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Abstract Forested riparian buffers in California

historically supported high levels of biodiversity, but

human activities have degraded these ecosystems over

much of their former range. This study examined plant

communities, belowground biodiversity and indicators

of multiple ecosystem functions of riparian areas

across an agricultural landscape in the Sacramento

Valley of California, USA. Plant, nematode and soil

microbial communities and soil physical and chemical

properties were studied along 50-m transects at 20 sites

that represented the different land use, soil and

vegetation types in the landscape. Riparian zones

supported greater plant diversity and nearly twice as

much total carbon (C) per hectare compared to adjacent

land managed for agricultural uses, but had generally

lower soil microbial and nematode diversity and

abundance. When woody plant communities were

present in the riparian zone, plant diversity and species

richness were higher, and soil nitrate and plant-available

phosphorus levels were lower. Belowground diversity

and community structure, however, appeared to depend

more on plant productivity (as inferred by vegetation

cover) than plant diversity or species richness. Greater

plant species richness, nematode food web structure,

total microbial biomass, woody C storage and lower soil

nitrate and phosphorus loading were correlated with

higher visual riparian health assessment scores, offering

the possibility of managing these riparian habitats to

provide multiple ecosystem functions.

Keywords Aboveground-belowground

relationships � Carbon storage � Ecosystem function �
Nematodes � PLFA

Introduction

Riparian corridors are well recognized as havens of

biodiversity, but over 80% of the original riparian area

has been lost from North America and Europe over the

past 200 years (Naiman et al. 1993). Human activities,

especially conversion of land to agricultural uses, have

resulted in a loss of habitat and related biodiversity and

ecosystem services (Balvanera et al. 2006; Millennium

Ecosystem Assessment 2005). ‘‘Working landscapes’’
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that include agriculture as well as riparian and other

natural ecosystems may protect biodiversity and

ecosystem functions while maintaining agricultural

productivity (Jordan et al. 2007).

In a heterogeneous agricultural landscape, manage-

ment of riparian buffer zones changes soil properties,

plant and soil biodiversity, nutrient cycling, and

erosion potential (Lovell and Sullivan 2006; Neher

et al. 2005). Vegetated riparian buffers filter agricul-

tural nutrients and pollutants, reduce erosion, improve

water quality and provide reservoirs for biodiversity

(Lovell and Sullivan 2006; Peterjohn and Correll 1984;

Richardson et al. 2007). Multi-species riparian buffers

that include herbaceous as well as woody species may

result in higher total productivity, soil carbon (C)

sequestration, and nitrogen (N) immobilization than

monoculture plantings (Hill 1996; Marquez et al. 1999;

Rowe et al. 2005; Tufekcioglu et al. 1998).

Soil microbial and nematode communities are

important for ecosystem functions such as nutrient

cycling and the stabilization of soil C from plant and

microbial residues (Anderson 2000; Six et al. 2006),

and soil biodiversity is thought to be essential for

the maintenance of sustainable agricultural systems

(Brussaard et al. 2007). Plant diversity and soil

ecology are linked; greater diversity of plant species

is often associated with greater plant productivity and

soil microbial activity in field studies (Liu et al. 2008;

Wardle et al. 2006; Zak et al. 2003). However, such

studies have often been conducted at the field plot

scale (Bardgett 2005; Ferris and Matute 2003;

Porazinska et al. 2003), and thus have yielded little

information on how these ecological phenomena

extrapolate to the larger landscape scale where the

collective effects of management decisions become

evident (Swift et al. 2004; Tscharntke et al. 2005).

This study examined the relationship between

above- and belowground biodiversity and ecosystem

function of riparian areas in a heterogeneous agricul-

tural landscape with different land use and soil types,

located in the Sacramento Valley of California, USA.

Land use varies in the degree of agricultural inten-

sification, from non-irrigated rangelands to intensive,

irrigated croplands, and management of canal and

stream edges is largely under the control of individual

landowners. Restoration of farm edges and riparian

zones with native perennial plants has been a priority

of some local stakeholders (Brodt et al. 2009; Robins

et al. 2001).

Species-rich riparian forests once covered several

million hectares (ha) in California’s Sacramento

Valley before clearing and draining by European

settlers (Barbour et al. 1993; Roberts et al. 1980). Such

forests are now restricted to narrow bands, typically

2–15 m wide, along streams and rivers, or have been

eliminated. The following hypotheses were developed

to compare ecosystem services of riparian areas with

associated uplands over a gradient of land use intensity

and physiographic conditions: (i) riparian areas sup-

port greater levels of plant and soil biodiversity, greater

C stock per unit area and lower soil nutrient pools than

adjacent agricultural land (crop fields or grazed

grasslands); (ii) land use type affects these differences

in biodiversity and nutrient pools; (iii) the presence of

woody vegetation in the riparian zone increases the

diversity and structure of above- and belowground

communities and soil properties; and (iv) riparian zone

health rating serves as an indicator of above- and

belowground diversity and ecosystem functions.

Materials and methods

Site description

The study area is a 150-km2 region of western Yolo

County in the Sacramento Valley (northern Central

Valley) of California, USA (38�N, 122�W) that ranges

from 27 to 105 m in elevation. The area consists of

upland annual grasslands and oak savanna in the Coast

Ranges to the west (used for cattle grazing and dry farm

grain rotations) and flat, lowland alluvial fans and plains

to the east (used for intensive irrigated cropland,

including walnut orchards and rotations of both con-

ventional and organic corn, processing tomatoes, wheat,

oats and barley). Average monthly temperatures range

from about 6–29�C, and annual precipitation is 47 cm

for this dry, Mediterranean climate, with rainfall mostly

between November and April (WRCC 2009). Soils

include the following great groups: Haploxeralfs,

Haploxererts, Palexeralfs, Haploxerepts, and Xerorth-

ents (Soil Survey Staff 2009). There are 212.9 km of

waterways in the study area, which include both natural

streams and constructed irrigation canals.

