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TABLE 23-3  Annual Average Particulate, Colloidal, and Dissolved Organic Fractions of Lake

Furese, Denmark?

Organic Total dry wweight” Organic wweight Crude protein Lipricd meaterial Curbobydrar:
fraction® (mg lirer ™Y (mg lirer™ ) (%) {%) (%)
Particulate 21 1.56 §3.2 9.9 6.9
Colloidal 3.6 0.67 1.7 46.8
Dissalved Approx, 70 5.8 5 62.5

¥ After Krogh and Lange (1932),

b Calloidal and dissolved fractions separated by ultrafiliration.
¢ Based on a limited number of largely surface and near-sediment samples.

with moderate-ro-high concentrations of dissolved or-
ganic matter {see p. 734). Nitrogen content decreases
and carbon content increases in the progression from
particulare to colloidal to rruly dissolved organic mat-
ter fractions {Table 23-3}, The colloidal fraction is high
in lakes rich in DOC, such as bog waters, and in hard
waters in which arganic compounds are adsorbed onto
carbonate particles (cf. Ohle, 1934b; Whire, 1974,
White and Werzel, 1973),

Both allochthonous and autochthonous sources of
derrital particulate organic matter (POM) and dis-
solved organic martter (DOM), therefore, constiture
variable inpurs to aquatic ecosystems. As is emphasized
repeatedly in this synthesis, POM tends to remain near
sites of production. Lateral rransport of POM is small,
relative to DOM transport, in terrestrial soils, and in
land - water interface zones such as fload plains, wet-
lands, and littoral areas. As we have seen carlier {Chap.
21), even in srreams, large POM is often rerained
(snags and debris dams) and transport is mainly via
DOM and fine POM. Transport of DOM is the pri-
mary movement of allochthonous organic carbon and
cnergy to all aquatic ecosystems (Wetzel, 1993, 1995).

Authochrhonous sources within the lake or river
supplement the allochthonous inputs and include

1. Littoral photosyntheric sources of POM and of
DOM by active secrerion, decompaosition, and
lysis of the macrophytes and attached algae and
cyanobacteria

2. Primary producers of the open-water zone,
primarily the algal and cyanobacterial phyro-
plankcon. Under some circumstances, sulfur
photosynthetic and chemosynthetic bacteria
are also significant sources of organic carbon.

Rapid transformarions between POC and DOC by
heterotrophic microflora progressively degrade organic
matter to CO; and heat, The amount of organic carbon
utilized and transformed by animals is a quantitatively
small portion (<<10%) of that of the whole ecosystem.
Maost of the heterotrophic metabolisn, which is almost

entirely microbial, occurs both in the open water and
in the sediments. Because so much detriral organic mat-
ter from pelagic and littoral sources is displaced to the
sedimenes, much heterotrophic decomposition occurs
in benthic sediments. The benthic region is the domi-
nant site of organic carbon transformation to CO; in
most lake ecosystems, especially as depth and valume
decrease, in most reservoir ecosystems, and in all river
eCOSyStems,

A. Allochthonous Oreanic Malter fram Terrestrial
Sources and within Streams

Terrestrial plants form much of the allochthonous
organic matrer of aquatic ccosystems. The organic car-
bon of residues of plant structural tissues is trans-
formed variously by microbial utilization and degrada-
tion boch at the sites of growth and while the organic
matter is being transported by runoff ground water and
vadose-surface water, Most (#95%) of the organic
matter produced in the rerrestrial portons of the
drainage basin remains at the sites of production and is
largely decomposed (Fisher and Likens, 1977; Dosskey
and Bertsch, 1994). Litde is stored permanently. Ex-
port of nondecomposed organic matter is largely as dis-
salved organic compounds in runoff and ground water.
There is large variability in dissolved organic carbon
(DOC) concentrations in terrestrial soils along rhis flow
path {Cronan and Aiken, 1985; McDowell and Likens,
1988; Mulholland er al., 1990; Nelson et al., 1993,
Hope et al., 1994; Webster et al., 1995; Kalbiwz et al,,
2000; Magill and Aber, 2000).

When anthropogenic inputs of organic marter are
low to rivers, concentrations of inorganic nitrogen are
usually low and dissolved organic nitrogen (DON) is
the primary form of nitrogen (Hedin et al., 1995;
Stepanauskas et al,, 1999, 2000). Much of that DON
{to 70%) is bioavailable, Spring flooding from
snowmelt is frequently a major hydrological event, and
in some boreal rivers >50% of the annual water dis-
charge may occur in a few weeks. During spring floads,
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{Extracted from Mulholland et af., 1990.)

DON fluxes may exceed the baseflow fluxes by several
ozders of magnitude. During the flooding period, DON
bicavailability increases markedly and has bceen
correlated directly with increased concentrations of
amino acids and related compounds.

Highest DOC concentrations occur in surface soil
horizons (O and A) as a result of inputs from through-
fall of rhe vegetation canopy and decomposition of sur-
face POM (Fig. 23-1a), and tend to be much greater in
forest soils among coniferous vegetation than among
hardwood trees. Many humic substances of plant ori-
gins form microapgregates with clay-sized particles,
which tend to reduce alteration by microbes (Clapp
and Hayes, 1999). Removal of terrestrial vegetation,
such as by clear cutting of forests of a drainage basin

or removal of riparian vegetation for agriculture, re-
duces the inputs of organic marter to the soils and re-
duces the release of DOC in runoff to streams (Meyer
and Tate, 1983; Delong and Brusven, 1994; Guyor and
Wasson, 1994).

Seasonally, the concentration of DOC in sail
leachates 1s inversely correlated with temperature. Addi-
tionally, warm temperate and tropical communities are
more productive than those of temperate regions, but ox-
idarion of organic matter of forest origin is rapid and re-
duces DOC concentrations in leachates, Hence, the mean
DOC concentrations of streams among the tiaga is much
greater (ca. 10 mg liter 7} than from other upland habits
{see Table 23-1}, exceeded only by the DOC of swamps
and wetlands (Thurman, 1985).



Concenrtrations of DOC decline steeply in lower soil
horizons {B and C}, primarily because of adsorption and
coprecipitarion in mineral soils with iron and aluminum
sesquioxides (McDowell and Wood, 1984, David and
Vance, 1991; Kaiser and Zech, 1998). Rates of microbial
respiration in the upper soil horizons, especially B, indi-
cate constant renewal of adsorption sites occurs as ad-
sorbed DOC is utilized. Where soils, such as tropical
podsols, do not have an iron-rich clay horizon, large
quantities of DOC, particularly hydrophobic DOC, can
be released. It is also probable that organic acids of root
exudates from terrestrial vegetation can alter stereo-
chemical hydrophobic arrangements within micellelike
conformations of humic substances (Piccolo er al., 1996;
Nardi er al., 2000). Organic compounds adsorbed o the
soil can then be mobilized and released.

As DOC moves laterally within soils in gravity
flows along decreasing elevation levels and reaches the
floodplain and riparian sotls, further changes occur
{Fig, 23-1b). The DOC moving through soil particles is
subject to conunual microbial degradation and be-
comes progressively more recalcitrant, For example,
over half of the DOC leached from soils was found to
be readily biodegradable by soil microbes (Baker ¢t al.,
2000). Indeed, the concentrations of DOC are reduced
appreciably by microbial degradation. Despite rhis uti-
lization in soil and groundwater flows, concentrations
of dissolved organic carbon and nitrogen are often sig-
nificantly higher in ground water than in surface water
{IFord and Naiman, 1989).

