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Abstract

Soil pore structure has a strong influence on water retention, and is itself influenced by plant and microbial dynamics

such as root proliferation and microbial exudation. Although increased nitrogen (N) availability and elevated atmo-

spheric CO2 concentrations (eCO2) often have interacting effects on root and microbial dynamics, it is unclear

whether these biotic effects can translate into altered soil pore structure and water retention. This study was based on

a long-term experiment (7 yr at the time of sampling) in which a C4 pasture grass (Paspalum notatum) was grown on a

sandy loam soil while provided factorial additions of N and CO2. Through an analysis of soil aggregate fractal prop-

erties supported by 3D microtomographic imagery, we found that N fertilization induced an increase in intra-aggre-

gate porosity and a simultaneous shift toward greater accumulation of pore space in larger aggregates. These effects

were enhanced by eCO2 and yielded an increase in water retention at pressure potentials near the wilting point of

plants. However, eCO2 alone induced changes in the opposite direction, with larger aggregates containing less pore

space than under control conditions, and water retention decreasing accordingly. Results on biotic factors further sug-

gested that organic matter gains or losses induced the observed structural changes. Based on our results, we postulate

that the pore structure of many mineral soils could undergo N-dependent changes as atmospheric CO2 concentra-

tions rise, having global-scale implications for water balance, carbon storage, and related rhizosphere functions.
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Introduction

Soil pore structure controls key rhizosphere functions

including water retention, carbon balance, and soil sta-

bility (Bronick & Lal, 2005; Zhang et al., 2007). Efforts to

understand and model the implications of global

change on soil water availability have focused on water

fluxes into and out of the soil profile (Manabe &

Wetherald, 1987; Porporato et al., 2004; Trenberth,

2011), implicitly assuming that the ability of a soil to

retain water is unaffected by environmental factors.

However, in addition to being influenced by soil tex-

ture, soil structure is strongly influenced by plant and

microbial processes (Oades, 1993; Angers & Caron,

1998; Bronick & Lal, 2005). Given that many soil biolog-

ical processes can be altered by global environmental

change (Zak et al., 2011; Taylor et al., 2014), it is con-

ceivable that changing abiotic factors, individually or

via interactive effects, could alter biological activity

sufficiently strongly to shift soil pore structure and lead

to changes in soil water retention.

Processes determining soil structure

Biotic processes are integral to the formation of soil

structure. The availability and quality of plant litter

typically determine the rate of complex formation

between organic matter, cations, and clay minerals;

these complexes, or domains, are the fundamental units

of soil structure and make possible carbon storage and

water retention under relatively dry conditions (Bron-

ick & Lal, 2005). Microbial and root exudates allow

microaggregates to form from domains and other small

particles at scales close to 1 lm, and bind microaggre-

gates to each other, reiteratively, up to ~250 lm (Oades,

1993; Six et al., 2004). At still larger scales, fungal

hyphae and fine roots physically bind microaggregates

(as well as mineral and organic particles) into macroag-

gregates, which can reach ~2 cm in diameter. Microag-

gregates can also grow from concentric addition of
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particles to their exteriors or form within macroaggre-

gates by nucleation around particulate organic matter

(Bronick & Lal, 2005).

Pores arise within and between aggregates during

the process of aggregation. For an aggregate at a given

scale, pores within the lower order aggregates that com-

pose it will be relatively small, whereas pores between

these lower order aggregates will be relatively large

(Oades, 1993). This phenomenon leads to a dispropor-

tionate increase in porosity, and a corresponding

decrease in bulk density, in increasingly large aggre-

gates (Rieu & Sposito, 1991b). The strongly hierarchical

structure of aggregates and their internal pore systems

make their properties highly appropriate for characteri-

zation as fractals (Young & Crawford, 1991; Bouda

et al., 2016).

Decomposition of the organic materials in soil aggre-

gates reduces their stability and causes them to break

down more quickly. However, decomposition rates are

highly variable within and among aggregates due, in

part, to variation in the accessibility of organic matter

(Dungait et al., 2012). Because organic matter is rela-

tively well-protected when it is incorporated into

microaggregates (Six et al., 2004; Kravchenko et al.,

2015), it decomposes on the order of decades to cen-

turies (as inferred from Jastrow, 1996). In contrast, the

organic matter binding macroaggregates (e.g., senesced

roots and hyphae) is much more readily decomposed,

yielding organic matter decomposition times on the

order of months to years, and macroaggregate turnover

occurring at least as quickly (approximately days to

months; Six et al., 2004). Given that aggregation and

degradation occur simultaneously, the mean turnover

time of aggregates depends on the relative rates of the

two processes. Moreover, if the dynamics of biota that

underlie aggregation and disaggregation shift, for

example, as a result of environmental change or pertur-

bations, soils can be induced to gain or lose structure

(Rillig et al., 1999; Bach & Hofmockel, 2016).

