
RESEARCH ARTICLE

Effects of watershed land use on sources and nutritional value
of particulate organic matter in temperate headwater streams

Yue Han Lu • Elizabeth A. Canuel •

James E. Bauer • R. M. Chambers

Received: 13 June 2013 / Accepted: 5 February 2014

� Springer Basel 2014

Abstract Suspended particulate organic matter (POM) in

headwater streams is an important source of food and

energy to stream food webs. In order to determine the

effects of watershed land use on the sources and charac-

teristics of POM, we compared the lipid composition of

POM (fatty acid, aliphatic alcohol and sterol) from streams

influenced by different types of watershed land use. Eight

first-order streams discharging to the York River Estuary

(Virginia, USA) were sampled during baseflow conditions

bi-monthly from February to November 2009, including

streams draining forest-dominated, pasture-dominated,

cropland-dominated, and urban land-dominated water-

sheds. Allochthonous vs. autochthonous lipids showed that

POM in most of these streams was dominated by allo-

chthonous sources (59.5 ± 14.2 vs. 39.6 ± 14.5 % for

aliphatic alcohols and 52.9 ± 11.5 vs. 34.1 ± 10.3 % for

sterols). The relative abundance of allochthonous vs.

autochthonous lipid inputs to POM varied as a function of

land use type. POM in streams draining forest-dominated

watersheds contained a higher proportion of allochthonous

lipids and a lower proportion of autochthonous lipids than

the streams influenced by human land use. The contribution

of bacterial fatty acids differed significantly among sam-

pling times (P = 0.003), but not among land use types

(P = 0.547). Stepwise linear regression model selected

nitrate and temperature as the best predictors of variation in

bacterial inputs to POM. Proxies used to assess the nutri-

tional value of POM potentially available to stream

consumers included C:N ratios, and the concentrations of

total long-chain polyunsaturated fatty acids, eicosapentae-

noic acid, arachidonic acid, and cholesterol. None of these

nutritional proxies differed among sampling months

(P C 0.171), but the proxies showed that the nutritional

value of POM in forest streams was lower than in urban

streams. Collectively, these findings suggest that human

land use in upstream watersheds alters the source compo-

sition and nutritional value of stream POM, which not only

impacts food quality for stream biota, but also potentially

changes the characteristics of OM reaching downstream

ecosystems.
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Introduction

Human modifications to watershed land use have been

shown to influence aquatic ecosystems by altering
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microbial processing of carbon and nitrogen (Newcomer

et al. 2012; Lu et al. 2013), whole-stream primary pro-

ductivity and respiration (Maloney et al. 2008; Bernot et al.

2010), and biotic diversity and integrity (Allan 2004;

Maloney et al. 2008). These ecosystem-level impacts may

be linked, directly or indirectly, to land use-induced

changes in the transfer of nutrient and/or organic substrates

from terrestrial landscapes to aquatic environments. Pre-

vious studies have reported human land use increases

inorganic nutrient exports (Carpenter et al. 1998; Niyogi

et al. 2003) and modifies stream and river water dissolved

organic matter (DOM), including sources, molecular

structure and reactivity (e.g., Stern et al. 2007; Sickman

et al. 2010; Wilson and Xenopoulos 2009; Lu et al. 2013).

Past studies of the effects of land use on particulate organic

matter (POM) composition have focused primarily on soils

(e.g. Yamashita et al. 2006; Meyer et al. 2012), with little

attention given to POM in adjacent aquatic systems.

Particulate organic matter serves as an important source

of energy and nutrition to aquatic biota (Anderson and

Sedell 1979; Cummins et al. 1989; Allan and Castillo

2007). In streams, two of five invertebrate functional

feeding groups rely on POM as the primary food source—

shredders convert coarse POM to fine POM and feed on

fine POM while collectors/filterers eat fine POM (Anderson

and Sedell 1979; Cummins et al. 1989). These two groups

dominate in first- and second-order streams (Anderson and

Sedell 1979), where POM is primarily derived from ter-

restrial plants (allochthonous POM, e.g., leaf and wood

inputs), with only a small fraction from aquatic organisms

(autochthonous POM) (Malas and Wallace 1977; Anderson

and Sedell 1979; Wallace et al. 1987). In general, allo-

chthonous POM is considered lower in nutritional value to

invertebrates than autochthonous POM due to differences

in chemical composition, e.g., leaves and woody debris

have higher stoichiometric C:N ratios than algae and

aquatic organic matter (Anderson and Sedell 1979; Elser

et al. 2000; Atkinson et al. 2009).

Human modifications to land use may alter the sources

of POM to streams (i.e., the dominance of allochthonous

inputs) and consequently, the nutritional value of POM as a

food source for aquatic consumers. Hicks (1997), for

example, used bulk stable isotopes of carbon and nitrogen

to investigate food webs in forest and pasture streams in

New Zealand, and reported that forest stream food webs

were subsidized primarily by allochthonous sources of

organic matter while food webs in pasture streams were

supported by both autochthonous and allochthonous sour-

ces. Direct measures of the effects of land use on the

sources and nutritional quality of stream water POM,

however, are relatively rare.

Lipid content and biomarker distributions, combined

with stoichiometric C:N ratios and stable carbon isotopes,

are powerful tools for understanding aquatic OM sources

and reactivity, and particularly for differentiating autoch-

thonous vs. allochthonous sources (Canuel et al. 1995;

Bianchi and Canuel 2011), assessing processing status

(e.g., diagenetic status) (Canuel and Martens 1993; Zim-

merman and Canuel 2002; Lu and Meyers 2009), providing

information about nutritional value of particulates as a food

source to biota and understanding aquatic food webs

(Ahlgren et al. 1990; Brett and Müller-Navarra 1997;

Napolitano 1998; Dalsgaard et al. 2003; Martin-Creuzburg

and Von Elert 2009a). For example, elevated concentra-

tions of long-chain polyunsaturated fatty acids and dietary

sterols in food sources (POM, seston, algae) have been

linked to higher nutritional quality and elevated trophic

transfer efficiency between primary and secondary pro-

ducers (Ahlgren et al. 1990; Brett and Müller-Navarra

1997; Von Elert et al. 2003; Martin-Creuzburg and Von

Elert 2009a).

In the present study, we used lipid biomarkers to eval-

uate how human land use may change POM sources, inputs

and potential nutritional value in temperate headwater

streams. Previous attempts to link land use to OM in

receiving waters have been hindered by confounding fac-

tors influencing aquatic OM, such as lithology, climate, and

hydrology. To overcome these factors, our study sites

consisted of a regional group of streams with similar lith-

ological and climatic parameters sampled under base flow

conditions. Because previous studies have demonstrated

the importance of seasonal variation in stream water POM

inputs and composition (e.g., França et al. 2009), we

sampled at five different times between February and

November of 2009 to attempt to distinguish between

temporal and land use-related variability in POM. A suite

of lipid biomarkers including fatty acids (FAs), aliphatic

alcohols and sterols were used to evaluate the sources,

diagenetic status and potential nutritional quality of stream

water POM.

Methods

Sampling sites and watershed land use classification

Eight first-order streams (Strahler scale) discharging to the

York River estuary, a sub-estuary of the lower Chesapeake

Bay in VA, USA, were chosen for study. They included

three forest streams (i.e., F1, F2 and F3) which drained

forest-dominated watersheds, two pasture streams (P1, P2)

draining pasture-dominated watersheds, one cropland

stream (C1) draining cropland-dominated watershed and

two urban streams (U1and U2) for urban-land dominated

watersheds (Table 1; Fig. 1). The forest, pasture and

cropland streams were located in rural areas (population
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density: 18 per km2 as of 2000). The urban streams were

located in Williamsburg, VA (population density:

564 per km2 as of 2008) and were ca. 35–39 km from the

other streams (Fig. 1). During the study period (February–

November 2009), monthly mean precipitation ranged

between 7 and 21 cm (mean ± SD = 12 ± 5 cm) based

on data from climate observation stations located 1–6 km

from the sampling sties (the precipitation data were

downloaded from www.sercc.com, Southeast Regional

Climate Center: Station West Point 2 SW, VA for forest,

pasture and cropland streams and Station Willamsburg 2 N

for urban streams).

