal to C ratios (Heckman

et al., 2011), suggesting that bonding of dissolved

organics with dissolved metals contributed to MwAPP

values. Correlation between MwAPP and community

composition could therefore indicate that the presence

of metal-humus complexes accounted for a portion of

the influence of MwAPP on community composition,

since formation of metal-humus complexes induces

chemical and conformational changes that reduce

SOC bio-availability (Baldock and Skjemstad 2000;

Nierop et al. 2002; Scheel et al. 2007; Mikutta et al.

2011). Alternatively, correlations between community

composition and MwAPP could indicate that WEOM
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structural lability declined with increasing decompo-

sition in so far as compounds with higher MwAPP are

considered less biodegradable (Tate 1987). These

changes in WEOM properties may have led to more

favorable conditions for fungi as opposed to bacteria

with increasing time of incubation due to the greater

ability of fungi to break down more condensed and

lignin-rich organics (de Boer et al. 2005; Six et al.

2006; van der Heijden et al. 2008). A feedback may

also exist wherein more structurally complex and

nutrient limited WEOM solutions select for commu-

nities dominated by fungi which in turn produce more

thermally recalcitrant and higher Mw biomolecules.

Both bacterial and fungal community composition

were most strongly influenced by increasing length of

incubation. However, bacterial and fungal communi-

ties differed somewhat in their response to increasing

incubation length. As decomposition progressed,

bacterial communities continued to change, whereas

fungal communities, when grouped by sampling date,

were not significantly different from one another on

days 60, 90, and 154 (see circled groupings in Figs. 4,

5).

Solution pH was significantly correlated with

changes in both bacterial and fungal community

composition over time, consistent with known control

of pH over microbial diversity, activity and biomass in

both field and laboratory settings (Anderson and

Domsch 1993; Schnittler and Stephenson 2000; Bååth

and Anderson 2003; Fierer and Jackson 2006). Elec-

trical conductivity of WEOM solutions (EC) was

correlated with changes in community composition

over time as well. EC of WEOM solutions was not

correlated with dissolved metal concentrations, or

dissolved C concentrations, perhaps an indication that

microbial composition is controlled by a complex

array of aqueous geochemical factors.

The results of this study indicate that in a bioactive

incubation, time-dependent changes in WEOM com-

position are not only the product of selective sorption

reactions at mineral surfaces, but also likely result

from dynamic changes in microbial community com-

position that coincide with such reactions. A change in

microbial community composition is expected to

feedback to affect the types of biomolecules and

organic metabolites generated over the course of the

incubation. Our data showing that WEOM character-

istics correlate with microbial community composi-

tion are consistent with this scenario.T
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Summary

The current work indicates that the presence of goethite

and gibbsite has specific and significant consequences

for the nutrient content and physiochemical properties

of WEOM. Results also indicate that these changes in

WEOM properties can co-occur with changes in both

bacterial and fungal community composition, without

resulting in large impacts on system-level microbial

respiration, consistent with the hypothesis of func-

tional redundancy. Though previous studies have

examined the effects of oxide surfaces on WEOM or

DOM characteristics, this study yields unique insight

into the ramifications of these changes in WEOM

properties for microbial communities. Furthermore,

WEOM and microbial community dynamics were

examined over a relatively long time period, and the

data suggest that oxide surfaces significantly influence

microbial communities throughout the degradation

process leading to lasting effects on the composition of

the decomposer community.
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Ekelund F, Sorensen SJ, Bååth E, Bloem J, de Ruiter PC,

Biogeochemistry (2013) 112:179–195 193

123



Dolfing J, Nicolardot B (2000) Ecosystem response of

pasture soil communities to fumigation-induced microbial

diversity reductions: an examination of the biodiversity-

ecosystem function relationship. Oikos 90:279–294

Griffiths BS, Ritz K, Wheatley R, Kuan HL, Boag B, Chris-

tensen S, Ekelund F, Sorensen SJ, Muller S, Bloem J (2001)

An examination of the biodiversity-ecosystem function

relationship in arable soil microbial communities. Soil Biol

Biochem 33:1713–1722

Gu B, Schmitt J, Chen Z, Liang L, McCarthy JF (1994) Adsorption

and desorption of natural organic matter on iron oxide:

mechanisms and models. Environ Sci Technol 28:38–46

Guan X-H, Shang C, Chen G-H (2006) ATR-FTIR investigation

of the role of phenolic groups in the interaction of some

NOM model compounds with aluminum oxide. Chemo-

sphere 65:2074–2081

Guggenberger G, Kaiser K (2003) Dissolved organic matter in

soil: challenging the paradigm of sorptive preservation.

Geoderma 113:293–310

Gunderson P, Emmett BA, Kjønaas OJ, Koopmans CJ, Tietema

A (1998) Impact of nitrogen deposition on nitrogen cycling

in forests: a synthesis of NITREX data. For Ecol Manage

101:37–55
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Keil RG, Montluçon DB, Prahl FG, Hedges JI (1994) Sorptive

preservation of labile organic matter in marine sediments.

Nature 370:549–552
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Mv Lützow, Kögel-Knabner I, Ekschmitt K, Matzner E, Gug-

genberger G, Marschner B, Flessa H (2006) Stabilization of

organic matter in temperate soils: mechanisms and their

relevance under different soil conditions: a review. Eur J

Soil Sci 57:426–445

Nierop KGJ, Jansen B, Verstraten JM (2002) Dissolved organic

matter, aluminum and iron interactions: precipitation

induced by metal/carbon ratio, pH and competition. Sci

Total Environ 300:201–211

Ognalaga M, Frossard E, Thomas F (1994) Glucose-1-phos-

phate and myo-inositol hexaphosphate adsorption mecha-

nisms on goethite. Soil Sci Soc Am J 58:332–337

Ohno T, Chorover J, Omoike A, Hunt J (2007) Molecular weight

and humification index as predictors of adsorption for

plant- and manure-derived dissolved organic matter to

goethite. Eur J Soil Sci 58:125–132

Omoike A, Chorover J (2006) Adsorption to goethite of extra-

cellular polymeric substances from Bacillus subtilis.

Geochim Cosmochim Acta 70:827–838

Parfitt RL, Fraser AR, Farmer VC (1977) Adsorption on hydrous

oxides. III. Fulvic acid and humic acid on goethite, gibbsite

and imogolite. Eur J Soil Sci 28:289–296

Paul EA, Clark FE (1996) Soil microbiology and biochemistry.

Academic Press, San Diego

Rasmussen C, Southard RJ, Horwath WR (2006) Mineral con-

trol of organic carbon mineralization in a range of tem-

perate conifer forests. Glob Change Biol 12:834–847
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