Soil structure and global change

Motivated largely by efforts to understand soil carbon

dynamics, belowground biotic processes and their

responses to global change factors like elevated carbon

dioxide (eCO2) have become much better understood in

recent decades (Larigauderie et al., 1994; Treseder &

Allen, 2000; Prior et al., 2005; Sillen & Dieleman, 2012;

Taylor et al., 2014). However, the potential effects of

these processes on soil pore structure and water reten-

tion remain virtually undescribed. There is some evi-

dence that soil structural characteristics could shift as

atmospheric CO2 concentrations rise, although prior

studies have not directly investigated pore structure or

potential effects on water retention. One study showed

that total porosity, derived from bulk density measure-

ments, can increase under eCO2 together with saturated

hydraulic conductivity and aggregate stability (Prior

et al., 2004). Similar increases in aggregate stability

under eCO2 were observed in two other global change

field experiments and were associated with increased

fungal production of the protein glomalin (Rillig et al.,

1999). A few studies have identified eCO2 effects on

aggregate size distribution or turnover (Rillig et al.,

1999; Six et al., 2001; Niklaus et al., 2003; Nie et al.,

2014), although others found no change with eCO2 (Evi-

ner & Chapin, 2002; Saha et al., 2011; Pereira et al.,

2013). Although these prior studies make it clear that

soil structural changes are possible under expected

future levels of CO2, they provide limited insight into

the range of changes that pore systems could experi-

ence, how other environmental conditions could influ-

ence the response to eCO2, and what implications

structural changes could have for water retention by

soils.

Biotic responses to multiple global change factors can

portray synergistic or inhibitory interactions (Dieleman

et al., 2012), suggesting that eCO2-induced alterations

to soil pore structure could likewise be context depen-

dent. For example, nitrogen(N) availability can limit

the stimulation of photosynthesis by CO2 in plants, and

determine whether fixed carbon remains in soil organic

matter and microbial pools or is respired (Luo et al.,

2004; Langley & Megonigal, 2010; Sillen & Dieleman,

2012; Reich et al., 2014). Given the context dependence

of belowground processes, it is difficult to infer the

effects of global change on soil structure and water

storage without direct measurement. Experiments that

manipulate multiple factors in combination are there-

fore necessary to characterize the likely effects of

climate and environmental change on soils.

We sought to determine how intra-aggregate pore

structure could change under future atmospheric CO2

concentrations in the context of high vs. low N avail-

ability. We used soil from a long-term field mesocosm

experiment in which an initially low-carbon soil sown

with a C4 grass was given factorial additions of CO2

and N fertilization for seven years. Because of the com-

plexity of plant, fungal, and bacterial processes on

aggregate formation and degradation, we had no a pri-

ori expectations about the direction or magnitude of the

changes that would occur. We evaluated the response

of soil physical properties to eCO2 and/or N fertiliza-

tion, focusing on intra-aggregate pore structure because

we expected aggregates to be the primary site of biolog-

ically induced effects. To determine whether changes in

intra-aggregate pore structure were associated with

altered water storage in the soil as a whole, we also
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measured water retention in soil cores over a wide

range of pressure potentials. We further evaluated indi-

cators of the biological processes that could mediate

soil structural changes, including root length density

and aggregate organic matter content.

Materials and methods

Field experiment

Soil properties were determined for samples taken from a

manipulative global change experiment in the southeastern

United States. The soil used in the experiment was a loamy

sand (Blanton series; 82.9% sand, 12.6% silt; 4.5% clay) that

was collected from the Tuskegee National Forest in 1966 and

transported approximately 25 km to a large outdoor bin

(76 9 7 9 2 m) at the National Soil Dynamics Laboratory in

Auburn, Alabama, USA (32.5970°N, 85.4895°W). The climate

of the region is humid subtropical; over the seven-year period

relevant to this study, the mean annual temperature was

18 °C and the mean annual precipitation was 109 cm; addi-

tional climate data appear in Table S1.

Bahiagrass (Paspalum notatum Fl€ugge), a rhizomatous C4

grass that is used widely as a forage crop in the southeastern

United States (Vendramini et al., 2013), was grown on the

Blanton loamy sand under factorial combinations of CO2 and

N fertilization beginning in 2004 (Runion et al., 2009). In prepa-

ration for the experiment, soil was homogenized by tilling ver-

tically (to 0.5 m depth) with a rotor tiller and horizontally with

a grading blade; this was repeated six times. Bahiagrass was

sown in July 2004 and was followed by NPK fertilizer applica-

tion (67 : 45 : 45 kg ha�1). The soil bin was split into three

replicate blocks (each 25.3 m long) and, beginning in April

2006, N fertilizer (90 kg ha�1 (NH4)2SO4) was applied to half

of each block three times per growing season; we denote N

treatments as N0 and N90. CO2 treatments (ambient and

+200 ppm; 12 h day�1; denoted aCO2 and eCO2, respectively)

were initiated in December 2004 using 12 cylindrical open-top

chambers with 3.0 m diameters and 2.4 m heights (Rogers

et al., 1983). Chambers were placed four per block, with one

from each pair at a given N level fumigated with CO2. Above-

ground plant material was harvested in June, August, and

October of each year to simulate typical haying operations.

Soil samples were collected in November 2012, after the

experimental system had experienced both CO2 and N manip-

ulation for seven growing seasons. Within each of the 12

chambers, one cylindrical core (8 cm diameter 9 5 cm height)

and one disturbed soil sample (~300 g) were collected from

each of two depths (2.5–7.5 cm and 10–15 cm), totaling 48

samples. Samples were transported to Rutgers University

(New Jersey, USA) overnight and placed in cold storage (4 °C)
until processing began approximately one month later.