During baseflow conditions of low-flow inflows,
microbial activiry of flood plain and subsurface ground
water can be limited by DOC availability. DOC con-
cenrrarions of subsurface flows tend to be posirively
correlated with discharge within the river channels and
decrease with grearer distances from the head of entry
places, such as the head of gravel bars (Vervier and
Naiman, 1992}, DOC from thesc soil and groundwater
sources is augmented by formation of DOC in small
streams by both abiotic processes, such as leaching
from particulate matcrials, and biotic, soluble processes
and leaches rapidly (<24 h) from detrital particulare
terrestrial vegetation,

During low-flow periods, DOC concentrations in
the soils increase. Subsequent rapid declines in DOC
concentrations are roughly proportional to increased
water percolation through the soils such as is releascd
from rapid snowmelt and from precipitation events {sce
p. 747) (Lewis and Saunders, 1989; Ciaio and McDif-
fetr, 1990; Clair ez al., 1994, Hornberger et al., 1994,
Jones, et al.,, 1996). Maximum DOC concentrations
appear in receiving streams and rivers soon thercafter
and rapidly decline as the rivers return 1o base [lows.
As the area of flood plains increases in lowland river

1. Allochthonous Orpanis Malier 741

ecosystems, stream DOC concentrations often increase
during high flows as DOC-rich water originating in
wetlands is transported to the channel {e.g., Dalva and
Moore, 1991).

The DOM input from terrestrial organic marrer to
streams results from direct leaching fromn living vegeta-
tion or from soluble compounds carried in runoff from
dead plant material in various stages of decomposition
{Fig. 23-2). POM, again mostly of plant origin, can fall
directly into stream water from overhanging tree
canopies, be transported by runoff water, particularly
from flood plains, or he windblown into the stream,
Foliage from trees and ground vegeration can provide
very significant inputs of organic matter to streams,
both as POM and as leached DOM from the dead
POM. The variability in the ratios of DOCPOC in
streams and rivers is very large (range between 0.09 to
70; Moeller et al., 1979).

Toral wansport of organic carbon in the world’s
rivers from land masses to the ocean in both dissolved
and particulate forms is ca. 0.37-0.41 X [0 g C yr~!
{Schlesinger and Mclack, 1981; Meybeck, 1993¢). Al-
though this organic carbon transpore is a small flux in
the global carbon cycle, fluxes from land can be signifi-
cant, though highly variable. Transport losses range
from <1 g C m™? )fr“l in grassland ecosystems to 10 g
C m™ yr7! from some cultivated forests, Wetlands
tend to release appreciably greater amounts of organic
carbon (to ca. 20 g Cm~% yr™') {Table 23-4).

1. Transformations

The large {coarse} as well as fine particulate marter
of terrestrial vegetation entering streams is leached of a
significant portion of its organic contert as dissolved
compounds (Fig. 23-2), The amount and degradability
varies with the plant species. For example, slower up-
take by stream bacreria of DOC in an old-growth for-
est could be a result of a more limited supply of labile
DOC as well as a greater concentrarion of inhibitory
compounds such as polyphenolic and rerpene com-
pounds in the stream water {Dalun, 1984), Much of
this DOM lcachare, however, is mcrabolized very
rapidly. As a result, bacterial populations in the water,
artached on scdimenrs, and in the hyporheic zone
within the sediments increase markedly in response to
the DOM loading. For example, in large experimental
streams, leaf leachate was demonstrated to have a bac-
teriologically labile dissolved organic carbon (DOC)
fraction thar was decomposed rapidly {T); = 2 days)
and a recalcitrant DQC fraction (T, = 80 days) (Wer-
zel and Manny, 1972b). Most of the recalcitrant dis-
solved organic nitrogen compounds persisted in a rela-
tively unmaodified state for at least 24 days., As the
DOC mixtures from natural sources are degraded,
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FIGURE 23-2  Simplified compartment model of the structure of an idealized stream ecosystem. Heavier
lines indicate dominant transport and incabolic pathways of arganic matcter. (Composite of modificd figures

after Fisher and Likens, 1973; Cummins et al., 1973.)

TABLE 23-4

Annual Riverine DOC Flux from Different
Soils and Vegetation Habitar”

Observed

DOC flux
Biome Sail C:N fg G yr= it
Cool grasslands 13.5 0.385
Trapical savannah 136 1.090
Taiga 13.8 0.700
Siberian steppe 14.7 1.290
Warm deciducus forests 153 1.410
Warm mixed woodlands 16,7 [.714
Cool deciduous lorests 17.1 1.927
Warmn conifer forests 21.0 3.684
Cool cenifer forests 21.0 4.226
Northern mixed forests 23.2 5.260
Heath/moorlands 24.6 5.650
Tropical forests 25.0 6.336
Boreal/ peat mix 258.7 6,349
Peatlands 30.1 8.567
Swamp forests 324 2913

4 From data reviewed by Aitkenhead and McDowell {2000).

b%10 — kg Cha=lyr !,

largely by benthic microbes, aliphatic compounds such
as organic acids are being released as degradation
products along with CO, and CH, (Schindler and
Krabbenhofr, 1998), These pascous products either ox-
idize or evade to the atmosphere,

A quantity of the dissolved leachate precipitates
to particulate form (Lush and Hynes, 1973); the rate
of precipitation and the size of the resulting particles
depend upon lcaf species and water chemistry. As
will be discussed later, a portion of the DOC can be
photolysed upon exposure to sunlight to simple organic
substrates readily utilizable by bacteria or to CQ,.

Aggregations of large POM, such as leaf packs
trapped among streain sediments, rocks, and large
woody debris undergo colonization by fungi in complex
successional patterns within the detrical microhabitats
(cf. detailed discussion in Chap. 21). As the resistant
plant material is degraded, solubilized products of de-
composition are utilized by bacteria living n highly
stratified populations in the steep redox gradients of the
compacted plant material (Fig. 23-2). The detrital mate-
rial and its associated microflora serve as a major nutri-
tive source for numerous aquatic invertebrates, espe-
cially the immature insect fauna {Kaushik and Hynes,
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FIGURE 23-3  Conceptualization of lateral and vertical boundarics of running water ecosysterns. The strcam
ecosystern boundary is defined as the hyporheic/groundwater interface and thereby includes a substantial vol-
ume beneath and lateral to the main channel, Vepetation rooted in the hyporheic zone is therefore part of the
stream ecosystemn primary production. Arrows indicate flow pathways of dissolved orgamic mawter and inor-
panic solutes derived from plauts and plam detritus within the stream ecosystem and flood plain. (Fram Wertzel
and Ward, 1992; extensively modified from Triska er al., 1989.)

1971; Cummins, 1973; Cummins et al., 1973; Iversen,
1973; Anderson and Sedell, 1979} (see Chap. 22),
There is no question that the shredding, collecting, and
prazing activities of aquatic insects play a role in quick-
ening the reduction of the size of POM and increasing
the surface area for subsequent microbial degradation.
It is also clear that a major portion of the animal nutri-
tion is obtained from the microflora atrached to the re-
sistant detritcal POM. Only a few animals are adapred
with symbiotic gut microflora to utilize the particulate
plant material dircetly (sce Chap. 22).

Most of the lateral streamside and floodplain vege-
tation, however, will fall to the ground or hydrosoils
beside the main channel and be incorporated into
subsurface soil regions, including lateral hyporheic
zones. Both organic matter stored and/or produced
within the main channel, as well as that which feeds
into the hyporheic zone from lateral regions, can fuel
microbially active subsurface regions, where both aer-
obic and anacrobic processes further transform the
detrital organic marterial (Fig. 23-3). Some of the
dissolved organic and solute inaterial cventually
reemerges in the main channel, where it can serve as
nutrient sources to within-channel microbial commu-
nities {e.g., Crocker and Meyer, 1987; Dahm et al.,
1987; Triska er al., 1989; Coleman and Dahm, 1990;
DeAngelis et al., 1990; Leff and Meyer, 1991; Kaplan
and Newbold, 1993},

There are few detailed analyses of the metabolism
of organic carbon in streams. However, there is suffi-
cient evidence to indicate that

1. Allochthonous inputs of terrestrial organic mat-
ter, in the form of detrital DOM and POM, commonly

form the dominant source of marterial and energy for
streamt and river ecosystems (Tables 23-5 and 23-6).
Much of that DOC is released from soils into ground
water and from anaerobic processes in adjoining wet-
lands (e.g., Dahm et al., 1987; Eckharde and Moore,
1990; Dillon and Molot, 1997b).