Watershed delineation and classification were conducted

in ArcGIS. Based on topographic maps at a scale of

1:24,000 (USGS 1992), the watersheds were first delin-

eated and overlain on aerial photos (1:1,200 or 1:2,400),

then divided into polygons of different land use type. The

areas of the polygons were calculated to determine the

dominant land use type (Table 1). Only the watershed areas

upstream of the sampling locations were calculated, with

the assumption that stream OM content and biogeochemi-

cal characteristics were driven mainly by upstream sources

and processes.

Sample collection

In the sampled watersheds, the time between the storm peak

and the termination of overland flow (D) ranged between 13

and 18 h. D was estimated by using D = 0.827A0.2, where

A represents drainage basin area in square kilometers (Fetter

2001). All streams were sampled C24 h after rain events to

ensure that the samples were collected during base flow

periods. Water samples were collected in acid cleaned (10 %

HCl) polycarbonate carboys (20 l) with a Masterflex�

E/STM portable peristaltic pump (Cole-Parmer) equipped

with acid-cleaned silicone tubing. Sampling depth ranged

between 15 and 30 cm and care was taken to avoid resus-

pending stream sediments. Samples were stored in the dark

on ice for up to 6 h before processing. In the laboratory,

*8–10 l water samples were transferred to stainless steel

tanks that were rinsed sequentially with Methanol, Acetone,

and Hexane. The tanks were pressurized with ultra-high

purity N2 gas to filter the water through pre-combusted glass

fiber filters (142 mm, Gelman A/E, norminal pore size

1 lm) for collecting POM. Filters were folded carefully,

wrapped with pre-combusted Al foil and kept frozen at

-80 �C until extraction.

Lipid analysis

The POM sample filters were shredded using solvent

cleaned forceps and mixed with pre-combusted hydroma-

trix (Varian�) to remove water. Lipid extraction followed

the method described by Poerschmann and Carlson (2006)

using a Dionex accelerated solvent extraction system (ASE

350). To separate neutral and polar lipids, *500 mg of

cyanopropyl sorbent (Supelco�, Discovery-CN, 7 % 3-cy-

anopropyl) was placed into each ASE cell. Each sample

filter was then added to an individual ASE cell, followed by

addition of a mixture of surrogate standards consisting of a

C19 FA methyl ester (FAME; methyl nonadecanoate), a C19

alcohol (nonadecanol), a wax ester (myristyl arachidate)

comprised of a C20 FA and a C14 alcohol, and androstanol.

Some of the standards were used to provide extraction

recoveries for different lipid compound classes (e.g., C19

FAME, C19 alcohol and androstanol) while the wax ester

(myristyl arachidate) was used to evaluate the recovery of

the saponification and subsequent steps in the procedure.

Neutral lipids (NL) were extracted with hexane:acetone

(9:1, v:v) at 50 �C, and polar phospholipids (PL) were

extracted with CHCl3:MeOH (1:4, v:v) at 80 �C. Following

extraction, samples were concentrated and saponified with

Table 1 Watershed land use and annual means of environmental parameters for the sampling streams in the present study

Sampling

site

Dominant

watershed

land use

Water

temperaturea

(�C)

pHa Dissolved

oxygena

(mg/L)

Specific

conductivitya

(lS)

Chlorophyll-aa

(lg/L)

Nitratea

(lM)

Ammoniuma

(lM)

Stream

length

(km)

Watershed

size (km2)

F1 83 % Forest 19 ± 9 6 ± 0.5 8 ± 1 45 ± 9 0.2009 ± 0.1 26 ± 11 BD 0.61 0.27

F2 100 % Forest 14 ± 5 6 ± 1 6 ± 4 105 ± 49 0.03 ± 0.02 3 ± 4 BD 0.68 0.20

F3 100 % Forest 14 ± 10 5 ± 1 8 ± 1 50 ± 15 0.1 ± 0.2 0.4 ± 0.3 BD 1.01 0.28

P1 70 % Pasture 18 ± 9 6 ± 0.4 8 ± 2 156 ± 98 1.9 ± 2.4 13 ± 15 5 ± 7 1.00 0.29

P2 61 % Pasture 16 ± 8 6 ± 1 6 ± 3 71 ± 24 2.3 ± 2.7 9 ± 10 0.2 ± 0.5 1.32 0.44

C1 72 % Cropland 20 ± 9 5 ± 0.5 7 ± 2 83 ± 31 0.3 ± 0.2 275 ± 42 BD 1.88 0.30

U1 81 % Urban 22 ± 7 7 ± 1 8 ± 2 302 ± 94 3 ± 4.8 10 ± 7 1.9 ± 4.3 2.26 0.67

U2 94 % Urban 19 ± 4 7 ± 1 7 ± 3 578 ± 172 0.7 ± 0.5 23 ± 18 BD 0.24 0.12

BD below detection
a Data are presented as mean ± SD (standard deviation); Means and SD were calculated from samples collected at the five sampling times
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1 N KOH in aqueous MeOH at 110 �C for 2 h, followed by

sequential extraction with hexane under basic and acidic

conditions yielding saponified neutral lipids (SAP-NL) and

neutral and polar lipid fatty acid fractions (NLFA and

PLFA, respectively) (Waterson and Canuel 2008; Palomo

and Canuel 2010).

The SAP-NL fractions were separated into four main

constituent classes using a silica gel column. Alkanes,

76° 39 '0"W76° 42 '0"W76° 45 '0"W

37
°

15
'0

"N
37

°
12

'0
"N

U1

James RiverJames River

James River Watershed

James River Watershed

York River Watershed

York River WatershedU2

76° 51 '0 "W76° 54 '0 "W76° 57 '0 "W

37
°

36
'0

"N
37

°
33

'0
"N

C1

F1
F2

F3

P1

P2

Mattaponi RiverMattaponi River

Pamunkey RiverPamunkey River

Pamunkey River Pamunkey River 
WatershedWatershed

Mattaponi River Mattaponi River 
WatershedWatershed

1km

1km

(a)

(b)

ya
B 

ek
ae

pa
se

h
C

Fig. 1 Locations of study sites within the a York River estuary and

b James River watersheds in Virginia (USA). Sampling streams are

indicated by heavy black lines and sampling sites are indicated by

solid black dots. Other streams in this area that were not sampled are

indicated by grey lines. The black dashed line delineates watershed

boundaries of the major rivers
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aromatics, ketones/aldehydes and aliphatic alcohols/sterols,

were eluted using hexane, 25 % toluene in hexane, 5 and

10 % EtOAc in hexane, and 15 and 20 % EtOAc in hex-

ane, respectively. Results from the aliphatic alcohols,

sterols and FAs from the NL and PL fractions (i.e., NLFA

and PLFA) are presented here.

Prior to gas chromatography (GC) and GC-mass spec-

trometry, NLFA and PLFA fractions were methylated

to FAME using BF3/MeOH (3 %) and alcohols were

derivatized to trimethylsilyl (TMS) ethers using bis(tri-

methylsilyl)trifluroacetamide. FAME and TMS ethers were

quantified using a GC (Hewlett-Packard 5890 Series II Plus)

equipped with a 30 m 9 0.32 mm DB-5 column and flame

ionization detector, and peaks were identified using relative

retention times and mass spectral fragmentation patterns

(Hewlett-Packard 6890 GC coupled to a mass selective

detector). GC conditions for FAME analysis were:

60–110 �C at 20 �C min-1, then to 280 �C (held 5 min) at

3 �C min-1. For TMS ethers, they were: 100–170 �C at

3 �C min-1, then at 3 �C min-1 to 310 �C (held 10 min).