Porosity and fractal dimension of mass

Initially, disturbed samples were used for analyses of aggre-

gate properties whereas cores were used for an analysis of

water retention; both were subsequently used for analyses of

biological activity. Disturbed samples were allowed to air dry

for 3 weeks and were then gently broken by hand to release

aggregates (these ranged from 0.0074 to 68 g). We selected

between 19 and 85 aggregates from those originating from

each of the original 24 samples (n = 1351 in total), choosing

aggregates such that the final set represented a continuous

sampling of the size range (Gim�enez et al., 2002). Aggregates

were weighed individually and imaged in 2D while placed in

each of three positions on a flatbed scanner (4800 dpi); an

overhead light source was used to prevent shadows. Projected

areas, maximum Feret diameter (FDmax
), and minimum Feret

diameter (FDmin
) of each aggregate image (n = 4047) were mea-

sured using ImageJ software (US-NIH, Bethesda, MD, USA;

Ferreira & Rasband, 2012).

We modeled aggregates as ellipsoids using the data from

2D scans. Assuming an ellipsoidal rather than spherical shape

allowed us to account for variation in elongation among aggre-

gates and prevented Dm measurements from being influenced

by a slight size bias in elongation that was inherent in our

dataset. Specifically, regression of FDmin
=FDmax

on log10(mass)

indicated that mean FDmin
=FDmax

decreased from 0.75 to 0.71 for

the smallest to the largest aggregates, respectively. We fit sepa-

rate ellipsoids to each image. We used FDmax
as the long axis

and determined the length required to maintain the projected

area from the image; this length was presumed to apply to

both minor axes. We then calculated the volume (V) corre-

sponding to each ellipsoid and determined the equivalent

radius (re) of spheres with volume V. We used the mean of the

smaller two V and re values for each aggregate in subsequent

analyses (denoted �V and �re), as these more accurately corre-

sponded to true volumes measured from 3D imaging of a sub-

set of aggregates (see below) than did the mean of all three

ellipsoid volumes. Data from two images were likely sufficient

to determine aggregate sizes because scans were not orthogo-

nal and long dimensions of aggregates were frequently over-

represented in triads of images. This 2D imaging-based

method of determining aggregate size had some inherent

error, in particular because it did not fully account for concave

features of aggregate surfaces. However, the method made it

possible to obtain data from many more aggregates than is

typically done, accounted for aggregate elongation, and

ensured that measurement error did not increase with decreas-

ing size, unlike serial sieving and caliper measurement (e.g.,

Rieu & Sposito, 1991b; Young & Crawford, 1991). It was also

feasible for small aggregates and friable material, unlike

submersion in liquid (e.g., Gim�enez et al., 2002).

We used the fractal dimension of mass (Dm) to describe the

scaling of intra-aggregate porosity with aggregate size (Rieu &

Sposito, 1991a; Gim�enez et al., 1997). A value of Dm = 3.0 indi-

cates that intra-aggregate porosity remains constant across the

full range of aggregate sizes; Dm descends toward 2.0 as intra-

aggregate porosity increases (and aggregate density decreases)

with increasing aggregate size progressively more strongly.

We determined Dm from the power law relationship between

aggregate mass (M) and radius (�re): M ¼ km �reDm , where km is

the mass at unit radius and �re is the mean of the smaller two

ellipsoidal equivalent radii computed from 2D scans. We

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1585–1597

N AND CO2 EFFECTS ON SOIL STRUCTURE 1587



specifically derived Dm from linear regressions of log10(M) vs.

log10(�re) using data from the set of aggregates taken from each

chamber–depth combination (n = 24); Dm and km were the

slopes and intercepts of the regressions, respectively (Fig. S1).

Fitting the regression in log space minimized residual

heteroskedasticity and equalized the influence of data across

the range of aggregates sizes. We censored Dm for three of the

24 samples because Dm cannot exceed 3.0 (original values ran-

ged from 3.012 to 3.042), and we excluded one sample because

it had too few large aggregates to yield a reliable estimate of

Dm. We also calculated the porosity of individual aggregates

(φagg) as uagg ¼ 1� M
2:65�V

, where 2.65 is the density of mineral

soil particles in g cm�3. Although the underrepresentation of

concave surfaces in images inflated �V, and thus φagg, compar-

ison with 3D data indicated that inflation was consistent at

least for larger aggregates. Nevertheless, values of φagg should
be interpreted as relative, rather than absolute. Also, inflation

in volume estimates did not affect Dm because aggregate shape

was consistent across the range of aggregate sizes measured.

3D analysis of pore systems

One relatively large aggregate (M = 2.1–7.3 g) was selected

from the near-surface disturbed soil sample from each cham-

ber for imaging in 3D (n = 12) using an X-ray lCT scanner

(EVS/GE MS8X-130; GE Healthcare, London, ON, Canada).

Each 3D image was composed of a series of 2D images

(n = 297–500) that was segmented into void vs. solid phases

following postprocessing (Jefferies et al., 2014). The voxel size

of 3D images was 40 lm, which allowed for measurement of

pores >80 lm in diameter (Fig. 1).

We characterized pore system geometry from lCT images

using Minkowski functionals, as described by Vogel et al.

(2010) and implemented in QuantIm 4.01 (Helmholtz Centre

for Environmental Research–UFZ, Halle, Germany). The result

was a quantification of the volume, curvature, and connectiv-

ity (normalized to total aggregate size) for the fraction of the

pore system exceeding a threshold pore size, akin to a cumula-

tive distribution. The diameter of the structuring element used

to define these size thresholds was adjusted from 0 to 800 lm
in ~80 lm increments; in the absence of a structuring element

(0 lm diameter), the threshold was the minimum pore size

discernable in images (80 lm). Resulting data for cumulative

pore volume (normalized to aggregate volume) vs. diameter

were fit with the lognormal distribution function; this yielded

the mean and variance of the pore size distribution for each

aggregate.