Twenty sites were sampled across the landscape, and

were chosen to represent the range of soil and vegetation

types found in the study area (see Culman et al. in press,

Landscape Ecol, for details on site selection). Briefly,
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2,049 points across the landscape were randomly

selected within 50 m of a waterway. Then 14 spatial

datasets on soil characteristics, land use, vegetation and

topography were compiled in a Geographic Information

System (GIS). Multivariate cluster analysis was used to

classify the points into five clusters, from which 20 sites

were chosen to represent the variation within each

cluster, thus providing a systematic sampling regime for

the entire landscape.

At each site, a 50-m transect was established

perpendicular to the waterway, running from the

channel edge into the adjacent field. Sampling plots

were established at three positions along this transect

at a distance of approximately 0.5, 9 and 50 m from

the bankfull channel edge (Fig. 1). These positions

are referred to as A (agricultural field, which is either

cropland or grazed grassland), B (floodplain bench

above the waterway), and C (channel edge). Position

B was located on the edge of the floodplain bench, or

in the case of irrigation canals, where permanent

vegetation could potentially be established, and

ranged from 4 to 24 m from the channel edge.

Characterization of vegetation communities,

riparian health and woody carbon storage

Vegetation and riparian characterization were con-

ducted at each site from May to June of 2007. For

community-level vegetation assessment, the riparian

greenline method was used on 40-m transects to

classify communities into the appropriate vegetation

series (Sawyer and Keeler-Wolf 1995; Winward

2000). At the species level, vegetation surveys used

Braun-Blanquet style relevé plots of 15–100 m2 for

each of the three positions at each site (CNPS

Vegetation Committee 2000); plants were identified

according to Hickman (1993). Plants were classified

into five main functional groups: (i) woody perenni-

als, (ii) herbaceous natives, (iii) legumes, (iv) inva-

sive/noxious weeds (USDA-NRCS 2009), and (v)

other non-natives (excluding invasive/noxious weeds

and legumes, but including crop species).

A quantitative visual assessment of riparian health

was conducted along a 40-m reach at each site with a

modification of the method for low gradient rangeland

streams (Ward et al. 2003). Channel condition, access

to the floodplain, bank stability, extent of natural

riparian zone vegetation, macroinvertebrate habitat,

pool variability and pool substrate were scored on a

scale from 1 to 12. The riparian health score was

calculated as a percentage for each of the 20 sites.

To estimate woody C sequestration, the height,

canopy dimensions and diameter at breast height

(DBH) of all woody species 1.5 m or taller were

recorded within the 40-m reach of the riparian zone

(this zone varied in width from 14 to 40 m, depend-

ing on surrounding land use and topography) follow-

ing the Forest Project Protocol (California Climate

Action Registry 2007). Aboveground wood biomass

of each tree species was calculated using allometric

equations based on DBH (Jenkins et al. 2003).

Belowground tree biomass at each site was estimated

using an allometric equation based on the calculated

aboveground biomass density (Cairns et al. 1997).

Shrub above- and belowground biomass were calcu-

lated based on equations from Smukler et al. (pro-

visionally accepted, Agric Ecosyst Env), which

related the ellipsoid volume of each shrub canopy

to biomass. Total woody biomass per ha was

calculated as the sum of above- and belowground

tree and shrub biomass divided by the area surveyed.

Total woody C storage (Mg ha-1) was calculated

assuming a 50% C content for all species (California

Climate Action Registry 2007).

Fig. 1 Sampling positions

relative to the waterway for

the two land use types

within the study area in the

Sacramento Valley,

California (not drawn to

scale)
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Soil sampling and profile descriptions

Soil profile characterization and sampling took place

from late March to mid-April of 2007, when soil moisture

was most similar across the landscape, and when soil

temperatures were warm enough to facilitate soil micro-

bial and nematode activity. Soil profiles (1 m 9 1 m 9

1 m) were dug at positions A, B and C at each site, but in

three cases no soil pit could be dug at position B because

the canal was incised within an agricultural field.

Profile descriptions were performed using standard

soil survey techniques (Schoeneberger et al. 2002).

Four semi-quantitative morphologic indicators of soil

quality were measured: (1) A-horizon darkening

(indicating the accumulation of soil organic matter

(SOM)); (2) A-horizon thickness (indicating a lack of

soil disturbance); (3) depth to redoximorphic features

(indicating presence of water table during some

portion of the year); and (4) depth to a potentially

root-limiting horizon, defined by root-restrictive bulk

density in any horizon (e.g., greater than 1.7 g m-3

for loams or greater than 1.5 g m-3 for silty clay

loams; USDA 2001) and/or an extremely firm

consistence or textural classes with greater than

60% coarse fragments ([2 mm in diam.). A-horizon

darkening (in any A-, Ap-, AB- or BA-horizons) was

considered significant when there was a decrease of at

least one unit in the Munsell color value from the

surface to the next underlying horizon.

Soil was sampled from each pit, and from two

7.5-cm diameter soil cores taken 2 m from the pit

on either side, which were analyzed separately and

treated as replicates. Depths were 0–15, 15–45,

45–75, and 75–100 cm. Each soil sample was homog-

enized, bagged, transported on ice, and stored at 4�C

for less than 8 days before analysis for soil moisture,

inorganic N, nematodes and PLFA (surface samples

only), and air drying for other soil properties.