The carrier gas (He) flow was 0.9 ml min-1. Compounds

were quantified from their peak areas relative to the peak

areas of internal standards (methyl heneicosanoate for

FAME and 5a-cholestane for TMS ethers) added prior to

GC injection. The GC response of the two internal standards

was evaluated daily using a mixture of 37 FAME com-

pounds (Supelco 37-Component FAME Mix, Sigma) and

a customized alcohol mixture consisting of a myristyl

alcohol, phytol, nonadecyl alcohol, 5a-androstan-3b-ol,

lignoceryl alcohol, 5a-cholestane, cholesterol, campesterol

and b-sitosterol (Sigma).

Ancillary measurements

Quartz fiber filters (type QMA, 47 mm, nominal pore size

1 lm) were used to collect POM for elemental and stable

isotopic analyses. The POM collected on QMA filters was

fumed using concentrated hydrochloric acid in a glass

desiccator to remove inorganic carbon (Lorrain et al.

2003). Particulate organic carbon (POC) and particulate

nitrogen (PN) concentrations were measured using a Cos-

tech elemental analyzer interfaced to a Finnigan Delta Plus

Advantage (4th generation) isotope ratio mass spectrome-

ter with a CONFLO-III at the Ohio State University Stable

Isotope Facility. All d13C values are reported relative to the

PDB standard, as d13C = [(Rsample/Rstandard) - 1] 9 1,000,

where R is 13C/12C. The standard deviation (SD) of con-

centration measurements of duplicate or triplicate filters

was B1.67 lM for POC, B 0.21 lM for PN.

Chlorophyll-a (Chl-a) measurements followed Parsons

et al. (1984) using a Turner Designs TD-700 fluorometer.

Dissolved nutrient species including PO4
3-, NO3

-, NO2
-

and NH4
? were measured using an ion chromatograph

(Dionex LC20). Anion and cation mixtures (Alltech anion

Mix5 and Dionex six cation-1 standards) were used for

constructing calibration curves and Ion-96.3 river water

(Environment Canada) was used to determine accuracy.

The relative standard deviations for duplicate measure-

ments were within 14.4 % for NO3
- and 6.6 % for NH4

?.

PO4
3- and NO2

- concentrations for all samples were

below the detection limit for this method (0.8 lM for

PO4
3- and 1 lM for NO2

-).

Statistical analysis

Pearson correlation coefficients (r) were used to examine

relationships between variables. Mann–Whitney U tests

(for 2 groups) or Kruskal–Wallis tests (for C3 groups)

were used to compare data across land use types and

sampling times. A stepwise linear regression model was

used to determine the environmental parameter(s) that

best predict lipid variability and the model selection was

based on R-square (RSQ). Error assumptions, including

constant variance, linearity, and normality, were exam-

ined using residuals vs. fitted plots and Q–Q plots. The

significance level, a, was set at 0.05 for all statistical

analyses.

Results and discussion

Our study assesses POM at baseflow conditions, which

may differ in chemical makeup and nutritional quality from

POM associated with elevated flow or stormflow condi-

tions. For example, Atkinson et al. (2009) found that high

flows may transport particles of higher quality to the

streams while during baseflow conditions particles showed

greater in-stream variability. However, differences in POM

between stormflow vs. baseflow conditions are difficult to

generalize because they can be influenced by stream

parameters varying at local levels, e.g., the distribution of

riparian vegetation and channel morphology (Brookshire

and Dwire 2003; Atkinson et al. 2009), as well as by

antecedent conditions (Vidon et al. 2009). Therefore, our

assessment is only applicable to baseflow conditions,

which dominate these streams temporally.

Concentrations of lipids associated with POM

Phospholipid linked fatty acids and NLFA concentrations

in stream water POM from the eight streams varied

between 1.7 and 140.4 lg/mg POC and 0.7–29.5 lg/mg

POC, respectively (Table 2), and were positively correlated

(Pearson r = 0.523, P \ 0.004). POM showed highly

variable concentrations of total aliphatic alcohols and

sterols, ranging between 0.6 and 16.4 lg/mg POC and

Effects of watershed land use on POM in streams
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0.4–245.2 lg/mg POC, respectively (Table 2). Land use

was an important factor determining the variability of

PLFA and NLFA concentrations. Relative to forest

streams, urban streams had significantly higher concen-

trations of PLFA and NLFA (Fig. 2a, b) and pasture

streams had higher concentrations of NLFA (Fig. 2b). In

contrast, the concentrations of total aliphatic alcohols and

sterols were similar across all land use types (Fig. 2c, d).

Pasture streams exhibited the greatest variation in con-

centrations of PLFA and sterols (Fig. 2a, b), largely owing

Table 2 Total concentrations of phospholipid linked fatty acids (PLFA) and neutral lipid fatty acids (NLFA) associated with POM and relative

concentrations of the dominant compounds (or groups of compounds) in POM of the study streams

Site Dominant

watershed

land use

Sampling date

(day/month/year)

PLFA

(lg/l)

PLFA

(lg/mg POC)

NLFA

(lg/l)

NLFA

(lg/mg POC)

PLFA:

NLFA

Abundance relative to total FA (%)