Water retention

We characterized soil water retention using the intact soil

cores that we had sampled from the field experiment (n = 24).

First, volumetric water content (hv) and pressure potential (h)

spanning �10 and �1000 hPa were measured while water

evaporated from cores over the course of approximately

1 week in a HYPROP system (UMS, M€unchen, Germany).

Data on hv for h spanning �1000 to �10 000 hPa were then

obtained with a WP4C (Decagon Devices, Pullman, WA,

USA). Smoothing splines were fit to each combined hv vs. h

data series to enable interpolation of water content at consis-

tent pressure potentials. Specifically, hv was determined from

splines at 2500 hPa intervals spanning the range of plant-avail-

able water (h = �330 to �15 000 hPa, using log space). These

hv values were subsequently divided by core-specific bulk

density values to determine gravimetric water content (hg).

Biological activity

After aggregates were weighed and scanned for the above

fractal analysis, a subset (n = 294) was analyzed for carbon

(a) (b)

Fig. 1 Pore space in example aggregates from (a) ambient CO2, unfertilized soil (aCO2 + N0) and (b) elevated CO2, N fertilized soil

(eCO2 + N90). Coloration corresponds to distance from the pore-solid interface (units are lm), with maximum values through the

aggregates shown. The wide, linear features are root channels. Original 3D renderings of pore space were eroded by two pixels in all

directions to enhance visualization.
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(Cagg) and nitrogen (Nagg) content. In preparation, aggregates

were ground, all visible plant litter was removed, and remain-

ing material was homogenized. A subsample of material from

each aggregate (11–15 mg) was exposed to HCl fumes for 24 h

to remove inorganic carbon and run on a Carlo Erba NA 1500

elemental analyzer (Carlo Erba Instruments, Milan, Italy). In

addition, roots were removed from soil cores by hand and

imaged using a flatbed scanner with an overhead light source

(600 dpi). Length totals in 50 lm diameter classes were mea-

sured from the images using WinRhizo Pro 2007 (Regent

Instruments, Qu�ebec, QC, Canada) and used to determine root

length density (RLD; defined as root length per unit soil vol-

ume) by diameter class and for entire core samples (n = 24).

Statistical analysis

Multimodel inference (via the MuMIn library in R 3.2.2) was

used to evaluate the effects of eCO2, N fertilization, and depth

(if appropriate) on response variables while accounting for

uncertainty in model selection (Burnham & Anderson, 2002).

We first generated sets of mixed-effects models that included

all hierarchically complete combinations of main effects and

covariates (if appropriate; Table 1) as well as two-way interac-

tions between main effects and covariates. Due to the split-plot

design, all models included random effects for block and the

block 9 N interaction. When applicable, random effects for

chamber or sample were added (Table 1). All models were fit

using maximum-likelihood estimation via the lme4 library. To

ensure that coefficients would be comparable across models

and response variables, variables for main effects (which were

all binary) were centered and rescaled to �0.5 while response

variables and covariates were centered and standardized by

two standard deviations (Gelman, 2008). We used model aver-

aging to estimate coefficients (denoted b), their unconditional
standard errors, and relative importance values (following

Grueber et al., 2011). Model weights were based on AICc and

models with DAICc < 6 were included in the averaged set.

When a term was not in a model, its coefficient was taken to

be zero for the purposes of model averaging. We also evalu-

ated correlations among variables using means across treat-

ment–depth combinations (n = 8) or, for variables derived

from 3D scans, across treatment means (n = 4).

Results

Changes in soil structure

N fertilization had a decreasing effect on Dm

(bN = �0.64; Table S2), although the magnitude of this

decrease was much greater under elevated than ambi-

ent CO2 (Fig. 2a; bC9N = �0.94). Equivalently, N fertil-

ization increased the extent to which porosity rose with

aggregate size, and this increased further under eCO2.

Moreover, Dm was close to 3.0 under eCO2 but without

simultaneous N fertilization, indicating that porosity

was nearly constant across scales in the eCO2 treatment.

Data on total intra-aggregate porosity (φagg) indicated

Table 1 Overview of the statistical models fit to the data for each response variable. In addition to the terms indicated by filled

circles, models included two and three-way interactions among main effects and two-way interactions between main effects and

covariates. Dm, fractal dimension of mass; φagg, aggregate porosity; Cagg, carbon content of aggregates; Nagg, nitrogen content of

aggregates; C : Nagg, C : N ratio of aggregates; RLD, root length density; hg, gravimetric water content. φagg was modeled using

data on the subset of aggregates for which Cagg was determined

Dm φagg Cagg Nagg C : Nagg RLD hg

Pore diameter Pore geometry

Mean Variance Volume Curvature Connectivity

Observations 23 250 280 280 280 24 168 12 12 12 12 12

Models evaluated 19 910 122 122 122 19 122 5 5 5 5 5

Models averaged 2 217 18 35 38 4 14 3 3 3 3 3

R2, % 74 18 41 36 24 67 96 45 30 51 26 15

Main effects

CO2 � � � � � � � � � � � �
Nitrogen � � � � � � � � � � � �
Depth � � � � � � �

Covariates

Aggregate mass � � � �
Aggregate carbon �
Pressure potential �

Random effects

Plot � � � � � � � � � � � �
Plot 9 N � � � � � � � � � � � �
Chamber � � � � � � �
Sample � � � � �

© 2016 John Wiley & Sons Ltd, Global Change Biology, 23, 1585–1597
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that, relative to the control, eCO2 alone induced pore

loss in larger aggregates, while N fertilization (espe-

cially in combination with eCO2) induced pore gains

(Fig. 2b). Dm patterns were consistent in samples col-

lected near the soil surface (2.5–7.5 cm) and below it

(10–15 cm; bD < 0.01).