Characterization of soil biotic communities,

physical properties and nutrients

Nematodes were extracted by a modified sieving and

Baermann funnel method (Barker 1985; Ferris and

Matute 2003). Nematodes were identified to genus or

family level, assigned to trophic groups (Yeates et al.

1993) and functional guilds (Bongers and Bongers 1998),

and used to calculate structure index (an indicator of soil

food web length and connectance; Ferris et al. 2001).

For microbial community composition and biomass,

phospholipid fatty acids (PLFA) were extracted and

analyzed (Bossio and Scow 1998), and identified on a

Hewlett Packard 6890 gas chromatograph (J&W Scien-

tific, Folsom, CA). PLFA biomarkers were grouped into

bacterial (actinomycetes, Gram? and Gram-), fungal and

unspecific origins following Potthoff et al. (2006).

Inorganic N was extracted with 2 M KCl, and

analyzed colorimetrically for ammonium (NH4
?) and

nitrate (NO3
-) on a Genesys 10VIS spectrophotometer

(Thermo Fisher Scientific, Waltham, MA; Forster 1995;

Miranda et al. 2001). Air-dried samples were crushed and

sieved through a 2 mm screen. Particle size analysis was

performed on a Coulter LS-230 Particle Size Analyzer

(Beckman Coulter Inc., Miami, FL; Eshel et al. 2004).

The Agriculture and Natural Resources Analytical

Laboratory at the University of California at Davis

analyzed soil for boron (B), total N and C, pH, Olsen

phosphorus (P) and exchangeable cations as described at

http://groups.ucanr.org/danranlab/Soil_Analysis_2/.

Two bulk density samples were collected from each

soil pit at two depths (1–7 and 27–33 cm) using a brass

ring (345 cm3) to remove intact soil cores (Blake and

Hartge 1986). Bulk density values of the bottom two

soil layers were approximated based on the SSURGO

data for the mapped soil type (Soil Survey Staff 2009).

These values were used to calculate total soil C for the

full 1-m profile using the percent soil C from each of

the four sampled depth intervals.

Statistical analyses

Effects of land use and position from the channel edge

on soil properties and plant, nematode and microbial

diversity, richness and functional group abundance were

analyzed using a mixed model ANOVA (based on

repeated measures) with land use type as the between-

subject factor (two levels: rangeland and cropland), and

position from the channel edge as the within-subject

factor (three levels: A, B and C). This and all other tests

were considered significant at P\0.05. One-way

ANOVAs examined the simple effects of position for

each land use type when there was a significant

interaction, as well as for sites where woody-dominated

communities (defined as narrowleaf willow series, blue

oak series, Fremont cottonwood series, and valley oak

series) were either absent or present in the riparian area.

Mixed model three-way ANOVAs were used to analyze

soil properties by depth, position from waterway and
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land use type. Data were normalized using log (x ? 1)

or square root transformations when necessary to meet

ANOVA assumptions. All ANOVAs were performed in

SAS v9.1 (SAS Institute, Cary, NC) using the Tukey HSD

test to determine differences between least square means.

Pearson’s product moment correlations between

riparian health rating, diversity measures, soil prop-

erties and soil profile indicators were run in R 2.7.2

(R Development Core Team 2008). Shannon’s diver-

sity index (H0) and species richness were calculated

with the diversity function in the vegan package in

R. Pairwise comparisons of each group of biota were

performed with Mantel tests to test the null hypoth-

eses that no relationship exists between the two

datasets (Mantel 1967). The test was performed in

R with the mantel function in the vegan package

using Bray-Curtis distance measures.

An indicator species analysis identified plant spe-

cies that were indicators of good versus poor riparian

health, based on species abundance (cover) and

frequency (Dufrêne and Legendre 1997). A perfect

score (1.0) indicates a species is both faithful (always

present) and exclusive to a given category (McCune

and Grace 2002). Indicator values were calculated

using the duleg function in the labdsv package in R,

and significance was tested with 1,000 randomizations

in a Monte Carlo test. For this purpose, the riparian

health ratings were divided into four equally weighted

health classes: poor (19.6–34.5%), fair (34.6–49.4%),

moderate (49.5–64.3%), and good (64.4–79.2%).

Results

Diversity and structure of plant, nematode

and microbial communities

A total of 114 plant species were identified (Appendix

Table 6), and classified into five main functional

groups: California state-listed invasive/noxious weeds

(33 species), other herbaceous non-natives (excluding

legumes and invasive/noxious weeds; 31 species),

herbaceous natives (29 species), woody perennials (15

species), and non-native legumes (6 species). Of the

total, 62 were annual species while 52 were perennials.

Plant diversity (H’) was greater in the riparian

positions, B and C, than in the agricultural position, A

(Table 1). Rangeland H’ was greater than in the

cropland land use type, and had an average of almost

twice as many species. Positional differences were more

pronounced in the rangeland than the cropland sites,

with more species near the waterway in both cases.

Both woody perennial cover and native herbaceous

species cover were greater in the riparian positions (B

and C) than in position A in both land use types. Mean

percent cover of total vegetation and legumes were

both greater in rangeland than cropland. In the

croplands, invasive/noxious weed cover was greater

in riparian positions (B and C) than position A, while

rangeland sites had greatest invasive/noxious weed

cover at position B. The arable croplands had much

greater cover of non-native species in the agricultural

fields than in the riparian zone, but non-native species

cover did not vary with position in the rangelands.

Nematode H0 and richness did not vary by position

from the waterway or land use type (Table 1). There

were 43 different nematode taxa (either genera or

families), of which 14 were plant feeders or associates,

13 were bacterivores, six were fungivores, five were

omnivores and four were predators. There were 10

common nematode taxa (found in over half of the

samples), and 15 rare nematode taxa (found in less

than 5% of the samples) (data not shown). Total

nematode abundance and abundance of fungivores and

plant feeders were greater at position A than at position

C on the channel edge (Table 1). Both omnivores and

predators were rare, but they were more abundant in

agricultural fields and floodplain benches (positions A

and B), than at the waterway edge (position C).