nSAFAa MUFAa PUFAa BrFAa LCFAa

F1 Forest 01/03/2009 2.0 NA 3.7 NA 0.5 67.4 18.8 12.0 1.8 10.9

F1 Forest 15/05/2009 2.4 7.1 3.7 11.0 0.6 66.6 25.4 4.1 3.9 10.7

F1 Forest 01/07/2009 2.1 7.6 2.1 7.6 1.0 73.5 16.4 4.6 5.6 19.7

F1 Forest 11/09/2009 10.3 27.7 3.7 9.9 2.8 56.9 33.5 2.4 7.2 23.0

F1 Forest 08/11/2009 3.3 10.2 1.1 3.4 3.0 62.3 23.4 6.6 7.8 21.6

F2 Forest 13/03/2009 5.9 18.2 6.6 20.4 0.9 87.2 9.8 1.8 1.3 5.8

F2 Forest 22/05/2009 6.6 7.1 NA NA NA NA NA NA NA NA

F2 Forest 24/07/2009 NA NA 2.9 0.7 NA NA NA NA NA NA

F2 Forest 08/11/2009 3.8 6.3 1.1 1.8 3.5 54.6 17.7 3.4 24.3 12.8

F3 Forest 13/03/2009 3.6 8.1 1.8 4.1 2.0 77.1 16.6 3.9 2.4 18.4

F3 Forest 22/05/2009 2.3 1.7 6.9 5.0 0.3 60.6 22.1 7.6 9.6 27.8

F3 Forest 24/07/2009 4.7 2.2 2.9 1.3 1.6 60.5 24.3 3.8 11.4 21.0

F3 Forest 08/11/2009 3.3 3.7 0.8 0.9 4.1 66.6 18.5 2.9 12.0 25.9

P1 Pasture 01/03/2009 17.3 8.6 22.9 11.4 0.8 67.0 20.3 12.1 3.6 4.9

P1 Pasture 15/05/2009 10.1 4.5 24.2 10.9 0.4 58.0 30.6 6.8 4.6 7.6

P1 Pasture 07/07/2009 50.0 29.6 41.4 24.5 1.2 35.2 40.4 19.5 4.9 1.4

P1 Pasture 11/09/2009 6.3 5.3 3.1 2.6 2.0 54.1 33.3 0.7 11.9 9.3

P1 Pasture 08/11/2009 7.5 7.2 4.5 4.3 1.7 27.4 67.0 2.5 3.1 6.0

P2 Pasture 01/03/2009 40.6 96.7 12.4 29.5 3.3 82.1 9.0 8.1 0.8 1.2

P2 Pasture 15/05/2009 98.6 NA 61.4 NA 1.6 75.9 16.3 2.4 5.4 16.3

P2 Pasture 01/07/2009 3.5 11.2 3.1 9.9 1.1 57.9 27.0 6.0 9.1 12.0

P2 Pasture 11/09/2009 91.0 140.4 9.2 14.2 9.9 65.9 11.4 8.2 14.5 27.3

P2 Pasture 08/11/2009 4.9 NA 1.7 NA 2.9 62.8 25.4 2.5 9.3 15.2

C1 Cropland 13/03/2009 4.3 NA 2.6 NA 1.7 62.8 21.0 13.6 2.6 7.5

C1 Cropland 24/07/2009 4.3 5.3 2.2 2.7 2.0 60.9 26.6 3.4 9.1 18.1

C1 Cropland 11/09/2009 1.8 5.2 2.6 7.5 0.7 63.1 23.6 4.1 9.2 21.8

C1 Cropland 06/11/2009 7.8 10.5 5.1 6.9 1.5 44.7 38.3 7.0 10.1 7.0

U1 Urban 16/02/2009 3.0 10.4 5.9 20.5 0.5 43.9 34.5 19.0 2.6 2.3

U1 Urban 28/05/2009 1.0 NA 5.4 NA 0.2 62.4 25.3 6.1 6.1 10.9

U1 Urban 06/07/2009 4.4 26.2 3.4 20.2 1.3 55.1 31.0 7.4 6.5 9.1

U1 Urban 08/09/2009 5.9 13.3 6.1 13.7 1.0 44.3 34.9 15.1 5.7 4.2

U1 Urban 03/11/2009 42.7 20.5 17.6 8.4 2.4 42.8 35.8 16.2 5.2 1.6

U2 Urban 19/02/2009 2.1 NA 4.1 NA 0.5 46.3 39.4 8.1 6.2 3.4

U2 Urban 28/05/2009 3.6 13.6 2.4 9.1 1.5 58.2 30.2 6.8 4.8 8.5

U2 Urban 06/07/2009 4.8 25.0 3.0 15.6 1.6 60.0 27.0 7.6 5.3 7.3

U2 Urban 08/09/2009 NA NA 2.7 8.7 NA NA NA NA NA NA

U2 Urban 03/11/2009 2.5 7.7 2.5 7.7 1.0 55.8 34.1 4.4 5.8 4.2

NA data not available because of sample loss during the lipid or POC analyses
a nSAFA =

P
straight-chain 12:0–32:0; MUFA =

P
14:1, 16:1x7, 16:1x5, 18:1x9c, 18:1x9t, 19:1, 20:1, 22:1; PUFA =

P
16:4, 16:3, 18:4,

18:3x6, 18:2x6, 18:3x3, 20:4x6, 20:5x3, 20:3x6, 20:3x3, 22:6x3, 22:2; BrFA =
P

iso-, anteiso- 13, 15, 17, 19; LCFA =
P

n-22:0–32:0 FAs
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to the exceptionally high values for stream P2 in May and

September (Tables 2, 3, 4). These high lipid concentrations

may reflect erosion of soil materials due to grazing, since

cattle were actively grazing in pastures immediately adja-

cent to the P2 stream during these 2 months, and/or

associated responses of autochthonous stream biota.

Lipid distributions in POM and source assignment

of lipids

Fatty acids

Source-specific lipids provide additional information

regarding OM sources in streams. The main FA classes

found in the stream water POM samples included straight

chain, saturated FA (nSAFA), monounsaturated FA

(MUFA), polyunsaturated FA (PUFA) and branched FA

(BrFA) (Table 2). These four classes had similar distribu-

tions in PLFA and NLFA, as evidenced by a positive

correlation between the relative abundance of these main

FA classes in NLFA and PLFA (r C 0.52, P B 0.002).

Since NLFA and PLFA showed similar distributions, they

were combined for estimating the relative contribution of

each class to total FA.

Saturated FA ranged between C12 and C32 and com-

prised a relatively large portion of the total FA

(27.4–87.2 %; mean ± SD = 59.7 ± 12.5 %) (Table 2).

Overall, 16:0 and 18:0 were the dominant nSAFA in

most samples, with 16:0 accounting for 12.5–57.9 %

(mean ± SD = 41.7 ± 10.0 %) of total FA and 18:0

comprising 2.9–50.7 % (16.0 ± 10.8 %) of total FA. Since

16:0 and 18:0 are prevalent in both aquatic and terrestrial

organisms (Cranwell 1982), their relative abundances are

not helpful for providing information about the proportions

of allochthonous vs. autochthonous sources of POM. In

contrast, long chain n-FAs C C22 (i.e. LCFA) are derived

from leaf waxes of terrestrial plants and hence commonly

used for representing contributions from terrestrial vascular

plants to water and sediment (Eglinton and Hamilton 1967;

Cranwell 1982). Long chain n-FAs C C22 accounted for

1.2–27.8 % (mean ± SD = 11.9 ± 8.0 %) of total FA

(Table 2).

Monounsaturated FA, generally dominated by 16:1x7,

18:1x9c and 18:1x9t (Table 2), was the second most

abundant FA group in most samples and showed high

variability across samples, constituting 9.0–67.0 %

(mean ± SD = 26.4 ± 10.8 %) of total FA. Polyunsatu-

rated FA were less abundant than nSAFA and MUFA,

accounting for levels ranging from 1.8 to 19.5 %

(7.2 ± 4.8 %) of total FA (Table 2). Polyunsaturated FA

compounds included 16:4, 16:3, 18:4, 18:3x6, 18:2x6,

18:3x3, 20:4x6, 20:5x3, 20:3x6, 20:3x3, 22:6x3 and

22:2. C16 and C18 MUFA and PUFA are abundant in a

variety of sources including terrestrial plants (Millar et al.
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2000), diatoms (Sicko-Goad et al. 1988, Volkman et al.

1989; Canuel and Martens 1993; Canuel 2001), some

cyanobacteria (Napolitano 1998 and references therein;

Ahlgren et al. 1992), and aquatic animals (Sargent 1976;

Wakeham and Canuel 1990; Napolitano 1998), and there-

fore were not used for source identification in the present

study. Long-chain PUFAs (carbon number C20) were used,

however, to indicate nutritional quality of POM (see details

in ‘‘The quality of POM as a potential food source to

stream consumers’’).

BrFA included iso- and anteiso-13, 15, 16, 17, 19, which

together comprised 0.8–24.3 % (26.4 ± 10.8 %) of total

FA (Table 2). These compounds are synthesized by some

gram-positive and sulfate reducing bacteria (Kaneda 1991),

and are commonly attributed to heterotrophic bacterial

sources with the caveat that not all bacteria synthesize

these compounds (e.g. Waterson and Canuel 2008 and

references therein).

Aliphatic alcohols

Aliphatic alcohols ranged between C15 and C30 and were

dominated by even-numbered homologues (n-C14 and n-

C19 were not quantified because the former was contrib-

uted via saponification of the surrogate standard myristyl

arachidate and the latter was present in the surrogate).