Our analysis of pore characteristics from 3D images

showed that the range of mean pore diameter was

small (7% of the largest value), deriving from the fact

that only large pores were represented. Even so, the

mean diameter of pores paralleled the pattern seen in

Dm; under ambient CO2, both properties had similar

values with or without N fertilization, but, under eCO2,

values diverged depending on the N level (Fig. 2c).

Although the small number of scanned samples

(n = 12) limited our ability to evaluate this interaction,

the data contained evidence of the related effect of N

on mean pore diameter (bN = �0.15; Table S2). Further,

eCO2 induced measurably greater variance in pore

size distributions, both at high and low N levels

(bC = 0.11).

Intra-aggregate porosity was altered by both treat-

ments in near-surface soil. At this shallower depth, 3D

images showed that N fertilization decreased the frac-

tion of pore volume found in pores wider than 80 lm
(Fig. 2d; bN = �0.30, Table S2). Simultaneously, N fer-

tilization increased φagg in the corresponding near-sur-

face samples (Fig. 2d inset; bN = 0.04); this was also

indicated by Dm decreasing under N fertilization.

Together, these patterns indicate that the N-induced

increase in φagg came from pores smaller than 80 lm. In

contrast, eCO2 decreased φagg (bC = �0.10); this effect

appeared to be strongest in unfertilized, near-surface

soil, and in below-surface soil regardless of the N level

(Fig. 2d inset), although the statistical evidence for

these interactions was marginal (Table S2).
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Fig. 2 Structural characteristics of aggregates in a sandy soil under varying levels of CO2 and N fertilization. Atmospheric CO2 was

ambient (aCO2) or 200 ppm greater than ambient (eCO2), and soil was unfertilized (N0) or fertilized with 90 kg ha�1 yr�1 NH4 (N90).

(a) Fractal dimension of mass (Dm, mean � SE); smaller values indicate that porosity increases more strongly for increasingly large

aggregates. Aggregates came from near-surface (near; 2.5–7.5 cm) and below-surface (below; 10–15 cm) soil. (b) Porosity of individual

aggregates as a function of aggregate size; linear regressions and 95% confidence interval bands use data pooled from the two depths.

(c) Correspondence of diverging values of Dm under elevated CO2 with changes in the means of pore diameter distributions

(mean � SE), as derived from 3D images of pore space. (d) Pore volume relative to total aggregate volume as a function of threshold

diameter; (inset) total porosity of aggregates (φagg) with symbols and colors matching panel (a).
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The mean curvature of the surfaces of large pores

(>80 lm) was convex, as indicated by curvature density

values being positive (Vogel et al., 2010). However, the

mean curvature became more concave under N fertil-

ization (bN = �0.28; Table S2), particularly in the 80–
400 lm range (Fig. S2a). CO2 addition had a negligible

effect on the mean curvature of pore surfaces

(bC < 0.01). Also, large pores were highly connected, as

indicated by Euler number densities being negative

(Fig. S2b). Our data indicated that N fertilization and

eCO2 had little effect on pore connectivity (bN = 0.05,

bC = 0.02).

Changes in biological activity

Metrics of organic material in aggregates (Cagg and

Nagg) and plant biomass production (RLD) varied

strongly by depth and with N fertilization. For all three

metrics, means were greater in near-surface soil than at

10–15 cm depth (Fig. 3a, b). N fertilization increased

Cagg (bN = 0.32), Nagg (bN = 0.28), and RLD (bN = 0.47),

but did so more strongly near the soil surface than

below (Table S2). In the case of RLD, means approxi-

mately doubled under N fertilization in surficial soil

(119% increase) and increased by 64% below the surface

(Fig. 3b). Moreover, the increase in RLD with N fertil-

ization came disproportionally from very fine roots. In

surficial soil, RLD nearly quadrupled (298% increase)

for roots with diameters less than 50 lm, but increased

by 51% for roots with diameters greater than 100 lm.

Elevated CO2 had a negligible effect on RLD (Fig. 3b;

bC = �0.01; Table S2), but had small yet measurable

effects on Cagg (bC = �0.04; Fig. 3a) and Nagg

(bC = �0.04; Fig. 3a inset). Data for Nagg also suggested

that the direction of change may depend on the N level

(bC9N = 0.05); while data for Cagg were consistent with

this possibility, they were statistically equivocal

(bC9N = 0.02). Under most treatment–depth combina-

tions, eCO2 decreased Cagg and Nagg; this was the case

for aggregates from near-surface soil that had not expe-

rienced N fertilization and for aggregates from below-

surface soil (both with and without N fertilization). We

note that this does not necessarily reflect the net soil

carbon flux in this experiment under eCO2; carbon was

measured exclusively in aggregates and has not yet

been evaluated in bulk soil. Also, sample means for

Cagg and Nagg from surficial soil were greater under

eCO2+N90 than under any other treatment–depth com-

bination. Statistical evidence for interaction effects

between treatments and depth was mixed, as there was

a moderate depth 9 N effect for Cagg (bD9N = �0.13),

but limited evidence of other effects (Table S2).