2. From 10 to 25 times more organic matter oc-
curs as DOM than occurs in particulate form on an
annual basis {c.g., Table 23-5).

3. Groundwarer inputs of DOM are the major
source to upland streains, and most of the water reach-
ing the streams passes through soil strata and is ex-
posed to microbial degradadon {e.g.,, Wallis e al.,
1981; Rutherford and Hynes, 1987),

4, The rates of decomposition of DOM are rapid
{days) in comparison to those for much of the POM
{leaves in weeks and woody material in years),

5. Bacreria rapidly metabolize the labile compo-
nents of DOC and DON, but more recalcitrant compo-
nents are decomposed at slower rates and are exported
downsrream (Wetzel and Manny, 1972; McDowell and
Fisher, 1976; Leff and Meyer, 1991; Perdue, 1998;
Findlay and Sinsabaugh, 1999; Stepanauskas et al,
1999, 2000). Proteinaceous motetics in DOM are pref-
erentially degraded. DOM with higher percentages of
aromatic carbon and carboxyl (COOH)} content are
less bioavailable.

6. Despite variations related to the source materi-
als of the DOC, bacterial utilization and growth effi-
ciencies can be high (Kaplan and Bott, 1983; Findlay et
al., 1986; Edwards and Meyer, 1987).

7. Much of the bactertal respiration of DOM oc-
curs in the hyporheic zone of the sediments or along
the surface of the sediments. Community respiration of
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TABLE 235 Annual Mean Concentrarions of Organic Matter in Transport
in the Ogeechee River, Georgia®

Mean

(g AFDYV liter™

Percentage af total
oFrgdniic rrditer

Dissalved organic matter
Particulate organic matter

Amorphous marerial (bacteria)
Amarphous material (protozoans)
Amorphous marerial (other)
Vascular plant detritus

Algae (mostly diatoms)

Funpi

Animals

Total particulare erpanic matter
Tatal arganic matter in transport

254 96,32
0.301 1.14)
0.039 0.143
0.521 1.976
0.028 0.106
0.060 0.228
0.014 0.053
0.002 0.008
0.97 3.68
26.37 100.00

9 Modified from Benke und Meyer (1988). AFDW = ash-free dry weight.

hyporheic sediments can be very high with as much as
60% degradation (McDowell, 1985; Lledin, 1990;
Fiebig and Lock, 1991; Findlay and Sobczak, 1996;
Pusch, 1996).

8. Up to half of the DOC of stream water can be
metabolized by microbes attached ro sediment particles
from interstitial water flowing through the hyporheic
zones of porous sediments of streams (c.g., Crocker
and Meyer, 1987; Findlay et al., 1993),

9. Rates of physical and microbial degradation of
DOM, particularly humic substances, can be greatly
accelerated hy exposure to sunlight (see later discus-
sion). In the absence of light, abiotic removal of DOC
is stight {c.g., Kuserk et al., 1984).

10. Large POM is decomposed slowly and has a
longer rerention time within a particular reach of the
streamn (Chap. 21).

Total organic carbon turnover lengeh is the average
ownstre i @ : 2 at mn ¢
d tream distance traveled by a carbon atom in a

TABLE 23-6  Estimates of Inputs of Particulate Organic
Matter to a 135-km Reach of the New River (North
Caralina, Virginia, West Virginia)®

Input Pereentage of

Sonres (nT AFDW 3r') total input

Allochrthenous

Upstream and tributary 3893 534

WWithin study arca 64 0.5
Autochthonous

Periphyton 3570 326

Aquatic macropliytes 1435 13.1

Total particulate orpanic 10962

matter input

“From Hill und Webster (1983), AFDW = ash-free dry weight.

fixed or reduced (organic) form, calculated as the ratio
of the downstrcam transport of organic carbon (per
unit stream width) ro benthic respiration {per unit area).
Therefore, turnover length measures the rate at which
organic material 1s lost from streams relative to the rate
at which it is used (Webster ef afl,, 1993). Turnover
length increases downstream and therefore with iu-
creasing stream order and average discharge. The
bioavailability of riverine dissolved organic matter
{DOM) appears to be greater under low discharge con-
ditions and decreases with distance downstream. The
chemical composition of the DOM tends to become
more recalcitrane with greater time i the river (Leff and
Meyer, 1921; Sun ¢t al., 1997). Downstream decreases
in bioavailability were attributable primarily to selective
degradation of aliphatic carbon in the riverine DOM,

Estimations of the rates and importance of au-
tochchonous primary production in streams by the at-
tached henthic algae, lotic phytoplankton, and larger
aquatic plants are very difficulr {reviewed by Wetzel,
1975h; Minshall, 1978; Bocr, 1982; Werzel and Ward,
1992} (cf. Chaps. 15, 18, and 19). Overwhelming evi-
dence indicates that terrestrial photosynthesis and im-
portadon of this organic matter to stream ecosystems
are the primary carbon and energy sources of these sys-
tems; thar is, that strcams are largely heterotrophic.
Such is indeed the case in heavily canopied woodland
and forested streams in which aurochthonous primary
production is very low or negligible.

In noncanopied streams and in rivers as they in-
crease in size and decrease in velocity of flow, the sig-
nificance of primary productivity of lotic phytoplank-
tonic and artached algae and macrophytes increases
(Fig. 23-4). Animal consumers within the floodplain
habitats of large rivers depend heavily on algal organic
matter from both phytoplankton and periphyton for
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FIGURFE 23-4  Generalized scheme of the relative contribunons of allochthonous organic marter and au-
totrophic production by arttached algac, phytoplankton, and aquatic macrophytes in the transition of a
stream 1o a river system, if it is impounded where velocity of flow is reduced or pracuically eliminated or if it
is orpanically polluted. (From Wewzel, R, G.: Primary production. fn Whitton, B, (vd. ) River Ecology, Oxford,

Blackwell Sci. Pulils,, 1975.)

growth (Hamilton and Lewis, 1992; Hamilton et al.,
1992). However, the heterotrophic metabolisnt of these
river ecosystems is totally dominated by microbial me-
tabolism. Running waters can clearly vary in their pro-
portion of heterotrophic and aurotrophic metabolism.
The relative stgnificance of these types of metabolism is
dynamic and varies considerably at local levels within a
river systemn and seasonally with shifts in many physic-
ochemical parameters and shifts in loading with al-
lochthonous (natural or artificially by pollution) or-
ganic matter. On an annual basis, however, all streams
and rivers are net heterotrophic ecosystemns (Wetzel,
1995, 2000a).

in many rivers, particularly those of low eleva-
tional gradients, flooding events are important for re-
distribution of borh parriculate and dissolved organic
matter. Inundation of the flood plains of rivers can in-

crease the loading of orpanic matter from the decaying
vegetation of the flood plain. Flooding behavior is very
variable in relation to climate, precipitation pertodicity
and intensity, and extent of water-level regulation by
reservoir damming. Examination of the exrent and du-
ration of floodplain inundation and flooding periodic-
tty of an unregulated sixth-order river in the southeast-
ern United States over a six-decade period indicated
that >50% of the flood plain was inundated 15% of
the time (54 day yc™'}, During 50% inundation, system
width exceeded channel width by 19 times (Benke
et al,, 2000}, Over 50 to 100% of the flood plain was
inundated for several months during the winter—spring
puriod of high precipitation. Floods of 50% inundation
of the flood plain had a durarion of at least 30 days.
The flood pulse for this forested floodplain viver
was less predictable, and floods tended to be of shorter
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duration than those of large tropical rivers. Flooding in
this river was corrclated primarily with seasonal differ-
ences in temperature and plant evapotranspiration.
Thus, increases in temperature with decreases in pre-
cipitation will lead to large decreases in export of dis-
solved organic substances (Clair and Ehrman, 1996).
Evapotranspiration is linked to precipitation in deter-
mining the river discharge because cven large increases
in precipitation can lead to decreasing discharge when
accompanied by higher temperatures. In contrast, in
tropical rivers, where annual patterns of flooding are
driven by large scasonal variations in precipitation,
flood plains can be inundated for four or more months
{(Junk, 1997a,b; Lewis et al., 2000).