Most samples were dominated by even-numbered ali-

phatic alcohols CC22 (long chain alcohols, LCOL), which

accounted for 33.5–89.8 % (mean ± SD = 59.5 ±

14.2 %) of total aliphatic alcohols (Table 3). Aliphatic

alcohols CC22 (LCOL) with strong even dominance are

derived primarily from plant waxes (Tulloch 1976;

Table 3 Total concentrations of aliphatic alcohols associated with POM and relative concentrations of the compounds (or groups of compounds)

in POM of the study streams

Site Dominant

watershed

land use

Sampling date

(day/month/year)

Total

alcohols

(lg/L)

Total

alcohols

(lg/mg POC)

Abundance relative to total aliphatic alcohols (%)

15:0 16:1 16:0 17:0 18:0 20:0 22:0 24:0 26:0
P

22:0-30:0

F1 Forest 01/07/2009 3.3 12.0 1.6 1.4 10.6 2.7 6.1 7.6 0.3 36.4 19.3 70.0

F1 Forest 11/09/2009 1.5 4.0 2.0 1.1 14.6 2.7 8.4 0.0 0.2 31.1 18.1 71.3

F1 Forest 08/11/2009 0.7 2.2 1.5 1.2 11.5 6.4 24.0 0.0 12.3 18.6 18.4 55.4

F2 Forest 13/03/2009 1.8 5.6 1.3 0.0 5.8 2.3 14.8 0.0 31.7 10.1 34.1 75.8

F2 Forest 24/07/2009 2.7 0.6 0.7 0.7 12.7 4.9 7.6 0.0 29.7 26.3 12.4 73.5

F2 Forest 08/11/2009 0.4 0.7 2.3 0.0 9.2 7.9 25.3 0.0 12.4 16.9 14.7 55.5

F3 Forest 13/03/2009 0.5 1.1 0.6 1.7 6.5 2.3 15.4 0.0 30.3 24.9 15.3 73.6

F3 Forest 24/07/2009 2.7 2.0 0.7 0.7 12.7 4.9 7.6 0.0 29.7 26.3 12.4 73.5

P1 Pasture 01/03/2009 3.8 1.9 2.3 0.0 14.7 4.5 33.2 0.1 23.8 9.9 5.9 45.2

P1 Pasture 01/07/2009 3.3 2.0 14.9 0.0 40.0 0.0 10.7 0.9 20.1 8.2 0.0 33.5

P1 Pasture 11/09/2009 1.4 1.2 0.5 1.0 9.9 4.5 11.3 0.3 31.9 11.1 11.3 72.7

P1 Pasture 08/11/2009 0.6 0.6 1.4 0.9 16.9 3.2 28.0 0.0 11.1 12.0 21.3 49.6

P2 Pasture 01/03/2009 0.8 1.9 4.3 1.1 24.6 2.7 18.6 0.0 19.3 9.2 7.1 48.8

P2 Pasture 01/07/2009 1.3 4.2 0.8 3.3 21.4 12.4 9.3 4.5 27.3 7.9 8.3 48.4

P2 Pasture 11/09/2009 10.6 16.4 8.1 0.7 22.8 2.3 12.1 0.0 18.1 18.6 17.4 54.0

P2 Pasture 08/11/2009 0.8 NA 12.2 0.7 26.8 1.0 21.2 0.0 9.7 7.4 10.7 38.1

C1 Cropland 13/03/2009 0.8 NA 0.0 0.6 24.9 3.7 18.8 0.1 28.6 11.5 9.4 51.9

C1 Cropland 24/07/2009 0.7 0.9 9.0 0.0 0.0 0.0 1.2 0.0 57.4 28.7 0.0 89.8

C1 Cropland 11/09/2009 0.7 2.0 0.6 0.0 9.7 4.0 17.9 0.0 34.7 10.7 8.8 67.8

C1 Cropland 06/11/2009 0.5 0.7 5.4 0.0 24.2 0.0 32.9 0.0 0.0 16.9 0.0 37.4

U1 Urban 16/02/2009 0.4 1.4 2.2 1.7 16.2 7.0 19.0 0.0 32.3 6.6 4.5 54.0

U1 Urban 06/07/2009 1.3 7.7 2.2 3.0 2.2 6.6 13.1 0.0 43.8 14.3 12.9 72.9

U1 Urban 08/09/2009 0.7 1.6 0.4 1.0 10.6 4.1 13.2 0.0 28.4 9.9 12.3 70.8

U1 Urban 03/11/2009 1.9 0.9 1.9 1.4 8.1 0.0 6.5 6.8 19.6 7.4 6.7 75.3

U2 Urban 19/02/2009 0.4 NA 4.0 1.2 16.4 5.0 20.2 0.0 27.5 5.8 7.6 53.1

U2 Urban 28/05/2009 1.4 5.3 1.2 1.1 24.8 9.1 10.9 0.0 42.4 6.2 4.4 52.9

U2 Urban 06/07/2009 2.0 10.4 3.5 3.5 27.1 8.5 6.9 4.0 31.9 4.8 4.3 46.5

U2 Urban 03/11/2009 0.5 1.5 3.9 1.1 16.6 5.6 17.5 1.4 38.9 4.5 4.2 53.9

NA data not available because POC data were not available
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Simoneit 1977; Cranwell 1982) and thus are referred to

here as ‘‘allochthonous alcohols’’. Allochothonous alco-

hols accounted for high relative abundance in most POM

samples of, i.e., 33.5–89.8 % (59.5 ± 14.2 %). The n-C16

and n-C18 alcohols were also abundant in many samples,

comprising 15.8 ± 8.9 and 15.4 ± 8.1 % of total ali-

phatic alcohols, respectively (Table 3). Short-chain (CB18)

saturated aliphatic alcohols are found in bacteria (Albro

1976), plants (Simoneit 1977; Simoneit and Mazurek

1982) and algae (Volkman et al. 1998). However, since

these compounds are not major constituents of plant

waxes (Tulloch 1976; Simoneit 1977; Simoneit and Ma-

zurek 1982), they are often ascribed to aquatic sources

(Medeiros and Simoneit 2008). 16:1 was the only

Table 4 Total concentrations of sterols associated with POM and relative concentrations of the dominant compounds in POM of the study

streams

Site Dominant

watershed

land use

Sampling date

(day/month/year)

Sterols

(lg/L)

Sterols

(lg/mg POC)

Abundance relative to total sterols (%)