Bacterivores were the only trophic group that varied

between land use types, and were two times more

abundant in cropland than rangeland sites.

Nematode structure index, a measure of soil food

web length and connectance, ranged from 0 to 93.9

(on a scale of 0–100). In rangeland sites, it was

greater in the field and riparian bench positions

(56.5 ± 5.0 and 48.4 ± 3.6 for positions A and B,

respectively) than at position C near the channel edge

(30.1 ± 5.4, P \ 0.001). However, structure index

did not differ by position in the cropland, and

averaged 34.8 ± 3.3 for all sites.

Diversity of microbial PLFA biomarkers was

greater in the agricultural position (A) than at

position C at the edge of the channel (Table 1). Both

the diversity and richness of the microbial biomarkers

were greater for rangelands than croplands. There

were 72 different PLFA biomarkers identified across

the landscape: bacterial (18 biomarkers, composed of
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seven Gram? bacteria, five Gram- bacteria, three

actinomycetes, and three unspecific bacterial bio-

markers), fungal (three biomarkers), and 51 unspe-

cific biomarkers. Mean bacterial PLFA abundance

was about three times higher than fungal PLFA

abundance at each position from the waterway.

When group abundances were adjusted for total

PLFA abundance, the relative abundance of fungi was

Table 1 Distribution of plant, nematode and microbial communities according to position from waterway (A = agricultural field,

B = floodplain bench, C = channel edge) and two land use types in the Sacramento Valley, California

Position from waterway Land use type P*LU

A B C Siga Cropland Rangeland Sig Sig

Plants (n = 20) (n = 20) (n = 20) (n = 36) (n = 24)

Shannon’s diversity index 0.8 ± 0.1 b 1.5 ± 0.1 a 1.5 ± 0.1 a *** 1.1 ± 0.1 1.5 ± 0.1 ** NS

Species richness 7.5 ± 0.8 14.2 ± 1.3 *** *

Cropland 4.5 ± 0.9 b 8.4 ± 1.2 ab 9.6 ± 1.4 a **

Rangeland 8.8 ± 0.8 b 13.8 ± 1.0 b 20.0 ± 2.5 a ***

Total cover (%)b 46.5 ± 7.5 61.3 ± 7.8 62.2 ± 6.9 NS 45.9 ± 5.8 72.7 ± 4.7 * NS

Woody perennials 1.9 ± 1.9 b 16.4 ± 6.0 a 19.1 ± 7.9 a ** 9.4 ± 3.5 17.0 ± 6.8 NS NS

Herbaceous natives 0.6 ± 1.9 b 2.1 ± 0.6 a 5.1 ± 1.5 a *** 2.9 ± 0.8 2.0 ± 0.7 NS NS

Legumes 1.4 ± 0.8 2.9 ± 0.9 5.0 ± 1.8 NS 0.6 ± 0.3 6.9 ± 1.5 *** NS

Invasive/noxious weeds 23.2 ± 4.5 56.0 ± 5.2 *** *

Cropland 5.8 ± 3.8 b 29.7 ± 8.9 a 34.0 ± 7.9 a *

Rangeland 59.0 ± 7.6 ab 69.2 ± 9.0 a 39.8 ± 8.2 b *

Other non-nativesc 10.8 ± 3.6 3.3 ± 1.7 NS **

Cropland 26.8 ± 9.0 a 3.8 ± 1.9 b 2.0 ± 0.8 b **

Rangeland 0.7 ± 0.4 2.0 ± 1.2 7.2 ± 4.8 NS

Nematodes (n = 20) (n = 18) (n = 20) (n = 34) (n = 24)

Shannon’s diversity index 1.8 ± 0.1 1.9 ± 0.1 1.8 ± 0.1 NS 1.8 ± 0.1 1.9 ± 0.1 NS NS

Taxa richness 16.0 ± 0.7 16.0 ± 0.8 15.4 ± 1.3 NS 15.3 ± 0.7 16.5 ± 0.9 NS NS

Total abundance (100 g-1 soil) 592 ± 59 a 431 ± 68 ab 309 ± 58 b ** 478 ± 58 397 ± 42 NS NS

Bacterivores 143 ± 24 125 ± 30 80 ± 12 NS 144 ± 20 75 ± 11 * NS

Fungivores 272 ± 35 a 158 ± 25 b 110 ± 22 b *** 195 ± 28 161 ± 19 NS NS

Plant feeders 142 ± 19 a 120 ± 23 ab 101 ± 30 b * 106 ± 20 142 ± 18 NS NS

Omnivores ? predators 34.7 ± 7.1 a 28.9 ± 5.2 a 17.4 ± 4.8 b * 32.6 ± 5.2 18.9 ± 3.4 NS NS

PLFA biomarkers (n = 19) (n = 18) (n = 17) (n = 33) (n = 21)

Shannon’s diversity index 3.1 ± 0.0 a 3.1 ± 0.0 ab 3.1 ± 0.0 b *** 3.1 ± 0.0 3.1 ± 0.0 * NS

PLFA richness 39.9 ± 1.2 39.6 ± 1.2 36.0 ± 1.3 NS 36.5 ± 0.9 42.0 ± 1.1 ** NS

Total abundance (nmol g-1 soil) 40.9 ± 5.1 41.8 ± 5.1 29.9 ± 3.9 NS 29.6 ± 2.7 50.5 ± 4.7 *** NS