The primary productivity within reservoirs is ex-
tremely variable because of individual characteristics of
morphometry, scasonal changes in  water-retention
times, and human manipulations of water level and re-
tention, In general, nutrient loading and trophic state
are higher at the river ¢nd of reservoirs than at the
deeper, dammed end. Although phytoplanktonic pro-
ductivity per unit volume may be higher ac the river
end than at the damined end, increased inorganic tur-
bidity and light reduction at the river end can cause a
reduction of the depth of the trophogenic zone and a
decrease in total productivity (e.g., Fig. 23-4), The prni-
mary productivity per unit area in some reservoirs can
be approximately the same over the length of the reser-
voir. In these cases, the higher trophic state and volu-
metric productivity at the inflow end of the reservoirs
shift to lower epilimnetic trophic states, lower volumnet-
ric productivity, but increased depth of the trophogenic
zonc at the dammed end.

2. General Melabolisin of Organic Matler in Streams

Therefore, in summary, much of the dissolved or-
ganic matter in streams originates from lignin and cel-
lulose and refated structural precursor compounds of
higher plants. These substances arc abundantly pro-
duced in the true lake and river ecosystems—that is,
the ecosystem includes the drainage basin and organic
matter produced photosynthetically within it. The pro-
ductivity of terrestrial vegetation and aquatic plants as-
sociated with the land~water interface region is mani-
foldly (usually several orders of magnitude) greater
than that of algae. Organic substances from higher
plant tissues are abuundant, chemically complex, and
relatively recalcitrant te rapid biological degradation
(Thurman, 1985; Haslam, 1998}, During oxidative and
anaerobic degradation, these compounds are modified
by microbial activities in detrital masses, including
standing dead tissues that can remain in an oxidative
aerial environment for months or years. Much of the
dissolved organic compounds released from partial de-

composition of the plant tissues and from associated
microbial degradation products are leached and par-
tially degraded en route toward recipient lakes and
streams. That miicrobial modification continues during
partial decomposition in terrestrial soils and hydrosoils
of wetlands, Once within land ~water interface regions,
water containing dissolved organic compounds moves,
often diffuscly, through densc apgregations of living
emergent and submersed aquatic plants and nassive
atnounts of particulate, largely plant derived, detritus
(extensively reviewed in Wetzel, 1990a). The enorimous
surface areas of these habitats support large aggrega-
tions of rapidly growing microbtal comrnunities, Dur-
ing transport through these microbial mertabolic sicves
associated with wetland and littoral areas, appreciable
further selective degradation of more labile dissolved
organic constituents occurs before final movement into
the receiving lake body or river channel per se.

Although difficult to generalize, a common pattern
is that DOM entering rivers is quite different among
different sources. For example, in rhe Amazon ecosys-
tem, heavy storm precipitation events transport rela-
tively labile DOM, whereas DOM from wetlands and
ground water tends to be hydrophobic and recalcrtrant
from sclective biological utilization of the more labile
components {McClain and Richey, 1996). DOM from
litterfall leachates tends to be refatively labile.

As will be emphasized further on, the wrophic dy-
namic structure of aquatic ecosysteins depends opera-
tionally on a dynamic detrital structure (Wetzel et al.,
1972; Wetzel and Rich, 1973; Rich and Wertzel, 1978;
Wetzel, 1995}, From the standpoint of carbon fluxes,
most cnergy and organic carbon of the systems is
dead, of autotrophic origin, and undergoing microbial
degradation, the rates of which are variable and seri-
ally decrease with increasing recalcitrance of the or-
ganic matter. In lakes, reservoirs, and rivers, detrital
organic matter is the main supportive metabolic base
of carbon and encrgy. Since most lakes of the world
are small to very small, much of the autochthonous
production of detrital matter originates from benthic
littoral and wetland vegetation, which augments the
loadings of dissolved organic matter from terrestrial
origins. Similarly, detrital heterotrophic metabolism
dominates in streams, where usually the major sources
are allochthonously derived rerrestrial plant material,
Common to both lake and stream ecosystems is
the dominance of detrital metabolism, which gives
the ecosystems a fundamental metabolic stability, The
trophic structure above the producer~decomposer
level, with all of its complexities of population fluctua-
tions, metabolisn, and behavior, has a relatively small
impact on the total carbon flux of the system. The de-
trital system provides stability to streams; the slower,



relatively consistent degradation of dissolved and par-
ticulate detritus by microorganisms underlies the more
sporadic autochthonous metabolism that responds
rapidly to, and depends to a greater extent on, cnvi-
ronmental fluctuarions. Autochthonous primary pro-
duction is often small and variable, bur in combination
with allochthonous, autorrophically produced detritus,
drives the lotic systemn, The funcrional operation of
lentic and lotic systems converges at this point of simi-
larity in detrital metabolism.

B. Allochthonous Organic Malter Received
by Lakes via Streams and Rivers

1. Dissolved Organic Matter

The DOM of surface runoff is composed of rela-
tively recalcitrant organic compounds resistant to rapid
microbial degradation. The amounts of DOC and POC
reaching a lake and the chemical composition of these
organic compounds change seasonally with the volume
of flow in relation to duration of retention in the
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stream, the growth and decay cycles of the cerrestrial
and wetland vegeration through which runoff flows,
and other factors, cspecially climatic variations.

An example is scen from quantitative analyses of
dynamics of mnfluxes of allochthonous detrital soluble
and particulate organic carbon to a small emperate
lake over an annual period in relation o their fare
within and losses from the lake (Werzel and Otsuki,
1974; Wetzel, 1989). Detrital organic carbon influxes
were determined in water from a primary inlet stream,
both before and after its flow had traversed a wetland
adjacent to the lake, and from a second inler stream,
both at its headwaters and after the stream water
passed through the wetland. Similarly, measurements
were made of organic content of ground warter where it
entered the lake and ar the outler. Concentrations of
organic carbon in inflows and outflows were converted
to values of total carbon loading and outflow using a
derailed annual water budger (Fig. 23-5). The DOC
and the dissolved organic nitrogen (DON) increased
significantly (X2) during the active growing season as
the tnlet water of the streams passed through the
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FIGURE 23-5 Dissolved organic carbon entering Lawrence Lake, Michigan, via ground water and the two
stream inlets and leaving via the luke outlet. (From Werzel, R, G., and Otsuki, A Allochthonous organic car-

bon of a marl lake, Arch. Hydrobiol, 73:31-56, 1974.)
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FIGURE 23-15 Changes in the hypolimnetic concentradans of
CO,, Oy, and chemical oxygen demand {(COD) and the benthic respi-
ratory quatients, Dunbam Pond, Connecticur. (From dara of Rich,
19753