27D5,22 27D5 27D0 28D5,22 28D5 28D0 29D5,22 29D22 29D5 29D0

F1 Forest 01/03/2009 0.5 NA 0.0 24.3 0.0 3.6 4.7 0.0 17.6 0.0 44.5 5.3

F1 Forest 15/05/2009 0.6 1.8 0.0 31.2 1.9 5.1 6.5 0.0 9.7 0.0 40.0 5.7

F1 Forest 01/07/2009 6.0 21.7 1.4 17.5 4.6 1.8 6.3 1.7 7.6 4.4 38.9 15.9

F1 Forest 11/09/2009 3.2 8.6 0.0 24.5 3.0 3.6 9.4 0.0 8.4 0.0 51.1 0.0

F1 Forest 08/11/2009 1.1 3.4 0.9 19.9 2.1 3.6 6.5 0.0 7.8 2.5 40.0 16.7

F2 Forest 13/03/2009 0.9 2.8 0.0 60.9 0.0 0.0 1.8 0.0 5.1 2.9 29.3 0.0

F2 Forest 22/05/2009 0.7 0.8 0.0 34.6 0.0 3.1 3.5 0.0 12.3 0.0 46.5 0.0

F2 Forest 08/11/2009 0.7 1.2 0.0 24.8 2.4 3.5 6.4 1.8 8.2 1.3 35.6 15.9

F3 Forest 13/03/2009 0.6 1.4 1.0 42.2 0.0 0.0 2.7 0.0 19.9 0.9 31.3 2.1

F3 Forest 22/05/2009 2.8 2.0 0.0 19.3 1.2 4.4 6.7 0.0 11.4 11.4 39.1 6.5

F3 Forest 24/07/2009 3.7 1.7 2.2 22.2 2.0 3.8 6.8 1.0 10.1 2.7 41.8 7.7

P1 Pasture 01/03/2009 7.9 8.9 0.0 10.2 1.3 21.4 36.3 0.0 8.9 0.2 17.9 3.9

P1 Pasture 15/05/2009 1.9 0.9 0.0 40.0 2.1 6.9 0.0 0.0 14.9 0.0 36.1 0.0

P1 Pasture 01/07/2009 7.0 3.2 0.9 19.3 2.3 8.7 7.1 0.8 39.3 0.7 17.2 3.9

P1 Pasture 11/09/2009 1.7 1.0 0.0 26.5 4.7 4.1 9.8 0.0 11.6 0.0 31.0 12.4

P1 Pasture 08/11/2009 0.5 0.4 0.0 38.3 4.9 3.1 6.9 2.7 8.3 0.0 30.4 5.5

P2 Pasture 01/03/2009 3.4 3.3 0.0 7.1 1.3 19.6 37.7 0.0 12.9 1.8 14.2 5.5

P2 Pasture 15/05/2009 45.1 107.4 0.0 13.0 5.7 5.1 41.3 0.0 2.9 1.9 16.9 13.2

P2 Pasture 01/07/2009 1.7 NA 0.6 36.6 3.3 4.6 12.0 0.0 8.5 0.3 27.5 6.7

P2 Pasture 11/09/2009 76.5 245.2 0.0 9.5 7.0 6.3 32.6 0.0 4.6 4.3 35.8 0.0

P2 Pasture 08/11/2009 1.2 1.9 1.2 19.7 6.0 9.0 13.8 0.0 11.8 0.0 23.8 14.7

C1 Cropland 13/03/2009 1.0 NA 0.8 34.9 1.2 4.8 4.0 0.0 16.3 1.0 33.1 4.0

C1 Cropland 22/05/2009 1.1 NA 0.0 31.0 0.0 3.9 8.6 0.0 10.5 0.0 39.3 6.7

C1 Cropland 24/07/2009 1.7 2.1 0.8 24.6 6.0 3.0 8.2 2.0 9.0 0.6 33.6 12.3

C1 Cropland 11/09/2009 1.8 5.2 0.0 11.7 1.7 10.4 46.3 0.0 3.9 3.9 17.5 4.6

C1 Cropland 06/11/2009 1.3 1.7 0.0 12.4 0.0 6.2 10.1 0.0 27.2 0.0 29.2 14.8

U1 Urban 16/02/2009 1.6 5.6 0.0 11.1 1.3 23.7 43.0 0.0 5.4 0.0 13.5 2.0

U1 Urban 28/05/2009 1.2 NA 0.0 30.9 3.4 4.1 14.5 0.0 7.7 0.0 30.3 9.2

U1 Urban 06/07/2009 1.5 8.9 0.0 37.3 5.5 3.2 7.8 0.0 9.2 0.2 28.1 8.7

U1 Urban 08/09/2009 1.0 2.3 0.0 38.0 3.4 5.7 10.3 0.0 11.1 0.2 26.3 5.1

U1 Urban 03/11/2009 4.2 2.0 2.4 32.2 0.0 13.5 18.5 0.0 14.0 0.4 19.1 0.0

U2 Urban 19/02/2009 1.0 NA 0.0 15.3 2.6 18.2 36.1 0.0 0.0 4.5 18.6 4.7

U2 Urban 28/05/2009 1.1 4.2 0.5 40.2 4.0 5.2 4.8 0.0 6.9 0.0 33.8 4.7

U2 Urban 06/07/2009 1.4 7.3 0.0 35.3 2.8 5.5 3.5 0.0 9.7 4.5 38.6 0.0

U2 Urban 08/09/2009 0.6 1.9 0.0 32.4 1.5 3.0 2.6 0.0 6.8 24.7 26.8 2.1

U2 Urban 03/11/2009 0.5 1.5 1.0 49.3 4.5 3.6 4.8 0.0 6.2 0.3 27.5 2.9

NA data not available because POC data were not available
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unsaturated aliphatic alcohol found, albeit at low abun-

dance (Below Detection to 3.5 %) (Table 3), likely

representing contributions from freshwater algae (Volk-

man et al. 1998; Ahlgren et al. 1992; Napolitano 1994).

We thus assigned CB18 aliphatic, saturated alcohols and

C16:1 to aquatic sources (referred to as ‘‘autochthonous

alcohols’’); these compounds represented 10.2–65.5 %

(39.5 ± 14.5 %) of total aliphatic alcohols.

Sterols

The sterols detected in the present study included: cholesta-

5,22-dien-3b-ol (27D5,22), cholest-5-en-3b-ol (27D5),

5a(H)-cholestan-3b-ol (27D0), 24-methylcholesta-5,22-

dien-3b-ol (28D5,22), 24-methylcholest-5-en-3b-ol (28D5),

24-methyl-5a(H)-cholestan-3b-ol (28D0), 24-ethylcholest-

5,22-dien-3b-ol(29D5,22), 24-ethyl-5a(H)-cholest-22-en-

3b-ol (29D22), 24-ethylcholest-5-en-3b-ol(29D5) and

24-ethyl-5a(H)-cholestan-3b-ol (29D0) (Table 4). In most

samples, 27D5 and 29D5 were the most abundant sterols,

accounting for 27.2 ± 12.4 and 30.7 ± 9.6 % of total

sterols, respectively.

Three sterols, 28D5, 29D5,22 and 29D5, were assigned to

allochthonous sources since they are found primarily in

higher plants (Bae and Mercer 1970; Wannigama et al.

1981; Volkman 1986; Waterson and Canuel 2008). Three

others, 27D5,22, 27D5, and 28D5,22, were considered

autochthonous in origin (Table 4) because they have been

observed to be prevalent in diatoms, zooplankton and

protozoa (Wakeham and Canuel 1990). Allochthonous

and autochthonous sterols comprised 15.7–60.9 % (34.1 ±

10.3 %) and 7.3–68.9 % (52.9 ± 11.5 %) of total sterols,

respectively.

Two types of source-specific sterols were expected but

not found in our samples, perhaps because of the relatively

small volumes of water filtered for POM (8–10 l). The first

type is fecal sterols, such as 5b(H)-stanols, which are

products of microbial degradation of sterols and therefore

generally used to indicate the presence of animal fecal

matter (Nishimura 1982; Li et al. 1995; Pratt et al. 2007).

These compounds were expected to be present in pasture

streams due to grazing activities adjacent to the streams

but not detected. The second type is the fungal sterol,

22-E-ergosta-5,7,22-trien-3b-ol (ergosterol), which is the

predominant sterol in fungi and often used to detect and

quantify fungi in biological samples (Gessner and Chauvet

1993; Martin-Creuzburg and Von Elert 2009b). Fungi are

generally prevalent in small watersheds as the dominant

organisms decomposing leaf litter in headwater streams

and mediating energy transfer to other trophic levels (Gulis

et al. 2008). However, ergosterol was not detected in our

samples.

Changes in stream water POM sources due to human

land use

The sources and quality of POM in the study streams were

initially evaluated using d13C-POC and C:N ratio (Lu et al.

2014). d13C-POC values ranged between -33.3 and

-27.6 % (Lu et al. 2014), falling in the general range of

values for C3 terrestrial organic matter, freshwater algae,

and petroleum sources of organic matter (Schidlowski et al.

1983; Faure and Mensing 2005; Ogrinc et al. 2008). For

C:N ratios, terrestrial higher plants typically have values

greater than 20 while algal/microbial sources have values

between 4 and 10 (Wetzel 1983; Meyers and Ishiwatari

1993; Kendall et al. 2001). In the study streams, the C:N

values of POM ranged from 7.4 to 19.4 (Fig. 3a; Lu et al.

2014), indicating that most POM originated from mixed

sources including terrestrial plants, soils and microbes.