Assuming these interactions were biologically mean-

ingful, they would have been difficult to detect given
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the limited statistical power of our analysis (due to low

chamber-level replication) and relatively high variabil-

ity in the data.

Mean C : Nagg ranged from 18.6 to 31.8; it varied

principally by depth, being greater in aggregates from

deeper soil (bD = 0.28; Fig. 3c). N fertilization had an

increasing effect on C : Nagg at the shallower depth but

a decreasing effect at the deeper depth (bC9N = �0.54).

Elevated CO2 also raised C : Nagg (bC = 0.12), and this

effect was marginally stronger in aggregates that did

not experience N fertilization (bC9N = �0.05).

Across treatment–depth combinations, biological

variables were closely correlated with each other and

with soil structural variables (Fig. 4). RLD, Cagg, and

Nagg were all strongly and positively associated,

whereas C : Nagg was negatively correlated with Nagg.

Further, greater amounts of Cagg and Nagg were associ-

ated with greater φagg but smaller mean pore diameters.

RLD was likewise positively related to φagg, and

although its relationship with the mean pore diameter

was negative, the coefficient was not conclusively dis-

cernable from zero (r = �0.82, P = 0.18). Greater RLD,

Cagg, and Nagg were also associated with increasing

concavity of pore surfaces. The C : Nagg ratio was nega-

tively related to the volume of the pore system that

appeared in 3D images, but was positively related to

the connectivity of these pores.

Changes in water storage

Gravimetric water content (hg) varied as a function of

depth, treatments, and pressure potential (h; Fig. 5).

Near-surface soil typically held 20–40% more water

than did below-surface soil (bD = �0.28), although

there was evidence that this varied by the CO2 level

(bC9D = �0.15). Interactions between CO2 and N fertil-

ization effects were also apparent (bC9N = 0.07), and

this interaction varied with depth (bC9D9N = 0.16). Spe-

cifically, in near-surface soil, eCO2 had a small decreas-

ing effect on hg without N fertilization, whereas eCO2

had a strong increasing effect when combined with N

fertilization. In below-surface soils (10–15 cm), eCO2

had a strictly decreasing effect on hg. In addition, the

effect of N fertilization varied as a function of h

(bN9h = 0.19). Specifically, N fertilization had no effect

or a small decreasing effect on hg near �330 hPa, but, as
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h approached �15 000 hPa, these effects became posi-

tive (notably under eCO2) or negligible (Fig. 5).

Although hg was not correlated with biological or pore

structural variables at �330 hPa, values of hg increased

with increasing biological activity (RLD, Cagg, and Nagg)

and intra-aggregate porosity at �15 000 hPa (Fig. 4).

Discussion

A growing body of research is revealing the interacting

pathways by which plants and soil microbes are

responding to rising atmospheric CO2 concentrations

and widespread increases in N loading. This study

demonstrates that such shifts in biotic activity can

induce changes in soil structure sufficient to alter soil

water storage. Moreover, our results show that the avail-

ability of N can determine the direction in which soil

aggregate structure responds to eCO2. Although the

bahiagrass-loamy sand system studied here is not nearly

representative of the wide range of plant–soil systems

globally, the processes that drove the varying responses

to environmental changes in this experiment likely occur

commonly in upland soils, but at varying rates.

Biological responses to global change

All metrics of soil biological activity responded

strongly to N fertilization, which, in turn, established

the context for responses to eCO2. Most importantly,

bahiagrass’ greater RLD under N fertilization, and its

disproportionate increase in RLD in near-surface soils,

explain the responses of Cagg and Nagg to N fertiliza-

tion. Specifically, a strong stimulation of root growth

would have accelerated litter production to a rate sur-

passing that of decomposition, leading to organic mat-

ter accumulation in the soil. The rise in RLD that N

fertilization induced was likely associated with a pro-

portional increase in mycorrhizal biomass. This would

have both protected organic matter from decomposi-

tion by fostering macroaggregate stability (Bach & Hof-

mockel, 2016) and sequestered carbon and nitrogen

within fungal structures and exudates (Treseder &

Allen, 2000). Although we did not measure distinct

pools of organic matter, the increase in C : Nagg in

near-surface samples under N fertilization suggests

that what remained was relatively recalcitrant. Given

that measurements of plant C : N were smaller with vs.

without N fertilization after the first growing season of

the study (~35–40 vs. 55–60, respectively; Runion et al.,

2009), substantial decomposition likely occurred in the

absence of N addition.

The varying responses to eCO2 that we measured in

biotic variables can also be attributed to established

processes. For one, the lack of a change in root

production under eCO2 could be expected given that

bahiagrass uses the C4 photosynthetic pathway, which

is relatively insensitive to the CO2 concentration of the

atmosphere (Pearcy & Ehleringer, 1984). Measurements

during the first two years of the study likewise found

that aboveground biomass production was unaffected

by eCO2 when N was not added, although it did

increase moderately under eCO2 + N90 (Runion et al.,

2009). Similarly, a greenhouse study of bahiagrass

under ambient and elevated (700 ppm) CO2 found that

belowground biomass production was minimally stim-

ulated by eCO2 (6.3%; Allen et al., 2006), whereas

aboveground production was unaffected (Newman

et al., 2006).