Actinomycetes 2.4 ± 0.3 2.3 ± 0.3 1.8 ± 0.2 NS 1.8 ± 0.1 2.9 ± 0.3 *** NS

Gram? bacteria 8.7 ± 1.0 8.2 ± 0.9 6.1 ± 0.8 NS 6.3 ± 0.5 10.0 ± 0.9 *** NS

Gram- bacteria 6.0 ± 0.8 6.2 ± 0.8 4.3 ± 0.5 NS 4.5 ± 0.4 7.2 ± 0.7 ** NS

Fungi 5.4 ± 0.8 5.8 ± 0.8 4.1 ± 0.6 NS 3.8 ± 0.4 7.2 ± 0.7 *** NS

Mean ± SE
a Significance for each main effect in the 2-way ANOVA, and the interaction of the two terms (position by land use type, P*LU):

P B 0.001 = ***; B 0.01 = **; B 0.05 = *. For significant interactions, simple effects are described instead of main effects for

position. Means with the same lower-case letter within each row are not significantly different in Tukey comparisons at a = 0.05

level
b Cover does not necessarily total 100% as there may be canopy overlap or bare ground
c Non-native, herbaceous species excluding legumes and invasive/noxious weeds
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still greater in rangelands than croplands (14.0 ± 0.2

vs. 12.5 ± 0.3%, respectively; P \ 0.01). The

response for Gram? and Gram- bacteria was opposite,

with relative abundance less in rangelands than

croplands (19.9 ± 0.4 vs. 21.6 ± 0.3%, respectively,

P = 0.01 for Gram?; 14.1 ± 0.3 vs. 15.2 ± 0.2%,

respectively, P \ 0.01 for Gram-). Actinomycetes

had an average relative abundance of 6.1 ± 0.2% and

did not vary with land use type or position.

Soil properties

Soil surface samples (0–15 cm depth) were on average

34% lower in total soil C at position C near the channel

edge than at position A (i.e., fields or grasslands

managed for agricultural production) (Table 2). The

percentage of fine particles (silt and clay) was lower at

the channel edge than at position A. Rangeland sites had

larger pools of NH4
?–N, total soil C and exchangeable

Ca in the surface layer, and smaller pools of NO3
-–N

and Olsen-P than the cropland sites. Total C was almost

50% higher in rangelands than croplands, and range-

lands had a higher soil C to N ratio. In general, stronger

positional gradients occurred for soil properties in

rangelands than croplands, e.g. total soil N. Rangeland

sites had higher pH and greater B concentration near the

edge of the channel than in grazed fields. Weighted

averages of soil nutrients for the four sampling depths

from 0 to 100 cm showed similar trends for position and

land use as for the 0–15 cm surface layer (Appendix

Table 7). However, differences in weighted average

values tended to be smaller.

Depth explained from 4% (NO3
-–N) to 42% (total

C) of the variance in the three-way ANOVA model

(data not shown). Total C and N, NH4
?–N, NO3

-–N,

Olsen-P and exchangeable K decreased with depth,

while pH and exchangeable Na, Ca and Mg increased

with depth (data not shown). Effects of depth on total C

and N were especially pronounced, with differences of

about 50% between surface (0–15 cm) and deepest

(75–100 cm) samples (data not shown).

Linking aboveground and belowground biota

and soil properties

Vegetation and nematodes shared the greatest correlative

structure out of the three biological communities, with a

standardized Mantel statistic (r, analogous to a correla-

tion coefficient) of 0.24 (P \0.001). PLFA communities

were only weakly related to nematodes (r = 0.11,

P\ 0.01) and vegetation (r = 0.08, P \0.05) in

Mantel tests. Using Pearson’s correlation tests, total

percent plant cover correlated positively with nematode

diversity and richness, as well as PLFA biomarker

richness and abundance (Table 3). Vegetation species

richness was also positively correlated with total PLFA

abundance, which can be used as a proxy for total

microbial biomass. Diversity of PLFA biomarkers was

positively correlated with nematode diversity (r = 0.29,

P\ 0.05) and PLFA richness was positively correlated

with nematode richness (r = 0.32, P\0.05).

The presence of woody-dominated plant communi-

ties in the riparian zone increased total plant species

diversity and richness (Fig. 2a, b). Nematode diversity

and richness showed no differences (Fig. 2c, d), while

PLFA diversity decreased in the riparian zone regard-

less of the presence of woody communities (Fig. 2e, f).

Soil concentrations of NO3
-–N and Olsen-P in the

riparian positions were lower in sites with woody

communities (1.7 ± 0.7 vs. 7.4 ± 2.0 lg NO3
-–

N g-1, P = 0.01, and 14.1 ± 1.4 vs. 20.8 ± 2.2 lg

Olsen-P g-1, P = 0.01, for presence versus absence of

woody communities, respectively). Total soil C, how-

ever, did not vary in the presence of woody commu-

nities at either position B or C (data not shown).

Riparian health and ecosystem functions

Riparian health scores for the 20 sites ranged from

19.6% to 79.2%, with an average score of

41.3 ± 4.2%. At position C near the channel edge,

riparian health scores correlated positively with plant

diversity and richness, and with soil NH4
?–N and C

concentrations for the surface 0–15 cm (Table 4). In

contrast, the riparian health scores were negatively

correlated with soil NO3
-–N and Olsen-P at position

C. Both PLFA and nematode richness were positively

correlated with riparian health scores at position B on

the floodplain bench. Riparian health rating also

correlated positively with nematode structure index at

position B, but showed a trend in the opposite

direction at the more disturbed position C.