Lake sediments have an “oxygen debt” that is indi-
cated by low and negartive redox potentials and nonbi-
ological chemical uptake of molecular oxygen by re-
duced substrates that were formed under anaerobic
conditions (Rich, 1975). This suggests that microbial
metabolism involving glycolysis and reactions in the
tricarboxylic acid cycle are continuing, while oxidative
reactions using nolecular oxygen as the terminal elec-
tron acceptor (i.e., the respiratory cytochrome system)
are impeded by limited O, diffusion (Wetzel et 4l.,
1972). Viewing the RQ concept at the benthic commu-
nity level, which would include the anaerobic bacteria
that utilize electron acceprors other than molecular O,,
the benthic respiratory quotients would be greater than
those of organisms undergoing aerobic metabolism.
Addittonally, the in situ R(Q values would be expected
to vary scasonally with water circulation periods at
overturn and changes in redox gradients in response 1o
varying rates of oxygen diffusion. Such was the case in
Dunham Pond, Connecticur, in which Rich (1973)
found during stratificarion thar respiratory quotients of
the hypolimnion varied inversely with the availability
of oxygen (Fig. 23-15) from <1 after spring circularion
and oxygen renewal. The respiratory quotients in-
creased, however, to nearly 3 under anoxic conditions
during the lateer portion of summer stratification. Simi-
lar results have been found in a number of other lakes
(Rich and Devol, 1978; Rich, 1980; Mattson and
Likens, 1993). Under anaerobic conditions, high respi-
ratory quotients are the result of the oxidation of
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organic carbon to CO; during the reduction of alter-
nate electron acceptors, which then appear as oxidiz-
able substrates. Reductions in sediment mass also result
from this process, because soluble and gascous prod-
ucts are formed that increase diffusion of reduced mat-
ter out of the sedirnents. Further, the removal of oxy-
gen (reduction) from permanently sedimenred carbon
compounds represents the removal of more than half
their mass,

To conclude, the alternate role of detrital electron
flux suggests that existing lakes can be viewed as tem-
porarily sedimenting energy rather than mass, which
permits an extended existence, Simultaneously, benthic
detrital electron flux tends to close the carbon and par-
ticularly the oxygen cycles of lakes,

V. DETRITUS: ORGANIC MATTER AS A
COMPONENT OF THE ECOSYSTEM

Studies thar address deerital origins and its metab-
olism directly, including the nonplankeonic and terres-
trial components of the lacustrine ecosystemn, are few.
The heterogeneity and diversity of lacustrine detritus
are reflected in the compound nature of most lake
ecosystems, The role of allochthonous inpurs in the
metabolism and trophy of streams has been empha-
sized by numerous investigations (Ross, 1963; Hynes,
1963; Darnell, 1964; Cumnins, 1973). Simnilacly,
pelagic metabolism can be strongly influenced by
edaphic factors and terrestrial metabolism in small
takes with high drainage-area-to-volume ratios. The
imporiance of very high wetland and littoral produc-
tivity and extensive loading of organic matter and nu-
trients from the drainage basin disputes Forbes's
{1887) statement that a lake. . . “is an ister of older,
lower life in the midst of the higher, more recent life of
the surrounding region.” Further, it is simply untrue,
as Shelford (1918) proposed, that “one could probahly
remove all the larger plants from a lake and substicure
glass structure of the same form and surface texrure
without grearly affecting the immediate food rela-
tions.” Most lakes are small with high shoreline-ro-
surface-area ratios, and pelagic merabolism is modified
by littoral metabolic activites and inputs. Moreaver,
sedimentation of organic martter from both littoral and
pelagic sources in the relatively static waters of lakes
results in a displacement of much of the lake’s metabo-
lism to the sediinents. Prerequisite 1o a study of
aquatic ecosystemn structure is a complete representa-
tion of the productivity inputs of all components, The
metabolism of detrital organic matter results in a com-
plex carbon cycle that dominates both the strucrure
and function of lake and river ecosystems.
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A. Definitions of Detritus
and its Functions

Organic detritus or “hiodetritus” was described by
Odum and de la Cruz (1963) as dead particulate or-
ganic matter inhabited by decomposer microorganisms.
The existence and importance of detritus in many habi-
tats have since become the subjece of a large and wide-
spread literature. However, the position of detritus in
relation to the trophic dynamic concept of Lindeman
(Chap. 8) was not clarified until recently. Balogh
(1958) demonstrated that detritus, as egested matcerial,
can counstitute an important fraction of total metabo-
lism in several terrestrial soil and litter communitics.
On the other hand, Odum (1962, 1963} and others
have einphasized thar detritus originating as ungrazed
primary production supports a “detritus food chain”
that is cssentially parallel to the conventional *grazer
food chain™ at succeeding trophic levels.

The importance of the divergence between the con-
cepts of the grazer food chain and the detritus food
chain has been emphasized and clarified by Wetzel and
co-workers (1972; Rich and Werzel, [978; Rich, 1984).
Part of the difficulty stems from the concept of ecologi-
cal efficiencies as it grew out of the original statement
of the trophic dynamic model by Lindeman (1942; cf.
Kozlovsky, 1968). Lindeman’s trophic dynarnic concept
indeed offers explanadons for Eltonian pyramids of
numbers and biomass. The postulated trophic levels es-
timated predation and concluded that energy transmir-
ted by predation influences the amount of biomass at
each trophic level. In this way, productivity included
biomass and turnover dynamics by respiration, preda-
tion, and nonpredatory losses. Lindeman estimarted
predation or trophic transfers at every trophic level
simply by biomass plus respiration at each trophic
level. Thus, his corrected productivity was the sum of
biomass, respiration, and inferred predation and de-
composition, Decomposition was egestion (defecation)
by a predator or ingested but unassimilated prey by
simple diffcrence (decomposition of trophic level »# ma-
terial was egestion by trophic level # + 1). Other non-
predatory losses, such as prey not killed or prey killed
or that died but were not eaten, were ignored as trivial,
which they are not.

Efficiency is a ratio of product over reactant, or, in
the case of an ecological efficiency, the productivity of
a predator over predation upon its prey. Lindeman de-
fined trophic efficiency as the ratio between assimila-
tion by one trophic level and the assimilation of the
preceding trophic level (e, A /A, ). This formulation
recognizes neither the existence of material egested or
otherwise lost by trophic tevel # nor postassimilatory,
nonpredatory losses at A,_j, which may be lost to

those trophic levels and to the grazer food chain but
which are not lost to the ecosystem as a whole. Al-
though later studies on ecological efficiencies have nsed
different formulac [(v.g., Ingestion,/Ingestion,_,) (Slo-
bodkin, 1960, 1962), discrimination between egestion
and other nonpredarory losses from respiration is com-
monly not done (Burns, 1989; Hairston and Flairston,
1993). Therefore, most empirically derived aquatic cco-
logical efficiencies that do not specify respiration arc in
reality agricultural or grazer food chain efficiencies and
not applicable to complete ecosystems in which detrical
organic matter is the significant trophic pathway.

A more realistic system operation is integrated dia-
grammatically in Figure 23-16. Here autochthonous
organic marter represents all carbon fixed by au-
totrophs living within the lake or river ecosystem, mi-
nus their respiratory losses. The acrual immediate form
of organic matter productivity may be living cellular
material {primary POM), which may become detrital
secondarily, or dead particulate or dissolved organic
carbon, or both.