Given that the soil we studied was overlain by a C4

monoculture, changes in aggregate C and N under

eCO2 were probably microbially driven. Most strik-

ingly, aggregate organic matter (i.e., both Cagg and

Nagg) decreased under eCO2, except in N fertilized,

near-surface soils. This contrasts with the many other

studies in which soil organic carbon (typically mea-

sured in bulk soil) has increased or remained constant

under eCO2 (Torbert et al., 2000; Prior et al., 2005; Hun-

gate et al., 2009), including in a prior experiment with

bahiagrass (Allen et al., 2006). We suggest that the

decrease in aggregate organic matter observed here

was the result of accelerated microbial decomposition.

Enhanced rhizodeposition under eCO2 is known to pro-

vide soil microbes the energetic supplement needed to

produce enzymes capable of decomposing recalcitrant

organic matter. This process is known as microbial min-

ing and is the most common form of priming under

low N conditions (Dijkstra et al., 2013). Microbial min-

ing has previously been observed in regions with warm

winters and in soils with low clay content (Fontaine

et al., 2004; Langley et al., 2009), as was the case in our

system. Alternatively, or possibly in addition, mining

may have been induced by the higher quality (i.e.,

lower C : N ratio) of plant litter under eCO2 (Runion

et al., 2009). This would have likewise provided

microbes an accessible energy source, thereby allowing

them to mineralize the more recalcitrant organic mate-

rial (Six et al., 2001). That the C : N ratio of organic

material remaining in aggregates when we sampled

(i.e., at the end of the growing season 7 years into the

study) was greater under eCO2 than under ambient

CO2 is consistent with this possibility.

The synergistic effect of combined eCO2 and N fertil-

ization on Nagg, and probably Cagg, may have been

plant or microbially mediated. One explanation is that

plants produced more biomass, and therefore litter,

under eCO2 + N90 than under N fertilization alone.

Although RLD in our cores did not change with CO2

addition at either N level, aboveground biomass
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increased by 21% under eCO2 + N90 compared to N

fertilization alone in at least one year of the experiment

(Runion et al., 2009). If plant productivity did increase

under eCO2 + N90, greater Cagg and Nagg would largely

reflect the rate of litter production further outpacing

that of decomposition. However, mycorrhizal protec-

tion may also have played an important role in mini-

mizing decomposition. In addition to the presumably

high biomass of mycorrhizal fungi sequestering carbon

(as under N fertilization alone), elevated glycoprotein

production by mycorrhizae in response to eCO2 could

have enhanced macroaggregate stability (Rillig et al.,

1999) and thereby further protected organic matter

from mineralization (Bach & Hofmockel, 2016).

Biological effects on structure

Many of the changes in intra-aggregate pore structure

induced by N fertilization likely arose from the effects

of strongly stimulated root growth. The increase in φagg
in surficial soils and the concurrent decrease in pore

diameter may have resulted from the proliferation of

roots finer than 50 lm generating numerous channels

into existing aggregates, as well as new macroaggre-

gates forming around these roots. Inspection of 3D

images (e.g., Fig. 1) and the increase in the concavity of

larger pores likewise indicated that root channels con-

tributed substantially to pore system changes under N

fertilization. The strongly disproportionate increase in

porosity with aggregate size under N fertilization (indi-

cated by a decrease in Dm relative to the control) may

have arisen from fine roots, hyphae of mycorrhizal

fungi, and their exudates providing greater macroag-

gregate structure such that more void space could be

supported (Oades, 1993; Six et al., 2004). Contributions

of root-derived organic material may have enhanced

microaggregate formation as well, at least to the point

that the low clay content of the soil precluded addi-

tional domains from forming.

Microbial mining of aggregate organic matter would

explain the decreases in φagg that we observed under

eCO2 but low N in surficial soil and under eCO2

regardless of the N level in deeper soil. In particular,

accelerated decomposition can be expected to increase

macroaggregate turnover and decrease the proportion

of higher order macroaggregates (Six et al., 2004; Bron-

ick & Lal, 2005). By preventing the full hierarchy of

aggregation from being expressed, accelerated

macroaggregate turnover would lead to φagg remaining

relatively constant across scales and, therefore, Dm val-

ues would approach 3.0. This has been observed fol-

lowing tillage (Young & Crawford, 1991; Gim�enez

et al., 2002), and is precisely what we found in this

study under eCO2 alone (Fig. 2b, c). Further, a reduc-

tion in macroaggregation has been observed in field set-

tings under eCO2 in other studies; Niklaus et al. (2003)

observed a decrease in the proportion of aggregates

>125 lm under eCO2 in a C3 grassland and Six et al.

(2001) found faster macroaggregate turnover under

eCO2 in a clover monoculture. Disproportionate effects

of microbial activity on macroaggregate structure have

also been observed under eCO2; Nie et al. (2014) found

that the activities of enzymes associated with C decom-

position increased more strongly in large vs. small

(>1 mm vs. <0.25 mm) aggregates under eCO2 in a

mixed C3–C4 grassland. Although we did not classify

aggregates by size, our anecdotal experience is consis-

tent with the expectation that accelerated decomposi-

tion can decrease the relative abundance of

macroaggregates; when selecting aggregates for 2D

scanning, we found relatively few aggregates >10 mm

diameter in samples taken from eCO2 chambers. An

additional effect of eCO2 was that the mean diameter of

larger sized intra-aggregate pores rose in parallel with

Dm (Fig. 2c). This was likely driven by higher order

aggregates being comprised of larger lower order

macroaggregates under eCO2 than was the case in other

treatments.