Total C storage per ha (sum of soil C to 1-m depth

and woody C), was greater in the riparian zones of the

rangelands than croplands or agricultural fields used

for crops or grazing (Fig. 3). This difference was

largely due to greater wood C, as total soil C storage

for the full 1-m profile did not vary between positions
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or land use types (data not shown). Woody C storage

in the riparian zone was positively correlated with

riparian health scores (r = 0.58, P \ 0.01).

Indicator species analysis for riparian health clas-

ses at position C at the channel edge revealed that

Johnsongrass (Sorghum halepense, a perennial state-

listed noxious weed) was an indicator of poor riparian

health (Indicator Value (IV) = 0.63, P \ 0.05), while

dogstail grass (Cynosurus echinatus, an annual non-

native) and pale spikerush (Eleocharis macrostachya,

a perennial native) were strong indicators of good

riparian health (IV = 0.75, P \ 0.01 for both). At

position B on the floodplain bench, no plant species

was an indicator of poor riparian health, but hairy

vetch (Vicia villosa, a non-native legume) and

Fremont cottonwood (Populus fremontii, a native

tree) were both indicators of good riparian health

(IV = 0.56, P \ 0.05 and IV = 0.50, P \ 0.05,

respectively).

Of our four indicators of soil quality based on soil

profile characteristics, only A-horizon darkening

correlated with riparian health scores (Table 5).

Table 2 Soil properties in top 15 cm layer according to three positions from waterway (A = agricultural field, B = floodplain

bench, C = channel edge) and two land use types in the Sacramento Valley, California

Position from waterway Land use type P*LU

A (n = 20) B (n = 20) C (n = 20) Siga Cropland

(n = 36)

Rangeland

(n = 24)

Sig Sig

NO3
-–N (lg g-1) 5.7 ± 1.5 4.2 ± 1.2 4.2 ± 1.8 NS 7.6 ± 1.2 0.4 ± 0.1 *** NS

NH4
?–N (lg g-1) 1.6 ± 0.2 1.7 ± 0.3 1.2 ± 0.2 NS 1.1 ± 0.2 2.0 ± 0.2 ** NS

Total N (%) 0.09 ± 0.00 0.11 ± 0.01 NS **

Cropland 0.11 ± 0.01 a 0.09 ± 0.01 ab 0.08 ± 0.01 b *

Rangeland 0.13 ± 0.01 a 0.13 ± 0.01 a 0.06 ± 0.01 b ***

Total C (%) 1.1 ± 0.1 a 1.1 ± 0.1 a 0.8 ± 0.1 b ** 0.9 ± 0.0 1.2 ± 0.1 *** NS

C:N ratio 9.4 ± 0.3 10.3 ± 0.4 11.9 ± 0.9 NS 9.7 ± 0.4 11.9 ± 0.6 ** NS

Olsen-P (lg g-1) 22.3 ± 3.4 19.6 ± 1.8 14.6 ± 1.8 NS 21.8 ± 1.5 14.3 ± 2.6 ** NS

B (lg g-1) 0.5 ± 0.1 0.1 ± 0.0 *** ***

Cropland 0.7 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 NS

Rangeland 0.0 ± 0.0 b 0.0 ± 0.0 ab 0.1 ± 0.1 a *

Exchangeable Kb 0.7 ± 0.1 ab 0.8 ± 0.0 a 0.5 ± 0.1 b * 0.7 ± 0.1 0.7 ± 0.1 NS NS

Exchangeable Nab 0.2 ± 0.0 0.3 ± 0.1 NS ***

Cropland 0.2 ± 0.0 a 0.1 ± 0.0 b 0.2 ± 0.1 ab *

Rangeland 0.1 ± 0.0 b 0.1 ± 0.0 b 0.6 ± 0.2 a ***

Exchangeable Cab 13.3 ± 1.0 ab 13.3 ± 0.8 b 15.0 ± 0.9 a * 12.6 ± 0.4 15.9 ± 1.1 * NS

Exchangeable Mgb 6.6 ± 0.6 5.6 ± 0.4 6.6 ± 0.4 NS 6.3 ± 0.3 6.1 ± 0.5 NS NS

pH 7.1 ± 0.1 7.1 ± 0.2 NS **

Cropland 6.5 ± 0.1 7.0 ± 0.2 7.3 ± 0.2 NS

Rangeland 6.5 ± 0.2 b 6.9 ± 0.2 b 7.8 ± 0.1 a ***

Clay (%) 17.9 ± 0.9 a 14.9 ± 1.0 b 14.1 ± 0.8 b *** 16.1 ± 0.6 14.9 ± 1.0 NS NS

Silt (%) 54.4 ± 1.1 50.4 ± 2.1 NS *

Cropland 57.3 ± 1.6 53.4 ± 1.9 52.5 ± 2.0 NS

Rangeland 58.0 ± 2.4 a 49.9 ± 3.7 ab 43.5 ± 3.4 b *

Sand (%) 24.5 ± 1.8 b 33.1 ± 2.7 a 37.0 ± 2.6 a *** 29.5 ± 1.6 34.7 ± 3.0 NS NS

Mean ± SE
a Significance for each main effect in the 2-way ANOVA, and the interaction of the two terms (position by land use type, P*LU):

P B 0.001 = ***; B 0.01 = **; B 0.05 = *. For significant interactions, simple effects are described instead of main effects for

position. Means with the same lower-case letter within each row are not significantly different in Tukey comparisons at a = 0.05

level
b Exchangeable cations are given in meq 100 g-1 soil
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A-horizon darkening also correlated positively with

plant species richness and nematode H0. Thus, a

change in soil surface color was the most informative

soil quality indicator of biodiversity and riparian

health.

Discussion

Riparian gradient and land use types

Riparian zones are often reservoirs of native plant

diversity (Richardson et al. 2007), and indeed riparian

positions here were richer in plant diversity than

adjacent fields managed for agricultural purposes.