A three-phase system of organic carbon is opera-
tional: dead organic marter, both particulate and dis-
solved (Fig, 23-16, left); living particulate organic ma-
terial (right), which has the potential of entering either
the POC or DOC pool upon death and whose metabo-
lismi may cither create or destroy all three phases; and
CO,. Nonliving equilibrium forces are also present
(e.g., photooxidation and hydrolysis of organic com-
pounds). As is discussed later, these processes poten-
tially represent turnover rates that can equal biclogical
metabolism and certainly can enhance rates of micro-
bial utilization, Therefore, metabolism represents the
organizing force in the structure of the orgamic system,
and it is metabolism that determines to a large extent
the kinds and magnitudes of transformations thar oc-
cur between the oxidized and reduced forms of carbon.
The top of the diagram represents the zone of reduced
carbon inputs, the middle portion the zone of oxida-
tion to CO3, and the lower portion represents losses of
organic matter from boundaries of the system, The rwo
parallel dynamic pools of organic carbon (dead, left;
living, right) originate photosynthetically and are de-
pleted hy oxidation to CO; and exports. Although hac-
teria are shown in assoctation with detritus, they func-
tion as biota. Odum’s detritus food chain is really a
link between the two pools in the direction of the
biota. From the standpoint of the ecosystem, however,
mictobial and photochemical utilization of organic
matter Is a major utilization of organic matter that to-
tally dwarfs utilization by higher organisms. Moreover,
nonpredatory losses are in reality “nonpredatory pro-
ductivity” —that is, productivity that is availahle (o or-
ganisms other than predators, namely bacteria,
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Werzel er al,, 1972

A major point to be emphasized is thar frequenrly
>90% of the organic matter entering the system from
photosynthetic sources is not utilized in the prazer and
detrital food chains, Among studies of the trophic
dynamic food cycle relationships, lack of appropriate
recognition of nonpredatory losses from autotrophs
{“Odum’s detritus”) and nonpredatory losses from
heterotrophs {“Lindeman’s underestimate”; sce Fig.
23-16) represents a major void in contemporary sysiem
analyses.® As noted carlier (Table 16-12), Richman
{1958) and Slobodkin {1962) demonstrated that a large
amount of ingestion is not assimilated and that eges-
tion can be 80% or more of what is ingested, instead of
the 10-20% estimated by Lindeman. Ingestion and the
percentage of egesdon increase markedly with increas-
ing food availability.

Detritus and associated terms have been redefined
(Wetzel et al., 1972; Rich and Wetzel, 1978) in an at-
tempt to make current terminology consistent with the
ecosystemn concept and to avoid perpetuating the over-
sight of nonpredatory pathways. The new definitions
do not contradict the old, but are defined more broadly

*Notable cxeeptions are the theoretical analyses and models of
Patten (1985), who has shown che important thermodynamic rela-
tianships of detritus and how the ecosysiems must operate.

so as to avoid some of the ambiguity inherent in the
concepts of the ecosystemn and trophic-level efficiencies
espoused by carlicr investipators and perpetuated by
many recent ones.

Detritus consists of organic carbon lost by non-
predatory means from any trophic level (includes eges-
tion, excretion, secretion, and so forth) or inputs from
sources external to the ecosystem that enter and cycle
in the system (allochthonous organic carbon). This def-
inirion removes the highly arbitrary “pardculate” re-
stricrion from existing definitions of detritus, In terms
of the ecosystem, there is no energerc difference be-
tween DOC lost from a phytoplankeer or feces or other
exudates lost from an animal. Rates of utilization may
differ, but funcrionally the organic carbon and encrgy
are the same. Detritus is all dead organic carbon, dis-
tinguishable from living organic and inorganic carbon,

Second, the bacterial component is nor combined
with detritus (“biodetritus” = POM plus bacteria of
Odum and de la Cruz, 1963) because this interferes
with the general applicability of the term to situations
in which detritus is not simply ingested. Such cases in-
clude the usce of detrital energy in the regeneration of
nutrients such as CO,, N, and P; algal heterotrophy;
losses by adsorption; flocculation; precipitation with
CaCQy; chelation of elements, and so forth. In some
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cases, plant and algal materials can pass through the
digestive tracts of animals and not be completely killed
before being released in feces (e.g., Porter, 1973, 1975;
Velimirov, 1991). Growth can continue with these liv-
ing cells or plant fragments after gut passage and even
be enhanced by exposure 1o concentrated nutrient sup-
plies en route. This material would be excluded from
the definition of detritus. Detritus is dead, and there-
fore living egested material is not detritus.

The detritus food chain is any route by which
chemical energy contained within detrital arganic car-
bon becomes available to the biota. Detrital food chains
must include the cycling of detrical organic carbon, both
dissolved and pardculate, to the biota by direct het-
erotrophy of DOC, chemoorganotrophy, or absorption
and ingestion. The definition of “detritus food chain”
emphasizes the actual wophic linkage berween the non-
living detritus and living organisms and recognizes the
metabolic activities of bacteria atrached to detriral sub-
strates as a trophic wansfer. The special case of a detri-
tal food chain in whick detrital energy is subsequently
transferred by noncarbon substrates in an anaerobic en-
vironment has been termed detrital electron flux. As
discussed in the previous section, such energy may reen-
ter the biota (chemosynthesis) or mediate chemical or
physical phenomena, or both, such as increasting the
availability of inorganic nutrients in an anaerobic hy-
polimnion or in the sediments. The term flux specifies
the flow of clectrons, not carbon, to alternate electron
acceptors in the absence of molecular oxygen.

Detritus, as a component of the environment, can
also affect facets of the chemical and physical milieu
without clear, defined energetic transformations of the
detritus itself. In this situation, reference is made o ef-
fects of detritus that do not involve oxidation-reduc-
tion reactions. Examples include several indirect effects
by which detrital organic carbon can influence and reg-
ulate the toral cnergy and carbon flux of an aquatic
systemi, Adsorption onto the surfaces of and coprecipi-
tation of dissolved organic compounds with inorganic
particulate matter (clays, CaCO,, and others), and
complexing of inorganic nutrients by dissolved organic
substances {e.g., humic compounds) are examiples of
this interaction.

Physical processes, such as partial or complete
photochemical modification of organic macromole-
cules, can result in major alterarions in biological avail-
ability of portions of complex, heterogencous dissolved
organic compounds. These processes can affect the de-
composition, utilization, and effects of dissolved or-
ganic matter in many ways. Examples include:

a. Alterations of enzymatic accessibility by the
macromolcenles, In particular, cross-linking of polypep-

tide chains with polyphenolic hwnic substances can
lead to enzymatic inhibition or reduction of activity
(e.p., Werzel, 1991, 1993; Haslam, 1998; Boavida and
Werzel, 1999).

b. Partial photolysis of bumic macromolecules,
particularly with the generation of volatile farry acids
and related simple compounds that serve as excellent
substrates for bacterial degradation (c.g., Stewart and
Werzel, 1981; Wetzel et al., 1995; Moran and Covert,
2001; discussed in detail in Chap. 17). It is important to
recopnize that of the toral photolytic irradiance, about
half of the partial photolysis of organic substrares
results from UV-B (285-300 nm) and UV-A (320-
400 nm) irradiance. Transmittance and photolytic activ-
ity from UV-B and UV-A is restricted largely 1o the sur-
face waters. In contrast, photosynthetically active radia-
tion (PAR, 400-720 nm)}, although much weaker
energetically than UV, penetrates into water to much
greater depths. Although photolysis of organic com-
pounds is appreciably less than that induced by UV ar
surface waters, the photolytic generation of simple
substrates s appreciable by PAR as well as by UV (Fig.
23-17}. Resules of such studies are indicating that over
half of labile organic substrates are generated by PAR
irradiance of dissolved humic substances,
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FIGURE 23-17 Net peneration of levulinic acid from the panial
photolysis of sterite wholce leachate {0.2-um pore-size filirate) of the
emergent maccophyte funcus effusus (10 mg DOC liver™) after four
weeks of microbial decompasition at 20°C in the dark. Exposed to
full natural sunlight of UV-B, UV-A, and photosynthetically active ra-
diation (PAR} {13.05 mol m~? over the 4-h period}, to PAR only, and
incubated simultancously in the dark. Error bars = SD, n= 3.
(Maodified from Wezel, 2000d.)