The source information from the C:N ratios was cor-

roborated by the lipid biomarkers, which have greater

source specificity and thus provide a more quantitative

measure of allochthonous vs. autochthonous inputs to

POM. Particulate organic matter in most of these head-

water streams was dominated by allochthonous sources, as

shown by a comparison of aliphatic alcohols and sterols

from allochthonous vs. autochthonous sources

(59.5 ± 14.2 vs. 39.6 ± 14.5 % for aliphatic alcohols and

52.9 ± 11.5 vs. 34.1 ± 10.3 % for sterols). Note that the

sum of these two groups is \100 % since not all com-

pounds were assigned to a source. This observation agrees

with many previous studies reporting the preponderance of

allochthonous OM in headwater streams, which is deliv-

ered to streams through foliage and litter input and soil

runoff, and is often the primary energy and food source for

stream biota (Webster and Meyer 1997; Mills et al. 2003;

França et al. 2009). Additionally, none of the variables

representing the relative contributions of autochthonous vs.

allochthonous sources to POM (i.e., %LCFA, %allochth-

onous alcohols; %autochthonous alcohols; %allochthonous

sterols; %autochthonous sterols) showed significant corre-

lations with the concentrations of Chl-a, dissolved

ammonium or nitrate (|r| B 0.22, P [ 0.191), confirming

that the source composition of POM was driven primar-

ily by allochthonous inputs.

The predominant contributions of allochthonous OM,

however, are influenced by human land use in our

study watersheds, as illustrated by the patterns shared by

C:N ratios and the three biomarker groups. Although sig-

nificant differences were not consistently detected for all

source proxies across all land use types, streams influenced

by human land use had overall lower allochthonous con-

tributions to POM and higher proportions of autochthonous

POM than forest streams (Fig. 3a–f). This pattern was most
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evident in urban streams, where all the proxies except

%allochthonous aliphatic alcohols differed significantly

from forest streams, but was least apparent in cropland

streams, where only C:N ratios were significantly lower

than forest streams (Fig. 3a–f). These observations dem-

onstrate the importance of watershed development in

determining the relative contributions of allochthonous vs.

autochthonous sources to POM in stream waters. As a

result of converting forested watersheds to human land

uses, the proportion of POM of allochthonous origin may

decrease while the contribution of POM from autochtho-

nous sources may increase. This change may be attributed

to a number of factors associated with watershed devel-

opment, including reduction of forests, a major source of

higher plant derived organic matter, and decreases in forest

cover, which increase light penetration to streams, pro-

moting aquatic algal growth and preferentially photo-

oxidizing terrestrial compounds over aquatic compounds

(Opsahl and Zepp 2001; Osburn et al. 2001; Spencer et al.

2009; Lu et al. 2013). Additionally, increases in watershed

exports of anthropogenic nutrients and organic waste may

stimulate aquatic productivity and increase the relative

abundance of autochthonous OM. This study presents one

of the few available lipid datasets demonstrating alterations
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Fig. 3 Box plot comparison for

different watershed land use

types of a C:N ratios (from Lu

et al. 2014) b %LCFA (n-

22:0–32:0 FAs)

c %allochthonous aliphatic

alcohols d % autochthonous

aliphatic alcohols e %

allochthonous sterols, and

f autochthonous sterols.

Kruskal–Wallis tests identified

significant differences in values

between the four defined land

use types (P \ 0.05). Open

circles represent outliers (i.e.,

data beyond the upper/lower

quartile ± 1.5 interquartile

range); different letters above

the boxes signify significant

difference in the variables

across the land use types
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to the sources of stream water POM by human land use,

and the findings agree with reported changes in the basal

carbon sources for stream foodwebs due to human land

use—i.e., changing from allochthonous carbon in forest

streams to a mixture of allochthonous and autochthonous

sources in unshaded pasture streams (Hicks 1997). Similar

changes have also been found for the sources of DOM in

streams and rivers; that is, watershed development reduces

the contributions of terrestrial DOM but increases the

contributions of microbial/autochthonous DOM (Wilson

and Xenopoulos 2009; Williams et al. 2010; Yamashita

et al. 2011; Lu et al. 2013).

Variation in bacterial lipids in POM

Land use was not an important factor influencing variation

in the proportion of bacterial lipids associated with POM

(Kruskal–Wallis test: P = 0.547). Instead, sampling month

was found to be the dominant factor driving variation in

%BrFA (Kruskal–Wallis test: P = 0.003; Fig. 4a). This

further suggests that the relative contributions of bacterial

lipid to POM were controlled by seasonal factors. Relative

to NLFAs that are derived from storage lipids and persist

over a longer time, PLFAs in membrane lipids are more

susceptible to decomposition, typically degrading soon after

cell death (Parkes 1987), and thus represent viable, or

recently viable, biomass (Palomo and Canuel 2010).

Therefore, we used %BrFA in PLFA (%PBrFA) as a

putative proxy for the contribution of viable bacterial bio-

mass to the fresh POM pool and %BrFA in NLFA

(%NBrFA) for the contribution of bacteria to the more

resistant POM pool. Similar to %BrFA, %PBrFA and

%NBrFA both differed among seasons (Kruskal–Wallis

test: %PBrFA: P = 0.002; %NBrFA: P = 0.007; Fig. 4b, c)

but not among land use types (Kruskal–Wallis test:

%PBrFA: P = 0.77; %NBrFA: P = 0.796). In particular,

POM collected in February–March had lower contributions

of bacterial lipids than POM from other months (Fig. 4a–c).

Because stream bacterial communities may be influ-

enced by multiple biotic and abiotic parameters including

temperature (Sand-Jensen et al. 2007; Lear et al. 2008), pH

(Fierer et al. 2007; Pip and Reinisch 2012), dissolved

oxygen (O’Connell et al. 2000), nutrient availability

(Barlett and Leff 2010; Pip and Reinisch 2012), OM

sources and quality (Koetsier et al. 1997; McArthur and

Richardson 2002), and flood/storm events (Holmes et al.

1998), we employed a stepwise linear regression model to

identify the main factor(s) driving the variation in %PBrFA

and %NBrFA. In the present study, the influence of flood/

storm events was not considered because all the samples

were collected under baseflow conditions. OM quality,

although not directly measured, may be indicated by
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%PUFA. Polyunsaturated FAs are overall more reactive

than more saturated fatty acids and their abundance may be

used to indicate the ‘‘freshness’’ and reactivity of OM in

sediment, particles and leaves (Canuel and Martens 1993;

McCallister et al. 2006; Torres-Ruiz and Wehr 2010). The

model therefore evaluated a series of variables as potential

predictors of %PBrFA and %NBrFA, including in situ

environmental variables (temperature, pH, DO, conduc-

tivity), the concentrations of dissolved inorganic nutrients

(nitrate and ammonium), OM reactivity (%PUFA) and OM

sources (indicated by Chl-a, C:N ratios, %autochthonous

alcohols, %allochthonous alcohols, %autochthonous ster-

ols, %allochthonous sterols). In turn, nitrate and

temperature were selected as the best predictors of

%PBrFA (%PBrFA = -0.154 ? 0.501*(Nitrate) ? 0.342*

(Temperature), P = 0.001, RSQ = 0.643) and tempera-

ture was the best predictor of %NBrFA (%NBrFA =

-0.432 ? 0.385*(Temperature), P = 0.01, RSQ = 0.469)

(note that both predictors and dependent variables were

standardized).