However, native plant diversity in the riparian

positions in this landscape was lower than in

historical or remnant stands elsewhere in the Central

Valley (Roberts et al. 1980; Sawyer and Keeler-Wolf

1995). This lower native plant diversity could be the

legacy of historic land use change, including drainage

of wetlands, clearing of forests, and tillage and land

Table 3 Pearson’s correlation coefficients between above-

ground and belowground biotic diversity, richness and abun-

dance at sites in the Sacramento Valley, California (n = 60)

Vegetation

Shannon’s

diversity

Vegetation

species

richness

Vegetation

total % cover

Nematodes

Shannon’s diversity 0.02 0.16 0.38

Taxa richness 0.06 0.08 0.34

Total abundance -0.04 -0.23 -0.08

PLFA biomarkers

Shannon’s diversity -0.20 -0.08 0.03

Biomarker richness 0.17 0.22 0.29

Total abundance 0.25 0.28 0.31

Bold values are statistically significant at P B 0.05
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Fig. 2 Richness and diversity of plants (a, b), nematodes

(c, d) and microbes (PLFA biomarkers) (e, f) in sites without

(- Woody, n = 8) or with (? Woody, n = 12) woody riparian

communities in the Sacramento Valley, California. Position

A = agricultural field, Position B = floodplain bench, Position

C = channel edge. Means ± SE with the same lower-case
letter within each group of biota are not statistically different in

Tukey means comparisons at a = 0.05 level
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planing for agriculture, dating back to the late 1800s

(Barbour et al. 1993).

Soil fungi and fungivorous nematodes often

decrease with disturbance and/or wetter soils (Hol-

land and Coleman 1987; Neher et al. 2005; Six et al.

2006). Thus, the greater abundance of fungivorous

nematodes in position A may reflect drier and less

disturbed soil conditions more conducive to fungal

decomposition pathways further from the waterways.

Most of the grazed rangelands were not tilled, and

some of the irrigated cropland had not received

spring tillage, whereas waterways had experienced

substantial water and soil movement during the fall

and winter rainy season. Surprisingly, abundance of

PLFA fungal biomarkers did not vary according to

position from the waterway, but the trend was toward

fewer fungi near the channel edge.

Position C in the active stream channel was subject

to frequent erosion, deposition, and submergence due

to seasonal flooding and irrigation events. Low values

of C and N at this landscape position are likely due to

the dynamic nature of stream channel processes. In

this setting, deposition and erosion can inhibit SOM

accumulation (and associated N mineralization)

either by deposition of parent material low in organic

matter or by episodic stripping of carbon-rich flood-

plain soils during flood events. The high level of soil

disturbance along the active stream channel may also

explain the lower overall abundance of nematodes

(Bouwman and Zwart 1994; Ferris et al. 2001; Lenz

and Eisenbeis 2000).

Land use type was an important factor in explaining

variance in plant and microbial diversity and functional

group distribution, as well as many soil nutrients. For

example, cropland sites had a higher relative abundance

of Gram? and Gram- bacteria, and bacterivorous

nematodes were also nearly twice as abundant in

croplands as rangelands. These trends likely reflect the

effects of tillage and agrochemical application on soil

community diversity and function, as opportunistic

bacteria and bacterivorous nematodes are known to

increase with ecosystem disturbance (Ferris et al. 2001;

Minoshima et al. 2007).

The relatively low invasive/noxious weed cover near

rangeland waterways suggests interactions with native

perennial woody and herbaceous species. Disturbance

along the channel edge, and more intensive grazing

pressure from cattle accessing water, may have con-

tributed to the increased plant species richness of

Table 4 Pearson’s correlation coefficients between riparian

health scores and biotic and soil properties at two positions

within the riparian zone (B = floodplain bench, C = channel

edge, n = 20 for each) at sites in the Sacramento Valley,

California

Riparian Health Scores

Position B Position C

Plants

Shannon’s diversity 0.13 0.52*

Species richness 0.58** 0.70***

Nematodes

Shannon’s diversity 0.23 0.27

Taxa richness 0.50* 0.09

Total abundance -0.15 0.10

Structure index 0.49*** -0.29

PLFA biomarkers

Shannon’s diversity 0.30 0.01

Biomarker richness 0.55* 0.45

Total abundance 0.57* 0.54*

Soil (0–15 cm)

NO3
-–N (lg g-1) -0.49* -0.53*

NH4
?–N (lg g-1) 0.61** 0.64**

Total N (%) 0.36 -0.35

Total C (%) 0.61** 0.60**

Olsen-P (lg g-1) -0.43 -0.69***

Significance levels: P B 0.001 = ***; B 0.01 = **; B 0.05 = *
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riparian positions by reducing the competitiveness of

weedier species, as has been reported of frequent

flooding and mowing in European floodplain rehabili-

tation projects (Gerard et al. 2008). The higher invasive/

noxious weed cover in cropland riparian zone positions

than in the adjacent fields may be due to a lack of weed

control measures in the riparian zone, whereas cultiva-

tion and herbicide applications are commonly practiced

on the adjacent conventional crop fields planted with

corn, tomatoes or grains (ARE-UC Davis 2008).

Plants, nematodes and soil microbes did not respond

equally to differences in land use and the positional

gradient from the waterway, reflecting different spatial

and temporal scales of influence on these groups of

organisms. While microbial communities in grasslands

still show the effects of cultivation even 70 years after

such practices have ceased (Steenwerth et al. 2003),

plant communities can recover from such disturbance

more quickly, especially when aided by active resto-

ration (Giese et al. 2003; Richardson et al. 2007).