If the photodegradation continues to the point that
most of the chromophoric humic compounds are pho-
tolysed and utilized biologically or canverted to CO,,
the residual nonchromophoric DOC appears ro he
fairly resistant o appreciable biological degradation.
For example, in very shallow wetland pools and saline
lakes, chromophoric DOC can be reduced appreciably
(Tranvik and Kokalj, 1998; Ars et al., 2000). In many
shallow saline lakes, the nonchromophoric DOC con-
centrations can be very high (to 30 mg C liter™! or
more). The specific nature of the recalcitrance of
nonchromophoric DOC to bacterial degradation is un-
clear, Exposure of dissolved humic substances to strong
UV-C (254 nm) reduced subsequent growth of bacteria
(Lund and Hongve, 1994). These authors suggested
that radicals induced by radiation mediated the nega-
tive growth ecffeces. However, most of the identfied
nonabsorbing photodegradation products are good
substrares for bacteria {e.g., Wetzel et al,, 1995),

c. Partial photodegradation of dissolved organic
nitraogen and phosphorus compounds to release inor-
ganic nutricnt compounds such as nitrate, ammonia,
and phosphate (e.g., Manny et al,, 1971; review of
Moran and Zepp, 1997).

d. Complete photalysts of bumic substances to CO
and CO,, with some dissociation to dissolved inorganic
bicarbonate as well as cvasion of some CO,; to the at-
mosphere. Photochemical oxidation by sunlight of nat-
ural dissolved organic carbon compounds to both car-
bon monoxide {CO} and dissolved inorganic carbon
(DIC) has been known for some tme (e.g., Miller and
Zepp, 1995). Depending on the dissociation conditions,
some excess CO; will evade 1o the aumosphere. Early
studies on the phorolytc degradanion of dissolved or-
ganic mateer suggested that the dominant component of
solar irradiance was UV-B and UV-A and that PAR
above 400 nm was of little consequence. Many of these
studies, however, were nor performed under sterile con-
ditions, and as a result findings were confounded by
nearly instantaneous microbtal utilization of the organic
compounds generated with rapid degradation and gener-
ation of CO,. Moreover, many of the DOM sources of
these studies had been exposcd to natural sunlight for
long (e.g., weeks) and noncomparable periods of light.
Contemporary research is indicating that alchough UV-B
and UV-A are significant and can contribute to more
than half of phorochemical mineralization, photosyn-
thetically active radiation (PAR, 400-720 nm) is also a
major photolytic agent {Vihiralo et al., 2000; Werzel,
2000c,d}. For example, [rom nearly 200 separate pho-
tolytic experiments on DOM from different waters and
plant sources under different conditions of decomposi-
tion, the UV-B portion of the spectrum was always wmost
effective in complete photodegradation to CO,, but
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FIGURE 23-18

UV-A was also highly effective, with small differences
from the photolytic capacities of UV-B (Fig. 23-18). PAR
is also highly effective in photolytic degradation of
DOM to CO,, and about one-quarter (23.4%) of the
collective photolysis can be acributed to the largely
blue portion of the PAR spectrum (400-700 nm) and

ca. 68% to UV-A (320-400 nm) (Fig, 23-19),
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FIGURE 23-19 Photochemical mincralization of chromephoric
dissolved organic matrer at different depths in humic lake Valkea-
Kotinen, Finland, 28 July 1994, indicating the increasing proportion
of mineralization with greater depth resuliing from ircadiance i the
visible range. (Modified from Vahatalo ef al,, 2000.)
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Approximately half of the collective photolysis was in-
duced by natural light of a wavelength >360 nmn. The
refative importance of PAR as a mineralizer to that pro-
portion increases with greater deprhs,

Roth partial photolysis to the gencration of volatile
fatry acids and other simple organic substrates, as well
as complete photolysis with the gencration of large
quantities of CO; by PAR, are important findings be-
cause of the much lower extinction rates of PAR in wa-
ter in comparison to those of ultravioletr irradiance,
Photolytic proccsses, so important to nutrient cycling,
are therefore not restricted to the uppermost strata of a
few centimeters of aquatic ccosystems, but rather can
affect much of the variable volume of the photic zone.

Furthermore, the photolytic responses are very
rapid. For example, when natural sunlight was attenu-
ated very rapidly, as by a severe thunderstorm (Fig.
23-20, middle), the rate of photolytic degradation of
DOC to CO, declined precipitously, but the photolytic
capacities of PAR declined more rapidly than did the
effects of UV-B (Fig., 23-20, lower). The precise chemi-
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FIGURE, 23-20 Photolytic degradation of sterile dissolved organic
watter (aquatic plane leachate, Jenrcws effusus, 0.2-pm pore-size
filtraze after 20 weeks of microbial decomposition) to CO, under
replicated, aseptic cenditons exposed to full sunlight (UV-B + UV-A
+ PAR), UV-A + PAR only, and PAR only (wpper). A heavy rain-
storm accurred during the incubations, which reduced Nght severely
for an hour {riiddly). The net change in CO; production per ammount
of light reccived per interval under these conditions {lower). (From
Wetzel, 2000a.)

cal degradation processes involved in photolysis of dis-
solved macromolecules, particularly the helical humic
substances, represent a major void in our understand-
ing. Interdisciplinary collaboration among chemists
and biologists is essential to progress effectively in our
understanding of biological ilimplications of organic
molecular structure.

Less direct but important biogeochemical interac-
tions of dissolved organic matter in aquatic systems are
also important bur poorly studied at the ecosystemi
level, Natural dissolved organic substances, particularly
humic compounds, in aquatic ccosystems can interact
with ather important metabolic components, For ex-
ample, dissolved organic compounds can:

a. Imteract with inorganic compounds, particularly
in complexation reactions such as chelation, as dis-
cussed earlier (Chap. 14; see also Perdue, 1998), De-
pending on the concentration ratios of the complexing
DOM 1o inorganic elements, the mode of organic com-
plexation, biological availability, and, in some cases,
elemental toxicity can be increased or decreased.

b. Interact with other organic compounds, such as
peptidization, and alter biological susceptibility to en-
zymatic hydrolysis. Bonding of proteins, glycoproteins,
and carbohydrates to polyphenolic humic macromole-
cules is a common process and results in macromole-
cules of considerable size (1500-90,000 D) (Miinster,
1985). Membrane propertics, such as lipid hydropho-
bicity, can be altered by such interactions with humic
substances and in turn affect enzyme hydrolysis rates
and nutrient transport mechanisms (e.g., Lemke et al,,
1995, 1998). In a tnost interesting interaction, humic
substances can complex with proteins, particularly
enzymes both freely soluble and membrane-bound,
with noncompetitive inhibition (Wetzel, 1992, 1993,
Miinster and De Haan, 1998), Enzymes can be stored
for long periods (days or weeks) in this complexed,
inactive state, be redistributed in the ecosystem with
water parcel movements, and be reactivated by partial
photolytic cleavage by ultraviolet irradiance (Fig.
23-21) (Wetzel, 1991, 1995, 2000c; Boavida and
Werzel, 1999).