Our results indicate that temperature is an important

factor regulating the relative abundances of bacterial lipids in

POM and higher temperatures corresponded to greater con-

tributions of bacterial biomass. This observation explains the

lower contributions of bacterial lipids to POM in March

(Fig. 4) and is consistent with previous studies showing that

temperature can regulate stream bacterial community

structure and metabolism (Sand-Jensen et al. 2007; Lear

et al. 2008). The inputs of viable bacterial biomass were also

influenced by dissolved nitrate concentration, in agreement

with many previous observations that inorganic nutrient

availability is an important factor regulating bacterial growth

and metabolism (Bonin et al. 2000; Barlett and Leff 2010;

Pip and Reinisch 2012). The positive correlation between

nitrate and %PBrFA also implies that watershed develop-

ment may enhance the contributions of viable bacterial

biomass since human land use is generally associated with

elevated nitrate inputs (e.g., cropland streams in the present

study (Table 1)). This pattern was, however, not systemati-

cally observed here (i.e., no significant differences were

found in %PBrFA across the watershed land use types),

perhaps due to a combination of the confounding influence of

temperature and the small sample size.

POM as a potential food source to stream consumers

Particles in headwater streams may serve as an important

food source for stream invertebrates. While there is no

commonly accepted proxy that alone can evaluate the

nutritional quality of food sources to aquatic biota (e.g.,

Martin-Creuzburg and Von Elert 2009a), biochemical

composition of POM may serve as an indicator of nutri-

tional quality of particles as a food source to consumers

(Canuel et al. 1995; Hicks 1997; Lau et al. 2008; New-

comer et al. 2012). The most common measure of

nutritional quality is elemental composition (C:N), where

high values are attributed to lower food quality due to

lower levels of protein and other N-rich substrates (Hicks

1997; Elser et al. 2000; Atkinson et al. 2009). In our study,

C:N was used to assess relative contributions of allochth-

onous vs. autochthonous sources to POM, which is an

indirect way of using C:N as an indicator of the nutritional

value of POM since higher plant OM is generally thought

to be lower in nutritional value than OM from aquatic

organisms. C:N ratios differed between land use types

(Fig. 3a) but not among sampling months (Kruskal–Wallis

test: P = 0.191), indicating that watershed land use was a

more important determinant of the nutritional quality of

POM to stream consumers than seasonal variation. On this

basis, POM in cropland and urban streams is deduced to

have greater nutritional quality to consumers that POM in

forest streams (Fig. 3a).

Lipid composition may serve as another proxy for

assessing the nutritional value of POM. Results from many

previous growth assay experiments have shown that par-

ticles containing large amounts of cholesterol (27D5) and

long-chain PUFAs may benefit the growth and production

of consumers such as Daphnia magna, and may increase

the efficiency of energy transfer between primary produc-

ers and consumers (Muller-Navarra et al. 2000, 2004;

Martin-Creuzburg and von Elert 2004, 2009a). These

compounds may thus increase the nutritional value of POM

due to their being key components of animal cell mem-

branes and precursors of many bioactive molecules with

important functions; e.g., eicosapentaenoic acid (EPA;

20:5x3) is precursor of prostaglandins for arthropod

reproduction; 27D5 is precursor for steroid hormones

(Muller-Navarra et al. 2000; Von Elert et al. 2003; Martin-

Creuzburg and Von Elert 2009b). In our samples, we

examined four commonly used proxies to assess the

nutritional status of POM to stream biota: the concentra-

tions (ng lipid/mg POC) of long-chain PUFA, EPA,

arachidonic acid (ARA, 20:4x6), and 27D5 in POM. We

did not use DHA (docosahexaenoic acid, 22:6x3), another

typical proxy for nutritional value, because concentrations

of DHA were below detection for all samples. None of

these four proxies differed among sampling times (Krus-

kal–Wallis test: long-chain PUFA: P = 0.265; 27D5:

P = 0.401; EPA: P = 0.138; ARA: P = 0.171), indicating

that seasonal variability may not be an important factor

influencing the nutritional quality of POM in these head-

water streams. In contrast, land use was more important for

influencing the nutritional quality of POM. Three of the

four proxies (i.e., long-chain PUFA, EPA and ARA) sug-

gest that POM in urban streams had greater nutritional

value than POM in forest streams (Fig. 5).
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Both C:N values and fatty acid derived proxies suggest

that watershed land use was more important than temporal

variables in determining the nutritional value of POM. In

fact, significant negative correlations were found between

C:N and the three fatty acid nutritional proxies (C:N vs.

long-chain PUFA: r = -0.688, P = 0.001; C:N vs. EPA:

r = -0.586, P \ 0.008; C:N vs. ARA: r = -0.509,

P = 0.026). Notably, three of the nutritional proxies also

correlated significantly with Chl-a concentration (Chl-a vs.

long-chain PUFA: r = 0.577, P = 0.002; Chl-a vs. EPA:

r = 0.616, P = 0.001; Chl-a vs. 27D5: r = 0.665,

P \ 0.001), suggesting that microalgal inputs to POM may

contribute to variability in the nutritional value of POM.

Depending on the proxy used for assessing

POM nutritional quality, different conclusions may be

drawn with respect to how land use alters the food

resources of stream consumers (e.g., statistical differences

were found between forest and cropland streams for C:N

ratios but not for the other three nutritional proxies). This is

consistent with previous studies that have shown that no

single measure is capable of comprehensively assessing the

nutritional quality of food sources to all types of stream

consumers, especially since the putative proxies have

generally been developed in growth assay experiments

using specific consumer organisms (e.g. Daphnia and

Chironomids) (Martin-Creuzburg and von Elert 2004,

2009a; Muller-Navarra et al. 2000, 2004; Rosi-Marshall

2004).

Conclusions and implications

The present study employed lipid biomarker distributions to

examine the source composition and potential nutritional

value of POM in a set of regional headwater streams in

watersheds with differing land uses. We found that POM

sources varied as a function of land use type. Streams

draining human land use watersheds had a lower proportion

of compounds from allochthonous sources and a higher

proportion of compounds from autochthonous sources rel-

ative to streams draining forested watersheds. The

contribution of lipids from bacterial biomass to POM was,

however, mainly governed by variations in temperature and

nitrate concentration. Our results also indicate that land use

plays an important role in determining the nutritional value

of POM as a potential food source to in-stream consumers.

The C:N ratio and all lipid-based nutritional proxies suggest

that POM in urban streams had greater nutritional value

than in forest streams.

Our findings that the source composition and nutritional

value of stream POM is influenced by watershed land use

highlights the impacts of human activities on stream
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ecosystems. Relative to previous studies attributing the

human-induced changes in stream biota to changes in

stream water temperatures (e.g. Hamilton et al. 2010),

riparian forest coverage (e.g. Roy et al. 2005), pollutant

and nutrient exports (e.g., review by Allan 2004 and ref-

erences therein), and sedimentation (review by Allan 2004

and references therein), our results suggest that it is equally

important to consider the role of anthropogenic activities

on OM inputs to stream foodwebs. We propose that

increased human modification to watersheds may alter the

nutritional quality of particles by shifting stream foodwebs

from detritus-based to algal-based systems.

Changes in the source composition of POM in head-

water streams due to land use also have important

implications for downstream systems. Some headwater

stream OM may be delivered to rivers, estuaries and

coastal waters (Marutani et al. 2008). During upstream-to-

downstream fluvial transport, POM may undergo photo-

dissolution and this process may be enhanced by the degree

of aromaticity (Estapa et al. 2012). Since OM derived from

higher plants is generally more enriched in aromatic

compounds than autochthonous organisms, POM from

human-influenced watersheds may be less photosensitive

than POM from forested watersheds. As a result, photo-

chemistry, while recognized as a dominant process altering

and remineralizing upstream OM during its transit from

shaded headwater streams to open-canopied downstream

waters (Sulzberger and Durisch-Kaiser 2009), may become

less important in human-influenced waterways. Conse-

quently, the characteristics of POM reaching downstream

rivers and estuaries may be modified, further impacting

downstream food webs that may rely on upstream OM as a

subsidiary source of energy and substrate. POM reaching

downstream rivers and estuaries may be modified, further

impacting downstream food webs that may rely on

upstream OM as a subsidiary source of energy and

substrate.
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