Substantially greater litter inputs under high vs.

low N conditions evidently shifted the predominant

response to eCO2 from decomposing to accumulating

organic matter. Although some combination of plant

productivity stimulation, enhanced fungal production

of glycoproteins, or other processes could have con-

tributed, the net effect was presumably a slowing of
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macroaggregate turnover through stronger binding at

the largest scales (Rillig et al., 1999; Wilson et al.,

2009). Our data provided evidence of relatively robust

macroaggregate formation under eCO2 + N90; a high

mean φagg was coupled with the strongest increase in

porosity with size (i.e., lowest mean Dm) and the

smallest mean pore diameter across treatments

(Fig. 2a–c). Further, the pore diameter distribution

had greater variance under eCO2 regardless of the N

fertilization status. That changes in pore size variation

are typically associated with biotically driven modifi-

cation of pore systems (Hayashi et al., 2006) corrobo-

rates the possibility that increased microbial, and

possibly plant, activity under eCO2 influenced intra-

aggregate pore structure.

Effects on water retention

N-mediated effects of eCO2 on organic matter and pore

structure explain why eCO2 had fairly consistent effects

on hg, for a given N level and depth, spanning �330 to

�15 000 hPa. Mining-induced disaggregation would

have led to losses of pores capable of retaining water

over this range (i.e., those <9 lm in diameter), whereas,

in combination with N fertilization in surficial soil,

eCO2 yielded organic matter accumulation, increases in

aggregate formation, and pore gains. Another finding

of our study, that water retention was lower beneath

the soil surface (10–15 cm) than at the surface (2.5–
7.5 cm) can similarly be attributed to aggregates being

less common and less persistent because biological

activity was reduced. Previous studies have also found

water retention spanning �330 to �15 000 hPa to

increase or decrease following net increases or

decreases in soil organic matter or carbon, respectively

(Rawls et al., 2003; Hati et al., 2008; Blanco-Canqui et al.,

2015). However, the direction of this relationship can

reverse in fine-textured soils (Rawls et al., 2003).

The effects of N fertilization on aggregate organic

matter and porosity translated relatively directly into

changes in hg at �15 000 hPa, whereas these effects do

not adequately explain water retention at �330 hPa.

The strong correlations between hg and Cagg, Nagg, and

φagg at �15 000 hPa likely represent causal relation-

ships; at this pressure potential, water is primarily

retained by adsorption to complexed organic matter

and clay on the surfaces of small pores (Dexter et al.,

2008). At �330 hPa, N fertilization had very different

effects on hg than it had on Cagg, Nagg, and φagg; N fertil-

ization induced soil from a given combination of depth

and CO2 to hold less water at �330 hPa than at

�15 000 hPa (Fig. 5). We suggest that shifts were

caused by more and larger root channels forming under

high N. These channels would have held water only

near saturation, leading to reductions in hg at even

modest pressure potentials. That RLD stimulation and

the relative decline in hg induced by N fertilization

were both greater in surficial than in below-surface

soils corroborates this explanation.

Predicting soil physical change

While the processes described above could occur in

many plant–soil systems, predicting how soil physical

properties could shift in response to future environ-

mental changes will require defining how characteris-

tics of diverse systems collectively influence soil

structure and water storage. Traits of dominant plant

species or cultivars could strongly influence the trajec-

tory of soil physical changes. For example, plants that

use the C3 photosynthesis pathway typically have much

stronger productivity responses to eCO2 than bahia-

grass, especially belowground (Prior et al., 2003; New-

man et al., 2006; Caplan et al., 2015). This could mean

that C3 plants more frequently induce intra-aggregate

pore system development without N addition than C4

plants. Also, soil texture may constrain the rate or mag-

nitude of soil physical changes by inhibiting or promot-

ing certain biological processes. For example, bacterial

exudates are less effective at binding sand than they are

at binding finer particles (Six et al., 2004), suggesting

that bacterially mediated aggregation could play a lar-

ger role in more finely textured soils than we studied.

Moreover, less sandy soils could require greater

changes in organic matter to induce changes in water

retention similar to what we observed (Rawls et al.,

2003). Regional differences in climate, as well as shifts

in precipitation and temperature regimes, are also likely

to influence biotic processes and lead to soil structural

change. For example, reductions in precipitation rates

or frequencies could slow rates of aggregate formation

and induce soil structural loss (Bronick & Lal, 2005);

this is known to occur when reduced soil moisture

leads to declines in organic matter inputs or increased

erosion of clay particles (Boix-Fayos et al., 1998).

Conclusions

Most soils have some potential for further aggregation

or degradation, indicating that structurally driven

changes in water retention could have implications for

soil water balance globally. However, soil structural

alteration in response to global change is not well

understood. This can partly be attributed to method-

ological challenges that new tools are helping to over-

come. The combination of a long-term, multifactor

global change experiment and the sensitive measure-

ment tools used here demonstrated that soil pore
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structure can change along multiple trajectories in

response to the interacting effects of eCO2 and N. We

suggest that similar approaches be applied to soils from

other global change field studies, especially those

focused on multiple, interacting factors including

warming and altered precipitation regimes, to better

define the changes that could potentially occur.
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