Nematode communities, on the other hand, seemed to

be most responsive to localized and seasonal resource

availability and environmental conditions, instead of

the larger landscape scale land use changes.

Aboveground-belowground relationships

Plant species richness and diversity increased where

woody communities were present, possibly due to less

disturbance by herbicide application, discing and

scraping, mowing, grazing, burning and hand hoeing,

all of which are riparian vegetation management prac-

tices commonly used in the region (Brodt et al. 2009).

Nematode and PLFA diversity and richness were

not affected by the presence of woody communities

using ANOVA. However, another technique (data not

shown), permutational multivariate analysis of variance

(Anderson 2001), indicated that nematode communities

appeared to be slightly responsive to woody plants,

possibly due to changes in the quality and quantity of

litter produced by different plant communities (Wardle

et al. 2006). This statistical approach did not show any

relationship between microbial community structure

and the presence of woody communities, suggesting that

land use and levels of disturbance may be more

important than plant diversity (Drenovsky et al. 2009).

Woody plant communities also affected soil nutri-

ent levels, as evident from lower concentrations of the

readily available nutrients, NO3
-–N and Olsen-P, in

riparian positions containing woody communities.

Where present, woody communities and their associ-

ated soil biota may have contributed to nutrient uptake

and immobilization, as demonstrated for riparian

forests in agricultural watersheds (Hill 1996; Lovell

and Sullivan 2006; Peterjohn and Correll 1984).

However, excess nutrients in riparian zones without

trees may be an artifact of the scarcity of woody

communities in croplands, where irrigated, fertilized

fields may have been contributing these nutrients to

the riparian zone via tailwater.

Table 5 Pearson’s correlation coefficientsa between soil quality indicators and measures of biotic diversity and riparian health at

sites in the Sacramento Valley, California

Diversity measures Depth to potential

rooting barrier

Depth to redoximorphic

features

A-horizon

darkening

A-horizon

thickness

Plants

Shannon’s diversity 0.01 -0.02 0.20 -0.05

Species richness -0.07 -0.18 0.25 -0.17

Nematodes

Shannon’s diversity 0.14 -0.09 0.29 0.09

Taxa richness 0.26 0.01 0.16 0.00

PLFA biomarkers

Shannon’s diversity -0.18 -0.18 0.25 0.07

Biomarker richness -0.17 -0.09 0.16 0.07

Riparian health ratingb 0.07 -0.17 0.33 -0.23

a Bold values are statistically significant at P B 0.05
b Riparian health correlations were run on data from positions B and C only (n = 40); all other correlations include data from all

three positions from the waterway (n = 60)
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Plant, nematode and microbial communities were

positively but weakly correlated with each other in

Mantel tests, indicating that the three community

datasets were related, but that the majority of structure

in these data was not accounted for. Trophic interac-

tions would be expected to influence the structure of the

microbial, nematode and vegetation communities

(Waldrop et al. 2006; Zak et al. 2003). The stronger

correlation between nematode and microbial diversity

and richness was probably due to the link between

microbial-feeding nematodes (the most abundant

group in the nematode community) and their food

source. Although no direct synchrony exists between

nematode and bacterial growth (Papatheodorou et al.

2004), abundance of bacterial-feeding nematodes

depends on bacterial biomass (Zelenev et al. 2004).

Net primary productivity may have been important

in shaping nematode and microbial diversity and

richness, based on their correlations with total plant

cover. Positive correlations between above- and

belowground diversity have been observed (De Deyn

and Van der Putten 2005; Zak et al. 2003), but net

primary productivity or specific plant traits appear to

be stronger drivers of microbial and nematode

diversity than plant diversity (Sánchez-Moreno

et al. 2008; Viketoft et al. 2009; Waldrop et al. 2006).

Riparian health as an indicator of biodiversity

and ecosystem function

Riparian zone health scores from visual assessments

were highly correlated with many biodiversity and soil

properties, e.g., total soil C, A-horizon darkening and

nematode structure index. The mechanism by which

healthier riparian zones increase SOM accumulation

and soil food web structure is not clear, but disturbance

is apparently a factor, since there were fewer correla-

tions at the channel edge than on the floodplain bench.

Riparian health scores were negatively correlated

with soil NO3
-–N and Olsen-P, which may reflect the

generally degraded state of the riparian zones in more

intensive cropland sites where these nutrients were

applied as fertilizers. Vegetation cover in these

degraded riparian zones was mostly weedy, with

Johnsongrass emerging as an indicator species.

Greater riparian health scores, on the other hand,

may indicate nutrient immobilization by more pro-

ductive plant communities, where Fremont cotton-

wood and hairy vetch were found to be indicator

species. The strong association between riparian

health scores, soil quality, diversity measures and

noxious weed distribution suggests that this simple

visual scoring approach may prove useful for assess-

ments by landowners and resource agencies. For

example, local conservation and restoration programs

led by non-governmental organizations (e.g., Audu-

bon California) and governmental agencies (e.g., the

Resource Conservation District and the USDA Nat-

ural Resources Conservation Service) are in need of

inexpensive monitoring and evaluation tools.

Conclusions

In this complex agricultural landscape in a Mediter-

ranean climate, riparian vegetation was a key element

in management strategies to provide multiple eco-

system benefits. Healthier riparian zones, especially

those with woody communities, provided more

ecosystem functions, acting as C reservoirs, nutrient

buffer strips to protect water quality, and habitat for

above- and belowground biodiversity. The visual

rating of riparian health, plant indicator species, and

soil color differences were associated with indicators

of biodiversity and ecosystem functions, and thus

could serve as rapid assessment tools for land

managers and restoration professionals. Maintaining

or restoring native woody plant communities along

these agricultural waterways appears to be a key

element in improving the services they provide.
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