In addition, dissolved humic substances can sorb
hydrophobic organtc chemicals and thereby reduce
their bioconcentration and toxicity (Kukkonen, 1999;
Steinberg et al., 2000). The hinding capacity is lincarly
related to the hydrophobicity of the contaminant, The
detoxifying capacity of humic substances is directly
correlated with the quotient between aromatic and
aliphatic carbons in the humic substances.

c. Alter chemical properties such as redox and pH;
for example, exposure of natural dissolved organic
matter to UV of sunlight can result in a photochemical
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Poremtial interactive pathways and processes of humic substances emanating from decompo-

sition products of higher plant tissues with extracellular and sucface-bonnd enzymes and photolytic reactions,
particularly with UV irradiance. Huinic acid-cenzyme complexes can be stable for tong periods (weeks or
months} and subsequently reactivated upon ¢xposure to weak UV light. Further photolysis can cleave simple
compounds from the macromolecules far subsequent utilization. (From Weizel, 2000a.)

formation of reduced oxygen species, particularly hy-
drogen peroxide {H,0;) {Cooper et al,, 1988; Scully
et al., 1994). H,O,, with a half-lifc of several hours in
natural waters, can radically alter redox cycling of
merals (Moffer and Zika, 1987).

Humic substances may buffer against acidification
bur may also add natural acidity o surface waters
when in very high concentrarions in waters of low ionic
strength. Organic carboxylic and phenolic acids pro-
vide a pH buffer when the pH is between 4 and § and
the carbonate buffering capacity is absent (Kullberg
et al., 1993; Lydersen, 1998). Organic acids can modify
the acidity of surface waters and depress water from
0.5 to 2.5 pH unirs when the acid-neutralizing capacity
is in the ranpe of 0-30 ueq liter ', Thus, a predoni-
nance of humic acids can result in an organic acidity
that can influence, and at times exceed, inorganically
derived acidity form natural or anthropogenic sources
(cf. Chap. 11}, However, usually organic anions repre-
sent <<10% of the total anions and contribute little to
acidiry except in waters of extremely low ionic strength
(Henriksen et al.,, 1988; Urban et af., 1988; Driscoll
et al., 1989; David et al., 1992). Strong acids, particu-
larly H,50,, can excecd the buffering capacities of or-

ganic acids and shifc surface water acidification by
organic acids to toral dominance by strong acids, High
production of organic acids in peat wetlands and simi-
lar environments are often neutralized within the fens
and bogs.

d. Microbially reduced humic substances can, upon
entering less-reduced zones of sediments, serve as elec-
tront donors for the microbial reduction of several envi-
ronmentally significant eleceron acceptors (Lovley et al.,
1999). Once microhially reduced, humic substances can
transfer clectrons to various Fe(lll) or Mn(IV) oxide
forms abiotically and recycle the humic compounds
to the oxidized form, which can then accept more
electrons from the humic compound-reducing microor-
gFanismnis. '

e. Altered physical properties such as selective
modifications of light penetration, The well-known se-
lective attenuation of light by chromopharic dissolved
organic matter {cf. Chap. 5) can further modify biogeo-
chemical cycling in numerous ways. Increasing light ex-
tinction can result in increased temperatures of surface
strata with steep thermal discontinuitics in the meral-
imnion and strong isolation of the colder hypolimnetic
waters, The mixed layer depth decreases, which resuls
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in reduced toral heat content of the lake or reservoir
(Hocking and Srraskraba, 1999). Modifications of the
spectral penetration of light from dissolved organic
matter can alter rates of photosynthesis, hormonal
activities, and migratory disiribution and reproductive
behaviors {sce Chaps. 15 and 16). Absorption of ul-
traviolet irradiance by humic substances can protect
organisms from genetic damage as well as modify
macromolecules and enhance bioavailability of organic
substrates.

B. Detrital Dynamic Structure of Carbon
in Lakes and Reservoirs

There have becn very few attempts to examine the
dynamics of detrital organic carbon on a functional ba-
sts. Such studies require measurements of all nonpreda-
tory losses of organic carbon from any trophic, level
within the ecosystem as well as inputs from sources ex-
ternal to the ecosystem that enter and cycle in the sys-
tem, Obviously, a number of simultancously interacting
components are operational, It is clear, nonetheless, that
most of the organic metabolism of lake systems involves
the detrital dynamic structure and that an understanding
of this functional system is a prerequisite for meaningful
evaluation of control mechanisms of the whole ecosys-
tem, Stated another way, we must understand carbon
flux rates among all components at the same time that
we seek an understanding of parameters or human dis-
turbances important in regulating metabolism,

Quantitative analyses of the major organic carbon
transformations in lake systems have shown the follow-
ing general characteristics: (1) The central pool of or-
ganic carbon is in the dissolved form; (2) Three major
sources of particulate organic carbon occur: allochtho-
nous, and two distinct major zones of autochthonous
carbon flux, the lictoral and the pelagic of lakes or the
channel water of rivers; (3) Allochthonous inputs from
the drainage basin and exports from the lake or river
occur largely as dissolved orgamc carbon and represent
a major flow of carben through the metabolism of the
system; and (4) Detrital metabolism occurs principally
in the benthic region, where a majority of POC s
decomposed in many lakes and rivers, and the pelagic
arca during sedimentation in lakes. Secondary metabo-
lism thus is displaced from sites of production and in-
put, by sedimentation in the case of POC and by aggre-
gation and coprecipitation with inorganic matter in the
case of DOC,

Examples in support of these generalizations can
be obrained from analyses of an arctic tundra pond and
of the pelagic zone of a eutrophic temperate lake for a
single day, of a large reservoir over a 30-day period of
the sumnmer, and of a softwater and a hardwater tem-

perate Jake over an annual period. Because of the com-
plexity of these studies and the insights they offer into
the central guestions on metabolism, these analyses
warrant closer scrutiny rhan has been given to other
examples in this discussion.

The instantaneous carbon mass of the major com-
ponents and transfer rates of carbon between them
were evaluated for a typical midsummer day in a small
arctic tundra pond by Hobbic ef al. (1972, as modified
and corrected in Hobbie 1980). These small ponds
cover the northern rtundra by the thousands, lying in
depressions between low ridges formed above ice
wedges; beneath them lies permafrost, which prevents
any outflow, Most of the ponds are very shallow
{240 cm) and are frozen solid for nine months of the
year. The tundra vegetation surrounding the ponds is
dominated by two sedges {Carex aquatilis and Erio-
phorum angustifolivm) and a grass (Dupontia fischeri).
The dominant herbivore of the area is the brown lem-
ming, which clips this vegetation close to the ground.
Litter from these clippings and lemming feces form a
significant source of particulate and dissolved matter
reaching the ponds.

The DOC pool represented most of the toral car-
bon present in the aqueous portion of the system
because the inorganic carbon content was quite low
(Fig. 23-22). Although the primary productivity on an
annual basis was very low, 50% of the total was con-
tributed by the macrophytes, 47% by the benthic algac,
and 3% by the phytoplankton. The most active trans-
fer path was the movement of detrital organic carbon
from the aquatic plants to the sediments, where decom-
position resulted in major respiratory loss as CO,. The
flux rates were much smaller in the water than in the
sediments, and the transfer of organic carbon between
POC and the zooplanktonic crustacca was small but
significant. The photooxidation of dissolved organic
compounds to CO;, although small, is significant in
this shaltow habitar, as has been indicated for certain
streams and lakes {cf. Gijessing, 1970; Gjessing and
Gjerdahl, 1970; Stewart and Werzel, 1981a; Wetzel,
2000a).

The organic carbon cycle of a shallow (1.5 m) run-
dra lake of the Northwest Territories of Canada was
analyzed for five weeks of the open-water period by
exanination of CO, fluxes through benthic respiration
and anaerobic decomposition, photosynthesis of ben-
thic and phytoplankton communities, and gas exchange
at the air—water nterface (Ramlal et al., 1994}, The an-
nual carbon budger estimate for the lake indicated that
50% of the carbon was produced hy the benthic com-
ntunity, 20% by phytoplankton, and 309 by allochthe-
nous organic matter, Benthic respiration dominated het-
erotraphic utilization of the organic matter.





